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Resumen global

l. Introduccidén

La medicion de la exposicion a la dieta es crucial para determinar las
asociaciones entre la ingesta de alimentos y el estado de salud. Ademas,
optimizar el asesoramiento nutricional para grupos de poblacion especificos,
como son los pacientes con enfermedades cronicas, nifios en edad de
crecimiento, madres embarazadas y lactantes, deportistas, etc., se ha
convertido recientemente en un gran desafio [1]. La identificacion de
biomarcadores en muestras bioldgicas que sean capaces de caracterizar
distintos patrones dietéticos ha impulsado el desarrollo de una serie de
técnicas analiticas destinadas a este fin, como son las técnicas
cromatogréaficas, espectrométricas y espectrofotométricas, entre otras. Sin
embargo, el analisis de muestras biolégicas no es sencillo debido a la
complejidad de las matrices, las cuales requieren una cuidadosa preparacién
de las muestras, una amplia gama de técnicas analiticas especializadas y una
interpretacién compleja de los resultados. Es por ello que los enfoques
"6micos" han arrojado luz en el estudio integral del metaboloma y lipidoma
de diferentes fluidos bioldgicos, que incluyen los productos intermedios y

finales del metabolismo.

La metabolomicay la lipidomica son dos de las ciencias "0micas” mas
recientes que se definen como el estudio sistematico del conjunto completo de
metabolitos de bajo peso molecular (tipicamente < 1500 Da) y especies
lipidicas, respectivamente, presentes en un sistema biolégico. Cualquier perfil

metabolico detectable en un fluido biol6gico es causado por la interaccion
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entre la expresion génica, el medio ambiente y el propio metabolismo. El
enfoque de la metabolémicay la lipiddmica ofrece la posibilidad de identificar
variaciones en el perfil de metabolitos y lipidos que pueden usarse para la
busqueda de nuevos biomarcadores, la realizacidn de estudios longitudinales
y la discriminacién de enfermedades, entre otros. Sin embargo, la generacion,
el analisis y la integracion de los grandes y complejos conjuntos de datos
obtenidos en estos estudios van de la mano de diferentes desafios, tales como
la variedad de compuestos estructuralmente heterogéneos presentes
conjuntamente en concentraciones que varian cubriendo varios 6rdenes de
magnitud, los pasos preanaliticos relacionados con el muestreo, el
almacenamiento y el preprocesamiento de las muestras y la diversidad de
plataformas actualmente disponibles. La resonancia magnética nuclear
(RMN), la cromatografia de gases (GC, del inglés gas chromatography), la
cromatografia liquida (LC, del inglés liquid chromatography) y la
electroforesis capilar (CE, del inglés capillary electrophoresis) acopladas a
espectrometria de masas (MS, del inglés mass spectrometry) y MS en tdndem
(MS/MS) son las técnicas primordiales para determinar el estado metabdlico
de un organismo en un momento especifico [1]. Ademas, la espectroscopia
infrarroja por transformada de Fourier con reflectancia total atenuada (ATR-
FTIR, del inglés attenuated total reflectance - fourier transform infrared) es
una herramienta emergente en el campo biomédico, ya que se basa en la
adquisicion rapida del espectro infrarrojo de la muestra sin necesidad de un

tratamiento previo y sin utilizar reactivos o consumibles toxicos y costosos.

Los anélisis metabolémicos y lipidomicos se pueden clasificar en dirigidos,
semidirigidos y no dirigidos. El analisis dirigido se centra en la determinacién
y cuantificacion de un nimero limitado de metabolitos (tipicamente decenas),
los cuales son previamente seleccionados por el analista. En un analisis

dirigido, la concentracion de cada metabolito seleccionado se obtiene a partir
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de la preparacion de la correspondiente curva de calibrado con el reactivo
patrén. En este escenario, y con el fin de garantizar la fiabilidad de los
resultados, es importante validar la metodologia en base a diferentes
parametros como son la precisién, la exactitud, la sensibilidad y la
selectividad, entre otros. Para ello, existen diferentes guias de validacion de
métodos, como p. ej. la guia de la FDA estadounidense (FDA, del inglés food
and drug administration) [2] o la guia de la EMA europea (EMA, del inglés
european medicines agency) [3]. Esta aproximacion permite, por tanto,
evaluar el comportamiento de un grupo especifico de compuestos en la
muestra problema bajo unas condiciones determinadas. El analisis
semidirigido parte de un marco de referencia preestablecido, como lo es un
listado de compuestos de interés, normalmente cientos de ellos, de los cuales
sus estandares no estan comercialmente disponibles o su total adquisicién
supondria un coste demasiado elevado, pero se dispone de informacion sobre
su comportamiento quimico (p.ej. transicion, tiempo de retencion). Los
resultados de un analisis semidirigido se pueden obtener tanto en unidades de
area o area relativa, como mediante la extrapolacion en un calibrado realizado
con un compuesto estructuralmente similar. Ademas, este tipo de anélisis se

puede llevar a cabo tanto en equipos de alta como de baja resolucién.

La metabolémica y lipidémica no dirigida se centran en el analisis de
la huella metabdlica y lipidica, intentando captar el mayor nimero de
metabolitos posibles presentes en la muestra, sin cuantificarlos. La principal
dificultad asociada a los estudios no dirigidos es el procesado del gran
volumen de datos generado, el cual implica varias etapas, ademas de ser
necesaria una correcta estrategia de analisis de acuerdo con la plataforma
analitica seleccionada. Como resultado de este tipo de analisis se obtiene una
tabla de dos entradas, conocida como tabla de picos, la cual recoge las areas

del conjunto de variables extraidas en cada muestra analizada [4,5]. Dada su
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complejidad, el andlisis e interpretacion de los datos se basa en técnicas de
reconocimiento de patrones, analisis discriminante, métodos univariantes con
tasa de descubrimientos falsos (FDR, de inglés false discovery rate) o como
entrada en analisis de rutas, entre otros [6]. Este enfoque es mas Util para la
generacion de nuevas hipoétesis y en el descubrimiento de biomarcadores
diagnosticos o patrones metabolicos y lipidicos especificos de estados
fisioldgicos, entre otros. En la Tabla 1 se relinen los parametros habitualmente

empleados segun el tipo de analisis lipidomico y metabolémico.
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Tabla 1. Parametros habitualmente empleados segun el tipo de andlisis

lipidomico y metabolomico.

Tipo de analisis

Parametro — — -
Dirigido Semidirigido No dirigido
ICH
Normativas FDA ) Sugerencias de
aplicables EMA anotacion [7-9]
EP
s Basado en Basado en Sin h'po.t(?S'S/
Hipdtesis S R Generacion de
hipdtesis hipdtesis hin6tesi
ipétesis
SPE SPE o
Procesado de e, L Dilucion
Derivatizacion  Derivatizacion iy
muestra - - Extraccion
Extraccion Extraccion
. ., Concentracion . . .
Unidades Concentracion ) . Area/area relativa
Area/area relativa
Ndmero de 10t 102 103
analitos
Sensibilidad nNM-uM nM-uM UM
Rango lineal 10%-10° <10° <10®
Exactitud de masa > 20 ppm Depengie del <20 ppm
equipo
Identificacion / Patrén analitico RT y transicién  Libreria (RT, MS",
Anotacién de masa CCS)

Nota: SPE, extraccion en fase solida (del inglés, solid phase extraction); ICH
(del inglés, international council for harmonisation); FDA (del inglés, food
and drug administration); EMA (del inglés, european medicines agency); EP,
farmacopea europea (del inglés, european pharmacopoeia); RT (del inglés,
retention time); MSn (del inglés, sequential mass spectrometry); y CCS (del

inglés, collision cross section).

El andlisis metabolémico y lipiddmico en la diada madre-recién

nacido prematuro (Pl, del inglés preterm infant) presenta particularidades que
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lo hacen extremadamente delicado y susceptible. Las dificultades a las que se
enfrentan la mayoria de madres de PI, hacen que la participacion en estudios
clinicos sea una sobrecarga y, por tanto, la tasa de reclutamiento se vea
comprometida. Ademas, la obtencion de muestras de PI, a diferencia de los
adultos, no es trivial; pudiéndose llegar a ser una ardua tarea, especialmente
si se requieren procedimientos invasivos o si derivado de la prematuridad tiene

lugar un ingreso en la unidad de cuidados intensivos neonatal.

Durante las Gltimas décadas, la incidencia de partos prematuros (<37
semanas de gestacion) ha ido en constante aumento [10], asi como la
supervivencia de los Pl gracias a los avances en los cuidados y las
intervenciones médicas. Segun la Organizacion Mundial de la Salud (OMS),
maés de 1 de cada 10 partos son prematuros, siendo la prematuridad la principal
causa de muerte en nifios menores de cinco afios, mientras que el 80% de los
supervivientes se enfrentan a secuelas duraderas, que incluyen discapacidades

de aprendizaje, visuales y auditivas, entre otras [11,12].

La nutricién infantil temprana es uno de los factores mas importantes
en la mejora de los resultados clinicos de los Pl [13]. En este sentido, la
lactancia materna es el estandar de oro de la nutricion infantil, sobre todo para
PI, ya que se ha asociado a una reduccion del riesgo a sufrir diferentes
enfermedades como pueden ser la enterocolitis necrotizante o la sepsis [14,15]
y a una mejora en el crecimiento y el desarrollo cognitivo [16,17]. Es por todo
ello que la OMS recomienda encarecidamente la leche materna (HM, del
inglés human milk) para todos los recién nacidos de hasta seis meses, nacidos
tanto a término (T1, del inglés term infants) [18,19], como pretérmino [20]. La
HMno solo contiene todos los micro y macronutrientes necesarios para cubrir
las necesidades del recién nacido, sino que también contiene varios

componentes bioactivos, como inmunoglobulinas secretoras, células
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inmunoldgicas (como los leucocitos) y factores antimicrobianos (como
lisozimas, oligosacéridos y péptidos) (Figura 1), los cuales contribuyen al
optimo crecimiento y desarrollo del lactante [17]. Ademas de todos estos
componentes, la HM también es una fuente rica en vesiculas extracelulares
(EVs, del inglés extracellular vesicles) [21,22], pequefios cuerpos vesiculares
endociticos (30-200 nm) que tienen importantes funciones biol6gicas
mediando la comunicacién célula-célula entre células distantes [23], ya que
estas HM-EVs pueden encapsular diferentes tipos de cargas, como proteinas,
ARNmM y microARNSs [24].

Estilo de vida Edad gestacional
Medicamentos . o Edad postnatal
Enfermedades — «— Nutriciéon
Contaminantes — ™ Ritmo circadiano

Figura 1. Composicion de la HM y los factores que la modifican.

Existen muchos factores que afectan a la composicion de la HM
(Figura 1), como son la edad gestacional, la edad postnatal, la nutricion, el
ritmo circadiano, el estilo de vida (ejercicio, tabaco, alcohol, etc.), algunas
enfermedades, el uso de medicamentos y suplementos alimenticios, y la
exposicion a contaminantes [17,25]. Ademaés, el método de extraccion,
manejo y almacenamiento de la HM también puede influir en su contenido
[25].
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En ocasiones, las madres de Pl no producen volimenes de HM
suficiente para alimentar a su bebé. En estos casos, la leche de madres
donantes (DHM, del inglés donor human milk) es la alternativa preferida
frente a la leche de formula para Pl [26,27]. Para garantizar la seguridad
biolégica de la DHM, los bancos de leche emplean rutinariamente la
pasteurizacion de Holder (HoP, del inglés Holder pasteurization), ya que ésta
destruye o inactiva las posibles bacterias patogenas y virus presentes [28].
Durante la HoP, la HM se calienta a 62.5 °C durante 30 minutos, seguido de
un enfriamiento rapido a 4 °C. Debido a este proceso, la composicion de la
HM puede verse afectada, ya que algunos compuestos pueden degradarse
[17,29]. Estudios previos demostraron que el contenido total de carbohidratos
y proteinas se mantiene relativamente estable, mientras que el contenido total
de grasas parece verse notablemente afectado [28,30,31]. Ademas, varios
componentes bioactivos, como enzimas, inmunoglobulinas o células
inmunitarias, también se ven comprometidos o destruidos durante este
proceso [30,32].

Ademas de las adaptaciones fisiologicas, la investigacion se ha
centrado en el potencial efecto de la dieta materna sobre la composicion de la
HM. En una reciente revision bibliografica de méas de cien estudios, se lleg6 a
concluir que la composicion de la HM se relaciona con el consumo materno
de &cidos grasos, vitaminas liposolubles y la ingesta de vitamina B1 y C
[33,34]. En este contexto, los datos de ingesta dietética se recopilan
mayoritariamente utilizando herramientas basadas en autoinformes, como
cuestionarios de frecuencia alimenticia (FFQ, del inglés food frequency
questionnaire) para la evaluacion del consumo habitual y diarios de alimentos
0 recordatorios de 24 horas (R24h, del inglés 24 h recall) para la evaluacion
del consumo a corto plazo. Sin embargo, dichos métodos son propensos a

errores e inexactitudes debido a su naturaleza subjetiva [35]. Por otra parte, la

XVI



Hipétesis y objetivos

influencia que la dieta de la madre tiene sobre los constituyentes no nutritivos
de la HM, como por ejemplo, el contenido de prebidticos [36] o la microbiota

[34,37] ha sido menos estudiada, y por regla general, se ha centrado en TI.

Asimismo, la dieta es uno de los factores clave que intervienen en la
conformacion del microbioma intestinal, afectando la diversidad microbiana,
asi como la abundancia de microbios especificos [38—40]. Los productos
finales metabdlicos de los micro y macronutrientes dietéticos, como los acidos
biliares (BA, del inglés bile acids) (por ejemplo, acidos célico y litocélico),
acidos grasos de cadena corta (SCFA, del inglés short chain fatty acids) (por
ejemplo, &cido acético y butirico), indoles y derivados polifenélicos (por
ejemplo, &cido 3-indolpropiénico y acido hipdrico), y &cidos fendlicos (por
ejemplo, acido galico y &cido feralico) se utilizan para evaluar la actividad del
microbioma intestinal [41-45].

Es por ello que se hace necesario tanto el estudio la influencia de la
HoP y la dieta materna sobre la composicion de la HM en beneficio Gltimo del
Pl, como el desarrollo de métodos analiticos para llevar a cabo una evaluacion

conjunta de la nutricion y la actividad microbiana.

Il.  HipoOtesis y objetivos

En la presente Tesis doctoral, la hip6tesis que se propone es que el
desarrollo de metodologias metaboldmicas y lipiddmicas puede contribuir en
la evaluacién nutricional tanto de los Pl como de sus madres. Asimismo, se

han propuesto tres objetivos principales:
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e Evaluar las asociaciones entre la dieta materna y los biomarcadores
de nutricion y de la actividad microbiana en el contexto de la
prematuridad

e Evaluar el efecto de la HoP y el almacenamiento en la composicién
de la DHM.

e Optimizar el aislamiento y control de calidad de HM-EVs, asi como

evaluar su composicion lipidica.

Los articulos que conforman la presente Tesis doctoral por compendio
de publicaciones se han dividido en tres secciones. La Seccién | se titula
“Biomarkers relevant in nutrition and microbiota studies in the field of
neonatology” e incluye cuatro capitulos: i) la descripcion del estudio
NUTRISHIELD, enfocado en la evaluacion de la nutricion de los Pl y sus
madres lactantes; ii) la evaluacion conjunta de la actividad microbiana y la
dieta a través de biomarcadores en orina mediante LC-MS/MS; iii) la
evaluacion de la actividad microbiana en muestras de orina y heces de PI, Tl
y sus madres, mediante GC-MS; vy iv) el analisis de biomarcadores de la
actividad microbiana en muestras de orina humana y heces de ratdn mediante
LC-MS/MS.

La Seccion 1l se titula “Effect of pasteurization on the metabolome
and lipidome of HM” e incluye dos capitulos: i) la revisién bibliogréafica de
las metodologias actuales para el analisis metabolomico no dirigido en
muestras de HM; y ii) la evaluacion del efecto de la HoP sobre la composicion
metaboldmica y lipidomica de la DHM mediante LC-MS/MS y GC-MS.

La Seccion Il se titula “Novel analytical tools for the
characterization of the molecular composition of HM-EVs” e incluye tres
capitulos: i) la descripcion del protocolo a seguir para el aislamiento de HM-

EVs y su posterior analisis lipidémico no dirigido mediante LC-MS/MS; ii) la
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evaluacion del perfil lipiddmico de HM-EVs mediante LC-MS/MS y
evaluacion de las diferentes estrategias de normalizacion; y iii) el desarrollo
de un método analitico mediante ATR-FTIR para el control de calidad

rutinario del procedimiento de extraccion de HM-EVs.

[1l.  Metodologia

I Disefio de estudio

Todas las muestras empleadas en la presente Tesis doctoral se han
obtenido de tres estudios clinicos que fueron aprobados por los
correspondientes comités éticos y todos los métodos se realizaron de acuerdo
con las directrices y normativas pertinentes. Se obtuvieron consentimientos
informados por escrito de los participantes o de sus representantes legales
antes de la recogida de la muestra y del andlisis de la informacion clinica y
demogréfica. En la Figura 2 se describe el disefio de estudio llevado a cabo

en cada seccion.
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Seccion | Seccidn Il Seccién Il
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Orina Heces

Figura 2. Disefio de los estudios llevados a cabo en cada seccién. Nota: CEN,
nutricion enteral completa (150 mL/kg/dia) (del inglés, complete enteral
nutrition); RBW, recuperacion del peso de nacimiento (del inglés, recovery of
birth weight); OMM, leche de la propia madre (del inglés, own mother’s milk);
DHM, leche de donante (del inglés, donor human milk); HoP, pasteurizacion
de Holder (del inglés, Holder pasteurization); HM, leche materna (del inglés,
human milk); PI, recién nacido prematuro (del inglés, preterm infant) y TI,
recién nacido a término (del inglés, term infant); EVs, vesiculas extracelulares

(del inglés, extracelular vesicles).

En la Seccidn 1, se emplearon tres conjuntos de muestras: (i) muestras
del proyecto NUTRISHIELD aprobado por el Comité de Etica de la
Investigacién con medicamentos (CEIm #2019-289-1) (https://nutrishield-
project.eu/), un estudio prospectivo, observacional, de cohortes
(NCT05646940) realizado en el Servicio de Neonatologia del Hospital
Universitario y Politécnico La Fe (Valencia, Espafia), que incluye tres grupos

de estudio: Pl <32 semanas de gestacion que reciben exclusivamente (es decir,
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>80% de la ingesta total) leche de su propia madre (OMM, del inglés own
mother’s milk), Pl que reciben exclusivamente DHM, y Tl que reciben
exclusivamente OMM, asi como sus madres. Se recogieron muestras de orina
y heces a seis tiempos, cubriendo el periodo desde el nacimiento hasta los seis
meses de edad del bebé; (ii) muestras de orina de nifios reclutados en el
Departamento de Pediatria del Hospital San Raffaele de Milan (ltalia) de un
estudio aprobado por el Comité Etico Institucional del Instituto Cientifico
IRCCS San Raffaele (NUTRI-T1D, 2019); y (iii) muestras de heces de ratones
macho CC57BL/6J de un estudio conforme a las directrices de la Union
Europea 2010/63/UE y Espafia RD53/2013 y aprobado por el comité de ética
de la Universidad de Valencia (Seccion de Produccion Animal, SCSIE,
Universidad de Valencia, Espafia) y autorizado por la Direccién General de
Agricultura, Ganaderia y Pesca (Generalitat Valenciana)
(2021/VSC/PEA/0273).

En la Seccidn 11, se utilizaron muestras de DHM (N = 12) antes y
después de pasteurizar pertenecientes al estudio PREMILK (CEIm
#2014/0247).

En la Seccién 11, se emplearon muestras de HM-EVs extraidas de
HM de madres de PI (N =5) y TI (N = 5) y una muestra de DHM antes y
después de pasteurizar preparada a partir de alicuotas de 20 muestras de DHM
individuales pertenecientes al estudio CALMNESS (CEIm #2020-052-1).

ii.  Recogida de muestras bioldgicas

La recogida de las muestras ha seguido un procedimiento operativo

estandar (SOP, del inglés standard operating procedure) para cada matriz,
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como se indica en la Figura 3. La primera orina de la mafiana y las heces de
las madres se recogieron en un recipiente de polipropileno, mientras que las
muestras de orina de los bebés se recogieron colocando almohadillas de
algodon estériles en el pafal que, después de orinar, se escurrieron con una
jeringa estéril en tubos estériles. Las muestras de heces del bebé se recogieron

directamente del pafial en recipientes estériles empleando pinzas estériles.

Respecto a las muestras de OMM y DHM, las madres se extrajeron la
leche utilizando un sacaleches y siguiendo un procedimiento estandarizado
empleado de forma rutinaria en el Banco de Leche Materna de la Comunidad
Valenciana. Las partes extraibles del sacaleches, asi como los biberones de
recoleccion, se esterilizaron antes de su uso y se dieron las siguientes pautas
para la extraccion: i) la extraccién de HM se lleva a cabo al menos tres horas
después de la tltima toma del bebé; ii) preferiblemente entre las 7 y las 10 de
la mafana; iii) extraccion completa de un pecho; y iv) se registran los detalles
sobre el método de extraccion (la marca del extractor de leche, etc.), la fecha
y el volumen extraido. En el caso de las muestras de DHM, se recogieron

alicuotas de 25-50 mL antes y después de la HoP.

Todas las muestras se dividieron en alicuotas para evitar los ciclos de

congelacion y descongelacion y se almacenaron a -80 °C hasta su uso.
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Figura 3. Procedimientos de recogida de muestras. Nota: DHM, leche de
donante (del inglés, donor human milk); HoP, pasteurizacion de Holder (del
inglés, Holder pasteurization) y HM, leche materna (del inglés, human milk).

iii.  Aislamiento de HM-EVs

En la Figura 4 se indica el procedimiento para la extraccion de HM-
EVs, el cual consiste en centrifugar consecutivamente la HM para eliminar los
globulos de grasa y precipitar las proteinas. Tras filtrar el sobrenadante
resultante, éste se somete a dos ultracentrifugaciones seriadas (10000 rpm)
para sedimentar las proteinas restantes y, tras otra filtracion, a tres
ultracentrifugaciones seriadas (30000 rpm) para precipitar y lavar las EVs. Las

HM-EVs aisladas se almacenaron a -80 °C hasta su uso.

XX



Resumen global

Figura 4. Procedimiento de extraccion de HM-EVs. Nota: ) centrifugacion;

ultracentrifugacion (10000 rpm), O ultracentrifugacion (30000 rpm);
DHM, leche de donante (del inglés, donor human milk); HM, leche materna
(del inglés, human milk); EVs, wvesiculas extracelulares (del inglés,

extracelular vesicles).

iv.  Preparacion y analisis de las muestras

Con el objetivo de compatibilizar las diferentes técnicas analiticas
empleadas en esta Tesis doctoral con la complejidad de las muestras
bioldgicas, se han llevado a cabo diferentes preparaciones de muestra, tal y
como se muestra en la Figura 5. Para los analisis mediante LC-MS, la dilucién
y/o desproteinizacion de la muestra fue suficiente para reducir la matriz, sin
embargo, los analisis mediante GC-MS requirieron ademas una derivatizacién

de los analitos para aumentar la volatilidad de los mismos.
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Capitulo 2 Capitulo 4 Capitulos 6 - 9 Capitulo 3 Capitulo 6
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Figura 5. Procesados de muestra llevados a cabo en cada capitulo. Nota: IS,

patrén interno (del inglés, internal standard); MeOH, metanol; MTBE, metil

tert-butil éter; PrOH, propanol; Py, piridina y PCF, propil cloroformiato.

En la presente Tesis doctoral, se han abordado los tres tipos de

metodologias (dirigida, semidirigida y no dirigida), todas ellas resumidas en

la Tabla 2.

XXV



Resumen global

Tabla 2. Metodologias utilizadas en los diferentes capitulos.

Seccion Capitulo Metodologia Anélisis Técnica Matriz
2. Joint microbiota
activity and dietary Biomarcadores
assessment through Dirigidoy  de nutriciony i .
urinary biomarkers ~ Semidirigido de la actividad LC-MS/MS  Orina
by LC-MS/MS microbiana
3. GC-MS analysis
| Biomarkers of short chain fatty
' . acids and branched
relevant in - - o
e chain amino acids in .
nutrition and urine and faeces Biomarcadores Orina
microbiota Dirigido de la actividad GC-MS
C samples from - - Heces
studies in the microbiana
] newborns and
field of .
lactating mothers
neonatology
4. Fast profiling of
primary, secondary,
sufof?itjegdagfea;gds Biomarcadores Orina
g Dirigido  de laactividad LC-MS/MS
in urine and faeces - - Heces
microbiana
samples
6. The effect of P
Analisis
11. Effect of Holder metabolémico
as;teurization pasteurization on the No dirigido 'y linidomico " LC-MS/MS HM
P lipid and metabolite dirigido piaomicoy  gc-ms
on HM - de &cidos
composition of rasos
human milk g
8. The lipidomic
111. Novel r%?l?(le?(tc; ];:;m?;r Anélisis
analytical tools : No dirigido  metabolémico LC-MS/MS HM-EVs
vesicles from RS
for the y lipidémico
. mothers of term and
characterization .
preterm infants
of the
molecular 9. ATR-FTIR
composition of spectroscopy for the Anélisis
HM-EVs pectroscopy Ic No dirigido y SIS Lc-Ms/Ms
routine quality S metabolémico HM-EVs
semidirigido VA ATR-FTIR
control of exosome y lipidémico

isolations
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a. Analisis dirigidos y semidirigidos

En el anélisis de biomarcadores de nutricion y actividad microbiana
por LC-MS/MS (Capitulo 2), la muestra de orina se ha diluido con patron
interno (IS, del inglés internal standard) y se ha inyectado en el sistema de
LC-MS/MS QTRAP 6500+ de la casa Sciex (Framingham, EE. UU.). La
separacion cromatogréafica se realiz6 mediante una columna en fase reversa
Luna Omega Polar C18 equipada con un cartucho de proteccién de seguridad
C18 completamente poroso de la casa Phenomenex (Torrance, EE. UU.) y la
posterior deteccion de MS se realizd usando el modo de monitorizacién de

reacciones multiples (MRM, del inglés multiple reaction monitoring).

En el caso del analisis de biomarcadores de la actividad microbiana
mediante GC-MS (Capitulo 3), se realizd una derivatizacién con propil
cloroformiato para obtener los respectivos ésteres propilicos y, tras una
extraccion con hexano, las muestras se inyectaron en un sistema GC 7890B
acoplado a un MS de cuadrupolo simple 5977A. La columna capilar utilizada
para la separacion cromatografica fue una HP-5 MS, todo ello de la casa
Agilent (Santa Clara, California, US). La adquisicién de los datos del
espectrdmetro de masas se realiz6 mediante monitorizacidon selectiva de iones

(SIM, del inglés selected ion monitoring).

Para el analisis de biomarcadores de la actividad microbiana mediante
LC-MS/MS (Capitulo 4), las muestras se diluyeron con IS y se precipitaron
las proteinas mediante la adicion de metanol. Tras una incubacion en frio y
una centrifugacion, los sobrenadantes se inyectaron en un sistema UPLC-
MS/MS ACQUITY UPLC - Xevo TQS de la casa Waters (Milford,

Massachusetts, US). La separacion cromatogréafica tuvo lugar en una columna
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en fase reversa Acquity BEH C18 y la deteccion por MS se realiz6 mediante
MRM.

En el método desarrollado para el estudio de los &cidos grasos en
muestras de OMM y DHM mediante GC-MS (Capitulo 6), estos se
derivatizaron a sus respectivos ésteres metilicos con &cido clorhidrico
metanolico. Una vez extraidos con hexano, se inyectaron en el sistema GC
7890B acoplado a un MS de cuadrupolo simple 5977A de la casa Agilent
utilizando una columna Zebron™ ZB-WAXplus™ de la casa Phenomenex.
La adquisicion de los datos del espectrometro de masas se realiz6 mediante
SIM.

En todos los analisis dirigidos la cuantificacion se llevé a cabo
mediante calibrados externos con IS y se validaron siguiendo la guia de la
FDA [2], que consistio en comprobar los pardmetros de precision, exactitud,
rango de linealidad, contaminacion por arrastre, selectividad, especificidad y
estabilidad de los patrones y muestras. Previo al andlisis estadistico de los
resultados, se realiz6 un control de calidad mediante el cual se sustituyeron
los valores inferiores al limite de cuantificacion por la mitad del valor del
limite de deteccidn. En los anélisis semidirigidos, conociendo las transiciones
de masa de los iones y el tiempo de retencidn, se utilizaron las areas relativas,

es decir, el area del analito normalizado por el area del IS.

b.  Anaélisis no dirigidos

Para el analisis de metabolémica y lipidémica no dirigida de las
muestras de HM y HM-EVs (Capitulos 6- 9), se realiz6 una dilucién con IS,

seguido de una extraccion liquido-liquido de una Unica fase (single phase) con
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metanol y metil tert-butil éter para favorecer la extraccion de lipidos y otros
metabolitos polares. El sobrenadante resultante de la centrifugacion se llevo a
sequedad y se reconstituyé en fase movil (FM) para ser inyectado en el sistema
UPLC1290 Infinity acoplado a un sistema de MS de cuadrupolo tiempo de
vuelo (Q-TOF, del inglés quadrupole time-of-flight) iFunnel 6550 de la casa
Agilent (Santa Clara, EE. UU.). La separacion cromatografica para la
metaboldémica se llevé a cabo empleando una columna en fase reversa
Synergi™ Hydro-RP 80 A LC C18 de la casa Phenomenex (Torrance, CA,
USA), mientras que para la lipidémica se utilizé una columna en fase reversa
Acquity BEH C18 de la casa Waters (Milford, EE. UU.) y una FM especifica
para la deteccién de lipidos que contiene un 98% de FM A (5:1:4
isopropanol:metanol:agua 5 mM acetato de amonio, 0.1% v/v acido férmico)
y un 2% de FM B (99:1 isopropanol:agua 5 mM acetato de amonio, 0.1% v/v
acido formico)). Los datos de MS de escaneo completo (full scan) se
adquirieron entre 70 y 1500 m/z con ionizacion por electropulverizacion
(electrospray) tanto positiva como negativa (ESI, del inglés electrospray
ionization). Se prepar6 una muestra de control de calidad (QC, del inglés
quality control) mezclando una alicuota de cada extracto de muestra con el fin
de representar el conjunto de muestras. Se inyectaron varios QC al comienzo
de la secuencia para el acondicionamiento del sistema y la adquisicion de
datos de MS?, y a lo largo de la secuencia cada seis muestras para la evaluacion

y correccion de la intensidad de la sefial.

Tras la adquisicion de los datos, se utilizé el software XCMS

(https://xcmsonline.scripps.edu/) para extraer y alinear los picos detectados,

basandose en la precision y exactitud del tiempo de retencién y la m/z de los
IS. Tras la deteccion, deconvolucion e integracion de los datos, se obtuvieron
las tablas de picos. Posteriormente se utilizd el software matematico
MATLAB de MathWorks (Natrick, EE.UU), para llevar a cabo la anotacién
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de los picos, la correccion del efecto lote utilizando los QCs con la regresion
de vectores de soporte (SVR, del inglés support vector regression), y el

filtrado de los datos con los blancos y QCs.

C. Otras técnicas

Finalmente, para llevar a cabo el andlisis del perfil espectral de HM-
EVs mediante ATR-FTIR, se depositaron tnicamente 2 pL sobre el cristal
ATR vy, tras secarlos con una corriente de aire a temperatura ambiente, los
espectros de IR se adquirieron en el rango de 4000 a 400 cm™ utilizando un
espectrdmetro Alpha Il equipado con un ATR de platino con un diamante
monolitico como elemento de interfaz de medicién, una fuente de infrarrojos
CenterGlow™ y un detector DTGS (del inglés, deuterated alanine doped tri-

glycine sulphate) de la casa Bruker (Ettlingen, Alemania).

V. Analisis estadistico

Tal y como se indica en la Tabla 3, los métodos estadisticos
univariantes utilizados a lo largo de la presente Tesis doctoral son las pruebas
de t de Student y de los rangos con signo de Wilcoxon, y los coeficientes de
correlacién de Pearson y Spearman, en caso necesario, con correccion de
FDR. Los métodos estadisticos multivariantes de andlisis de agrupamiento
jerarquico (HCA, del inglés hierarchical clustering analysis), componentes
principales (PCA, del inglés principal component analysis) vy

heterospectroscopia  estadistica  (SHY, del inglés  statistical
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heterospectroscopy) son los que se han utilizado. Respecto a las herramientas
bioinformaticas para en analisis de redes, se ha utilizado el algoritmo de
mummichog de MetaboAnalyst 5.0 [46], la herramienta web-based ontology
enrichment tool for lipidomic analysis: Lipid Ontology analysis (LION)
(www.lipidontology.com) [47] y el algoritmo prize-collecting Steiner forest

algorithm for integrative analysis of untargeted metabolomics (PIUMet)
(http://fraenkel-nsf.csbi. mit.edu/piumet2/) [48].

Tabla 3. Métodos estadisticos y herramientas bioinformaticas utilizadas en
los diferentes capitulos.

Método estadistico Tipo Capitulo Finalidad

Comparar el efecto de los ciclos
2,3y4 de congelacidn en las muestras
bioldgicas
Comparar las composicién
Prueba t de Student Univari 6 metabolica y lipidica en las
(a=0.05) nivariante muestras de DHM antes y

después de HoP

Comparar el efecto de la HoP
sobre los lipidos en HM-EVs

Comparar la ingesta de grupos
2 de alimentos entre madres
lactantes
Comparar los niveles de
biomarcadores de la actividad
3 microbiana en muestras de
orinay heces de PI, Tl y sus
Prueba de los rangos madres

con signo de Univariante ) .
Wilcoxon (o = 0.05) Comparar los niveles de &cidos

6 grasos en muestras de DHM
antes y después de HoP

Comparar la concentracion, el
tamafio y el contenido total de
proteinas en HM-EVs de
madres de Pl y Tl
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Tabla 3 (continuacion). Métodos estadisticos y herramientas bioinformaticas
utilizadas en los diferentes capitulos.

Meétodo estadistico Tipo Capitulo Finalidad

Evaluar las asociaciones
pareadas entre concentraciones
2 de biomarcadores de nutricion y
actividad microbiana en
muestras de orina

Evaluar las asociaciones
pareadas entre concentraciones

3 de biomarcadores de la
actividad microbiana en
Coeficiente de muestras de orina y heces
correlacién de Univariante
Pearson (o = 0.05) Evaluar las asociaciones entre
los niveles de biomarcadores de
3 la actividad microbiana en

muestras de orina 'y heces y la
edad gestacional o postnatal

Evaluar las asociaciones entre
la edad gestacional y el
contenido total de lipidos en
HM-EVs

Evaluar las asociaciones
pareadas entre concentraciones
de biomarcadores de nutricion y
actividad microbiana en orina y
la ingesta de grupos de

Coeficiente de alimentos

correlacién de Univariante
Spearman Evaluar las asociaciones ente la
edad gestacional y corregida
8 por la edad post natal y las
subclases de lipidos en HM-
EVs
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Tabla 3 (continuacién). Métodos estadisticos y herramientas bioinformaticas
utilizadas en los diferentes capitulos.

Meétodo estadistico

Tipo Capitulo

Finalidad

HCA

Multivariante 4

Detectar patrones de dieta en
madres lactantes

Detectar agrupaciones segun los
niveles de biomarcadores de la
actividad microbiana en orina

humana y heces murinas

Detectar agrupaciones segun los
perfiles lipidémicos en muestras
de HM-EVs

PCA

Multivariante

Detectar patrones de dieta y de
actividad microbiana en madres
lactantes

Detectar agrupaciones segun los

niveles de biomarcadores de la

actividad microbiana en orina 'y
heces de PI, Tl y sus madres

Detectar agrupaciones segun los
niveles de biomarcadores de la
actividad microbiana en orina

humana y heces murinas

Detectar agrupaciones segin los
perfiles lipidémicos en muestras
de HM-EVs

SHY

Multivariante

Evaluar las asociaciones entre
los espectros ATR-FTIR y los
picos de UPLC-MS de cada
lipido anotado en muestras de
HM-EVs

Mummichog de

Analisis de redes

Evaluar las rutas metabdlicas
alteradas en muestras de DHM

Metaboanalyst antes y después de HoP
Evaluar el efecto de HoP sobre
LION Andlisis de redes el lipidoma en muestras de
DHM
Evaluar las alteraciones
PIUMet Andlisis de redes moleculares causadas por HoP

en muestras de DHM
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vi.  Data availability

Los datos de los analisis dirigidos y semidirigidos de los diferentes estudios
se pueden encontrar en el material suplementario de sus respectivos capitulos
(Capitulo  2: https:  //www.mdpi.com/article/10.3390/nu15081894/s1;
Capitulo 3: https://doi. 0rg/10.1016/j.cca.2022.05.005; Capitulo 4:
https://link.springer.com/article/10.1007/s00216-023-04802-8; Capitulo 5:
http://www.mdpi.com/2218-1989/10/2/43/s1; y Capitulo 6: https://doi.
0rg/10.1016/j.foodchem.2022.132581).

Las tablas de picos extraidas de los analisis no dirigidos del Capitulo 6 estan
disponibles en el repositorio de  datos  Mendeley en

https://data.mendeley.com/datasets/fnzbxmkv83/1 (lipidémica) y

https://data.mendeley.com/datasets/jymtst88jm/1 (metabolomica).

Los datos sobre el experimento del Capitulo 8 estan disponibles en la base de
conocimiento de EV-TRACK (EV230598). El conjunto de datos estara
disponible tras la publicacién del manuscrito a través del repositorio de
Zenodo (doi: 10.5281/zen0d0.8042647).

El conjunto de datos de los analisis no dirigidos del Capitulo 9 se encuentran

en el repositorio de datos Zenodo en zenodo.org/deposit/5148582.

IV.  Resultados principales

En el Capitulo 2 se valido, segun el criterio de la guia de la FDA, un

método analitico que permite el anélisis de un panel de biomarcadores de
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Resultados principales

nutricion y de la actividad microbiana en orina de madres lactantes. Se
reportaron los niveles de estos metabolitos y se encontraron correlaciones
entre biomarcadores de un mismo grupo de alimentos (coeficiente de
correlacién de Pearson, p-valor < 0.05). Ademas, se diferenciaron tres grupos
de madres con respecto a las concentraciones de estos metabolitos y se
encontraron correlaciones entre los niveles de biomarcadores de frutas, carne
y pescado y los cuestionarios tradicionales de recordatorios dietéticos de 24
horas (coeficiente de correlacion de Pearson, p-valor < 0.05).

El método de andlisis de biomarcadores de la actividad microbiana
desarrollado en el Capitulo 3, se validé con éxito segin la guia de la FDA,
desde la recogida de muestra hasta su analisis, revelando una contaminacién
muy significativa de acido acético en las gasas y algodones que se emplean
tipicamente para la recogida de muestras de orina de recién nacidos. Se
observé una correlacion significativa entre SCFA y BCAA en muestras de
heces y de orina y un total de cinco metabolitos mostraron una correlacion
significativa entre matrices (coeficiente de correlacion de Pearson, p-valor <
0.05). Ademas, se obtuvieron rangos de referencia de estos metabolitos en
madres, Pl y Tl y se encontraron diferentes patrones entre los grupos. Los
bebés mostraron concentraciones significativamente mas bajas de SCFA y
BCAA que las madres en las heces y concentraciones mas altas en la orina. Se
identificaron valores de concentracién ligeramente mas altos en Pl en
comparacion con TI, excepto para leucina e isoleucina en muestras fecales que

fueron mas altas en Tl (Prueba de suma de rangos de Wilcoxon, a = 0.05).

El método de analisis de biomarcadores de la actividad microbiana
desarrollado en el Capitulo 4, se validé segun el criterio de la guia de la FDA
para la determinacion de BA primarios, secundarios, conjugados y sulfatados

en muestras de orina humana y heces murinas, quedando demostrada la
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aplicabilidad del mismo en el campo (pre)clinico. Se observaron diferencias
en los perfiles de concentracion de BA entre ambas matrices, observandose
gue la mayoria de los BA presentes en muestras de orina humana
corresponden a BA conjugados secundarios, seguidos de BA sulfatados,
siendo estas clases las menos concentradas en muestras de heces murinas.
Ademas, los BA encontrados en muestras fecales murinas eran en su mayoria
conjugados primarios y BA primarios, siendo estas clases menos abundantes
en las muestras de orina humana. Ademas, se identificaron dos grupos con
respecto a las concentraciones de BA en muestras de ambas matrices y se llevd
a cabo una comparacion entre las vias metabdlicas y los mecanismos de
excrecion de los BA urinarios humanos y fecales murinos, de acuerdo con las

diferencias entre especies.

En el analisis bibliografico llevado a cabo en el Capitulo 5, se han
podido compilar los diferentes analisis metabolomicos realizados hasta la
fecha en muestras de HM, con especial énfasis a la etapa de recogida de
muestra, las técnicas utilizadas y los metabolitos detectados. Ademas, se han

sefialado los puntos débiles encontrados en la literatura.

En el Capitulo 6, centrado en el estudio del efecto de la HoP en la
composicion lipidica de laHM y DHM, se observé que los metabolitos que se
ven afectados estan relacionados con los esteroides (la biosintesis de
esteroides y la biosintesis de hormonas esteroideas), asi como con las rutas
metabolicas de los acidos grasos (la biosintesis de &cidos grasos insaturados y
el metabolismo del acido linoleico). Ademas, los niveles de metabolitos
estructuralmente relacionados se vieron afectados por el tratamiento térmico,
asi como los &cidos grasos, ya que las concentraciones del 76% de éstos se
vieron alteradas después de la pasteurizacion, con una disminucién

significativa de la concentracion relativa del 10% (Prueba de suma de rangos
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de Wilcoxon, a = 0.05). Finalmente, los resultados de este estudio también
demuestran que la HoP tiene un impacto no solo en la composicion, sino
también en las propiedades fisicoquimicas, los componentes celulares y la

funcionalidad de los lipidos.

En el Capitulo 7, se ha podido elaborar una guia para el aislamiento
de HM-EVsYy la posterior caracterizacion de su huella lipidica remarcando los

aspectos préacticos relevantes.

En el Capitulo 8, en el cual los HM-EVs se caracterizaron y
sometieron a analisis lipidomico mediante LC-MS, el conjunto de datos
destaca la importancia de emplear una amplia gama de métodos de
caracterizacion complementarios para todas las muestras de estudio. El
aislamiento de HM-EVs puros en este estudio se vio obstaculizado por el co-
aislamiento de glébulos de grasa de leche y/o caseinas. Ademas, la eleccidn
de los enfoques de normalizacion de datos influyé en la comparabilidad de las
huellas lipidémicas entre muestras. Los resultados demuestran que, cuando se
normalizan las huellas lipiddmicas de las HM-EVs, es fundamental
seleccionar cuidadosamente un procedimiento adecuado de normalizacién
teniendo en cuenta la cuestién cientifica especifica a que se quiere dar

respuesta, asi como la pureza y la distribucién del tamafio de las HM-EVs.

En el estudio del andlisis de control de calidad del proceso de
aislamiento de HM-EVs del Capitulo 9, se anotaron con éxito un total de 377
variables detectadas mediante LC-MS/MS, pertenecientes mayoritariamente a
las clases de glicerofosfolipidos (50%), esfingolipidos (31%) glicerolipidos
(17%). Se observaron asociaciones significativas entre las abundancias de las
diferentes clases de lipidos en LC-MS/MS y regiones especificas de los
espectros ATR-FTIR de las mismas muestras. También se evalué la similitud

entre las tendencias observadas mediante ambas técnicas, resultando ésta
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significativa (prueba de Mantel, p-valor <0.005). Adicionalmente, se llevo a

cabo el andlisis cuantitativo simultaneo de proteinas y lipidos totales mediante
ATR-FTIR en HM-EVs.

V.  Conclusiones y trabajo futuro

En la presente Tesis doctoral, se ha llevado a cabo el desarrollo de

diferentes métodos analiticos y se ha demostrado su aplicacion en el ambito

clinico mediante el analisis de muestras bioldgicas de bebés y sus madres. Las

conclusiones derivadas se resumen a continuacion:

La determinacién de biomarcadores de nutricion y de la
actividad microbiana en muestras de orina de madres
lactantes se puede llevar a cabo mediante LC-MS/MS.
Asimismo, es posible su uso como herramienta
complementaria a los cuestionarios tradicionales de
recordatorios dietéticos de 24 horas, presentando un gran
potencial para la evaluacién integral de los patrones de

nutricion y su efecto en el microbioma

El andlisis simultaneo de los SCFAs y BCAASs en muestras
de orina y heces se puede llevar a cabo mediante GC-MS. La
aplicacion de este método permite la cuantificacion precisa
de estos biomarcadores mediante un Unico procedimiento de
derivatizacion, proporcionando informaciéon que permite

distinguir entre los diferentes grupos de estudio, en este caso
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PlI, Tl y sus madres. Ademas, se ha revelado una
contaminacién muy significativa de acido acético en las gasas
y algodones que se emplean tipicamente para la recoleccion
de muestras de orina de recién nacidos que se debe considerar

en futuros estudios clinicos

Se ha validado un método de LC-MS/MS para el analisis
cuantitativo de BA en muestras de orina humana y heces
murinas, demostrando la aplicabilidad del mismo en el campo
(pre)clinico. Ademas, se ha obtenido una comparacion entre
las vias metabolicas y los mecanismos de excrecion de los BA
urinarios humanos y fecales murinos, de acuerdo con las

diferencias entre especies

Los andlisis lipidomico y metabolémico no dirigido y el
analisis dirigido del perfil de acidos grasos de la DHM
mediante LC-MS/MS y GC-MS, respectivamente, han
demostrado que la HoP afecta significativamente tanto a la
composicion lipidica, como a las propiedades fisicoquimicas

y la funcionalidad de la HM

La evaluacion de diferentes técnicas de normalizacion en el
andlisis lipidomico de HM-EVs ha permitido ahondar en el
correcto aislamiento y caracterizacion de las mismas, asi
como en las potenciales implicaciones derivadas de la

seleccidn de la técnica de normalizacion en cuestién
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e El control de calidad rapido y directo del procedimiento de
aislamiento de HM-EVs es posible mediante los lipidos y
proteinas totales derivados del perfil espectral determinado
por ATR-FTIR

Ademas del desarrollo y la aplicacion de los diferentes métodos
analiticos presentados, se ha realizado un articulo descriptivo del estudio
clinico del proyecto NUTRISHIELD, una revision bibliogréfica sobre las
metodologias para el andlisis de metabolémica no dirigida en HM y un
capitulo de libro sobre el procedimiento para el correcto aislamiento y analisis
lipidomico no dirigido de HM-EVs.

Finalmente, tras el desarrollo de la presente Tesis, han surgido nuevos
aspectos a estudiar que se estan llevando a cabo actualmente por nuestro grupo

de investigacién, los cuales se describen a continuacion:

e EI desarrollo de un algoritmo capaz de proporcionar un
consejo de nutricion personalizado en base a los resultados de
los biomarcadores de nutricién y de la actividad microbiana
obtenidos, junto con otras variables clinicas y la composicion
de la microbiota intestinal y de la leche. Este algoritmo se
aplicaria en consultas médicas para dar un consejo nutricional
a madres lactantes con el fin de mejorar la composicién de la
HM, y de esta manera mejorar los resultados clinicos de los

Pl a corto y largo plazo

e El andlisis de los BA como biomarcadores de la actividad

microbiana en muestras de orina y heces en el contexto
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neonatal, para estudiar las correlaciones entre ambas matrices
y determinar los niveles en esta poblacion. De esta manera,
se podra determinar si es posible utilizar los niveles en
muestras de orina como biomarcadores de la actividad
microbiana, facilitando asi el proceso de recogida no invasiva

y el tratamiento de la muestra

El estudio de la relevancia bioldgica y el impacto de los
cambios observados en la composicién y funcionalidad de los
componentes de HM tras su pasteurizacion, asi como
impulsar el desarrollo de alternativas tecnoldgicas a la HoP

para la estabilizacion microbioldgica de la HM

Desarrollar y optimizar un protocolo alternativo a la
ultracentrifugacion para el aislamiento de los HM-EVs
mediante cromatografia de exclusion por tamafios, para
reducir la cantidad de muestra necesaria, las impurezas y el
tiempo requerido para el aislamiento. Asimismo, evaluar las
propiedades de las HM-EVs con el fin de implementar su uso

como fortificante en la nutricion de Pl

Establecer el andlisis ATR-FTIR para la caracterizacién
rutinaria de proteina y lipidos totales en EVs aislados de

diferentes matrices

XLI
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Abstract

This PhD thesis addressed the different metabolomic and lipidomic
approaches for nutrition assessment in infants and their lactating mothers in

the frame of prematurity.

Preterm infants’ (PI) early nutrition is one of the most important
factors in improving their clinical outcomes. In this sense, breastfeeding is the
gold standard of child nutrition due to human milk (HM) nutrients and
bioactive components, which contribute to the optimal growth and
development of the infant. When not enough own mother’s milk is available,
the administration of pasteurized donor human milk (DHM) is considered a
valuable alternative for Pls. To ensure the safety of DHM, milk banks
routinely employ Holder pasteurization (HoP) in order to destroy bacteria and
viruses present. However, its composition can be affected by this process. In
addition, this work has focused on the potential effect of maternal diet on HM
composition. Likewise, diet is one of the key factors involved in the
conformation of the intestinal microbiome, affecting microbial diversity, as

well as the abundance of specific microbes.

Different sample preprocessing methods have been applied to urine,
faeces and HM samples before analysis using targeted, semi-targeted and
untargeted metabolomic and lipidomic analytical methods. Liquid
chromatography-tandem  mass  spectrometry  (LC-MS/MS),  gas
chromatography coupled to MS (GC-MS), and attenuated total reflectance -
Fourier transform infrared spectroscopy (ATR-FTIR) methods have been
developed for the analysis of nutrition and microbiome activity biomarkers,

as well as to study HM composition and the effect of HoP on it.



Abstract

The different developed analytical methodologies have been
successfully applied to different sets of biological samples, demonstrating

their applicability in the clinical field.
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Hypothesis and objectives

In this PhD thesis, the hypothesis that is proposed is that the
development of metabolomic and lipidomic methodologies can contribute to
the nutritional evaluation of both Pls and their mothers. Likewise, three main

objectives have been proposed:

e To evaluate associations between maternal diet and biomarkers of
nutrition and microbial activity in the context of prematurity

e Toevaluate the effect of HoP and storage on the composition of DHM

e To optimize the isolation and quality control of human milk
extracellular vesicles (HM-EVs), as well as evaluate their lipid

composition

The articles that make up this doctoral thesis by compendium of
publications have been divided into three sections. Section | is entitled
“Biomarkers relevant in nutrition and microbiota studies in the field of
neonatology” and includes four chapters: i) the description of the
NUTRISHIELD study, focused on the evaluation of nutrition of Pls and their
lactating mothers; ii) joint evaluation of microbial activity and diet through
urine biomarkers using LC-MS/MS; iii) the evaluation of microbial activity in
urine and feces samples of Pls, Tls and their mothers by GC-MS; and iv) the
analysis of biomarkers of microbial activity in human urine and murine faeces
samples by LC-MS/MS.

Section |1 is entitled "Effect of pasteurization on the metabolome and
lipidome of HM" and includes two chapters: i) a bibliographic review of

current methodologies for untargeted metabolomic analysis in HM samples;



Hypothesis and objectives

and ii) the evaluation of the effect of HoP on the metabolomic and lipidomic
composition of DHM by LC-MS/MS and GC-MS.

Section III is entitled “Novel analytical tools for the characterization
of the molecular composition of HM-EVs” and includes three chapters: i) the
description of the protocol to be followed for the HM-EVs isolation and
untargeted lipidomic analysis using LC -MS/MS; ii) the evaluation of the HM-
EVs lipidomic profile by LC-MS/MS and the evaluation of the different
normalization strategies; and iii) the development of an analytical method
using ATR-FTIR for routine quality control of the HM-EVs extraction

procedure.
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Section |. Biomarkers relevant in
nutrition and microbiota studies in the
field of neonatology






Chapter 1. Fact-based nutrition for infants and lactating
mothers — The NUTRISHIELD study

1.1. Abstract

Background: Human milk (HM) is the ideal source of nutrients for
infants. Its composition is highly variable according to the infant’s needs.
When not enough own mother’s milk (OMM) is available, the administration
of pasteurized donor human milk (DHM) is considered a suitable alternative
for preterm infants. This study protocol describes the NUTRISHIELD clinical
study. The main objective of this study is to compare the % weight gain/month
in preterm and term infants exclusively receiving either OMM or DHM. Other
secondary aims comprise the evaluation of the influence of diet, lifestyle
habits, psychological stress, and pasteurization on the milk composition, and

how it modulates infant’s growth, health, and development.

Methods and design: NUTRISHIELD is a prospective mother-infant
birth cohort in the Spanish-Mediterranean area including three groups:
preterm infants <32 weeks of gestation (i) exclusively receiving (i.e., >80%
of total intake) OMM, and (ii) exclusively receiving DHM, and (iii) term
infants exclusively receiving OMM, as well as their mothers. Biological
samples and nutritional, clinical, and anthropometric characteristics are
collected at six time points covering the period from birth and until six months
of infant’s age. The genotype, metabolome, and microbiota as well as the HM
composition (i.e.,, macronutrients, fatty acids, vitamins, human milk
oligosaccharides, and steroids) are characterized. Portable sensor prototypes
for the analysis of HM and urine are benchmarked. Additionally, maternal

psychosocial status is measured at the beginning of the study and at month six,
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including social support, family functioning, perceived stress, anxiety, and
depression symptoms, and traumatic life events. Mother-infant postpartum
bonding and parental stress are also examined. At six months, infant
neurodevelopment scales are applied. Mother’s concerns and attitudes to

breastfeeding are registered through a specific questionnaire.

Discussion: NUTRISHIELD provides an in-depth longitudinal study
of the mother-infant-microbiota triad combining multiple biological matrices,
newly developed analytical methods, and ad-hoc designed sensor prototypes
with a wide range of clinical outcome measures. Data obtained from this study
will be used to train a machine-learning algorithm for providing dietary advice
to lactating mothers and will be implemented in a user-friendly platform based
on a combination of user-provided information and biomarker analysis. A
better understanding of the factors affecting milk’s composition, together with
the health implications for infants plays an important role in developing

improved strategies of nutraceutical management in infant care.

Clinical trial registration: https://register.clinicaltrials.gov, identifier:
NCT05646940

1.2. Introduction

Breastfeeding (BF) is the optimal feeding practice for all infants,
associated with numerous health benefits for the mother—infant dyad, as well
as, being an ecologic practice [49]. The World Health Organization highly
recommends exclusive BF for all infants up to six months, born either full—
term [18,19] or prematurely [20]. Human Milk (HM) is a dynamic fluid that

meets the offspring’s needs [50-53], and is ample in nutrients and bio-active
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compounds intended to enhance immunity and growth [54]. HM also hosts a
complex ecosystem of microbiota [55], which is of paramount importance for

the offspring’s immunity [50].

During the last decades, the incidence of preterm deliveries (<37
weeks of gestation) and survival rate of preterm infants (PI) have been steadily
increasing [10], hand in hand with the interest in preterm and early infant
nutrition. Associated birth complications are the leading cause of death among
children under five years of age, responsible for ~1 million global deaths per
year [56]. Progress in medical interventions has allowed to enhance survival
of an increasing proportion of extremely low gestational age newborns and
low birth-weight infants. Early infant nutrition has become a major player in
improving clinical outcomes of survivors [13]. HM is recommended for PI
based on an impressive array of benefits provided to this highly vulnerable
population, including ameliorated immunological and gastrointestinal
outcomes [14,57-62]. Optimal growth in the postnatal period is challenging
dure to increased nutritional demands and metabolic and digestive immaturity
of Pl. Greater weight gain is associated with better neurodevelopment

outcomes [63].

In situations where mothers are unable to produce sufficient milk
quantities to exclusively or partially breastfeed, pasteurized donor human milk
(DHM) is a viable option to avoid formula feeding, especially for low birth-
weight children [64]. DHM is a valuable but limited resource and Human Milk
Banks prioritize its distribution to the patients with highest risk of necrotizing
enterocolitis, generally Pl <32 weeks of gestation or with a birthweight <1500
g [19,65]. To date, most studies focus on the benefits of using DHM over
formula in PI, when own mother’s milk (OMM) is limited or unavailable.

There is clear evidence of the superiority of OMM against formula [66];
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however, although DHM apparently protects against necrotizing enterocolitis
as compared to formula, results are not conclusive [67] and there are only few
reports directly comparing DHM and OMM. While providing some bioactive
agents, DHM consumption is associated with slower growth rates in
comparison to the administration of OMM or formula [66]. This finding may
be attributable to several factors. Most DHM is provided by women who have
delivered at term and donate their milk in later stages of lactation up to several
months after delivery. The effect of gestational age on HM composition has
been reported to affect a wide array of compounds including lipids [68],
lactoferrin [69], amino acids [70], and HM oligosaccharides [71]. In
comparison to preterm milk during the first weeks after delivery, studies on
the mean composition of DHM show a lower content in total protein, fat, and
other bioactive molecules [72]. Its composition is also affected by the
processing of expressed milk, including stringent protocols applied in HM
banks, i.e. pasteurization, freezing, and storage [17,29], necessary to reduce

the potential risk to transmit infectious agents.

Beyond the physiological adaptations, research has focused on the
potential effects of the maternal diet on the HM composition. In an earlier
report, HM composition was found rather different among mothers of diverse
ethnic backgrounds, with different dietary habits [73]. The fatty acid profile
of HM varies in relation to maternal diet, particularly, in the long chain
polyunsaturated fatty acids (LCPUFAS) [17,29,74,75]. Additionally, in a
recent comprehensive systematic review of 104 observational and
interventional studies, HM composition was found to relate to the maternal
consumption of fatty acids, fat-soluble vitamins, and vitamin B1 and C intake
[33,34]. No similar relationships were found for dietary intake of iron, folate,

calcium, selenium, or proteins [33].0n the contrary, another recent systematic
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review determined that information regarding the relationship between dietary
patterns during lactation and HM content is insufficient for total fat, vitamins
B and C, and choline content and inexistent for total proteins, macronutrient
distribution, human milk oligosaccharides (HMOs), vitamins A, D, E and K,
iodine, and selenium [76]. Hence, more studies are needed to conclude for
several nutrients and little is known on how the maternal diet may also affect
non-nutritive constituents of HM, e.g., prebiotics content [36] or microbiota
[37,77]. Finally, existing evidence comes mainly from studies on full-term
infants (T1); the impact of maternal nutrition on the composition of HM for
the preterm offspring has not been adequately documented.

Therefore, the main objective of this study is to compare the % weight
gain/month in Pl and TI exclusively receiving either OMM or DHM. In
addition, secondary objectives are (i) to evaluate associations between the
mother’s diet, physical, and psychosocial status (e.g., lifestyle, perceived
stress, anxiety, and depression) and HM composition in Pl and TI, (ii) to
evaluate the effect of pasteurization/storage on DHM composition, (iii) to
assess the interplay of microbiota and microbiota activity and HM
composition, (iv) to assess the interplay of microbiota and microbiota activity
detected in HM and Pls and Tls, (v) to evaluate the impact of microbiota and
microbiota activity on the vitamin status of Pls and TlIs, (vi) to test the
performance of novel sensor devices developed within this project, and (vii)

the development of a personalized nutrition algorithm for lactating mothers.
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1.3. Methods and analysis

1.3.1. Study design

The NUTRISHIELD study is a parallel group, non-randomized,
observational study performed at the Division of Neonatology of the
University & Polytechnic Hospital La Fe (HULAFE), including Tl and Pl and
their mothers, covering the period from birth to 24 months of infant’s age. In

addition, mothers providing DHM to study participants are also included.

The study protocol has been approved by the Scientific and Ethics
Committee for Biomedical Research (CEIm) of the HULAFE (#2019-289-1).
All methods have been performed in accordance with the relevant guidelines
and regulations and written permission has been obtained from mothers or

legal representatives by signing an informed consent form.

Confidentiality of subjects is maintained during the study. All
participants have been assigned a code and data allowing personal
identification will not be shared at any time. Participants may withdraw

consent for participating in the study at any time.

1.3.2. Study population and recruitment

Participants were recruited at the end of pregnancy (when admitted to
the obstetric ward) or within one week after birth in case of hospitalized
infants at HULAFE. Recruitment started in October 2020 and was completed
in July 2022. Three mother-infant groups were enrolled, i.e., Pl fed with OMM
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(PI-OMM), PI fed with pasteurized DHM (P1-DHM), and TI receiving OMM
(T1-OMM), and their mothers.

The inclusion criteria were (i) acceptance of the mother to participate
and sign an informed consent form, (ii) a gestational age < 32 weeks for the
group of Pl and > 37 weeks for the group of TI, and (iii) exclusive
consumption (i.e., >80% of total intake) of either OMM or DHM at time point
CEN (complete enteral nutrition) for Pl or RBW (recovery of birth weight)
for TI. Although the type of feeding of Pls included in either group (PI-OMM
or PI-DHM) may have changed at later time points, they remained in the same
study group, so the effect of feeding of each type of milk at CEN and its long-
term effects can be studied. Likewise, the use of formula milk and the
initiation of weaning at later time points was recorded only without affecting
follow-up assessments. The exclusion criteria were (i) non-compliance with
any of the inclusion criteria, (ii) the requirement of a special diet for the mother
(e.g., celiac disease, diabetes) or maternal consumption of probiotics, (iii) the
need of intestinal surgery, severe congenital malformations, or
chromosomopathies of the infant, (iv) mother’s residence outside the
Valencian Community and (v) severe language barriers hampering the
collection of necessary data from mothers not speaking Spanish and/or

English.

Sample size estimation was performed for the primary outcome (i.e.,
% weight gain/month from birth until hospital discharge of PI fed with DHM
and OMM) and was based on result of a previous study (42). Considering the
median % weight gain/month (interquartile range, IQR) of 52% (IQR 30) in
the PI-DHM group and 63% (IQR 21) in the PI-OMM, 18 infants per group

were needed to achieve a power of 90% with an alpha error of 5% between
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the % weight gain/month of Pl exclusively receiving either OMM or DHM at
CEN.

On the other hand, HM donors were recruited during their regular
visits at the hospital’s HM Bank of the Valencian Community. All participants
met ordinary criteria for HM donation (e.g., negative screening results of a
series of transmissible diseases, toxic habits, or some chronic medication) and

accepted to sign an informed consent form and participate in the study.

1.3.3. Assessment points and biological samples

Samples from lactating mothers and their infants are collected at
different timepoints, as shown in Figure 1.1. At birth, cord blood, and urine,
and faeces from both infants and mothers are collected when possible. When
Pls achieve CEN and TIs RBW, as well as one, two, three, and six months
after delivery, urine and faeces from mothers and infants, as well as, HM from
mothers who breastfeed, are collected. Infants’ and mothers’ buccal swabs are
collected at month six. During hospitalization of participants, samples are
collected at the hospital by healthcare providers. After discharge, samples are
collected at home and either transported to the hospital by study participants
or staff of the NUTRISHIELD study. Mothers receive Standard Operation
Procedures (SOPs) with detailed instructions and all the required material for
sample collection at home. Additionally, hospital’s staff instructs mothers on

how to collect and store samples correctly.
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Figure 1.1. Design of the NUTRISHIELD study. Note: PI: preterm infant; Tl:
term infant; M: mother; I: infant; OMM: own mother’s milk; DHM: donor
human milk; CEN: complete enteral nutrition (150 mL/kg/day); RBW:
recovery of birth weight; HM: human milk; FFQ: food frequency

guestionnaire.

Samples collected at home are stored at 4 °C during a maximum of 24
h before their transport to the hospital on ice, where they are registered,
aliquoted, labelled, and stored at -80 °C until analysis. A HM and faeces
aliquot is directly stored in a tube containing a microbiome preservative
solution. For DHM, collection times respective to delivery are heterogeneous,
since from each donor several aliquots are collected over time, pooled, and
then subjected to Holder pasteurization in batches (i.e., 62.5 °C during 30 min
followed by rapid cooling to 4 °C). The lactation time was estimated as the
mean (standard deviation, SD) of time elapsed during the collection of
different aliquots from one DHM batch, being 16 (SD 12) days.

Mothers’ and infants’ buccal swab samples are collected by

thoroughly rubbing a flocked sterile swab up and down the inner side of both
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cheeks for 30 seconds each. Swabs are cut and stored in a sterile tube at -80
°C until further analysis. Discarded arterial and venous blood from the
umbilical cord is collected in EDTA blood sample tubes after the placenta is
delivered and separated from the baby. Blood is centrifuged (1300 x g for 10
min at 20 °C) and the upper plasma layer is stored in opaque vials at -80 °C
until analysis. Mother’s first morning urine is collected in a polypropylene
container, and infant’s urine is collected by placing sterile cotton pads in the
diaper and, after urinating, squeezing them with a sterile plastic syringe into
sterile tubes (see Figure 1.2). Mother’s faeces are collected in a polypropylene
container, and infant’s faeces are collected directly from the diaper into sterile

tubes using sterile tweezers.

4

Figure 1.2. Infants’ urine sample collection procedure. Sterile cotton pads are
placed in the diaper (left); cotton pads soaked with urine are collected using
sterile tweezers (middle); cotton pads are squeezed with a sterile syringe to

collect the urine sample (right).

Mothers express milk using breast milk pumps following an SOP

employed routinely in the hospital and the HM bank. The removable parts of
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the breast milk pump as well as the collection bottles are sterilized before their
use. HM is collected at least three hours after breastfeeding. Mothers are
required to wash their hands with soap and water and clean nipples with water.
HM should be preferably expressed between 7 and 10 a.m., full expression of
one breast is required (a minimum volume of 50 mL is recommended), and
details regarding the extraction method (e.g., breast pump brand), date, and
extracted volume are registered. For DHM samples, aliquots of each pooled

DHM sample are collected before and after Holder pasteurization.

1.3.4. Dietary and psychological status assessment

For all three study groups, information obtained from clinical records
is collected.  Anthropometric data (e.g., weight, height, and head
circumference), sociodemographic, dietary, other relevant information related
to lifestyle (e.g., smoking habits, sleep hours, and physical activity), and
psychosocial status are provided through questionnaires by participating
mothers as summarized in Table 1.1. As shown in Figure 1.1, 24 h dietary
recalls are recorded at all timepoints except at birth, food frequency
guestionnaire (FFQ) at month 1, maternal psychosocial status at CEN/RBW
and month six (corrected age for Pl groups), and infant neurodevelopment at
months six and twenty-four. The questionnaires are administered online, on

paper, or through direct interviews with the mothers.
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Table 1.1. Recorded parameters from lactating mothers and infants.

Assessment Parameter
FFQ
24-hour dietary recall
Maternal conditions
Pregnancy complications
Delivery type
Medical information
Maternal medication
IIFAS
Infant’s gestational age
Infant sex
Infant diagnosis
Perinatal complications
Origin
Sociodemographic Education
data Household income
Employment status
Smoking habits
Lifestyle Physical activity
Sleeping habits
Maternal weight
Infant height
Infant head circumference
MSPSS
FACES
PSS-10
STAI
EPDS
BDI
TEQ
PBQ
PSI

Nutrition

Clinical data

Anthropometric
data

Psychosocial
status
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Table 1.1 (continuation). Recorded parameters from lactating mothers and

infants.
Assessment Parameter
ASQ-3
Infant | BQ
neurodevelopment Q

Merril-Palmer revised scales
Notes: FFQ: Food Frequency Questionnaire, IIFAS: lowa Infant Feeding

Attitude Scale, BMI: Body Mass Index, MSPSS: Multidimensional Scale of
Perceived Social Support, FACES: Family Adaptability and Cohesion
Evaluation Scale, PSS-10: Perceived Stress Scale-10, STAI: State-Trait
Anxiety Inventory, EPDS: Edinburgh Postnatal Depression Scale, BDI: Beck

Depression Inventory, TEQ: Traumatic Experience Questionnaire, PBQ:
Postpartum Bonding Questionnaire, PSI: Parenting Stress Index, ASQ-3:
Ages & Stages Questionnaires, IBQ: Infant Rothbart's Temperament

Questionnaire.

Regarding the 24 h recall, trained researchers ask for all foods and
beverages participants consumed during the previous day, using the multiple-
pass method [78]. Recall data are analyzed in terms of nutrients using the
dietary analysis software Nutritionist Pro™ (2007, Axxya Systems, Texas,
USA). Additionally, dietary intake is grouped into food groups, (i.e., fruits,
vegetables, bread/starch, meat/high fat, meat/medium fat, meat/low fat,
meat/very low fat, milk/non-fat, milk/low fat, milk/full fat, eggs, fish, soy,

dairy products, soft drinks, and other carbohydrate-rich foods).

The FFQ is administered by trained personnel, and it comprises 142
questions on the consumption of foods that are commonly eaten by the

Spanish population throughout a year, including dairy products, cereals, fruits,
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vegetables, meat, fish, legumes, added fats, alcoholic beverages, stimulants,
and sweets. Using a 9-grade scale (“never or less than 1 time/month”, “1-3
times/month”, “1 time/week”, “3-4 times/week”, “5-6 times/week”, “1
time/day”, “2-3 times/day”, “4-5 times/day”, “>6 times/day”) participants are
required to indicate the absolute frequency of consuming a certain amount of
food, expressed in grams, milliliters or in other common measures, such as
slice, tablespoon, or cup, depending on the food. The previous month is set as
the timeframe. The FFQ is an easy-to-use questionnaire and is not expected to
increase the burden of lactating mothers.

Based on the FFQ-responses, adherence to the Mediterranean diet is
evaluated by using the MedDietScore, a composite score calculated for each
participant [79]. For food groups presumed to be part of the Mediterranean
pattern (i.e., those with a recommended intake of 4 servings per week or more,
such as non-refined cereals, fruits, vegetables, legumes, olive oil, fish, and
potatoes) higher scores are assigned when the consumption is according to the
rationale of the Mediterranean pattern, while lower scores are assigned when
participants report no, rare, or moderate consumption. For the consumption of
foods presumed to be eaten less frequently within the Mediterranean diet (i.e.,
consumption of meat and meat products, poultry, and full fat dairy products),
scores are assigned on a reverse scale. As this study is focused on lactating
mothers, the original score was modified by removing the alcohol
consumption component. Thus, the range of this modified MedDietScore is
between 0 and 50, with higher values of the score indicating greater adherence

to the Mediterranean diet.

Maternal psychosocial status is measured at recruitment and at six
months, including social support (Multidimensional Scale of Perceived Social

Support, MSPSS [80]), family functioning (Family Adaptability and Cohesion
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Evaluation Scale, FACES [81]), perceived stress (Perceived Stress Scale -10,
PSS-10 [82]), anxiety (State-Trait Anxiety Inventory, STAI [83]), depression
(Edinburgh Postnatal Depression Scale, EPDS [84], Beck Depression
Inventory (BDI) [85]) symptoms, and traumatic life events (Traumatic
Experience Questionnaire, TEQ [86,87]). Mother-infant postpartum bonding
(Postpartum Bonding Questionnaire, PBQ [88]) and parental stress (Parenting

Stress Index, PSI [89]) are also examined.

As for the infants, at six and twenty-four months (corrected age for
Pls) assessment of neurodevelopment is conducted during a hospital visit by
a trained psychologist and psychiatrist from the team. Parents complete the
Ages & Stages Questionnaires, Third Edition (ASQ-3) [90] for psychomotor
development evaluation and the Infant Rothbart's Temperament
Questionnaire (IBQ) [91] for infant temperament. The ASQ is a well
standardized instrument used in clinical and research practice to examine
children’s psychomotor development gathering items in five domains:
communication, gross motor, fine motor, problem solving, and personal-
social. Clinical observation and Merrill-Palmer revised scales [92] for

development are applied during the session.

Mother’s concerns and attitudes to breastfeeding are also registered
through the lowa Infant Feeding Attitude Scale (I1IFAS) [93] at CEN/RBW

and six months.

Milk donors are asked to provide sociodemographic, medical, dietary,
and other lifestyle data. PSS-10 is evaluated when entering the study in order
to correlate with hormones and other compounds present in the milk. In
particular, each time a batch of milk is prepared, a FFQ is administered
(representing the period of time that the batch of milk covered) and the donors

are asked to provide medical, anthropometric, and lifestyle data.
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1.3.5. Analysis of biological samples employing laboratory
methods

A range of state-of-the-art as well as novel laboratory methods are

employed for the analysis of the collected biological samples, as summarized

in Table 1.2.

Table 1.2. Analysis of biological samples employed.

Analysis Parameters Technique Matrix
Genome Whole genome yj1umina NovaSeq Buccal swab
sequencing
. . . Faeces
Microbiota Bb species ATGC
HM
SCEA Faeces
. . S :
Mlcrpplota BCAAS GC-MS Urine
activity HM
BAs LC-MS/MS Urine
Flavonoids
. Isofl )
Nutrition %0 avor1es LC-MS/MS Urine
Arylglycines
Amino acids
Metabolome Metabol_orr_nc LC-HRMS Urine
fingerprinting
Fat
Carbohydrates
Macronutrients Crude & true Miris HM analyzer HM
protein
Total solids
Energy
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Table 1.2 (continuation). Analysis of biological samples employed.

Analysis Parameters Technique Matrix
34 fatty acids
(C6-C24) GC-MS
SAT
MONOs
Fatty acids llle\ng::\?r HM fatty acid HM
SCFAS sensor
MCFAs
LCFAs
Vitamin B, D LC-MS/MS
and K groups
N Retinol forms LC-UV .HM
Vitamins . Umbilical cord
Caro_teno_lds and LC- blood
vitamin E UV/Fluorescence
groups
HMOs HMO screening LC-HRMS HM
Steroids L9 steroid LC-MS/MS HM
hormones Urine
Total protein
Alpha-
Proteins lactalbumin HM protein sensor HM
Lactoferrin
Casein
pH pH Urine pH sensor Urine
Phosph_at_e and Phosph_atg and Pho_sp_hate and Urine
creatinine creatinine creatinine sensor

Note: ATGC: Advanced Testing for Genetic Composition, Bb:
Bifidobacterium, GC: Gas Chromatography, (HR)MS: (High Resolution)
Mass Spectrometry, SCFAs: Short Chain Fatty Acids, BCAAs: Branched
Chain Amino Acids, BAs: Bile Acids, SAT: saturated fatty acids, MONOs:
monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids, UNSAT:
unsaturated fatty acids, MCFAs: medium-chain fatty acids, LCFAs: long-
chain fatty acids, LC: Liquid Chromatography, UV: Ultraviolet, HMOs:

Human Milk Oligosaccharides.
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1.3.5.1. Genome sequencing

For genome sequencing analysis, DNA extraction from buccal swab
samples takes place according to the protocol developed by the sequencing
provider facility. Polymerase chain reaction (PCR) quality control (QC) is
performed before samples are shipped to the sequencing service provider, and
again upon receival by the sequencing facility. QC and library preparation
follow the Illumina NovaSeq protocol (Paired End, 150bp). Three polygenic
risk scores (PRS) models are developed for body mass index (BMI), diabetes
type 2, and lactose intolerance, calculated by Plink software [94], and the
resulting genotype files, one per sample, are then used as separate input to the
PRS models.

This score can then be compared to the scores obtained from the UK
Biobank set [95], to estimate the relative risk for this individual compared to
the rest of the UK Biobank individuals (~370.000 individuals), which are split

in 10 quantiles according to their genetic risk.

1.3.5.2. Microbiota analysis

Advanced Testing for Genetic Composition (ATGC) is used for
microbiota analysis of faeces and HM samples [96]. It is a targeted
measurement technique that provides greater precision, specificity, and
versatility than rtPCR, while being just as cost-effective and fast. It has been
developed to translate discovery data from untargeted analysis (e.g., 16S or

shotgun meta-genomics) into tests for routine use.
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The Bifidobacterium (Bb) assay used is specifically designed to
analyze the main species and subspecies varieties in HM and newborn gut
microbiomes. For sample processing, the HM lipid layer is solubilized using
a detergent, while for faeces, a lysis step using a lysis buffer with bead beating
for 20 seconds is required. Then, an in-house DNA extraction procedure and
a PCR are carried out. Cycling temperature capillary electrophoresis (CTCE)
is made for each primer on an independent capillary. It is performed on a
MegaBace 1000 instrument (General Electrics, Boston MA, USA) as
described earlier [97].

1.3.5.3. Microbiota activity biomarkers analysis

The microbiota activity is evaluated with the following methods:

1. Short chain fatty acids (SCFASs) and branched chain amino

acids (BCAAs) in faeces, urine and HM samples

SCFAs (i.e., acetic, propionic, isobutyric, butyric, 2-methylbutyric,
isovaleric, valeric, caproic and heptanoic acids) and BCAAs (i.e., valing,
leucine and isoleucine) are determined by targeted gas chromatography
coupled to mass spectrometry (GC-MS), as described elsewhere [98,99],
using an Agilent 7890B GC system coupled to an Agilent 5977A quadrupole
MS detector (Agilent Technologies, Santa Clara, CA, USA).

2. Bile acids (BAs) in urine samples

In total, 34 BAs (6 primary, 7 primary conjugated, 5 secondary, 10
secondary conjugated and 6 sulphated) are determined in urine samples by

liquid chromatography coupled to tandem MS (LC-MS/MS), as described
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elsewhere [100] with minor modifications, using an ACQUITY LC
chromatograph (Waters Ltd, Elstree, UK) coupled to a Xevo TQ-S MS
detector (Waters, Manchester, UK).

1.3.5.4. Nutrition biomarkers analysis

Quantification and semi-quantification of 20 and 205 urinary nutrition
biomarkers (e.g., flavonoids, isoflavones, and arylglycines), respectively,
related to nine food groups such as fruits, vegetables, meat, fish, dairy
products, milk, seeds, coffee, and soft drinks is carried out [101,102].
Additionally, seven microbiota activity biomarkers are determined using this
method (i.e., phenylpropionylglycine, L-kynurenine, L-tyrosine, hippuric
acid, 3-indolepropionic acid, ferulic acid sulphate and 3-indoleacetic acid).
LC-MS/MS analysis is conducted using a Sciex QTRAP 6500+ system (Sciex,
Framingham, Massachusetts, USA).

1.3.5.5. Untargeted metabolomic fingerprinting

Untargeted metabolomic analysis is carried out in urine samples by
LC-MS/MS, employing an Agilent 1290 Infinity HPLC system coupled to an
Agilent 6550 Spectrometer iFunnel quadrupole time-of-flight (QTOF) MS
detector (Agilent Technologies, Santa Clara, CA, USA), as previously
described [103].
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1.3.5.6. Macronutrients analysis

Direct measurement of HM macronutrients including fat,
carbohydrates, crude and true proteins, total solids, and energy are determined
using a Miris HM analyzer (Miris AB, Uppsala, Sweden). Determinations,
QC, and instrument calibration are performed following the SOP provided by

the manufacturer [104].

1.3.5.7. Fatty acid profile analysis

The targeted analysis of 36 fatty acids in HM samples is carried out
by GC-MS as described elsewhere [105,106], using an Agilent 7890B GC
system coupled to an Agilent 5977A quadrupole MS detector (Agilent
Technologies, Santa Clara, CA, USA).

1.3.5.8. Vitamin analysis

Quantification of water-soluble (group of vitamin B: thiamine,
thiamine  monophosphate, riboflavin, flavin adenine dinucleotide,
nicotinamide, pyridoxal and pyridoxal phosphate) and lipid-soluble vitamins
(group of vitamin A: retinol forms, B-carotene, B -cryptoxanthin, lutein,
lycopene and zeaxanthin; group of vitamin E: a-tocopherol and y-tocopherol;
group of vitamin K: phylloquinone and menaquinone-4; group of vitamin D:
cholecalciferol and calcifediol) in HM and umbilical cord blood samples is

carried out.
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The analysis of B, D and K vitamins are determined as described
somewhere [107-111], using an Acquity LC chromatographic system (Waters
AG, Switzerland) hyphenated to a Xevo TQ-S mass spectrometer (Waters AG,

Switzerland).

The retinol forms are analyzed as previously described [110], using a
LC using a quaternary Flexar chromatographic system (Perkin Elmer,
Switzerland) with UV detection (325 nm).

Carotenoids and vitamin E analysis is carried out as previously
described [112], using a binary Acquity LC chromatographic system (Waters
AG, Switzerland) with multiple UV detection (295 nm, 450 nm and 472 nm)

and fluorescence detection (exc. 296 nm / em. 330 nm).

1.3.5.9. Oligosaccharides analysis

HMOs analysis is carried out by LC-MS in accordance with a
previously described protocol [113,114] with some modifications, employing
a Vanquish LC Binary Pump coupled to an Orbitrap QExactive Plus MS
detector (ThermoFisher, Waltham, MA, USA).

1.3.5.10. Steroid analysis

Steroid analysis of HM and urine samples is carried out on an Acquity
UPLC system (Waters Ltd, Elstree, UK) coupled to a Waters Xevo TQ-S MS
detector (Waters, Manchester, UK) as previously described [115,116]. A
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panel of 19 steroids is targeted (i.e., cortisol, 5B-tetrahydrocortisol, 6p-
hydrocortisol, 20a-dihydrocortisol, 20p-dihydrocortisol, corticosterone,
aldosterone, estrone, androstenedione, dehydroepiandrosterone, progesterone,
17-hydorxy-progesterone, pregnenolone, cortisone, 20a-dihydrocortisone,
20B-dihydrocortisone,  6a-hydroxycortisone,  testosterone, and 5a-

dihydrotestosterone).

1.3.6. Sensor prototypes

Due to the special requirements of the study, three sensor
prototypes enabling the determination of complementary parameters in
HM and urine samples are being developed and benchmarked within
the NUTRISHIELD study.

1.3.6.1. HM protein sensor

Direct quantification of the most abundant proteins (i.e., casein, a-
lactalbumin, and lactoferrin) in HM milk is performed using quantum cascade
laser-based mid-infrared (QCL-IR) spectroscopy [117,118]. Laser-based IR
spectroscopy enables more robust and sensitive analysis in the spectral region
of IR signatures of proteins compared to conventional Fourier-transform
infrared (FTIR) spectrometers [117]. Reference protein analysis is carried out
using specific Kjeldahl and HPLC analysis. Within the study, a dedicated
QCL-based protein analyzer for HM is developed and benchmarked.
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1.3.6.2. HM fatty acids sensor

HM fatty acid profiling is performed based on mid-IR spectroscopy
of an extracted lipid HM fraction. For analysis, 15 pL of the pure fat are
transferred onto a diamond single bounce attenuated total reflection (ATR)
accessory (Platinum ATR, Bruker, Ettlingen) connected to a Tensor 37
(Bruker, Ettlingen) FTIR spectrometer [119,120].

1.3.6.3. Urine pH sensor

A custom-made portable system based on potentiometric
measurements and screen-printed electrode technology is developed to
measure pH in urine. The system works with small sample volumes (i.e., 50
L) and no dilution is needed. An additive is spiked into samples prior to
measurement in order to preserve and regenerate the sensor’s surface, which
extends sensor lifetime to multiple uses with no carry-over between urine

samples.

1.3.6.4. Urine phosphate and creatinine sensor

Quantification of phosphate and creatinine in urine samples is
performed using a method based on FTIR transmission spectroscopy. Within
the study, a dedicated QCL-based urine analyzer is developed. Reference

values for phosphate are obtained by a colorimetric determination after
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reaction of inorganic phosphorus with ammonium molybdate, while creatinine
reference values are obteined following the manufacturer’s instructions of the
modified Jaffe’s method implemented in the DetectX® urinary creatinine
detection kit from Arbor Assays (Ann Arbor, MI, USA).

1.3.7. Statistics and data integration

The Student’s t-test, Wilcoxon ranksum test or X2 test with o = 0.05
will be used for between-group comparisons and fold changes (FC) will be
calculated as the ratio of means or medians between groups in accordance to
the underlying distribution of the data. Pearson’s linear or Spearman rank
correlation coefficients will be determined between continuous variables. If
necessary, partial correlation coefficients adjusting for known confounding
factors will be computed. The false discovery rate (FDR) from the p-values of
multiple-hypothesis testing will be estimated using the Benjamini and
Hochberg procedure [121] and adjusted p-values < 0.05 will be considered

statistically significant.

One of NUTRISHIELD secondary objectives is the development of a
personalized nutrition system based on measured biomarkers. The system is
to be made available to medical personnel, as well as mothers, to improve
infant-mother dyads’ health and wellbeing. The results and the associations
revealed from the study will be used to train a personalized nutritional
algorithm with data obtained from clinical settings. This will be used to build
and validate the NUTRISHIELD platform, describing how a theoretical
framework designed and fed by the patients’ data translates to clinical
practice. Toward that goal, a comprehensive data integration system has been
developed as the Clinical Trial App (CTA). The CTA is a system intended for
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personalized medicine/nutrition, implementing the following main features:
(i) data acquisition from questionnaires, (ii) data acquisition from laboratory
biomarker analysis, (iii) processing data to train machine learning algorithms,

and (iv) deploying trained algorithms to produce reports for final users.

Figure 1.3 shows the data flow and functionalities of the CTA.
Questionnaires data are collected by medical staff directly using the phone
app. Alternatively, questionnaires that have been collected on paper or on
spreadsheets, can be uploaded as well. All samples can be identified with a
unique QR code and, at the moment of collection, the phone app can be used
to scan the QR code and input sample data. This way the samples can travel
between labs with the QR code as only identification. The QR code can be
scanned again to associate the results with the original sample when uploading
it through the web portal. The collected data is stored on a database and used
to feed the personalized recommendation algorithm. This algorithm produces

a report and feeds it back to the phone app.

Using the CTA, all study data is consolidated in a structured database,
of which an anonymized version can be later stored on public repositories for

re-use in further research.
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Figure 1.3. Data flow and functionalities of the Clinical Trial App (CTA).

1.4. Results and discussion

Figure 1.4 summarizes the recruitment process, including the eligible
Pl (n = 104), excluded (n = 49), lost to follow up (n = 10) and the number of
Pl that were finally included in the study (n = 45). In addition, a control group
comprising 31 full term OMM infant-mother dyads was recruited, with five
participants being lost during follow-up. Altogether, a total of 71 infant-
mother dyads were included and completed the study (28 PI-OMM, 17 PI-
DHM and 26 TI-OMM), after losing 15 infant participants during follow-up.
In total 662 urine, 594 faeces, 134 buccal swab, 33 venous and arterial cord
blood, and 234 HM samples, as well as aliquots from 147 DHM batches before
and after pasteurization have been collected. An ample array of laboratory
methods for biomarker analysis and screening of biological samples and three
ad-hoc designed sensors were developed. Currently, the analysis of all

collected study samples is in progress at the different participating institutions.
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PI (<32 weeks) born

(n=104)

Withdrawals (n = 49)

21 infants do not reach nutrition requirements

Pl-mother dyads enrolled at CEN Tl-mother dyads enrolled at RBW
(n=55) =

PI-OMM group
(n=34)

PI-DHM group
(n=21)

Loss of follow-up (6 PIFOMM, 4 PI-DHM) |« * Loss of follow-up (n= 5|

Pl-mother dyads included in the study Tl-mother dyads included in the study
(n=45) (n=26)

PLOMM group
(n=28)

PI-DHM group
(n=1

Figure 1.4. Prospective flow chart of the NUTRISHIELD study. Note: PI:
preterm infant; CEN: complete enteral nutrition (150 mL/kg/day); RBW:
recovery of birth weight; OMM: own mother’s milk; DHM: donor human

milk.

The results obtained from HM analysis will be used to study how
macronutrients, proteins, vitamins, HMOQOs, steroids, fatty acids, and
microbiota are affected by maternal nutrition, psychosocial status (e.g., social
support, family functioning, and perceived stress), other clinical variables
(e.g., gestational age, BMI, and type of delivery), and pasteurization, in the
case of DHM. Additionally, it is assessed how HM composition affects growth
and other health parameters in Tl and Pl. The results obtained from urine
samples analysis will also be used to study how urinary nutrition biomarkers
and the metabolic profile are affected by nutrition, psychosocial status, the
PRS obtained from genome sequencing and other clinical variables. In
addition, HM and faeces microbiome analysis will be used to study its

correlation with microbiota biomarker analysis (i.e., SCFAs, BCAAs, and
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BAs). HM and urine samples will also be used to test the pH, protein, fatty

acids, and phosphate and creatinine sensors developed within the study.

This study presents several strengths and limitations. During the study
design, special emphasis was put on the comfort of participants. Hence, the
collected biological samples, including faeces, urine, HM, buccal swap, and
umbilical cord blood samples, were obtained by non-invasive procedures that
had been tested and employed in earlier studies carried out at HULAFE. SOPs
for sample collection and handling were designed and reviewed by the study
team ahead of time. Sample collection kits with detailed instructions and
pictures were prepared for sample collection at home. Finally, all procedures
were tested in a small pilot study conducted before the initiation of the main
study, allowing for minor amendments in the protocols and leading to a
homogeneous process conducted all through the main study. During follow-
up, some visits were carried out at home avoiding the additional effort for
participants to travel to the hospital. These efforts helped to encourage
mothers to participate in the study and enhanced adherence during the follow-

up period.

One of the most outstanding strengths of this study is the rich array of
information obtained from participants during the first six months of life, a
pivotal period for health programming. Direct access to participants through
trained staff of the research team at the hospital greatly aided to reduce the
rate of missing data. The promotion of good relationships with participants
could facilitate to further extending the life of the study cohort. Nevertheless,
the follow-up period presented challenges. We would like to highlight the loss
of some samples due to technical issues when collected at home as well as the
temporary loss of some sampling time points, e.g., due to illness of

participants or overburdening of lactating mothers. Our preliminary results
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need to be confirmed in a greater cohort of infants and in different European

settings.

This study will provide a better understanding of the impact of
maternal nutrition in HM composition, and the interplay of HM composition,
microbiota, and newborn physiology, especially in PI’s development. More
knowledge and a better understanding could allow for a personalized nutrition
or even individualized care at an early stage of the neonatal period to improve
the outcome of these vulnerable newborns. Additionally, data obtained from
this study will be used to train a machine-learning algorithm for providing
dietary advice to lactating mothers and will be implemented in a user-friendly
platform based on a combination of user-provided information and biomarker

analysis.

1.5. Conclusion

A better understanding of the factors affecting the milk’s composition,
together with the health implications for infants plays an important role in
developing improved strategies of nutraceutical management in infant care.
The development of a user-friendly platform based on a combination of user-
provided information and biomarker analysis for providing dietary advice
would make latest scientific advances directly accessible to a wide range of
lactating mothers. This development is anticipated to be of special importance

for health, growth, and development of prematurely born infants.
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2.1. Abstract

Accurate dietary assessment in nutritional research is a huge
challenge, but essential. Due to the subjective nature of self-reporting
methods, the development of analytical methods for food intake and
microbiota biomarkers determination is needed. This work presents an ultra-
high performance liquid chromatography coupled to tandem mass
spectrometry (UHPLC-MS/MS) method for the quantification and semi
quantification of 20 and 201 food intake biomarkers (BFIs), respectively, as
well as seven microbiota biomarkers applied to 208 urine samples from
lactating mothers (M) (N=59). Dietary intake was assessed through a 24-hour
dietary recall (R24h). BFI analysis identified three distinct clusters among
samples: samples from clusters 1 and 3 presented higher concentrations of
most biomarkers than cluster 2, being dairy products and milk biomarkers
more concentrated in cluster 1, and seeds and garlic and onion in cluster 3.
Significant correlations were observed between three BFIs (fruits, meat, and
fish) and R24h data (r > 0.2, p-values < 0.01, Spearman correlation).
Microbiota activity biomarkers were simultaneously evaluated and subgroup
patterns detected were compared to clusters from dietary assessment. These
results evidence feasibility, usefulness, and complementary nature of the
determination of BFIs and R24h as well as microbiota activity biomarkers in

observational nutrition cohort studies.
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2.2. Introduction

The measurement of diet exposure is crucial for determining
associations between food intake and health status. Additionally, optimizing
nutritional advice to specific population groups (e.g. chronic diseases patients,
lactating mothers, etc.) has recently become a major challenge [122]. The
incidence of preterm deliveries (<37 weeks of gestation) and survival rate of
preterm infants have been steadily increasing in the last decades [10] and early
infant nutrition is key for improving clinical outcomes. As human milk (HM)
is recommended as the gold standard for infant nutrition [13] and the impact
of maternal nutrition on the composition of HM has been evidenced
[17,29,74], it is important to develop tools that can help to evaluate maternal
dietary patterns with the aim of providing dietary advice that could enhance

preterm infant’s growth rate.

Dietary intake data is most commonly collected using tools based on
self-reporting, such as food frequency questionnaires (FFQ) for the
assessment of regular consumption and food diaries or 24-hour recalls (R24h)
for the assessment of short-term consumption. This food intake data is then
translated into quantitative information regarding the specific nutrients or food
groups using food composition databases. However, such methods are prone
to errors due to their subjective nature [35]. In particular, foods perceived as
being unhealthy (e.g., processed foods and high fats) are typically under-
reported [123], while foods perceived as being healthy (e.g., fruits and
vegetables) are often being over-reported. Therefore, the generation of robust
data of regular dietary intake is essential to improve the accuracy of dietary
assessment. The measurement of metabolomic food intake biomarkers (BFIs)

in biological samples [124,125] has emerged in recent years for supporting a
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more accurate assessment of nutritional intake [126,127]. Metabolomic
fingerprinting has opened new opportunities for the discovery of specific BFIs
in body fluids [128]. For example, flavonoids, methyl histidine, isoflavones,
trimethylamine N-oxide (TMAO), and arylglycines have been described
recently as biomarkers of fruits and vegetables, meat, seeds, fish, and dairy

products, respectively [125,129].

After ingestion, these compounds are metabolized by phase I and 1l
enzymes, yielding glucuronidated, sulfated, and methylated metabolites [126].
Although recent studies illustrated that an individual’s dietary habits can
predict the levels of specific metabolites present in plasma [130] and research
has identified hundreds of mediation linkages that provide insight into diet—
microbiome interactions [131], urine is the most practical and feasible biofluid
used for BFIs identification, since many metabolic byproducts are excreted
through it [132]. Compared to the collection of other biofluids, such as blood
and plasma, the collection of urine is easier, cheaper, allows quicker collection
of large volumes, and is less burdensome and invasive for the participants
[133].

Due to the different nature of BFlIs, high sensitivity and wide coverage
analytical methods are needed to assess the metabolic fingerprint of food
intake. Liquid (LC) or gas (GC) chromatography coupled to mass
spectrometry (MS) and H1 nuclear magnetic resonance (NMR) spectroscopy
are the most commonly used techniques for the analysis of BFIs [134], being
targeted assays that enable the quantification of metabolites the preferred
strategy [135]. The vast majority of previously published studies about BFI
fingerprinting consist in complex and time-consuming sample preparation,
such as enzymatic hydrolysis [136,137] or solid phase extraction [101,138],

resulting in incomplete hydrolysis and low recoveries, respectively.
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Moreover, the lack of commercial standards of metabolic byproducts
entangle the targeted approach [139] and therefore an attractive strategy to
overcome this drawback could be the semi-quantification of these urinary

metabolic byproducts.

In addition, diet is one of the key factors involved in shaping the gut
microbiota, affecting the microbial diversity, as well as the abundance of
specific microbes [38-40]. Metabolic end products of dietary micro and
macronutrients, such as bile acids (e.g., cholic and lithocholic acids), short
chain fatty acids (e.g., acetic and butyric acid), indole and polyphenyl
derivatives (e.g., 3-indolepropionic acid (3-IPA) and hippuric acid), and
phenolic acids (e.g., gallic acid and ferulic acid) are used to assess the activity
of gut microbiota [41-45]. A joint assessment of food intake and microbiota

activity biomarkers would be of interest.

The aim of this work was to develop an ultra-high performance LC
coupled to tandem MS (UHPLC-MS/MS) method for the quantification and
semi-quantification of 20 and 201 BFIs, respectively, of different food groups
(e.g., fruits and vegetables, meat, etc.) and the simultaneous determination of
seven microbiota biomarkers. The applicability of the method was evaluated
by the analysis of 208 urine samples from lactating mothers (N = 59). The
performance of the determined BFls as a complementary tool to self-reported
R24h dietary assessment was evaluated. Furthermore, nutrition patterns were

compared to microbiota activity biomarker diversity clusters.
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2.3. Materials and methods

2.3.1. Study design, population, and sample collection

Samples were collected in the frame of the NUTRISHIELD project
(https://nutrishield-project.eu/), in a prospective, observational, cohort study
(NCT05646940) performed at the Division of Neonatology of the University
and Polytechnic Hospital La Fe (Valencia, Spain), including infant-mother
dyads. Urine samples from lactating mothers were collected at six time points,
covering the period from birth to six months of infant’s age. R24h were
recorded at all timepoints except at birth, while FFQs were recorded at month
one. During data analysis, urine samples and R24h from each time point were
treated individually, as maternal food intake varied between time points.
Demographic and clinical characteristics of participants are shown in Table
2.1. Mother’s first morning urine was collected in sterile polypropylene PP
containers. In total, 208 urine samples from 59 lactating mothers were
collected. For additional information on the NUTRISHIELD study the reader

is referred to Ramos-Garcia et al. [140].

The study was approved by the Ethics Committee for Biomedical
Research of the Health Research Institute La Fe, University and Polytechnic
Hospital La Fe (Valencia, Spain) with registry #2019-289-1 and all methods
were performed in accordance with relevant guidelines and regulations.
Written informed consents were obtained from lactating mothers prior to

sample collection and analysis of clinical and demographic information.
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Table 2.1. Demographic and clinical characteristics of participants at time
point 'Recovery of Birth Weight' or '‘Complete Enteral Nutrition' for mothers

of term and preterm infants, respectively.

Parameters Mothers (N = 59)
Age (years), mean (SD) 36 (5)
Weight (kg), mean (SD) 62 (14)

BMI (kg/m?), mean (SD) 24 (5)
C-Section delivery, N (%) 28 (48)
Antibiotic therapy, N (%) 3(5)
Dietary supplements, N (%) 52 (88)
MedDietScore*, mean (SD) 30 (5)

Note: *Recorded at time point month one; SD = standard deviation; BMI =
body mass index; C-Section = caesarean section; MedDietScore = adherence

to the Mediterranean diet.

2.3.2. Dietary assessment

Regarding the dietary assessment methods, a R24h and a validated
FFQ [141] were performed. For the R24h collection, trained researchers asked
for all foods and beverages participants consumed the previous day, using the
multiple-pass method [78]. Recall data were analyzed in terms of nutrients
using the dietary analysis software Nutritionist Pro™ (2007, Axxya Systems,
Texas, USA). Additionally, dietary intake was grouped into food groups,
namely fruits, vegetables, meat, fish, egg, bread/starch, seeds, milk, dairy

products, fat, other carbohydrates, and soft drinks.
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Regarding the FFQ, it comprises 142 questions on the consumption of
foods that are commonly eaten by the Spanish population throughout the year,
including dairy products, cereals, fruits, vegetables, meat, fish, legumes,
added fats, alcoholic beverages, stimulants and sweets. Using a 9-grade scale
(“never or less than 1 time/month”, “1-3 times/month”, “1 time/week”, “3-4
times/week”, “5-6 times/week”, “l time/day”, “2-3 times/day”, “4-5
times/day”, “>6 times/day”) participants were required to indicate the absolute
frequency of consuming a certain amount of food, expressed in g, milliliters
or in other common measures, such as slice, tablespoon or cup, depending on

the food. The previous month was set as the timeframe.

Based on the FFQ-responses, adherence to the Mediterranean diet was
evaluated by using the MedDietScore, a composite score calculated for each
participant [79]. For food groups presumed to be part of the Mediterranean
pattern (i.e., those with a recommended intake of 4 servings per week or more,
such as non-refined cereals, fruits, vegetables, legumes, olive oil, fish, and
potatoes) higher scores are assigned when the consumption is according to the
rationale of the Mediterranean pattern, while lower scores are assigned when
participants report no, rare, or moderate consumption. For the consumption of
foods presumed to be eaten less frequently within the Mediterranean diet (i.e.,
consumption of meat and meat products, poultry, and full fat dairy products),
scores are assigned on a reverse scale. As the sample of the study is lactating
mothers, the original score was modified by removing the component
regarding alcohol consumption. Thus, the range of this modified
MedDietScore is between 0 and 50, with higher values of the score indicating

greater adherence to the Mediterranean diet.
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2.3.3. Standards and reagents

HPLC grade acetonitrile (ACN) (=99.9%), ammonium formate
(>99.0%), formic acid (>95%), phenylpropionylglycine (PPG) (>99%), 3-
indolepropionic acid (3-IPA) (>99%), L-kynurenine (>98%), 3-indoleacetic
acid (3-IAA) (>98%), hippuric acid (>98%), ferulic acid sulphate (>99%),
proline betaine (>99%), hesperetin (>95%), phloretin (>99%), quercetin
(>95%), kaempferol (>97%), O-desmethylangolensin (O-DMA) (>97%),
daidzein (>98%), equol (299%), glycitein (>97%), genistein (=98%),
trimethylamine N-oxide (TMAO) (=95%), isovalerylglycine (>97%),
isobutyrylglycine (=95%), galactitol (=99%), gallic acid (=98%), and the
“Amino Acid Standards, physiological” solution containing the amino acids
L-tyrosine, 1-methylhistidine, 3-methylhistidine, anserine, citrulline, and
taurine, as well as the isotopically labelled internal standards (IS) caffeine-D9
(>99%), phenylalanine-D5 (>99%), and taxifolin (>95%) were purchased
from Sigma-Aldrich Quimica SL (Madrid, Spain). Betaine-D11 (>99%) was
purchased from Cambridge Isotope Laboratories, Inc (Massachusetts, USA).
Standard solutions were prepared in ultrapure water (Q-POD® system, Merck
KGaA, Darmstadt, Germany).

2.3.4. UHPLC-MS/MS determination of nutrition and
microbiota biomarkers

The UHPLC-MS/MS method for the quantification of 20 nutrition
biomarkers (i.e., proline betaine, hesperetin, phloretin, quercetin, kaempferol,
O-DMA, daidzein, equol, glycitein, genistein, 1-methylhistidine, 3-
methylhistidine, anserine, TMAO, isovalerylglycine, isobutyrylglycine,
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galactitol, gallic acid, citrulline, and taurine) and seven microbiota biomarkers
(i.e., PPG, 3-IPA, L-kynurenine, 3-IAA, L-tyrosine, hippuric acid, and ferulic
acid sulphate) and semi-quantification of 201 nutrition biomarkers of fruits
and vegetables (N = 105), meat (N = 8), fish (N = 3), seeds (N = 17), olive oil
(N = 4), coffee (N = 10), curcuma (N = 2), garlic and onion (N = 1), grains (N
= 9), soft drinks (N = 3), alcoholic beverages (N = 13), and other groups (i.e.,
potato, cocoa, mushrooms, legumes, and nuts; N = 26) (see Supplementary
Table S2.1) was developed based on previous results [101]. 110 uL of 1:20
(v/v) diluted urine samples in deionized water were added to a 96-well plate
and mixed with 10 pL of IS (i.e., caffeine-D9, phenylalanine-D5, betaine-
D11, and taxifolin at 15 uM each).

UHPLC-MS/MS analysis was conducted using a Sciex QTRAP
6500+ system (Sciex, Framingham, Massachusetts, USA) operating in
positive and negative ionization modes (ESI+/-). Separations were performed
using a Luna Omega Polar C18 column (100 mm x 2.1 mm, 1.6 um) equipped
with a fully porous polar C18 security guard cartridge (Phenomenex,
Torrance, California, USA). Conditions were as follows: column temperature,
40 °C; autosampler temperature, 10 °C; injection volume, 10 pL. 0.1% formic
acid and 10 mM ammonium formate in water and pure ACN were used as
aqueous (A) and organic (B) mobile phases (MP), respectively. The gradient
program was as follows: 0—8 min, 5-20% B; 8—10 min, 20—100% B; 10—12
min, 100% B; 12—12.1 min, 100—5% B; and 12.1—-14 min, 5% B.MS detection
was performed using the multiple reaction monitoring (MRM) mode (see
Supplementary Table S2.2)). The mass spectrometer operated using the
following parameters: ion spray voltage, (£)4500 V; source temperature, 600
°C; curtain gas, 35 psi; ion source gases 1 and 2, 60 psi each; and entrance
potential, ()10 V. When available, the transitions were optimized by infusing

5 uM individual solutions of commercial standards dissolved in MP into the
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mass spectrometer. For the semi-quantification of nutrition biomarkers
identified in urine samples for which authentic standards were not available,
their corresponding transitions, as reported in the literature [101], were
included (see Supplementary Table S2.1) and it was carried out using the
relative peak areas. Quantification was carried out using the relative peak
areas with an external calibration line using standard solutions obtained from
serial dilutions of a working solution containing mixtures of pure analytical
standards in ultrapure water. For monitoring the instrument’s performance, a
quality control (QC) sample (5 pL of each sample pooled) was analysed every
20 samples in the randomized analytical batch. The batch acceptance criterion
was QC relative standard deviation (RSD) < 25%. In addition, calibration
blanks (i.e., H20O) and a process blank (i.e., processing of H2O as described for
urine samples) were injected at the beginning of the sequence for system
suitability testing.

Urinary biomarker concentrations were normalized to creatinine
concentrations quantified following the manufacturer’s instructions of the
modified Jaffe’s method implemented in the DetectX® urinary creatinine
detection kit from Arbor Assays (Ann Arbor, MI, USA). Samples were diluted

with deionized water prior to measurements employing a 1:20 (v/v) dilution.

2.3.5. Method validation

Method validation was based on the US Food and Drug
Administration (FDA) guidelines for bioanalytical method validation [2],
including the following bioanalytical parameters: accuracy, precision,

linearity range, carryover, selectivity, specificity, and stability.
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Replicates (N = 3) of standards at three concentration levels and
replicates (N = 3) of spiked samples at three concentration levels (low,
medium, and high) on three validation days were analysed to assess accuracy.
RSD of replicate standards/samples within one validation batch (intra-day)
and between validation batches (inter-day) estimated precision. The
calibration curves included a zero calibrator (i.e., blank with 1S) and, at least,
six standards covering the selected concentration ranges ensuring linearity.
Carryover between samples was assessed by the analysis of a calibration blank
after the injection of the standards. The analysis of calibration and process
blank samples from multiple (n=6) sources were used to demonstrate
selectivity and specificity. Analytes’ freeze-thaw and long-term stabilities
were tested by comparing concentrations observed in a freshly prepared
sample to sample extracts after three freeze-thaw cycles and in a sample stored
for six months (-80 °C).

2.3.6. Data availability and statistical analysis

UHPLC-MS/MS data were acquired and processed using SCIEX OS
Software (Sciex, Framingham, Massachusetts, USA). Data analysis was
carried out in MATLAB R2019b (MathWorks, Natick, MA, USA) and using
the PLS Toolbox 8.9 (Eigenvector Research Inc., Manson, WA, USA).
Biomarker levels normalized to creatinine in urine samples determined in this
work are available in Supplementary Table S2.3. Continuous variables were
expressed as mean + standard deviation or medians with interquartile range,
depending on underlying data distribution. Student’s t-test (o = 0.05) or

Wilcoxon rank-sum test (o = 0.05) were used for inter-group comparison.
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Pearson’s and Spearman’s correlation coefficients were used for
assessing paired associations among metabolite concentrations, and among
metabolite concentrations and R24h food groups, respectively. Hierarchical

clustering analysis was carried out using autoscaled data.

Diversity of microbiota biomarkers within a sample was assessed with

Simpson’s Index of Diversity (1-D), where D was defined as:

_Xn(n—-1)

b= N(N —1) M

being n the concentration of a particular microbiota activity biomarker
in the sample; and N the total concentration of microbiota activity biomarkers.
Thus, the higher the value for this index (1-D), the higher the microbiota

activity biomarker diversity.

2.4. Results and discussion

2.4.1. UHPLC-MS/MS method validation

Recommended guidelines were used to perform the validation of the
analytical method [2]. Linearity of response was assessed covering up to four
orders of magnitude with limits of detection (LODs) and limits of
quantification (LOQs) in the 0.03-8 uM range (see Supplementary Table S2.2)
and carryover did not exceed 20% of LOQ. Regarding accuracy and precision,

intra- and inter-day recoveries in standard solutions spiked at the different
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concentration levels were between 82 and 119%, with an average precision of
7% (min-max precision of 1-20%) (see Supplementary Table S2.4). Similarly,
in spiked urine samples, intra-day and inter-day recoveries and precisions
ranged between 80 and 120% and between 1 and 20% (average precision of
10%), respectively, with exception of galactitol and genistein spiked at the
low concentration level, that presented an inter-day recovery of 123% and an
inter-day accuracy %RSD of 21, respectively. This evidences an adequate
method performance for all quantified metabolites. Additionally, all
compounds were stable after freezing stock solutions for one year at -80 °C,
and after three freeze-thaw cycles (-80 °C) (t-test, p-values > 0.05). Process
blanks using sterile PP containers were analyzed and compared to calibration
blanks to assess the selectivity and specificity, as well as test the compatibility
of the sample collection procedure with the analysis of these metabolites, and

no contaminations were detected.

2.4.2. R24h results

As shown in Figure 2.1, results from R24h evidence that mothers’
intake of fruits, vegetables, meat, milk, egg, fish, dairy, and other
carbohydrates ranged between 1 and 5 portions/day, while bread/starch and
fat were the food groups of higher intakes, with 5 to 10 portions/day. However,
seeds, and soft drinks were rarely present in their diets. The majority of the
mothers participating in the study reported lower intake of fruits and
vegetables, meat and fish, bread/starch, and milk, and dairy products than the
recommended intake according to the World Health Organization diet
guidelines for lactating mothers (5, 2, 8.5, and 3 portions/day, respectively)
[142]. Additionally, results from FFQ indicate that 51 of the 59 mothers (86%)

included in the study presented adherence to the Mediterranean diet (i.e.,
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MedDietScore between 25 and 35), while 8 women showed lower adherence

(7 and 1 participants < 35 and < 25, respectively).
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Figure 2.1. R24h food groups intake in lactating mothers. Note: Horizontal
black line represents recommended intake according to the World Health
Organization diet guidelines for lactating mothers.

2.4.3. Biomarker profiles of lactating mothers
The concentrations of the nutrition and microbiota biomarkers

determined in urine samples, after normalization to creatinine using the

validated UHPLC-MS/MS method are shown in Table 2.2.
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Table 2.2. Microbiota and nutrition biomarker concentrations in urine
samples from lactating mothers.

Range Median IOR Detection
Category Metabolite (umol/g (umol/g (25-75) frecuency
creat) creat) (%)
Phenylpropionylglycine  0.007 - 58 0.03 0.4 72
3-1IPA 0.012-8 2 3 3
L-Kynurenine 0.009 - 21 0.5 2 80
3-1AA 0.012-176 1.3 7 99
Microbiota
L-Tyrosine 0.014 - 2829 16 43 98
Hippuric Acid 11 - 8496 255 598 100
Gallic Acid 0.013-10 0.4 0.4 62
Ferullic Acid Sulphate ~ 0.02 - 126 0.4 3 74
Proline betaine 1.4 - 2568 88 315 100
Fruits Hesperetin 0.02-11 0.05 0.13 64
Phloretin 0.004 - 2 0.02 0.10 29
Quercetin 0.03-76 0.4 0.2 48
Vegetables
Kaempferol 0.02-2 0.2 0.6 93
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Table 2.2 (continuation). Microbiota and nutrition biomarker concentrations

in urine samples from lactating mothers.

Range Median IOR Detection
Category Metabolite (umol/g (umol/g (25-75) frecuency
creat) creat) (%)
O-DMA 0.007-5 0.02 0.3 61
Daidzein 0.005-3 0.4 0.9 96
Seeds Equol 0.012 - 10 0.3 0.05 34
Glycitein 0.006 - 1 0.05 0.2 25
Genistein 04-2 0.03 0.02 2
1-Methylhistidine 4-1784 48 95 100
Meat 3-Methylhistidine 0.2 - 4555 31 87 100
Anserine 0.6 - 304 2 10 88
Fish TMAO 3-3368 142 473 100
Dairy Isovalerylglycine 0.005-91 3 13 87
products  sobutyrylglycine 0.7-125 3 9 93
Milk Galactitol 1.2-2424 22 67 92
Citrulline 0.09 - 60 7 11 95
Soft drinks
Taurine 0.2 - 2341 55 207 100

Note: 3-1PA = 3-indolepropionic acid; 3-IAA = indole-3-acetic acid; O-DMA
= O-desmethylangolensin; TMAO = trimethylamine N-oxide; IQR =

interquartile range.

Results show that, overall, median concentrations of microbiota
biomarkers were relatively low, with exception of hippuric acid and L-
tyrosine, that stood out over the rest. As observed, a high variability (two to
four orders of magnitude) was encountered for these two microbiota

biomarkers. It is noteworthy that 3-IPA, an end product of tryptophan
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metabolism, was only detected in 3% of the samples, whereas the other
microbiota biomarkers were detected in over 62% of the samples. For targeted
analysis of nutrition biomarkers, the highest concentrations were found for
TMAO, proline betaine, taurine, and 1- and 3-methylhistidine, being
phloretin, O-DMA, genistein, hesperetin, and glycitein the less abundant
BFls. As for the microbiota biomarkers, broad concentration ranges for the
more prevalent metabolites were observed while lower detection frequencies
for certain low abundant biomarkers (e.g., genistein, phloretin, and glycitein)

were found.

Figure 2.2 depicts the significant paired correlations among BFIs (p-
value < 0.05). Some metabolites that are biomarkers of the same food group
are significantly correlated among each other, such as 1- and 3-
methylhistidine (meat); isovalerylglycine and isobutyrylglycine (dairy
products); quercetin, phloretin and kaempferol (fruits and vegetables); and
genistein, equol and glycitein (seeds). However, additional correlations
between biomarkers from different food groups were also significant, such as
meat BFI anserine with fruits and vegetables BFIs (i.e., quercetin, phloretin
and kaempferol), soft drink BFI taurine with phloretin, and some meat BFls
(i.e., 1- and 3-methylhistidine) with quercetin. This could be due to the paired

intake of both food groups or chance correlations.
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Figure 2.2. Significant paired correlations among BFIs (Pearson’s correlation,

p-value < 0.05).

Regarding the semi-quantitative analysis, a higher number of detected
metabolites belonged to fruits and vegetables, followed by other groups (i.e.,
potato, cocoa, mushrooms, legumes, and nuts), coffee, meat, and seeds, as

shown in Figure 2.3.
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Figure 2.3. Number of metabolites and detection frequencies of the semi-

guantitative analysis. Note: (*) Potato, cocoa, mushrooms, legumes and nuts.

2.4.4. R24h and BFls in lactating mothers

In Figure 2.4 (top, left), BFI patterns in mothers’ urine samples
detected by hierarchical clustering analysis (HCA) are shown. Three clusters
were identified as clusters 1, 2, and 3, that were depicted in the Principal
Component Analysis (PCA) scores plot in Figure 2.4 (top, right). Samples
from clusters 1 and 3 presented higher concentrations of all biomarkers than
samples from cluster 2, while dairy product and milk biomarkers were more
concentrated in cluster 1, and seeds and garlic and onion BFIs in cluster 3 as

shown in the PCA loadings plot in Figure 2.4 (bottom, left).

73



Chapter 2. Joint microbiota activity and dietary assessment through urinary
biomarkers by LC-MS/MS

——Cluster 1 + Cluster 1 1

75;::::5 257 * Cluster2
~ 20t 4 Cluster 3 1
5‘;’” 95% Confidence Level
<9 15
k= .
o |
o 10
o
5 5 Pra
8 3
2 &
g e, T
» - . LN
5 . o
N %
-10/ *
. L -15 . i ' . '
0 50 100 150 200 -10 -5 0 5 10 15 20 25 30
Variance Weighted Distance Between Cluster Centers Scores on PC 1 (15.28%)
0.25 : . . y 30 - . T - - '
. | High diversity
'é'j,‘;gg“° e 1 Low diversity
. 25 - §
0.2 . + Curcuma | ! Medium diversity
Dairy products i 95% Confidence Level
" Fish 20 |
o1 . + Frults and veg
LY A = Garlic and onion

e  Grains
. . .M
04 P . N Meat

» Soft drinks
» Wine

PC 2 (7.83%)
Scores on PC 2 {7.83%)

-0.05

i

i
“01 |
|
i

-0.15

L * 1 I I
-015 -01 -005 0 005 01 015 02 025 03 10 -5 o s 10 15 20 25 a0
PC1(15.28%) Scores on PC 1(15.28%)

Figure 2.4. BFIs patterns in mothers’ urine samples. Top: Hierarchical
clustering analysis revealing three sub-groups within the study samples (left)
and PCA scores plot (right). Bottom: loadings plot (left) and PCA scores plot

with Simpson’s Index of Diversity classes (right).

Figure 2.5 depicts the mean R24h food group values for each of the
three clusters detected by analysing BFI patterns in urine samples. It shows
that mothers from cluster 1 had a higher intake of some food groups (i.e.,
vegetables, meat, egg, and other carbohydrates) than mothers from cluster 3,
who presented a lower intake, evidencing that they followed a different dietary
pattern. Conversely, mothers in cluster 3 had highest intakes of fruits, fish,

bread/starch, seeds, milk, dairy products, fat, and soft drinks. Mothers from
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cluster 2 showed a mean intake in between mothers from clusters 1 and 3 for

all food classes, except for other carbohydrates, egg, bread/starch, and seeds.
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Dairy products Egg

|Milk Bread/Starch|

Seeds

Figure 2.5. Mean R24h food group values for clusters 1 to 3.

In concordance with the results from the HCA, clusters 1 and 3 present
higher intakes of the majority of food groups and cluster 3 is characterized by
a high intake of seeds. However, R24h results show that the class with lowest
consumption of milk and dairy products is cluster 1, contradictory to HCA’s
results. These divergences could be due to the small absolute difference in the
mean R24h food group values between clusters, as the majority of the mothers
follow a similar Mediterranean diet (p-value > 0.05, Wilcoxon rank-sum test),
and/or errors due to the subjective nature of the R24h recording. Also, we
would like to highlight the complementary information provided by R24h
food groups and BFls, as the information provided by BFIs is more detailed

reporting food groups not specified in R24h (e.g., garlic and onion, alcoholic
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beverages, coffee, curcuma, olive oil, wine). Also, these differences hamper

the comparison of the information accessible through both R24h and BFls.

Correlations between urinary BFIs and the food groups obtained in
the R24h are depicted in Figure 2.6, and show significant correlations
between three biomarkers (i.e., proline betaine, anserine, and TMAO) and
their corresponding food groups (i.e., fruits, meat, and fish) from the R24h,
with a p-value < 0.01 for fruits, and p-values < 0.001 for meat and fish (r >
0.2, Spearman’s correlation). These results strengthen findings of Lloyd et al.
reporting urinary excretion of proline betaine as a potentially useful biomarker
of habitual citrus consumption [143], and conclusions from Cheung et al. in
which anserine and TMAO are presented as potential biomarkers of chicken
and fish intake, respectively [144]. Additionally, there are three other
metabolites that are significantly correlated to meat (i.e., phloretin,
kaempferol, and taurine), which are described as fruit, vegetable and soft drink
BFIs [145,146]. This could be due to a paired intake of vegetables and meat
(see Figure 2.5) and/or due to the correlation of taurine levels with meat intake
reported in other studies, as ingestion of foods with animal origin can be
another source of taurine [147-149]. It should be remarked that not all food
groups recorded in the R24h have their corresponding urinary BFI (i.e., egg,
bread/starch, fat and other carbohydrates), due to the difficulty in finding
specific BFIs [150].
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Figure 2.6. Significant correlations among BFIs and R24h food groups

(Spearman’s correlation, p-value < 0.05). Note: (*) p-value < 0.001.

On the other hand, the specificity of most of the already proposed
BFIs is limited, as many dietary compounds are present in different types of
foods and similar compounds from different food sources can result in the
same metabolite [150]. There are additional concerns, such as the lack of
knowledge about the dose-response relationships, the limited quantitative data
available, the interindividual variation that can lead to different BFlIs levels
with the same intake levels [150,151], and the fact that some metabolites are
derived not only from diet, but also from other parallel endogenous pathways
affected by intake [152]. However, self-reported surveys are known to be
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prone to misreporting issues and, therefore, can lead to uncertain research
findings. Consequently, due to the high complexity of accurate dietary
assessments, the implementation of a combined strategy bringing together

complementary tools might allow to achieve an enhanced performance.

Despite the fact that mothers included in the study are similar ages,
the same diet could lead to different metabolite by-products due to different
metabolism between individuals, as recent studies have found significant
associations between food intake metabolites and body mass index (BMI)
[153,154]. However, in this study we did not find any significant correlation
between mother’s BMI and their food intake (p-value > 0.05, Spearman’s
correlation). In this study, repeated sampling from the same individual was
performed, corresponding to the collection of urine samples and R24h at
different study time points, but it has to be taken into consideration that
lactating mothers are a particular population, as the body readjusts after giving
birth, usually resulting in a weight reduction.

2.4.5. Microbiota activity biomarkers in lactating mothers

The diversity of microbiota activity biomarkers was estimated
through the Simpson’s Index of Diversity (Equation 1) and ranged between 0
and 0.6 with a median value of 0.08. Samples were classified as low (N =
111), medium (N = 60), and high (N = 37) diversity for Simpson’s Index of
Diversity under 0.05, between 0.05 and 0.25, and over 0.25, respectively. In
Figure 2.4 (bottom, right), a PCA scores plot of the urinary BFIs
concentrations with the microbiota activity biomarker diversity classes

assigned is shown. Samples classified as high and medium diversity presented
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different BFI levels from the samples classified as low diversity, reflecting a
nexus between dietary patterns and microbiota activity. This corroborates
findings reported by Turnbaugh et al. indicating that diet has a significant
impact on sculpting the microbial communities in the gut, and changes in
dietary patterns can directly influence the composition and functionality of the
gut microbiota, through the availability of macro- and micronutrients in the
gut [155]. More specifically, the high number of samples from dietary cluster
3 that show a low microbiota activity diversity (43%) is noticeable. However,
BFIs and microbiome analysis should be assessed with more detail in further

studies on the impact of diet on the gut microbiome.

2.5. Conclusions

A UHPLC-MS/MS method for the analysis of BFIs and microbiota
activity biomarkers was developed and validated. Levels of microbiota
activity biomarkers were reported and a panel of both quantitative and semi-
quantitative BFIs was determined in an observational study involving
lactating mothers. Correlations between some BFIs of the same food group
were found (i.e., meat, dairy products, fruits and vegetables, and seeds).
Additionally, the BFI profile allowed to discern three clearly distinct dietary
patterns present in the study population evidencing the capability of urinary
food intake assessment as a complementary tool to traditionally employed
questionnaires. The presence of some highly specific BFls in urine samples
(e.g., curcuma and garlic and onion) highlights its complementary nature.
Correlations between fruit, meat, and fish biomarker concentrations and R24h
results were found. This evidences that the use of some biomarker

measurements for the assessment of some food group intakes is possible, even
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though more studies are needed in order to expand the number of food groups
that can be assessed by BFIs. Furthermore, the diversity of microbiome
activity biomarkers reflected dietary patterns detected in lactating mothers. In
future studies, biomarkers and microbiome analysis will be integrated for a

joint assessment of diet, microbiome, and ultimately health.

Supplementary materials

The following supporting information can be downloaded at: https:
[lwww.mdpi.com/article/10.3390/nu15081894/s1.
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Chapter 3. GC-MS analysis of short chain fatty acids and
branched chain amino acids in urine and faeces samples
from newborns and lactating mothers

3.1. Abstract

Short chain fatty acids (SCFAs) and branched chain amino acids
(BCAAS) are frequently determined in faeces, and widely used as biomarkers
of gut-microbiota activity. However, collection of faeces samples from
neonates is not straightforward, and to date levels of these metabolites in
newborn’s faeces and urine samples have not been described. A targeted gas
chromatography — mass spectrometry (GC-MS) method for the determination
of SCFAs and BCAAs in both faeces and urine samples has been validated.
The analysis of 210 urine and 137 faeces samples collected from preterm (P1),
term infants (TI) and their mothers was used to report faecal and urinary
SCFAs and BCAAs levels in adult and neonatal populations.A significant
correlation among five SCFAs and BCAAs in faeces and urine samples were
observed, reference ranges of SCFAs and BCAAs in mothers, Pl and TI were
reported showing infant’s lower concentrations in faeces and higher
concentrations in urine. In conclusion, this method presents a non-invasive
approach for the simultaneous assessment of SCFAs and BCAAs in faecal and
urine samples and the results will serve as a knowledge base for future
experiments that will focus on the study of the impact of nutrition on the

microbiome of lactating mothers and their infants.
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3.2. Introduction

The host-gut microbiota crosstalk is vital for the development and
maturation of the immune system [156-158] and it has been widely
acknowledged that this crosstalk is regulated by nutrition [159]. Gut
microbiota provides essential nutrients, such as vitamins, and helps
catabolizing dietary fibres, human milk oligosaccharides, and other
carbohydrates to produce short chain fatty acids (SCFAs), which are an
important energy source for the intestinal epithelium, and modulate epithelial
integrity [160]. These compounds provide general protection against pathogen
gut colonization [161]; moreover, taken up by the host, they stimulate the
development of the immune system and are used as energy sources or

regulators [162], being particularly relevant in the perinatal period.

The characterization of SCFAs profiles in faeces is widely used to
study the activity of gut microbiota in clinical studies. The most abundant
SCFAs are acetate, propionate, and butyrate produced by anaerobic
fermentation in the intestine. Valerate, caproate, heptanoate, and branched
chain SCFAs (i.e., 2-methyl-butyrate, isobutyrate, and isovalerate) are also
produced by intestinal microbiota, but in considerably lower amounts.
Branched chain SCFAs are derived from the bacterial metabolism of dietary
proteins, human milk oligosaccharides and branched chain amino acids
(BCAAS) [156,162-164]. BCAAs (i.e., valine, leucine, and isoleucine) are
considered essential amino acids thus they that cannot be synthesized
endogenously and must be provided by the diet. They serve as substrates for
protein synthesis or energy production and are of key importance in several
metabolic and signalling functions, e.g. the activation of the mammalian target

of rapamycin (mTOR) signalling pathway [165].
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Mass spectrometry (MS) hyphenated with separation techniques, such
as gas chromatography (GC) or liquid chromatography (LC), is frequently
used for the metabolic analysis of biological samples due to its sensitivity and
selectivity. LC-MS requires minimal sample preparation for SCFA and
BCAA analysis. However, harsh experimental conditions, such as a very
acidic aqueous mobile phases, need to be employed in LC-MS for the
guantitation of SCFAs without chemical derivatization [166]. In addition,
poor chromatographic separation, and insufficient ionization due to the
hydrophilicity of SCFAs are an additional burden [167]. To overcome these
problems, several chemical derivatization methods have been developed for
SCFAs and BCAAs quantification with LC-MS [168-170], requiring long
reaction times or specific reaction conditions. Alternatively, SCFAs and
BCAAs have been derivatized by methyl-, ethyl-, and propyl-chloroformate,
as well as trimethylsilylation, and determined by GC-MS [99,171-173].

Preterm birth is a serious event affecting 5-13 % of births with an
increasing tendency in recent years [174]. Prematurely born infants are
characterized by an immature immune system and gut barrier, and hence, they
are more vulnerable to suffer infections and inflammatory processes such as
necrotizing enterocolitis, associated with high mortality rates [175]. In studies
targeting the newborn population, the collection and handling of stool samples
can be troublesome, and the determination of absolute concentrations
typically requires the normalization of the detected concentrations to wet or
dry weight of faecal samples. Hence, alternative procedures supporting
straightforward sample collection and enabling the quantitative analysis of
these biomarkers are warranted. The assessment of newborns’ gut microbiota
activity using metabolic profiles of urine samples as surrogates could enable
an effective simplification of sample collection protocols in clinical studies,

which would be especially useful in neonatology.
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In the present study we show the applicability of a novel GC-MS
method for the determination of SFCAs and BCAAs in both faecal and urine
samples, specifically tailored to the very low sample volumes typically
available in studies involving newborns. The method encompasses a 1-step
derivatization of SCFAs and BCAAs to propyl-esters and provides
appropriate sensitivity, linearity, and accuracy for their quantification. The
applicability of the method for the determination of SCFA and BCAA
concentration levels is assessed through the analysis of a set of 137 faecal and
210 urine samples from a clinical cohort comprising lactating mothers and
term (TI) and preterm infants (PI), providing for the first time reference
concentration ranges of these metabolites, and an initial study of the
association between the levels found in faeces and urine in paired samples.
Results obtained during method development include the pre-screening of
sterile polypropylene (PP) bags, cotton pads, and gauzes widely used for urine
collection from the newborn for assessing their suitability with respect to the
determination of SCFAs and BCAAs in future clinical studies.

3.3.  Material and methods

3.3.1. Standards and reagents

Certified ACS grade sodium hydroxide, HPLC grade propanol
(PrOH), pyridine (Py), propyl-chloroformate (PCF), and n-hexane, and
SCFAs (acetic acid (= 99.8%), propionic acid (> 99.5%), isobutyric acid (>
99%), butyric acid (> 99%), 2-methyl butyric acid (> 98%), isovaleric acid (>
99%), valeric acid (> 99%), caproic acid (> 99%), and heptanoic acid (>
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99%)), and BCAAs (valine (> 99.5%), leucine (> 99.5%), and isoleucine (>
99%)) standards as well as the isotopically labelled internal standard (IS)
caproic acid-D3 (> 99%) were purchased from Sigma-Aldrich Quimica SL
(Madrid, Spain). Standard solutions were prepared in ultrapure water (Q-
POD® system, Merck KGaA, Darmstadt, Germany).

3.3.2. Study design, population, and sample collection

Samples were collected in the frame of the Nutrishield project
(https://nutrishield-project.eu/), in a prospective, observational, cohort study
performed at the Division of Neonatology of the University and Polytechnic
Hospital La Fe (HUIP La Fe), including three groups of infants: i) PI (<32
weeks of gestation) exclusively (i.e., >80% v/v) receiving own mother’s milk
(N=30), ii) PI exclusively receiving donor human milk (N=7) and iii) TI (>37
weeks of gestation) exclusively receiving own mother’s milk (N=7), as well
as mothers of infants of all three groups (N=45). Urine and faeces samples
from infants and mothers were collected at six time points, covering the period
from achieving complete enteral nutrition, i.e., a stable daily intake of 150
mL/kg, in Pl and recovery of birth weight in TI, followed by sampling at one,
two, three and six months of infant’s age. Additional faeces and matched urine
samples from neonates (N=15) during their stay at the hospital were collected.
A total of 45 mothers, 50 Pl and 9 T1 were included in the study. Demographic,
clinical, and perinatal characteristics from participants were recorded as
shown in Table 3.1. Mother’s first morning urine was collected in sterile PP
containers and infants’ urine was collected using sterile cotton pads placed in
the diaper. Cotton pads were collected after 1 h and squeezed with a sterile PP

syringe. The process was repeated until collecting a minimum of 1 mL. Urine
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samples were aliquoted to avoid freeze-thawing cycles and stored at -80 °C
until analysis. Faeces samples were collected in sterile tubes using sterile
tweezers. In total, 210 urine and 137 faeces samples collected were employed
for method development and for the comparison between SCFA and BCAA

concentrations in faeces and urine.

The study protocol was approved by the Scientific and Ethics
Committee for Biomedical Research (CEIm) of the HUIP La Fe (study
approvals #2019-289-1 and #2019/0312). All methods were performed in
accordance with the relevant guidelines and regulations and written
permission was obtained from mothers or legal representatives by signing an

informed consent form.

Table 3.1. Characteristics of the population and general confounders.

Parameter

M

(N=45) TI(N=9) PI(N=50) p-value

weight (g), mean (SD)

Maternal age (years)/Gestational
age (weeks), median (SD)/(5-95% 35 (5) 37(1.2) 30(0.9) <0.001
Cl)

Maternal weight (kg)/ infant birth 67 (12) 2486 (776) 1420 (445) <0.001

BMI (kg/m?), median (SD) 26 (7) - - -
Sex male, n (%) 0(0) 8 (89) 29 (58) 0.09
C-Section delivery, n (%) 22 (48) 4 (44) 38 (76) 0.06
Apgar! 1 min (median; 5-95% CI) 9(1.4) 7(0.8) 0.6
Apgar' 5 min (median; 5-95% CI) 10 (1.2) 9(0.4) 0.8
Antibiotic therapy, n (%) 4(9) 3 (38) 2(5) 0.006

Note: Body mass index (BMI) = weight/height®; SD = standard deviation; CI
= confident interval; M = mothers; Tl = term infants; Pl = preterm infants;
1

[176].
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3.3.3. GC-MS determination of SCFAs and BCAAsS

The GC-MS method for the determination of SCFAs (i.e., acetic acid,
propionic acid, butyric acid, valeric acid, caproic acid, heptanoic acid,
isobutyric acid, 2-methylbutyric acid, and isovaleric acid) and BCAAs (i.e.
valine, leucine, and isoleucine) was developed based on previous results [99].
1000 pL of 5 mM agqueous NaOH containing IS (5 pL mL-1 caproic acid-D3)
was added to 100 mg of wet faeces, then the sample was homogenized for 10
min and centrifuged (13200 x g for 20 min at 4 °C). 500 pL of faecal
supernatant was transferred into a 15 mL falcon tube, and 300 pL of water
were added. For urine, 300 pL of sample and 500 pL of 5 mM aqueous NaOH
containing IS (5 pL mL-1 caproic acid-D3) were mixed in a 15 mL falcon
tube. Both faecal and urine samples were derivatized as follows. An aliquot
of 500 pL PrOH/Py solvent mixture (v/v = 3:2) and 100 pL of PCF were added
and vortexed briefly. Derivatization was carried out during 1 min in an
ultrasonic water bath prior to a two-step extraction by adding 300 and 200 pL
of n-hexane, respectively, followed by centrifugation (2000 x g for 5 min at
25 °C). The upper n-hexane layers containing the extracted derivatives were

collected and pooled followed by thorough mixing during 3 s prior to analysis.

GC-MS analysis was conducted using an Agilent 7890B GC system
coupled to an Agilent 5977A quadrupole mass spectrometric detector (Agilent
Technologies, Santa Clara, CA, USA) operating in selected ion monitoring
(SIM) mode. Separations were performed using an HP-5 MS capillary column
coated with 5% phenyl-95% methylpolysiloxane (30 m x 250 um i.d., 0.25
um film thickness, Agilent J & W Scientific, Folsom, CA, USA). One
microliter of derivatized sample extracts was injected in split mode with a ratio
of 10:1, and the solvent delay time was set to 2.36 min. The initial oven

temperature was held at 50 °C for 2 min, ramped to 70 °C at a rate of 10 °C
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min™, to 85 °C at a rate of 3 °C min’, to 110 °C at a rate of 5 °C min’!, to 290
°C at a rate of 30 °C min™, and finally held at 290 °C for 8 min. Helium was
used as a carrier gas at a constant flow rate of 1 mL min™* through the column.
The temperatures of the front inlet, transfer line, and electron impact (El) ion
source were set at 260, 290, and 230 °C, respectively, and the electron energy
was -70 eV.

The measurement parameters used for the studied analytes are
summarized in Table 3.2. For quantification, an external calibration was
carried out using standard solutions obtained from serial dilutions of a
working solution containing mixtures of pure analytical standards in ultrapure
water. Aliquots of a quality control (QC) sample of each matrix were analysed
every 10 samples in the randomized analytical batch for monitoring the
instrument’s performance. QC RSD < 25% was the batch acceptance criterion.
In addition, calibration blanks (i.e., addition of H,O instead of sample into the
tubes) and a process blank (addition of H.O instead of sample to a PP
bag/container, cotton or gauze pad and squeezed before adding it to the tubes)

were injected.

SCFA and BCAA concentrations in faecal and urine samples were
normalized by dividing by sample weight and creatinine concentration,
respectively. Creatinine was quantified following the manufacturer’s
instructions of the modified Jaffe’s method implemented in the DetectX®
urinary creatinine detection kit from Arbor Assays (Ann Arbor, MI, USA).
Samples were diluted with deionized water prior to measurements employing

a 1:20 and a 1:4 dilution for adult and infant urine, respectively.
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Table 3.2. Measurement parameters and main figures of merit of the GC-MS method.

Faeces Urine
Cor:lgg:nd miz  RT+s (min) Calibr(alji'\(;lr; range R E_HC':/ID) (L“OM(% Calibr?Ji'\(;lr; range R? I(_p?/lD) I(_p?/lQ)
61  2.75+0.02 2-8593 09996 0.3 1 0.7 - 655 0997 05 2
Propionicacid 75  3.98+0.02 0.5 - 8927 0.998 0.1 0.2 0.6 - 547 0994 06 2
Isobutyricacid 89  4.763+0.012 0.5 - 8149 0998  0.12 0.4 0.6 - 609 0996  0.12 0.4
89  5590.02 0.10 - 1619 0999 0.5 0.2 02-171 0997 0.1 0.4
2-Methylbutyric 15 6 733+ 0,014 0.08 - 1332 0998 0.7 0.2 0.13-121 099 0.1 0.3
SCFA Isovalericacid 85  6.83+0.03 0.05 - 783 0.9997  0.02 0.07 0.07 - 65 0998 0.5 0.2
103 8.24+0.03 0.07 - 1077 0.9996  0.08 0.3 0.10- 98 0997  0.05 0.2
117 11.22+0.02 0.08 - 1309 09998  0.01 0.04 0.10- 98 0.998  0.04 0.13
Caproic acid-Ds (IS) 120 11.281 +0.014 - - - - - - -
Heptanoicacid 131  14.31+0.03 0.05 - 896 0998  0.012 0.04 0.05 - 52 0998  0.02 0.05
158 17.843 £0.012 0.14 - 2328 0.996 0.2 0.8 1.0 - 908 0998 05 2
BCAA 172 18.164 +0.012 0.13 - 2165 0997  0.112 0.4 0.9 - 844 0997 05 2
172 18.240 +0.015 0.12- 1926 09995 0.1 0.2 0.8-751 0998 04 13

Note: RT = retention time; R = coefficient of determination; Limit of quantification (LOQ) = concentration of analyte that can be measured with an imprecision of less than
20% and a deviation from target of less than 20%, taking into account the preconcentration factor achieved during sample processing; Limit of detection (LOD) = 3/10*LOQ.
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3.3.4. Method validation

The method validation was based on the US Food and Drug
Administration (FDA) guidelines for bioanalytical method validation [2],
including the following bioanalytical parameters: linearity range, accuracy,
precision, recovery, selectivity, specificity, carry over, and stability. The
ranges of the analytical method were selected to enable the quantification of
the metabolites in faeces and urine samples with adequate precision, accuracy,
and linearity. Table 3.2 summarizes the employed working concentration
ranges, which were chosen considering the expected values and a wide inter-
and intra-individual variability. The calibration curves included a zero
calibrator (i.e., blank with 1S) and, at least, 6 standards covering the selected
concentration ranges. Accuracy, precision, and recovery were assessed by
replicate (n=3) analysis of standards at three concentration levels and replicate
(n=3) analysis of spiked samples at three concentration levels (low, medium,
and high) on three validation days. Precision was estimated as the percentage
of relative standard deviation (RSD) of replicate standards within one
validation batch (intra-day) and between validation batches (inter-day).
Selectivity and specificity were demonstrated by analyzing calibration and
process blank samples from multiple (n=6) sources. Carry-over between
samples was assessed by the analysis of zero-injections after the analysis of
high concentrated standards and spiked samples (n=3), and by the analysis of
a blank without analytes or IS after the injection of the standards. Autosampler
sample stability was assessed by comparing concentrations observed in a
freshly prepared sample and in the same processed sample after 20 h stored in
the autosampler (sealed vial, 25 °C). Analytes’ freeze-thaw stability and long-

term stability were established by comparing concentrations observed in
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sample extracts after three freeze-thaw cycles and in a sample stored for one

year (-80 °C), respectively, to a freshly prepared sample.

3.3.5. Data availability and statistical analysis

GC-MS data were acquired and processed using MassHunter B.07.01
(Agilent Technologies, Santa Clara, CA). Data analysis was carried out in
MATLAB R2019b (MathWorks, Natick, MA, USA) and using the PLS
Toolbox 8.9 (Eigenvector Research Inc., Manson, WA, USA). SCFAs and
BCAAs normalized levels in faeces and urine samples determined in this work
are available as Supplementary Tables 3.1 and 3.2. Categorical variables were
compared using Pearson’s y2 test (o = 0.05). Continuous variables were
expressed as mean + standard deviation or medians with interquartile range,
depending on underlying data distribution and Student’s t-test (o = 0.05) or
Wilcoxon rank-sum test (a = 0.05) were used for inter-group comparisons,
respectively. The Pearson’s correlation coefficient was used for assessing
paired associations among metabolite concentrations. Principal Component
Analysis (PCA) was carried out using autoscaled, normalized data using
creatinine and wet weight as normalization factor for urine and faeces,

respectively.

3.4. Results and discussion

3.4.1. Method validation

Analytical method validation was performed following recommended

guidelines [2]. Linearity of response was assessed covering up to four orders
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of magnitude with LODs and LOQs in the 0.02-0.6 and 0.05-2 uM ranges in
urine, and in the 0.01-0.3 and 0.04-1.0 uM ranges in faeces, respectively (see
Table 1.2). Appropriate accuracies with recoveries between 95 and 122% and
85 and 119% at the LOQ and precisions ranging between 1 and 11 %RSD and
1 and 13 %RSD at the LOQ were observed in standard solutions in urine and
faeces, respectively, as shown in Table 3.3. Stock solutions from all
compounds showed good stability after 1 year at -80 °C, and after three freeze-
thaw cycles (-80 °C), and derivatized compounds were stable for 20 h in
autosampler storage conditions (t-test, p-values > 0.05). Extraction efficiency
and matrix effects were assessed in spiked samples. Data summarized in
Table 3.3 displayed excellent intra- and inter-day accuracy and precision for
all compounds in spiked faeces and urine samples, evidencing an adequate

method performance for all nine SCFASs and three BCAAs.

The impact of different sample collection procedures on the retrieved
SCFAs and BCAAs profiles was evaluated. Several options are available for
the collection of urine samples and their selection largely depends on the study
population. Typically, sterile PP containers are used for the collection of urine
samples from adults. Likewise, for faeces samples PP containers are also
typically employed. However, collecting urine samples from newborns can be
a very difficult task as they are obviously non-toilet trained. The
recommended procedure for clean catch urine collection involves waiting for
a nappy-free child to void spontaneously [177]. To overcome the limitations
of this approach, different methods to stimulate voiding were recently
proposed, involving gently rubbing the lower abdomen in circular motions
with a piece of gauze soaked in cold liquid [178] and bladder stimulation
followed by paravertebral lumbar massage, to trigger urination [179,180].

However, the efficiency of this method has not been demonstrated in preterm
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infants and so, either sterile plastic bags or cotton pads and gauzes that are
placed in the diaper are typically used in this population. To test the
compatibility of the sample collection procedure with the determination of
SCFAs and BCAAs, process blanks using sterile PP bags, cotton pads, and
gauzes were analysed and compared to calibration blanks. Using PP materials
(i.e., either containers or bags), no SCFAs or BCAAs were detected in blanks.
Remarkably, an intense background concentration of acetic acid was observed
when cotton pads or gauzes were used (520 + 3 and 850 + 20 uM,
respectively). Hence, in case of urine samples collected with cotton pads or
gauzes, as it is typically the case for urine samples from newborns, acetic acid
concentrations must be excluded from further data analysis. The observed
peak area values of the other considered metabolites and the IS were within
the acceptability criteria (i.e., <1/10 of the signal at LOQ).
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Table 3.3. Calculated intra- and inter-day accuracy (i.e., recovery) and precision (i.e., RSD) of the method in standard solutions and spiked urine and faeces samples.

Concentration levels

Accuracy + RSD

.% Compound Metabolite M) Standard solutions Spiked samples
= class Intra-day (N = 3) Inter-day (N = 3) Intra-day (N = 3) Inter-day (N = 3)
Low Medium High Low Medium High Low Medium High Low Medium  High Low Medium  High
Acetic acid 15 101 150 99+3 100+7 120%2 116 +3 113+8 105+6 10511 106+2 1005 102+17 100+7 106+8
Propionic acid 13 84 126 112+5 99+11 115%9 115+6 115+2 115+4 114+3 100+7 102+6 106+4 1023 109%7
Isobutyric acid 14 94 140 1082 96 +3 116 +5 102+3 1085 1039 93+4 88+3 94+6 92+11 85+3 93+5
Butyric acid 4 26 39 116+7 118+6 112+5 118+2 96+1 117+8 107+4 106+3 1064 94+6 98+7 100+5
SCFA Z'Metggi'guwm 3 19 28 115+6 11944 104+8 995 10942 110+5 110+4 973 102+5 99+4 100+7 974
% Isovaleric acid 2 10 15 112+9 103+5 118%2 95+ 4 99 +7 116+4 114+10 110+x6 112+4 94+12 93+17 95%16
B Valeric acid 2 15 23 100+4 116+11 112+4 120+10 107+8 1006 102 +3 97 +4 9+1 96 + 10 96 5 98+3
Caproic acid 2 15 23 100+11 117+2 115+9 1227 1103 110+x7 102+8 102+2 100+x1 9010 97 +4 98 +2
Heptanoic acid 1.2 8 12 95+4 98 +5 110+2 100+11 975 979 93+5 99+2 99+3 92+11 97+4 100+ 3
Valine 21 140 209 107+3 107+9 113+11 112+4 1043 112+10 110+10 103+8 107+4 101+6 103+5 102+8
BCAA Leucine 19 130 195 1032 102+1 9710 1037 95+3 1027 110+ 9 105+8 1065 8612 9%6+11 88=x12
Isoleucine 17 116 173 97 £7 97+£3 107 +3 9B +7 114+3 1087 103+11 94+10 102%9 99+8 9%6+12 92%9




Table 3.3 (continuation). Calculated intra- and inter-day accuracy (i.e., recovery) and precision (i.e., RSD) of the method in standard solutions and spiked urine and
faeces samples.

Concentration levels

Accuracy + RSD

.;f Compound Metabolite (M) Standard solutions Spiked samples
= class Intra-day (N = 3) Inter-day (N = 3) Intra-day (N = 3) Inter-day (N = 3)
Low Medium High Low Medium High Low  Medium High Low Medium  High Low Medium  High
Acetic acid 26 103 155 937 90+5 85+4 99+8 90+5 105+5 935 109+4 99%4 99 +4 105+4 112+9
Propionic acid 27 107 162 116 £ 10 104+4 1161 1039 110+3 93*4 92+3 112+2 95%6 106 +7 108+2 1026
Isobutyric acid 24 98 147 89+4 108+9 105%1 92+1 116+7 104+2 1104 1021 92%3 99+3 104+8 96+10
Butyric acid 5 19 29 117+3 95+5 95+5 99 +7 88+2 98 +7 100+1 113+10 118%7 108+5 110+5 1107
_ SCFA Z'Mmzzi'(?“‘y”c 4 16 24 105+8 103+10 116+1 9745 89+1 98+1 110+5 114+5 116+6 108+1 108+6 114+4
% Isovaleric acid 2 9 14 106 +7 86+1 112+5 110+8 1092 117%9 95+ 4 107+4 95%4 100+5 108+4 1076
Valeric acid 3 13 19 104 £ 11 884 106 +1 97 %2 104+6 98+8 106+10 103+2 94+6 106+10 103+1 94%9
Caproic acid 4 16 24 110 +13 92+9 102+3 110x5 90+8 119+x4 108%6 99+3 97+6 108 £5 99+9 97 %9
Heptanoic acid 3 11.2 16 119+9 100+10 1071 115+x9 102+3 108+5 112+5 110x5 924 112+7 110£9 92x1
Valine 35 140 209 100+5 86 +4 95+5 118+3 116+10 112+1 1056 1154 113%9 106+8 103+10 94%2
BCAA Leucine 32 130 195 115+9 104 +2 95+4 117+3 116+1 939 1035 108+7 1125 108 £3 99+3 978
Isoleucine 29 116 173 103+ 11 103+2 103+11 908 116+3 90+5 106 +2 103+3 94%6 112+3 110+10 92+10
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3.4.2. Analysis of SCFAs and BCAAs in faeces and urine

Table 3.4 summarizes the concentrations of SCFAs determined in
faeces and urine samples, after normalization to sample weight and to
creatinine, respectively, using the validated GC-MS method. Results showed
that acetic acid is the most concentrated SCFA present in faeces and together
with isobutyric acid represents 86% of SCFAs molarity in this matrix. With
respect to urine, isobutyric acid is the most abundant SCFA followed by acetic
and butyric acids, and they account for 99% of total SCFAs measured in this
matrix. Unfortunately, although acetic acid contributes noticeably to total
SCFAs in faeces, the levels of this metabolite in newborn’s urine were
excluded due to the abovementioned contamination during sample collection,
and therefore its contribution could not be studied. The lowest relative
concentrations among the considered metabolites were found for caproic acid
in faeces, isovaleric acid in urine and heptanoic acid in both matrices. While
all metabolites presented a detection frequency higher than 93% in faeces
samples, propionic, 2-methylbutyric, isovaleric, valeric, and caproic acids

were detected in 42 to 88 % of urine samples.
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Table 3.4. SCFA concentrations in faecal and urine samples.

Faeces (N = 137), pmol/g faeces

Urine (N = 210), pmol/g creatinine

Compound Metabolite
class . IQR Detection . IQR Detection
Range  Median )05 gequency (%) — RAM8e Median  55775)  frequency (%)

Acetic acid 0.09 - 72 21 18 100 23 - 4935 76 60 100

Propionic acid ~ 0.08 - 18 0.6 2 98 0.08 - 3761 5 47 7

Isobutyric acid ~ 0.012 - 84 13 25 99 2-47841 1534 4004 100

Butyric acid 0.013-17 3 5 100 7-844 4 7 96

SCFA 2'Metzzi1§“ty”° 0.012-5 0.8 2 96 0.12 - 67 3 15 88
Isovaleric acid 0.014-3 0.5 0.6 96 0.02-15 0.2 3 42

Valeric acid 0.03 -3 0.6 1 93 0.02 - 252 2 7 80

Caproic acid 0.012-2 0.02 0.2 95 0.03 - 193 2 13 84
Heptanoicacid ~ 0.02-0.3  0.0012  0.03 90 0.02-19 0.8 2 93

Valine 0.03 -8 0.3 03 100 4-1132 88 137 100

BCAA Leucine 0.013-1.3 0.4 0.4 99 may-55 154 266 100
Isoleucine 0.02-2 0.3 0.2 100 2-678 53 108 100

Note: IQR = interquartile range.
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Figure 3.1 depicts the paired correlations among SCFAs and BCAAsS
found in faecal and urine samples separately, and Table 3.5 summarizes
results from a regression analysis between faecal and urinary SCFA and
BCAA concentrations. As a general trend, it can be observed that SCFAs in
faecal supernatants are significantly correlated among each other.
Interestingly, similar patterns of significant correlations among SCFAs were
observed in urine samples, except in the case of propionic, butyric and valeric
acids. BCAAs in both faeces and urine samples followed a similar pattern,
being the correlation between leucine and isoleucine higher than with valine.
Between both matrices, i.e., faeces and urine, significant positive correlations
were found for propionic acid and valine and significant negative correlations

were found for butyric, 2-methylbutyric, and isovaleric acid as well as leucine.

Faeces Urine

1
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[ 1T ]
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Figure 3.1. Pearson correlation coefficients of SCFAs and BCAAs in faecal

supernatants and urine samples.
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Table 3.5. Linear regression parameters among faecal and urinary SCFAs and

BCAAs concentrations in paired samples (N=80).

Compound

class Metabolite Slope p-value R?
Acetic acid -0.6+£2.0 0.8 0.003
Propionic acid 45+ 12 <0.001 0.2
Isobutyric acid -8+10 0.4 0.009
Butyric acid -5+£3 0.04 0.05
SCFA 2-Methylbutyric acid -4.3+1.0 <0.001 0.2
Isovaleric acid -2.3+£0.6 <0.001 0.2
Valeric acid -4+3 0.2 0.03
Caproic acid -8+5 0.12 0.03
Heptanoic acid -3+2 0.12 0.03
Valine 44 + 12 <0.001 0.2
BCAA Leucine -360 £ 83 <0.001 0.2
Isoleucine -42 £ 30 0.2 0.02

3.4.3. SCFAs and BCAAs in samples from newborn infants
and their mothers

As shown in Table 3.1, demographic, clinical, and perinatal
characteristics from participants were recorded and no differences in prenatal
demographic characteristics or confounders during the hospitalization and
antibiotic therapy were found between both infant groups (p-value > 0.05),
except from gestational age and birth weight, according to the definition of PlI
and TI. Metabolite levels in both matrices were compared between lactating
mothers, T, and PI. Figure 3.2 (top, left) shows PCA scores plots of faeces
samples from mothers and infants. Three clusters for mothers, Pl and Tl can

be observed when considering faecal SCFA and BCAA concentrations. For
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urinary SCFA and BCAA concentrations (Figure 3.2 bottom, left), a clear
separation of the tightly clustered group of urine samples collected from
lactating mothers from those of infants is evidenced, although SCFA and
BCAA profiles of infants were overlapping in the PC1-PC2 scores space
summarizing 53% of the variance. The joint analysis of the scores and
loadings plot (Figure 3.2, top) shows that faecal SCFAs and BCAAs are
present at higher concentrations in maternal samples, and a negative
correlation of valine and propionic acid with isoleucine and leucine, linked to
the clustering of Pl samples in the scores plot. On the other hand, the analysis
of the scores and loadings plots from the analysis of urinary SCFAs and
BCAAs (Figure 3.2, bottom) shows a high positive correlation between
isoleucine and leucine, and higher levels of the metabolites in infant (P1 and
TI) samples. Hence, the determination of both SCFAs and BCAASs in urine
and faeces samples using the developed GC-MS method provide information

that allows to distinguish between groups in the present data set.
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Figure 3.2. PCA scores (left) and loadings plots (right) in faeces (top) and

urine (bottom) samples.

Figure 3.3 shows the biomarker concentration ranges in the three

study groups. In faeces, higher concentration values were detected in mothers

in comparison to Pl and TI, except from propionic acid and BCAAs

(Wilcoxon rank-sum test, a. = 0.05). In urine, higher concentration values of

some SCFAs (i.e., butyric, valeric, heptanoic and isobutyric acids) and all

BCAAs were detected when comparing M to Pl and TI, respectively.

Regarding PI vs. TI, slightly higher faecal concentration values in Pl were
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identified in two SCFAs (i.e., propionic and caproic acids) and lower faecal
concentration values in Pl were identified in two BCAAs (i.e., leucine and
isoleucine). In urine, higher concentration values of caproic and 2-
methylbutyric acids and leucine were found in PI. No statistically significant
correlations between biomarker concentrations of mothers and their infants or
between biomarker concentrations and gestational or postnatal age were found
in this study (Pearson’s y2 test, a = 0.05). Likewise, no statistically significant
differences were observed between male and female infants in any of the

assessed metabolites (Wilcoxon rank-sum test, o = 0.05).
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Figure 3.3. Faecal and urinary SCFA and BCAA levels in mothers and their
TI and PI. Note: * indicates significant differences (Wilcoxon rank-sum, p-
value < 0.05).
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Further studies are needed to gain a deeper understanding of the
biological meaning of SCFAs and BCAAs levels in faeces and urine samples
and the effect of possible confounders such as, e.g., gestational, and postnatal
age, type of nutrition. The biochemical interpretation of the results is
hampered by the difficulty to assess the origin of SCFAs and BCAAS in urine
due to the possibility of their generation by microbial activity in other parts of
the body. Nonetheless, previous work showed an association between the
SCFA urinary profiles and the disease status of patients with ulcerative colitis,
where higher butyrate levels in patients at remission were observed, and it was
suggested that the urinary output could reflect the levels of butyrate produced
in the gut [181].

3.5. Conclusions

A method for the analysis of nine SCFAs and three BCAAs in faeces
and urine samples has been reported. The method enabled an accurate
guantification of these biomarkers in urine and faeces using a single
derivatization procedure. It was successfully validated including the entire test
system, from sample collection to analysis, revealing a very significant
contamination with acetic acid from cotton and gauze pads typically employed
for newborn urine samples’ collection that should be considered in future
clinical studies. The suitability of the developed method to the analysis of
clinical samples has been demonstrated through the analysis of a set of 137
faecal and 210 urine samples from a broad clinical cohort comprising adults,
term and preterm infants. A significant correlation among SCFAs and BCAAs
in faecal supernatants and urine samples were observed and a total of five

metabolites showed a significant correlation across matrices. Furthermore,
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reference ranges of SCFAs and BCAAs in mothers, Pl and TI were reported
and different patterns were found among groups. Infants showed lower
concentrations of SCFAs and BCAAs than mothers in faeces and higher
concentrations in urine. Slightly higher concentration values in PI compared
to TI were identified, except for leucine and isoleucine in faecal samples that
were higher in TI. The presented results will serve as a knowledge base for
future studies that will examine the interplay of human milk composition,
microbiota, newborn physiology, and the study of serious gastrointestinal

diseases that mostly affect preterm babies such as necrotizing enterocolitis.

Supplementary materials

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cca.2022.05.005.
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Chapter 4. Fast profiling of primary, secondary,
conjugated and sulphated bile acids in urine and feces
samples

4.1. Abstract

Bile acids (BAs) are a complex class of metabolites that have been
described as specific biomarkers of gut microbiota activity. The development
of analytical methods allowing the quantification of an ample spectrum of
BAs in different biological matrices is needed to enable a wider
implementation of BAs as complementary measures in studies investigating
the functional role of the gut microbiota. This work presents results from the
validation of a targeted ultra-high performance liquid chromatography —
tandem mass spectrometry (UHPLC-MS/MS) method for the determination
of 28 BAs and six sulphated BAs, covering primary, secondary, and
conjugated BAs. The analysis of 73 urine and 20 feces samples was used to
test the applicability of the method. Concentrations of BAs in human urine
and murine feces were reported, ranging from 0.5 to 50 nmol/g creatinine and
from 0.012 to 332 nmol/g, respectively. 79% of BAs present in human urine
samples corresponded to secondary conjugated BAs, while 69% of BAs
present in murine feces corresponded to primary conjugated BAs. Glycocholic
acid sulphate (GCA-S) was the most abundant BA in human urine samples,
while taurolithocholic acid was the lowest concentrated compound detected.
In murine feces, the most abundant BAs were a-murocholic, deoxycholic,
dehydrocholic and B-murocholic acids, while GCA-S was the lowest
concentrated BA. The presented method is a non-invasive approach for the

simultaneous assessment of BAs and sulphated BAs in urine and feces
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samples and the results will serve as a knowledge base for future translational

studies focusing on the role of the microbiota in health.

4.2. Introduction

Bile acids (BAs) are a group of molecules from the family of steroids
with a hydrophobic core structure of four fused carbon rings with hydroxyl
and methyl groups, and a carbon side chain ending in a carboxylic acid group.
Primary BAs (e.g., cholic (CA) and chenodeoxycholic acids (CDCA)) are
produced from cholesterol in the liver through a series of enzymatic reactions
and are modified thereafter through the addition of glycine or taurine to form
conjugated BAs (e.g., glycocholic (GCA) and taurocholic (TCA) acids) before
being released to the bile. BAs are then secreted into the intestine through the
gall bladder. During their transit through the intestine, BAs undergo
modifications due to the action of gut microbiota (e.g., deconjugation,
dehydroxylation, hydroxyl group oxidation, and epimerization), producing
secondary BAs (e.g., litocholic (LCA) and deoxycholic acids (DCA)), making
BAs more hydrophobic and, consequently, less dangerous to bacteria [182].
Both primary and secondary BAs are reabsorbed in the terminal ileum and
large intestine before being transported back to the liver, where they are
recycled [45]. This process, known as enterohepatic circulation , is important
for the efficient use of BAs as it helps to maintain a balance of these substances
in the body and plays an important role in various physiological processes,
such as emulsifying ingested lipids [183]. Additionally, BAs can be found in
small amounts distributed across other parts of the body, as they can function
as signaling molecules in other physiological processes apart from the

digestive system, such as cardiac system or renal water regulation [184,185].
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The BAs metabolism is known to differ between species (e.g., humans
and murine animals) [186]. In humans, the classical pathway for BA
metabolism (80%) is by the downstream metabolism of CA and DCA, while
in murine animals, BAs metabolism is dominated by the production of a-
muricholic (a-MCA) and B-muricholic acid (B-MCA) from CDCA, LCA and
ursodeoxycholic acid (UDCA) [187].

Only a small portion of BAs, approximately 5% of the total pool, is
not reabsorbed but excreted [188]. BAs excreted though feces have been
reported to be mostly present in the unconjugated form. However, urine is the
primary route for BA elimination, and BAs not recycled from the liver or renal
cells are excreted through it in the main detoxification pathways (i.e.,
glucuronidation and sulfation) [189-191], mostly in the conjugated and/or
sulphated form [192,193].

BAs and gut microbiota are considered a dynamic equilibrium, as both
have a clear impact on one another. Changes in BA levels or types in biofluids
may be indicative of certain health conditions or response to treatment. In
addition, the measurement of BAs can help to identify potential biomarkers
for diseases such as liver disease, gastrointestinal disorders, and metabolic
disorders [194]. Overall, the analysis of BAs provides valuable information

for clinical monitoring.

There are various methods that are currently used to identify and
quantify BAs in biological samples [195]. Liquid (LC) or gas (GC)
chromatography coupled to mass spectrometry (MS) have been the most
commonly used techniques for the analysis of BAs in human and animal
biofluids in recent years [100,196-203]. Despite GC-MS providing a very
high peak resolution, its main disadvantage is the time-consuming sample

preparation that requires group fractionation, enzymatic or chemical
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hydrolysis of conjugates and preparation of volatile methyl ester trimethylsilyl
ether derivatives [195]. In LC-MS, BAs are typically resolved using reversed-
phase chromatography columns and gradient elution programs. LC-MS offers
excellent sensitivity and specificity, which may reduce the need for extensive
sample preparation and ultimately improve analytical throughput. However,
the majority of the studies regarding BA analysis by LC-MS involve solid
phase extraction and/or preconcentration steps. Furthermore, previously
reported LC-MS methods for BAs quantification do not include sulphated
BAs [197-199].

The aim of this work was to develop a straightforward ultra-high
performance liquid chromatography — tandem mass spectrometry (UHPLC-
MS/MS) method for the determination of 28 BAs and six sulphated BAs,
covering a wide range of primary, secondary, conjugated, and sulphated BAs.
The applicability of the method in the clinical field and in animal models was
evaluated by the analysis of 73 human urine samples and 20 murine feces

samples.

4.3. Material and methods

4.3.1. Standards and reagents

LC-MS grade methanol, propanol, acetic acid, ammonium acetate,
and acetonitrile were obtained from Merck Life Science S.L.U. (Madrid,
Spain). Bile acid standards (CA, CDCA, LCA, DCA, GCA, TCA, a-MCA, B-
MCA, UDCA, hyodeoxycholic (HDCA), murocholic (MCA), 3,7,12-
dehydrocholic (DHCA), hyocholic (HCA), glycolithocholic (GLCA),
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glycoursodeoxycholic  (GUDCA), glycohyodeoxycholic  (GHDCA),
glycochenodeoxycholic (GCDCA), glycodeoxycholic (GDCA), 3,7,12-
glycodehydrocholic (GDHCA), glycohyocholic (GHCA), taurolithocholic
(TLCA), tauroursodeoxycholic (TUDCA), taurohyodeoxycholic (THDCA),
taurochenodeoxycholic (TCDCA), taurodeoxycholic (TDCA), 3,7,12-
taurodehydrocholic (TDHCA), taurohyocholic (THCA), tauro-a-muricholic
(T-a-MCA) acids, as well as deuterated internal standards (1S) (lithocholic-
D4 (LCA-D4), cholic-D4 (CA-D4), glycochenodeoxycholic-D4 (GCDCA-
D4), glycocholic-D4 (GCA-D4) acids) were purchased from Steraloids
(Newport, RI, US). Sulphated BAs (lithocholic (LCA-S), chenodeoxycholic
(CDCA-S), ursodeoxycholic (UDCA-S), deoxycholic (DCA-S), cholic (CA-
S), glycocholic (GCA-S) acid sulphates), as well as lithocholic-D4 acid
sulphate (LCA-S-D4) as IS were obtained from Qmx Laboratories Ltd.
(Essex, UK). Individual 5 mM standard solutions were prepared in methanol.

4.3.2. Study design, population, and sample collection

Urine samples were collected from 73 children, i.e., 44 male and 29
female individuals, aged 13 + 3 years (mean * standard deviation) with a range
between 8 and 18 years recruited at the Pediatric Department of the San
Raffaele Hospital in Milan (Italy). During the enrolment phase, pediatricians
informed the parents about the purpose of this study, the lack of reported risks
related to the collection of samples, the effort required to take part in this study
and their right to deny or withdraw their consent at any time. Parents accepted
to participate in the study and signed an informed consent form. The study
was approved by the Institutional Ethical Committee of the IRCCS San
Raffaele Scientific Institute (Protocol: NUTRI-T1D, 2019). Individual
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identifiable private information was protected according to the EU General
Data Protection Regulation (EU-GDPR) with the supervision of the
Institutional Data Protection Officer. The Clinical Research Investigator
assigned a code to each patient and identifiers that link to protected
information. Each subject collected urine samples at home and kept them at 4
°C until transported to the hospital on the same day. Sterile plastic containers
were used for sample collection and a minimum of 10 mL were required.

Samples were aliquoted, labelled and stored at -80 °C until analysis.

Feces samples were collected from CC57BL/6J male mice (n = 20, 7
weeks old) provided by Charles River Laboratories (Wilmington, USA). Mice
were collectively housed (n = 5/cage) and maintained under constant
conditions of humidity and temperature (i.e., 23 = 2 °C), and regular 12-h
light-dark cycles. Mice fed with control diet (CD, D12450K, Research Diets,
New Brunswick, NJ) were fasted overnight to collect feces 2 h after the
administration of a mixed solution of lipids (intralipid, 0.06% per mouse,
Merck KGaA) by oral gavage. Collected samples were immediately frozen in
liquid nitrogen until further analysis. This experimental procedure using
animals was in accordance with European Union 2010/63/UE and Spanish
RD53/2013 guidelines and approved by the ethics committee of the University
of Valencia (Animal Production Section, SCSIE, University of Valencia,
Spain) and authorized by Direccion General de Agricultura, Ganaderia y
Pesca (Generalitat Valenciana) (approval 1D 2021/VSC/PEA/0273).
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4.3.3. UHPLC-MS/MS determination of BAs

The UHPLC-MS/MS method for the quantification of 34 BAs was
developed based on previously reported method [100] with modifications. For
feces, 1 mL of ultrapure water was added to 100 mg of wet samples, then the
mixture was homogenized for 10 min and centrifuged at 13200 x g for 20 min
at room temperature (RT). Urine samples were centrifuged at 3500 x g for 15
min at RT. 50 pL of fecal or urinary supernatants were mixed with 10 pL of
IS solution containing LCA-D4, CA-D4, GCDCA-D4, GCA-D4 and LCA-S-
D4 at 2.1 uM each and 150 pL of ice-cold methanol were added for protein
precipitation. The mixture was then agitated for 15 min at 4 °C, incubated for
20 min at -20 °C, and centrifugated at 3500 x g for 15 min at 4 °C. Urine
samples were diluted 1:20 (v/v) with ultrapure H,O prior to analysis.

Supernatants were transferred to a 96-well plate for analysis.

UHPLC-MS/MS analysis was conducted using an ACQUITY UPLC
instrument (Waters Ltd, Elstree, UK) coupled to a Xevo TQ-S MS (Waters,
Manchester, UK) operating in negative electrospray ionization mode (ESI-).
Chromatographic separation was performed using an ACQUITY BEH C8
column (100 mm x 2.1 mm, 1.7 pum) (Waters) at an operating temperature of
60 °C and a flow rate of 0.6 mL min™*. Mobile phase component A consisted
of 100 mL of acetonitrile added to 1 mM ammonium acetate in 1 L ultrapure
water, adjusting the pH to 4.15 with acetic acid. Mobile phase component B
consisted of an acetonitrile:propanol (1:1, v/v) solution. The gradient
separation was performed as follows: 0-0.1 min, 10% B, 0.1-9.25 min, 10-
35% B; 9.25-11.5 min, 35-85% B; 11.5-11.8 min, 85-100% B; 11.8-14.3 min,
100-10% B; and 14.3-16 min, 10% B. The injection volume was 5 uL. MS/MS
detection was performed using the multiple reaction monitoring (MRM) mode

and the following ionization conditions: ion spray voltage, 1.5 kV; cone
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voltage, 60V; source temperature, 150 °C; desolvation temperature, 600 °C;
desolvation gas flow, 1000 L/h; and cone gas flow, 150 L/h. The MRM
transitions for each BA and IS summarized in Table 4.1 were optimized by

infusing individual solutions of commercial standards.

114



Table 4.1. Measurement parameters and main figures of merit of the LC-MS method for BA determination.

Urine 115imples

MRM Feces samples (nM)

Class Metabolite - CE(V) RT#s(min) R? (nM)
transition
LOD LOQ  LOD LOQ
MCA 3913 — 3913 10 9.489 +0.002  0.997 0.5 1.7 0.8 3
CDCA 3913 — 3913 10 10.760 +0.014  0.997 0.5 1.7 0.6 2
. CA 4073 — 407.3 10 10.155 +0.002 0.998 0.2 0.7 0.3 1.12
Primary
o-MCA  407.3 — 407.3 10 8.782+0.015 0.997 0.2 0.7 0.5 1.6
B-MCA  407.3 — 407.3 10 8.883+0.012 0.997 0.3 1.0 0.2 0.7
HCA 4073 — 407.3 10 9.857 +0.014 0.998 0.3 1.0 0.3 0.8
GCDCA 4484 — 74.0 40 9.347+0.014 0.996 1.0 3 0.002 0.01
GHCA 4644740 40 68200002 0.996 0.2 0.7 0.13 0.4
_ GCA 4644740 40  7573+0012 0.996 0.3 1.0 0.013 0.04
Prlmary 05 0.02
conjugated TCDCA 4984800 60  8721+0.004 0.9993 : 1.7 : 0.06
TCA 5143800 60  7.047+0.013 0.998 0.2 0.7 0.02 0.07
T-o-MCA 5143 800 60  5238+0.002 0.998 0.2 0.7 0.03 0.08

THCA 514.3 — 80.0 60 6.308 +£ 0.014 0.9992 0.2 0.7 0.03 0.10




Table 4.1 (continuation). Measurement parameters and main figures of merit of the LC-MS method for BA determination.

Class  Metabolite MRM CE(V) RT#s(min) Rz -—Jrinesamples(nM) Feces samples ("M)
transition LOD LOQ LOD LOQ
LCA 3753 3753 10  11.140+0.002 0.998 1.0 3 0.6 1.8
DCA 391.3 — 391.3 10 10.812 £ 0.003 0.998 1.0 3 0.4 1.3
Secondary  UDCA  391.3—391.3 10  10.060 +0.012 0.996 0.2 0.7 0.3 1.12
HDCA 39133913 10  10.283+0.012 0998 02 0.7 0.2 0.8
DHCA  468.4 — 74.0 10 5.440 +0.003  0.996 0.2 0.7 0.3 0.8
GLCA 432.4 — 74.0 40  10.444 +0.003 0.9992 1.0 3 0.010 0.03
GDCA 4484 740 40  9772+0002 0998 03 1.0 0.02 0.03
GUDCA 4484740 40  7.122+0016 09992 02 0.7 0.003 0.01
GHDCA 4484740 40  7.490+0004 0998 10 3 0.013 0.04
Secondary GDHCA 4583 740 40  2.831+0002 0997 02 0.7 0.02 0.06
conjugated T cA 4663 800 40 10220 £0.003 0998 02 0.7 0.02 0.07
TDCA  498.4 — 80.0 60 9.123+0.016 0.9995 0.3 1.0 0.03 0.08
TUDCA 4984800 60  6.640+0015 0998 05 17 0.13 0.4
THDCA 4984800 60  6945+0002 0998 03 1.0 0.04 0.13

TDHCA 5083 —80.0 60  2.464+0013 0.997 0.2 0.7 0.010 0.03




Table 4.1 (continuation). Measurement parameters and main figures of merit of the LC-MS method for BA determination.

Class Metabolite MRM CE RT s (min) R? Urine samples (nM) Feces samples (nM)
transition (V) LOD LOQ LOD LOQ

GCA-S 5663 —97 40 6.931+0.014 0.996 0.3 1.0 0.005 0.02

UDCA-S 471.2 - 97 40 7.320+£0.012 0.996 0.2 0.7 0.008 0.03

Sulphated LCA-S 4552 —97 40 10.320+0.003 0.997 0.2 0.7 0.006 0.02

DCA-S 471.3597 40 9.288+0.002 0.998 0.2 0.7 0.08 0.3

CDCA-S 471.2—-97 40 9.488+0.014 0.998 0.2 0.7 0.13 0.4

CA-S 4872 > 97 40 7.571+£0.012 0.996 0.3 1.0 04 14

LCA-d4 379.6 — 97 10 11.143+0.002 - - - - -

CA-d4 411.6 — 97 10 10.151+0.002 - - - - -

IS GCDCA-d4 4515—74 40  9.330 +0.002 - - - - -
GCA-d4 468.6 — 74 40  7.572+0.016 - - - - -
LCA-S-d4 4592 - 97 10 10.312+0.013 - : : : :

Note: IS = internal standard; CE = collision energy; RT = retention time; R = coefficient of determination; Limit of
guantification (LOQ) = concentration of analyte that can be measured with an imprecision of less than 20% and a deviation
from target of less than 20% and taking into account the preconcentration factor achieved during sample processing; Limit
of detection (LOD) = 3/10*LOQ.
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Standard solutions were prepared by serial dilution of a working
solution containing mixtures of pure analytical standards in methanol. For
monitoring instrument performance, aliquots of quality control (QC) samples
obtained by pooling 5 L of each urine or fecal supernatant, respectively, were
analyzed after every 20 samples in each analytical batch. The batch acceptance
criterion for each analyte was a QC RSD <25%. In addition, calibration (i.e.,
ultrapure H,0) and process blanks (generated replacing the sample by H,O)
were included in each batch to assess method specificity and the lack of carry

over and cross-contamination.

Fecal BA concentrations were normalized to sample weight while
urinary BA concentrations were normalized to creatinine concentrations
quantified following the manufacturer’s instructions of the modified Jaffe’s
method implemented in the DetectX® urinary creatinine detection kit from
Arbor Assays (Ann Arbor, MI, USA).

4.3.4. Method validation

The method validation included the determination of linearity range,
accuracy, precision, selectivity, specificity, carry over, and analyte stability,
based on the US Food and Drug Administration (FDA) guidelines for
bioanalytical method validation [2] and the International Council for
Harmonisation (ICH) M10 on bioanalytical method validation — scientific
guideline [204]. The range of concentrations employed ranged from 1.2 nM
to 1.25 uM, selected to accommodate for the anticipated values in real samples
and a significant inter- and intra-individual variability, thereby enabling

precise, accurate, and linear quantification of the metabolites. At least six
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standards covering the concentrations ranges, as well as a process blank were
included in the calibration curves. Accuracy and precision in standards were
evaluated, respectively, by comparing absolute concentrations values and
calculating the relative standard deviation (%RSD) of replicates of standards
within a single validation batch (intra-day) and between different validation
batches (inter-day). To assess the accuracy and precision in the sample matrix,
three replicates of both standard and spiked samples at three different
concentrations (i.e., low, medium, and high) were analyzed on three separate
validation days and recoveries as well as %RSD were calculated. The analysis
of calibration and process blank samples from six different sources was used
to assess selectivity and specificity of the analytical method. Additionally, the
analysis of a process blank after the injection of the high concentrated standard
mixture was used for evaluating carry-over and cross contamination between
consecutive samples. The freeze-thaw and long-term stability of the analytes
were assessed by comparing the concentrations in a sample that had
undergone three freeze-thaw cycles and a sample that had been stored for six
months at -80 °C, respectively, to a freshly prepared sample.

4.3.5. Data availability and statistical analysis

UHPLC-MS/MS data were acquired and processed using MassLynx
software version 4.0 (Waters Ltd, Elstree, UK). Data analysis was carried out
in MATLAB R2018b (MathWorks, Natick, MA, USA). Biomarker
normalized levels in urine and feces samples determined in this work are
available in Tables S4.1 and S4.2. Continuous variables were expressed as

mean * standard deviation or medians with interquartile (IQR) ranges.
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4.4. Results and discussion

4.4.1. Method validation

The chromatographic peaks of the different BAs are depicted in
Figure 4.1. Primary, secondary, and sulphated BAs presented different
chromatographic retention clusters. Primary BAs RTs ranged between 8.7 and
10.8 min, and secondary BAs eluted between 10.1 and 11.2 min, except
DHCA at 5.4 min. Sulphated BAs eluted in the 6.9-10.3 min range. Due to
their structural and physicochemical heterogeneity, primary and secondary
conjugated BAs eluted in a wider time ranging between 2.4 and 10.4 min.
Results depicted in Figure 4.1 indicated an adequate chromatographic and/or

spectral resolution among BAs that enabled their simultaneous quantification.
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Figure 4.1. Separation of BAs in the developed UPLC-MS/MS method. Note:
TDHCA = 3,7,12-taurodehydrocholic acid, GDHCA = 3,7,12-
glycodehydrocholic acid, T-a-MCA = tauro-a-muricholic acid, DHCA =
3,7,12-dehydrocholic acid, THCA = taurohyocholic acid, TUDCA
tauroursodeoxycholic acid, GHCA = glycohyocholic acid, GCA-S

glycocholic acid sulphate, THDCA = taurohyodeoxycholic acid, TCA

taurocholic acid, GUDCA = glycoursodeoxycholic acid, UDCA-S
ursodeoxycholic acid sulphate, GHDCA = glycohyodeoxycholic acid, CA-S
= cholic acid sulphate, GCA = glycocholic acid, GCA-D4 = deuterated
glycocholic acid, TCDCA = taurochenodeoxycholic acid, a-MCA = a-
Muricholic acid, B-MCA = B-muricholic acid, TDCA = taurodeoxycholic
acid, DCA-S = deoxycholic acid sulphate, GCDCA = glycochenodeoxycholic
acid, GCDCA-D4 = deuterated glycochenodeoxycholic acid, MCA
murocholic acid, CDCA-S = chenodeoxycholic acid sulphate, GDCA

glycodeoxycholic acid, HCA = hyocholic acid, UDCA = ursodeoxycholic
acid, CA = cholic acid, CA-D4 = deuterated cholic acid, TLCA =
taurolithocholic acid, HDCA = hyodeoxycholic acid, LCA-S = lithocholic
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acid sulphate, LCA-S-D4 = deuterated lithocholic acid sulphate, GLCA =
glycolithocholic acid, CDCA = chenodeoxycholic acid, DCA = deoxycholic
acid, LCA = litocholic acid, LCA-D4 = deuterated litocholic acid.

Analytical method validation was performed following recommended
FDA guidelines for bioanalytical method validation [2]. The evaluation of the
linearity of response was carried out by covering up to four orders of
magnitude with LODs and LOQs in the 0.2-3 and 0.002-3 nM range in urine
and feces, respectively (see Table 4.1). As shown in Table 4.2, appropriate
accuracies with recoveries between 84 and 120% and precisions ranging
between 1 and 19 %RSD at the three levels were observed in standard
solutions, except for the UDCA-S and CDCA-S inter-day accuracy and
precision at the medium concentration level with a recovery of 117% and an
RSD of 16%, respectively. In spiked urine and feces samples, recoveries
between 80 and 119%, 85 and 115%, and 85 and 115% and precisions between
2 and 19%, 1 and 17%, and 1 and 16% at low, medium, and high levels were
found, respectively, except for the inter-day accuracy of the medium
concentration level of HDCA (118%) in urine and the precision of HCA (17%,
medium level, urine), GCA (24%, low level, feces), and TCDCA (23%, low
level, feces). After six months at -80 °C and after undergoing three freeze-
thaw cycles (-80 °C), all compounds remained stable in samples (t-test, p-
values >0.05). The compatibility of the sample collection procedure, as well
as the selectivity, specificity, and carry over were assessed, and no interfering
contamination was detected (<1/10 of the signal at LOQ). The analysis of
blanks and process blanks confirmed the lack of cross-contamination or carry
over in the assessed chromatographic conditions. The presented data show

adequate analytical method performance for all compounds in spiked urine
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samples and fecal supernatants, supporting the suitability of the method for

the analysis of BAs in the two considered matrices.
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Table 4.2. Calculated intra- and inter- day accuracies (i.e. recovery) and precisions (i.e. %RSD) of the LC-MS method in standard solutions and
spiked urine and feces samples.

Accuracy + RSD

Standard solutions

Spiked urine samples

Spiked feces samples

Intra-day (N = 3)

Inter-day (N =3)

Intra-day (N = 3)

Inter-day (N =3)

Intra-day (N = 3)

Inter-day (N = 3)

Class Metabolite Low  Medium High Low Medium  High Low  Medium  High Low  Medium  High Low  Medium  High Low  Medium High
MCA 87+18 109+3  114+2 102+13 100+12 112+2 109+16 90+2 103+12 111+5 97+7  106+5 109+5 95+15 113+3 10415 101+11 107+10
CDCA 89+11 97+5 108+6 10011 93+6 105+8 101+ 6 92+12 109+9 110+7 106+12 103+11 98+11 92+ 15 106 +3 96+8 93+11 103+4
. CA 105+9 101+11 115+7 103+16 102+10 108+6 112+8 92+7 102 +5 114+2 98+5 102+7 11818 85+3 96+12 100+16 93+8 99+8
Primary o-MCA  110+11 101+13 104+11 111+6 91+10 103+7 110+10 94+14 107+2 107+3 105+9 106+1 96+15 104+3  86+6 99+4  103+5 9815
B-MCA 84+3  111+6  87+2 92+15 1073 98+14 8218 86+14  98+9  98+18 101+13 1026 81+12 1057  94+5 96+13 1062  97%3
HCA 112+17 875 109+8 111+7 99+12 106+11 85+8  85+13 104+6 94+16 105+17 100+12 117+4 107+7  92+6  99+18 94+13 921
GCDCA 112+8 96 + 12 92+12 98 +13 914 94 +5 96 + 13 114+7  114+12 91+5 104+15 106+10 102+18 92+3 105+ 12 95+7 977 100+5
GHCA 117+8 110+2 103+8 102+16 108+5 108+4 112+4 90+12  85+3  98+13  91+2  95+11 104+15 110x9 96+11 101+7 10012 98%9
GCA 111+6 99+13 115+1 104 +6 981 106+9 119+14 98x14 106 +3 1107 100+3 110+5 115+6 101+12 113+8 10124 1022 98 +13
CCI)Dr:]III.E,]aE:t)(/Ed TCDCA 114+19 90+7 108+11 102+12 102+11 99+10 1137 88+2 99+6 98+15 100+11 102+4 1177 96+ 2 107+10 101+23 9%6+1 100+5
TCA 92+8 93+8 108+5 102+11 92+5 99+8 95+11 85+15 96+5 96+10 103+15 97+11 108+14 95+5 111+7 104 +8 99+5 105+8
T-o-MCA 103+8 94 +6 111+4 107+4 100+10 1078 89+9 88+ 12 89+10 102+15 95+8 98+13 80+14 90+ 15 88+3 100+£19 100+11 94 +5
THCA 104+12 115+7 113+7 101+12 100+14 107+6 93+14 95+9 96+9 102+10 101+11 97+10 100+4 98+2 103+11 98%7 99+14 104+12




Table 4.2 (continuation). Calculated intra- and inter- day accuracies (i.e. recovery) and precisions (i.e. %RSD) of the LC-MS method in
standard solutions and spiked urine and feces samples.

Accuracy + RSD

Standard solutions

Spiked urine samples

Spiked feces samples

Intra-day (N = 3)

Inter-day (N = 3)

Intra-day (N = 3)

Inter-day (N = 3)

Intra-day (N = 3)

Inter-day (N =3)

Class Metabolite Low Medium High Low Medium High Low Medium High Low Medium High Low Medium High Low Medium High
LCA 101+5  89+12 105412 90£9  99%10 9649 101+19  113+6  103%#8 103+7 11242 10643 87410  95%10 94+2 103+14 10549  102%11

DCA 106+14 968 102:7  104%2 92+4 103+1  92+6 91£10  113£11 99+13  102+#12 106+11 96+12 11111  103+4 108+11 105+10 10945

Secondary UDCA 103+4  114%15  107£¢2 107+#5 9515 10245 100+4  105+12  94+1 106%5  107£3  103+8 100£10  95:4 101:6 1099  103:9  105%7
HDCA 11244 103%#6 10410 102+#11 9548 9846 112+14 112412 100£10 101#11  118%5 10446 115%#17 108+15 11148 107+#9  100+15 10747

DHCA 91+8 90+12 1016 99£14  98+10  109%¢7 110+8 10549 10948 111%2  101+14  105¢6 106+12 105+4  114+9 107+13  104+8 10212

GLCA 11249 10049  109+10 101%#10 9912 10646 98+10  93%42 10410 105%9  101+9  102+2 101+12  93+15  108+12 104%13 106+11  106%7

GDCA 109+9 106412  87+3  96£12  101£10 100+14 106+3 10247 97¢6 105%¢14  106%5  100£12 100£19  93+4 115¢6 10215 100+11 106+ 10

GUDCA  104%7 9443 107+2 10146  104+10  102+¢6 97+¢13  101+3 105412 111+¢12 102411 10846 9542 85+2 104t6 105+10 115+15  109+5

GHDCA  115:5 9619 114t6 105:10  96+3 107+9 95:2  104+12 101+10 98+10  105+1  103+7 103+18 114+12  104+4 110+8  110+6 1084

Secondary GDHCA  84:4 85+9  104+11 98+19 86+2 10549 10945  100+10 113412 108+14  106+5 101411 11547 9546 111+9 103+12  99+10 10315
conjugated TLCA 87+8 100+ 4 99+9  96+11 9%6+6 101413 99+13 90+4 107+3  101+17  96+7 100+8 106+19  103+2 113+7 106%12 10645  102+14
TDCA 11949 88+5  106+11 10215  90+5 10546 105:11  108+2  95+11 104+15 10010 1007 965 96£3 112¢7 109+12 103+7 10610

TUDCA  87:12  114+3  110%7 94%7 108:7  103+7  94%6 93+2 110£8  105:11 9547 109+3  102:13  104+11  111+#8 107¢5 102415 1055

THDCA  90:4 10547  97+#5 96%10  100%#13  102#5 109418 104%15  113+#1 110#3 10149 11241 112411 10948  112+10 104%13 10644 10748

TDHCA  92:16  94%11 87+2 998 99£4 88£3 9343 97+14  115%¢4 104%10  105%¢8  106+15 117£17 10548  113£2 113+9  100+11 10312




Table 4.2 (continuation). Calculated intra- and inter- day accuracies (i.e. recovery) and precisions (i.e. %RSD) of the LC-MS method in standard
solutions and spiked urine and feces samples.

Accuracy = RSD

Standard solutions Spiked urine samples Spiked feces samples

Intra-day (N = 3) Inter-day (N = 3) Intra-day (N = 3) Inter-day (N = 3) Intra-day (N = 3) Inter-day (N = 3)

Class Metabolite Low  Medium High Low Medium High Low Medium High Low Medium High Low Medium High Low Medium High

GCA-S 111+ 12 105 +7 106+8  112+7 102+5 96+10 10216 113+1 103+4 101+5 103 +9 109+5 987 99+2 89+16  105%7 1014 102 +13

UDCA-S 91+12 95 +10 101+£1  95%9 117+8 97+8  96+3 1079 101+4 10112 107 £9 105£6  91%6 111+12 111+£12  100%11 106 £5 1074

LCA-S 104 £ 19 108 + 13 89+3  108t4 100+ 7 91+2  96+2 111413 104+8 102%13 104 + 14 105+4  109+7 91+7 1039 1046 100+ 9 1048
Sulphated

DCA-S 107 £ 15 112+ 10 114+10 94+12 104+8 1104 91+16 88+6 105+4 100+8 101+ 11 1063 9016 105+5 101+5  96+11 996 104 + 10

CDCA-S 120+ 4 87+15 102+4 11119 95116 106+8 81%11 1036 107+2  91%10 98+ 11 105+9  109%19 107£9 104+4 1076 108+ 1 102£11

CA-S 113+10 111+4 95+1 104+ 15 101+12 94 +2 115+4 94 +11 92+2 109+12 102+7 106+ 13 102+6 93+11 95+1 98+6 100+11 9+4




Results and discussion

4.4.2. BAs in urine and fecal samples

In order to test the applicability of the validated UHPLC-MS/MS
method, a set of 73 human urine samples and 20 murine fecal samples were
analyzed. Table 4.3 summarizes the results obtained from the quantification
of BAs in human urine and murine fecal samples, after normalization to
creatinine concentration and sample weight, respectively. Results show that
GCA-S and CA are the most abundant BAs in human urine samples, while
TLCA, THCA, UDCA, HDCA, GDHCA and LCA-S were the lowest
concentrated compounds detected. In murine feces samples, the most
abundant metabolites were the murine specific BAs a-MCA and B-MCA and
the secondary BAs DCA and DHCA, while the lowest concentrated BAs were
TLCA and GCA-S. 20 and 31 BAs were detected in more than 50% of the
urine and feces samples, respectively, being TLCA the less frequently

detected in both matrices and GLCA in urine.
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Table 4.3. BAs concentrations in human urine and murine feces samples, respectively.

Urine (N = 73), nmol/g creatinine Feces (N = 20), nmol/g faeces

Class Metabolite Range Median IOR Detection Range Median IQR Detection

(25-75)  frecuency (%) (25-75)  frecuency (%)
MCA 0.8-40 1.8 1.3 57 2-26 5 8 100
CDCA 0.8-30 2 2 41 4-72 17 19 100
Primary CA 1.2 -500 14 49 99 5-376 38 78 100
a-MCA 0.3-13 1.2 2 81 134 -791 332 290 100
B-MCA 0.4-20 3 5 77 35-610 103 207 100
HCA 0.6-20 1.7 1.2 18 0.6 - 162 3 4 95
GCDCA 2-30 4 6 70 0.0005-1.3  0.06 0.19 100
GHCA 0.7-20 3 3 82 03-2 0.4 0.6 60
Primary GCA 0.8-16 5 5 82 0.003-12 0.2 0.4 100
conjugated TCDCA 0.6 - 80 2 2 43 0.004-1.6 0.05 0.2 80
TCA 0.3-13 0.8 0.7 77 0.005 -6 0.17 0.5 90
T-o-MCA  0.4-70 1.8 3 88 0.006 - 26 0.19 4 90

THCA 0.3-20 0.7 0.7 28 0.007-1.6 0.02 0.14 55




Table 4.3 (continuation). BAs concentrations in human urine and murine feces samples, respectively.

Urine (N = 73), nmol/g creatinine Feces (N = 20), nmol/g faeces
Class Metabolite Range Median (2|5(?7RS) Detectlo(r:) /(f);ecuency Range Median (2|E(3$5) frelzﬁgerf:;/ogb)

LCA 19-30 4 1.8 100 13-14 4 3 100
DCA 2-40 5 6 49 35-461 182 120 100
Secondary UDCA 0.3-14 0.7 0.6 50 35-244 66 52 100
HDCA 03-12 0.7 0.7 53 21-126 61 46 100

DHCA 04-30 13 12 72 19-644 117 301 95

GLCA 3-3 3 0 14 0.002 - 1.12 0.02 0.16 80
GDCA 0.6-20 2 3 68 0.02-3 0.12 0.17 100
GUDCA 0.7 - 45000 4 11 73 0.0006 - 12 0.07 0.18 100

GHDCA 1.2-340 7 15 11 0.003-1.1 0.02 0.16 75

Secondary ~ GDHCA 0.3-9 0.7 0.9 9 0.004 -1 0.02 0.10 80

conjugated  TLCA 05-05 0.7 0 14 <LOD <LOD <LOD 0
TDCA 12-20 15 12 4 0.006 - 1.09 0.05 0.2 80

TUDCA 12-20 2 12 8 03-2 1.0 2 60
THDCA 0.8-30 2 9 7 0.09-15 0.2 0.2 100

TDHCA 03-12 0.8 3 7 0.002-1.14 0.13 0.06 45

GCA-S 0.5-200 50 50 100 0.013-1.05 0.012 0.07 45

UDCA-S 03-20 4 5 92 0.02-14 0.8 1 90

LCA-S 03-6 0.7 0.5 54 0.014-1.09 0.03 0.2 70

Sulphated

DCA-S 0.3-600 14 4 81 02-23 5 6 100
CDCA-S 0.3-30 1.6 3 92 03-22 5 6 100
CA-S 0.7-5 3 5 3 1-46 11 13 100

Note: IQR = interquartile range; LOD = limit of detection



Chapter 4. Fast profiling of primary, secondary, conjugated and sulphated
bile acids in urine and feces samples

Differences in concentration profiles of BAs in human urine and

murine feces samples were observed.

Figure 4.2 depicts the BA metabolism pathways in conjunction with
BA concentration ranges found in the studied samples according to species
and matrix. It shows that the most concentrated metabolites in human urine
belong to the CA metabolism (the classical pathway for BA metabolism in
humans), and that the most concentrated metabolites in murine feces belong
to the CDCA and UDCA metabolism (the classical pathway in murine
species). These findings are in agreement with Lin et al. results, where CA
metabolism prevails over CDCA metabolism in humans, whereas CDCA
metabolism is significantly enhanced in murine species [187]. Additionally,
most of BAs present in human urine samples correspond to secondary
conjugated BAs (e.g., GLCA and TUDCA), followed by sulphated BAs (e.g.,
GCA-S and CA-S), being those classes the less concentrated in murine feces
samples. These results are in concordance with the literature [195], where
most concentrated urinary BAs were conjugated and sulphated, confirming
the urinary BA excretion mechanisms in humans. Thus, differences in BA
profiles observed between human urine and murine feces samples demonstrate
the different BA excretion mechanisms [186,187,205], what must be taken
into consideration in studies focused on the interrelation of gut microbiota and

BA metabolism.
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Results and discussion
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Figure 4.2. BA pathways and concentration ranges in human urine and murine

feces samples. Note: T = taurine, G = glycine.

Additionally, two clusters were identified after a hierarchical

clustering analysis (HCA) in both urine and feces samples and projected on a

Principal Component Analysis (PCA) scores plot, as shown in Figure 4.3. As
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observed in the loadings plot, urine samples corresponding to cluster 1
presented higher concentrations of primary, sulphated and secondary
conjugated BAs, while samples from cluster 2 were more concentrated in
secondary and primary conjugated BAs. This can also be evidenced in the BAs
classes abundance distribution, as exemplified in the pie charts from four of
the samples in each cluster. Regarding feces, samples included in cluster 2
present higher concentrations in primary and secondary BAs, while samples
from cluster 1 were less concentrated in those BA classes, as evidenced in the

sample pie charts.
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Figure 4.3. BAs patterns in human urine and murine feces samples. Top:
Hierarchical clustering analysis revealing two sub-groups within the study
samples (left) and pie charts of four samples from each cluster as examples
(right). Bottom: PCA scores (left) and loadings (right) plots.
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Conclusions

4.5. Conclusions

An UHPLC-MS/MS method suitable for the quantitative analysis of
BAs in urine and feces samples has been validated. Levels of human urinary
BAs and murine fecal samples were reported proving the applicability of the
method in the (pre-)clinical and clinical fields. Furthermore, a comparison
between human urinary and murine fecal BAs metabolic pathways and
excretion mechanisms was provided. Additionally, two clusters regarding BA

concentrations in both urine and feces samples were observed.

The novel approach of BA analysis in both human urine and murine
feces samples provides valuable insights into the metabolic processes,
allowing for a comprehensive understanding of BA metabolism across
different species. In future studies, integrating BAs and microbiota analysis
could provide a more comprehensive understanding of the relationship
between diet, microbiome, health, and disease.

Supplementary materials

Supplementary data to this article can be found online at
https://link.springer.com/article/10.1007/s00216-023-04802-8.
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Section I1. Effect of pasteurization on
the metabolome and lipidome of HM






Chapter 5. Current practice in untargeted human milk
metabolomics

5.1. Abstract

Human milk (HM) is considered the gold standard for infant nutrition.
HM contains macro- and micronutrients, as well as a range of bioactive
compounds (hormones, growth factors, cell debris, etc.). The analysis of the
complex and dynamic composition of HM has been a permanent challenge for
researchers. The use of novel, cutting-edge techniques involving different
metabolomics platforms has permitted to expand knowledge on the variable
composition of HM. This review aims to present the state-of-the-art in
untargeted metabolomic studies of HM, with emphasis on sampling,
extraction and analysis steps. Workflows available from the literature have
been critically revised and compared, including a comprehensive assessment
of the achievable metabolome coverage. Based on the scientific evidence
available, recommendations for future untargeted HM metabolomics studies

are included.

5.2. Introduction

Human milk (HM) has been markedly established as the optimal way
of providing infants with the necessary nutrients and bioactive factors for their

early development. Many health associations and organisms, including World



Chapter 5. Current practice in untargeted human milk metabolomics

Health Organization, recommend exclusive breastfeeding for the first six
months of life [206]. Health benefits of HM for infants include reduced
mortality and morbidity, including sepsis, respiratory diseases, otitis media,
gastroenteritis, and urinary tract infections, among others [207]. In addition,
studies reporting on long-term benefits of HM consumption such as lower risk
of suffering from type 1 diabetes and inflammatory bowel disease or
overweight in adulthood emerged [208]. HM may also be associated with a
slightly improved neurological outcome as cohort studies report [209],
especially in preterm infants [210], although potential confounders must be
accounted for [211].

HM composition is dynamic and influenced by several factors
including genetics, gestational and infant’s age, circadian rhythm, maternal
nutrition, or ethnicity. It provides a series of nutrients such as lipids, proteins,
carbohydrates, and vitamins, jointly with a number of bioactive factors that
contribute to several physiological activities in the newborn infant as well as
to short- and long-term outcomes [212,213]. Living cells including stem cells,
hormones, growth factors, enzymes, microbiota and even genetic material are
part of this vast array of HM components with impact in early development,
particularly the immune system [17]. In addition, HM appears to be one of the
richest sources of microRNAs [214]. On the other hand, because of the
maternal environmental exposure and lifestyle, the presence of some
contaminants such as persistent organic pollutants or pharmacologically
active substances in HM has been described [215,216].

Due to its complex composition, the analysis of HM is not
straightforward. While the advent of “omics” approaches has offered valuable
insights into the composition of this unique biofluid, untargeted metabolomic

and lipidomic studies have only recently been applied to HM [217]. The
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Introduction

comprehensive study of the HM metabolome, which includes the intermediate
and end products of metabolism, can shed light on maternal status or
phenotype [218,219]. The generation, analysis and integration of large and
complex data sets obtained in metabolomic studies go hand in hand with the
following challenges: i) the intrinsic complexity of the sample: a rich variety
of jointly present, structurally heterogeneous compounds at concentrations
that strongly vary covering several orders of magnitude; ii) pre-analytical
steps related to sampling, storage, and pre-processing (e.g. extraction, clean-
up); and iii) the diversity of platforms currently available including nuclear
magnetic resonance (NMR), as well as gas chromatography (GC), liquid
chromatography (LC), and capillary electrophoresis (CE) coupled to mass
spectrometry (MS). The analysis of the HM metabolome has been approached
employing a variety of extraction and analytical techniques to respond to a
spectrum of clinically relevant questions. Several studies have compared HM
metabolome with formula milk [217,220-224] or with milk from other
mammalian species including monkey [225], donkey [221], and cow [222],
whereas others have made efforts in defining the metabolome of preterm milk
[217,220,226-230] and the evaluation of the HM metabolome during the
course of lactation [219,227,231-234]. Furthermore, the influence of maternal
diet [218,219,235], phenotype [218,236], obesity [234] or atopy status [237],
as well as geographical location [237,238], time of the day [233,239],
chemotherapy [240] or preeclampsia during pregnancy [235] on the HM

metabolome have been reported.

Recent review articles that address the HM metabolome or lipidome
[216,241-245] are available. For information on the compounds and
compound families typically found in HM and their function the reader is
referred to [241-244]. Readers with a particular interest in HM lipidomics are

referred to a recent compilation study [245]. Technical aspects of HM analysis
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when performing metabolomics studies in HM have been recently described
[216]. This review article gathers recent literature available on metabolomic
analysis of HM, particularly focusing on untargeted approaches as indicated
in Figure 5.1, to provide an up-to-date overview of the key factors that may
influence HM metabolome coverage. Based on the information provided
within the available literature, recommendations to guide study design and

analytical method development of untargeted HM metabolomics assays were

developed.
Records screened Records screened

Records excluded (n =49): “criterion 1” “criterion 2 Records excluded (n=49):

Animal model/other biofluid (n=21) (n=73) (n = 68) Animal modelfother biofluid (n = 30)
- Targeted (n=7) - Targeted (n=3)

Exclusively lipidome/glycome (n = 3) ] , Exclusively lipidome/glycome (n = 2)

Review (n=4) Full-text articles Full-text articles Review (n =2)
- Other (n-14) selected selected > Ohim(@—il)

(n=24) (n=19)

Merged

Figure 5.1. Flow diagram of literature selection and review process. Search
criterion (i): term (“human milk” OR “breast milk”), AND “metabolom*”,
AND “infant”; only articles. Search criterion (ii): term (“human milk” OR
“breast milk”), AND “metabolom*”, AND (“GC” OR “LC” OR “NMR” OR
“CE”); only articles. Web of Science database was employed for literature

search.

5.3. Considerations regarding the study design

HM is a biofluid characterized by a dynamically varying composition
according to several factors including lactation time, time of the day,

throughout each feed, maternal status, and the environmental exposure.
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Although compositional variations have been mainly studied regarding the
protein content of HM [53], changes of other compound classes such as fat or
vitamins have been also reported [246,247]. Considering the intrinsic
variability of HM, the complexity of obtaining representative HM samples is
not negligible. Sources of variation related to sample manipulation and
compositional variation can be minimized using standard operational
procedures (SOPs). SOPs are fundamental to maintain quality control (QC)
and quality assurance (QA) process and facilitate repeatable and reproducible
research within and across laboratories. However, biologically meaningful
results across studies will only be obtained if several key factors during the
sample collection process are successfully controlled. This is of special
importance in untargeted approaches, where the interpretation of results is
especially challenging, and confounding factors introduced by a non-
exhaustive sampling protocol can be wrongly attributed to differences
between subjects of a studied population. Conversely, biologically meaningful
information can be missed or remain unnoticed due to unwanted bias

introduced during sample collection.

The information regarding study design provided in HM
metabolomics studies varies considerably [217-228,230-236,238-240,248—
250] as shown in Figure 5.2. Repeatedly reported factors have been grouped
into three categories and are discussed in detail in the following sections: 1)
maternal-infant-related factors (blue bars), 2) time-related factors (green
bars), and 3) HM collection-related factors (orange bars). It should be noted
that, although the importance of each factor might vary with the scientific
guestion of each study, the authors encourage i) the use of SOPs employed
during sample collection to assure homogenous and representative sampling
and ii) the reporting of all documented factors in order to enhance

comparability between results of metabolomic studies on HM. In case of HM,
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samples are typically collected, handled and sometimes temporary stored and
transported by the mothers and not, such as it is the case for other biofluids
(e.g. plasma, serum), by health professionals. During study design it is
therefore very important to assure that mothers receive detailed instructions
and/or training for the correct handling of collected samples. In addition, one
should keep in mind that sampling protocols should neither interfere with
infant feeding nor negatively impact on the mother-baby bonding. Hence, the
collection of transitional and mature milk is usually preferred over colostrum,
especially in studies involving mothers of preterm infants, where colostrum is

usually kept exclusively for the infant’s supply.

Gestational age
Maternal age
Maternal BMI
Infant gender
Birth mode
Parity
Maternal diet
Time after delivery
Time of the day
Time with respect to baby’s feed
Sample container
Total volume
Manual / Pump expression
Full expression
Breast cleansing
From 1/ 2 breast(s)

0 20 40 60 80 100
Percentage (%)
Figure 5.2. Reporting frequency of factors relevant to the HM sampling
process: Maternal-infant-related factors (blue bars), time-related factors

(green bars), and HM collection-related factors (orange bars). Note: BMI =
body mass index.
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5.3.1. Maternal-infant-related factors

In HM metabolomic studies, gestational age is frequently reported
(see Figure 5.2), although the impact of this factor on the HM metabolome
has not been fully characterized. Studies focused on preterm milk showed that,
analogously to full-term milk, its composition is dynamic throughout the first
month of lactation [217,220,226]. However, after 5-7 weeks, metabolite
composition of HM from mothers of preterm infants resembled that collected
from mothers of full-term infants [227]. On the other hand, Marincola et al.
[217] observed that HM from mothers of early preterm infants (26 weeks of
gestation) differentiated from milk samples from term infants. However, the
low number of samples involved in the study (N = 20 and N = 3 mothers of
preterm and term infants, respectively) hindered the assessment of the
statistical significance of the impact of gestational age on the milk metabolite
composition. Sundekilde et al. [227] carried out a longitudinal study on milk
from mothers of preterm and full-term infants covering similar lactation
periods (3-14 weeks and 3-26 weeks after birth, respectively) and showed that
some metabolites were present at significantly different levels in full-term
milk compared to preterm milk. On the contrary, Longini et al. [220] did not
observed significant differences between preterm and full-term milk within
the first week after delivery, only being able to discriminate milk samples
from early preterm infants (<29 weeks of gestation). It is worth noting that the
effect of gestational age on the HM metabolome has been mainly studied
employing NMR platforms [217,220,226,227], in which metabolite coverage
is limited (see Figure 5.5) and some metabolite classes (e.g. lipids) are barely
accessible. For this reason, and in order to further evaluate the impact of
gestational age on the milk metabolome, we warrant more comprehensive

metabolomic studies employing complementary analytical platforms.
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Other potentially relevant, miscellaneous information about the
studied population of mother-infant pairs such as infant gender, parity, and
birth mode, have been frequently reported in metabolomic studies (see Figure
5.2), although these characteristics often remain in the background since the
studies focus on other aspects. The influence of these factors on the metabolite
composition of HM has not been elucidated yet, and this might be addressed
in forthcoming studies. An additional factor that is not typically reported in
HM metabolomics studies is maternal secretor status. Significant differences
in the oligosaccharides profile of milk between so-called secretors (Se+),
which are those mothers that provide a functional FUT2 gene, and non-
secretors (Se-) have been reported [251]. Secretor status is mainly established
based on the presence (Se+) or absence (Se-) of 2’-fucosyllactose, with a
prevalence rate of approximately 80% of secretors over non-secretors
[218,226,227,230,236,252]. Maternal secretor status is therefore usually
determined a posteriori during data processing and analysis. Oligosaccharides
are polar compounds that are present at concentrations in the mM range that
will likely be preserved during sample extraction procedures employed for
metabolomics studies. As their presence/absence might potentially affect
clustering of milk based on maternal secretor status [228], to provide this

information, when available, might be of interest.

5.3.2. Time-related factors

HM undergoes significant changes over time, having established three
differentiated lactation stages: colostrum, transitional milk and mature milk.

As can be seen in Figure 5.2, lactation time is reported in the vast majority of
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metabolomic studies. In particular, several studies have focused on the HM
metabolome throughout lactation [219,227,231-234], all of them concluding
that significant differences in the metabolic profile over time exist. Therefore,
it seems reasonable to report this factor. On the other hand, although it has
been demonstrated that diurnal variation affects HM fat content [253], its
effect on the overall metabolite composition is a controversial issue which has
not yet been adequately addressed in the available literature. Whereas no
significant changes in some lipids and small polar metabolites have been
observed [233,239], differences in some micronutrients (e.g. vitamins) could
be evidenced [247]. The use of a pool of a 24-h expression of HM should
compensate for changes due to diurnal variation, thus obtaining more
representative samples [217,228,229] in longitudinal studies. However, the
drawback is that this practice is incompatible with breastfeeding of the infant,
which, in turn, might raise severe ethical concerns. A feasible compromise for
ameliorating diurnal variations is the use of pooled morning and evening
samples [233,239].

Regarding time of collection with respect to baby’s feed, the influence
of this variable has not been studied to date, but given the differences found
between fore- and hindmilk [254], it seems reasonable to assume that this

factor might be potentially relevant.

5.3.3. HM collection-related factors

Any uncontrolled variable within an experiment can result in a
potential source of bias. In this sense, although less attention has been payed
to other factors related to the expression and storage of HM (see Figure 5.2,

orange bars), they may be relevant to the outcomes of metabolomic studies.
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As it can be seen, the type of sample container is indicated in 50% of the
studies, whereas other specifications regarding HM expression are included
scarcely. The latter factor deserves some special attention, since differences
in the milk fat content between foremilk (initial milk of a feed) and hindmilk
(last milk of a feed) have been reported [254]. Therefore, full expression of
breast(s) is desirable in order to obtain a representative HM aliquot [255]. The

influence of all other factors, to date, remains unstudied.

5.3.4. Pasteurization and storage

HM banks rely on stringent protocols in which pasteurization,
indispensable for minimizing the potential to transmit infectious agents, as
well as freezing and long-term storage procedures are established. The
pasteurization process affects some of the nutritional and biological properties
of HM [256-258]. In this review, three studies that use milk from HM banks
are included [220,224,227], but only one specifies whether or not HM has
undergone pasteurization [227]. Variability of the metabolite profile of HM
caused by pasteurization has not been comprehensively explored to date.
Future studies focused on the systematic exploration of the effect of thermal

treatment on HM are warranted.

HM is usually stored frozen employing -20 °C and -80 °C for short-
and long-term storage, respectively. However, duration of storage and the
effect of repeated freeze-thaw cycles are identified as additional factors with
potential impact on HM composition that are missing in most published
studies. In lipidomic studies, the integrity of HM samples is preserved by
subjecting HM to inactivation of endogenous enzymes such as lipases in order

to minimize lipolysis and lipogenesis. In this sense, immediate storage at -80
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°C is advisable [245]. Particularly for metabolite composition analysis,
storage at -80 °C is widespread [217,219,222,223,228-230,232,235,248,249],
sometimes  with a prior short-term storage at -20 °C
[218,225,226,231,233,237,238]. Wu et al. [233] investigated the effect of
storage conditions by keeping samples for different times at -20 °C and then
transferring them to -80 °C vs storing samples directly at -80 °C. Variations
in duration of storage at -20 °C vs -80 °C showed no detectable effect on the
metabolites considered (e.g. lactose and other carbohydrates, choline and its
derivatives, and a variety of amino acids) by visual inspection of sample
clusters in principal component analysis scores plots. However, ANOVA
analysis evidenced differences in butyrate, caprate, and acetate contents.
However, time of storage considered in this study was limited to two weeks,
which is not representative for conditions employed in clinical studies or
standard home routines. It is therefore clear that further studies are required in

this regard.

On the other hand, HM employed for research studies is typically
stored in small aliquots. When working with raw milk, this procedure might
introduce bias due to phase separation prior to the preparation of the aliquots.
Hence, the homogenization of HM with a disruptor, resulting in a stable
emulsion with reduced size of milk fat globules [56], as employed prior to the

quantitation of macronutrients with HM analyzers, might be advisable.

5.4. Metabolite extraction from HM

For metabolite extraction from HM, an array of methods has been
reported. An overview of the employed approaches is shown in Figure 5.3.

The selection of the extraction method is conditioned by the study objective
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and the subsequent analysis method. As in other untargeted metabolomics
workflows, for HM metabolomics the selected sample preparation approach
should enable a high degree of metabolome coverage while making the sample
matrix compatible with the analytical platform. Other considerations might
include the available amount of sample volume and the use of one sample
extraction procedure for subsequent analysis by multiple, complementary
analytical platforms [217,231,232].

k:

HM

| |

Bligh & Dyer/Folch Single phase extraction Ultraﬁltrahon Prec1p1tahon

extraction J
3 kDa cutoff
spin filter
Polar and non- —» Lipids and proteins {— Polar and non-

pola.r metabolites y pola:r metabolites
(

Aqueous phase
(polar metabolites)
— Proteins
—— Organic phase (non-

polar metabolites) — Protein pellet / —— Polar metabolites v — Protein pellet

Figure 5.3. Sample preparation approaches employed in HM metabolomics.

Liquid-liquid extraction (LLE) is the classical extraction method
employed in metabolomics and lipidomics. This method, developed by Folch
et al. [259] in 1957, uses a chloroform-methanol mixture (2:1, v/v), which
results in two differentiate phases: an upper phase containing polar
metabolites and a lower phase containing nonpolar metabolites. Subsequently,

in 1959 Bligh and Dyer [260] developed a modified method using a miscible
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chloroform-methanol-water mixture and later separated into two phases by
adding chloroform or water. Both approaches enable the separation of polar
and nonpolar metabolites, thus allowing the analysis of a wide range of
metabolites and making them compatible with several analytical platforms.
While the use of Bligh and Dyer LLE is widely extended for HM
metabolomics studies (see Table 5.1) [217,220-223,228,229,233,236], only
Andreas et al. [232] used a modified Folch extraction protocol for processing
HM samples.

Methyl tert-butyl ether (MTBE) in combination with methanol has
recently been proposed for single-phase extraction [231]. MTBE is a nontoxic
and noncarcinogenic solvent and it is therefore considered a safe and
environmentally friendly alternative to harmful solvents employed in
traditional LLE methods, such as chloroform, which is a suspected human
carcinogen. In this extraction method, a unique phase containing both polar
and nonpolar metabolites is obtained with a protein pellet at the bottom (see
Figure 5.3). Thus, the simultaneous analysis of lipidome and metabolome in
a very small amount of biological sample is achievable. This method has been
successfully employed to determine polar metabolites and fatty acids (FAS) in
HM by GC-MS [231,232], as well as lipids and polar metabolites by LC-MS
[219,231,232], thus increasing the metabolome coverage by the combined use

of complementary analytical platforms.

Ultrafiltration makes use of centrifugal molecular weight cutoff
filters. Different molecular weight cut-off filters are commercially available
for this purpose and repeated centrifugation steps might be employed to
remove proteins and lipids (see Table 5.1). Unlike single-phase extraction,
ultrafiltration allows to separate polar metabolites from the HM without
dilution [218,225,226,233], however this method does not have the capacity

149



Chapter 5. Current practice in untargeted human milk metabolomics

to study the global metabolome of HM. At present, this extraction method has
only been used in combination with NMR analyses [218,225,226,233].

Precipitation with organic solvents separates the polar and nonpolar
metabolites of the proteins that settle at the bottom of the tube which can then
be easily removed by centrifugation. This simple method has been employed
for the analysis of polar metabolites by GC-MS after derivatization [240] as
well as for the analysis of polar and nonpolar metabolites by LC-MS without
further pre-processing [222]. Furthermore, this approach has been
implemented in more sophisticated workflows as recently shown by Hewelt-
Belka et al. [239]. Here the authors combined LLE and a protein precipitation
and solid-phase extraction (SPE) procedure to prepare HM samples, thereby
enabling the detection of high- and low-abundant lipid species (e.g.

glycerolipids and phospholipids) in one LC-MS run.

5.5.  Analytical platforms employed in HM metabolomics

As reflected in Table 5.1, the use of all analytical platforms that are
commonly employed in untargeted metabolomics studies such as LC-MS,
GC-MS, NMR and, to a lesser extent, CE-MS, has been reported for
performing HM metabolomics. 1H-NMR is the most frequently used
technique [217,218,220,224-226,230,232,233,235-237] for both, the analysis
of polar and hydrophobic metabolites in HM. 13C-NMR has been reported for
the detection of triacylglycerols [224]. NMR is a highly reproducible
technique that allows a straightforward library matching after spectral
alignment while at the same time supporting structural elucidation of detected
metabolites. However, it presents lower sensitivity and hence, the achievable

metabolome coverage is low in comparison to other analytical platforms.
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All other analytical platforms rely on the use of MS detection. LC-MS
provides high sensitivity and is characterized by a huge versatility due to the
availability of i) a large selection of chromatographic columns with a variety
of stationary phases, that in combination with appropriate mobile phases
achieve compound separation based on different retention mechanisms and ii)
an array of different instrumental configurations (i.e. different ion sources and
mass analyzers). For example, reversed phase (C8, C18) LC-quadrupole time
of flight MS (LC-QTOF-MS) [219,222,231,232,239,249] and LC-Orbitrap-
MS [228,229] have been reported for the detection of both, polar and lipidic
metabolites in HM; and hydrophilic interaction LC (HILIC)-QTOF-MS for
polar metabolite detection [239]. On the other hand, for the successful
screening of HM oligosaccharides, a porous graphitic carbon column installed

on a LC-triple quadrupole (TQD)-MS instrument was used [228].

GC-MS is the most suitable platform for measuring volatile
compounds, while other non-volatile compounds must be derivatized prior to
analysis. For HM analysis, methoximation followed by silylation or
methylation are commonly employed (see Table 5.1). The most frequently
used column is the DB-5ms column for both, polar and FA detection
[217,221-223], in some cases with an integrated 10 m pre-column
(deactivated fused silica) [231,232,240].

Regarding CE-MS, only one study has been reported for polar
metabolite detection in HM [232]. CE provides a series of advantages over
other techniques, mainly due to the small sample volumes employed and the
efficient separation of polar compounds that is difficult to be achieved by LC
columns. However, issues with poor reproducibility, matrix effects and
sensitivity may be hindering a widely extended use of this technique for the

analysis of complex biological samples such as HM.
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Due to the diversified composition of HM, no single analytic
technique can resolve the entire HM metabolome. Only multiplatform
approaches enable a comprehensive characterization providing a high
metabolome coverage including polar and nonpolar metabolites present in
HM. In this sense, two studies performing a multiplatform approach were
found in the literature combining LC-MS and GC-MS [222,231], and only one
study that performed analysis using four different techniques (LC-MS, GC-
MS, NMR and CE-MS) was reported [232].
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Table 5.1. Sample preparation steps and platforms employed in untargeted analysis of HM metabolome.

Sample preparation (1%, step) Sample preparation (2". step)  Compound class Platform Column/Capillary References
Bligh & Dyer extraction Deuterated solvent addition to Polar metabolites 'H-NMR - [41,44,57,60]
aqueous phase
Derivatization of aqueous phase:  Polar metabolites GC-MS DB-5ms [45-47]
methoximation and silylation and FAs
Derivatization of organic phase:  FAs GC-MS DB-5ms [41]
methylation
Direct injection of aqueous phase Polar metabolites LC-QTOF-MS (+) HILIC [63]
Redissolution of aqueous phase  Polar metabolites LC-Orbitrap-MS (+,-)  C18 [52]
in H,O:ACN (95:5)
Redissolution of organic phase in  Lipidic metabolites LC-Orbitrap-MS (+,-)  C18 [53]
(ACN:IPA:H,0 (65:30:5)
Folch extraction Deuterated solvent addition to Hydrophobic and 'H-NMR - [56]
aqueous and organic phases polar metabolites
Redissolution of aqueous phase  Polar metabolites CE-TOF-MS (+) 60 m x 50 um I.D.
in formic acid and centrifugation  (amino acids)
Redissolution of organic phase in  Lipidic metabolites ~ UPLC-QTOF-MS (+,-) C18
IPA:H,0:ACN (2:1:1) and
centrifugation
Single phase extraction Derivatization: methoximation Polar metabolites GC-MS DB-5ms [55,56]
and silylation and FAs
Direct injection Lipidic (and polar) LC-QTOF-MS (+, -) Cc8 [55,56]
metabolites
UPLC-QTOF-MS (+) C18 [43]
Fat extraction with n-hexane / IPA  Deuterated solvent addition TGs BC-NMR; *H-NMR - [48]

Filtration 3 kDa cutoff spin filter

Deuterated solvent addition

Polar metabolites

'H-NMR

[42,49,50,57,61]




Table 5.1 (continuation). Sample preparation steps and platforms employed in untargeted analysis of HM
metabolome.

Derivatization: methoximation and

Protein precipitation silylation Polar metabolites GC-MS DB-5ms [64]
Hybrid SPE-Phospholipid extraction and
redissolution in diluted organic phase of  Lipidic metabolites LC-QTOF-MS (+) C8 [63]

Bligh & Dyer extraction

Polar metabolites
(amine/phenol
submetabolome)
Direct injection Polar metabolites and FAs UPLC-QTOF-MS (+, -) C18 [46]

Two additional centrifugations and

Fat removal with CH,Cl, and dansylation
of aqueous phase

Chemical isotope labelling

LC-QTOF-MS (+) c18 [73,74]

. . . 1 i

Fat removal by centrifugation deuterated solvent addition Polar metabolites H-NMR [62]
Filtration 10 kDa cutoff_spln filter and Polar metabolites 1H-NMR ) [51,54]
deuterated solvent addition

Homogenization Deuterated solvent addition Polar metabolites 'H-NMR - [59]

H,O-dilution NaBH;-reduction and PGC cartridge Oligosaccharides UPLC-TQD-MS (+) Hypercarb® [52]

Note: CE, capillary electrophoresis; FAs, fatty acids; GC, gas chromatography; HILIC, hydrophilic interaction liquid
chromatography; IPA, 2-propanol; I.D., inner diameter; LC, liquid chromatography; MS, mass spectrometry; NMR,
nuclear magnetic resonance; PGC, porous graphitic carbon; QTOF, quadrupole time of flight; TGs, triacylglycerols;

TQD, triple quadrupole; UPLC, ultraperformance liquid chromatography.



The use of high-end analytical platforms requires the implementation
of QA and QC processes to improve data quality, repeatability and
reproducibility, especially in untargeted metabolomics. For practical
guidelines on the use of QC measures in untargeted, MS-based assays the
reader is referred to [261]. Pooled QC samples are prepared by mixing small
aliquots of the study samples and therefore, they are considered representative
in terms of matrix composition and concentration ranges of the metabolites
present in the study samples. QC samples are analyzed repeatedly throughout
the analytical sequence alongside the study samples. The signal of each feature
detected in QC samples can be used to model and correct systematic changes
in the instrument response during the analytical sequence. Also, the obtained
data can be used to perform intra-study reproducibility assessments and to
correct for systematic variation across batches. In HM metabolomics,
Smilowitz et al. [218], Andreas et al. [232], and Gay et al. [237] used QC
samples for NMR studies, while Villasefior et al. [231], Mung et al. [249],
Hewelt-Belka et al. [239], and Alexandre-Gouabau et al. [228,229] used
pooled HM samples for QC purposes in LC-MS-based assays. Considering
the highly complex sample matrix of HM, the authors strongly recommend
the implementation of QC measures, including the analysis of QC samples, to
increase reproducibility and facilitate the joint analysis of data from different

studies.

5.6. The HM metabolome: compound annotation &
coverage

As in other areas of metabolomic research, compound identification

is still a major bottleneck in data analysis and interpretation. The
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Metabolomics Standards Initiative’s (MSI) defines four levels of metabolite
identification, which include: identified metabolites (level 1); putatively
annotated compounds (level 2); putatively annotated compound classes (level
3); and unknown compounds (level 4) [9]. Due to the limited availability of
pure analytical standards required to reach level 1, biological databanks and
spectral databases are the most important resources for metabolite annotation
(levels 2 and 3). A large number of databases are available today, providing
different levels of information and complementary data on chemical
structures, physicochemical properties, biological functions, and pathway
mapping of metabolites [262]. The metabolomics community classifies these
resources in several categories: i) chemical databases; ii) spectral libraries; iii)
pathway databases; iv) knowledge databases; and v) references repositories
[263].

Regarding HM metabolomics, the most frequently used databases and
libraries are: Human Metabolome Database (HMDB) [264], METLIN [265],
National Institute of Science and Technology (NIST) library, Fiehn RTL
Library [266], LipidMAPS Structure Database (LMSD) [267], Milk
Metabolome Database (MCDB) [268,269], Kyoto Encyclopedia of Genes and
Genomes (KEGG) [270], MycompoundID with the evidence-based
metabolome library (EML) [271], Chenomx NMR Suite Profiles and other

online university databases, such as CEU-mass mediator [272,273].

Metabolite assignment in NMR spectra has been performed based on
literature data and commercial resonance databases, such as Chenomx NMR
Suite Profiles. Metabolite annotation was contrasted with in-house libraries
containing pure compound spectra. Some of the proposed assignments were
confirmed by two-dimensional NMR spectra, such as Correlation
Spectroscopy (COSY) [217,233,235,236], Homonuclear Correlation

156



The HM metabolome: compound annotation & coverage

Spectroscopy (TOCSY) [217,235,236,238], Diffusion-Ordered Spectroscopy
(DOSY) [236], Heteronuclear Single Quantum Coherence Spectroscopy
(HSQC) [236,238] and Heteronuclear Multiple Bond Correlation (HMBC)
[236].

In LC-MS and CE-MS-based studies of the HM metabolome,
tentative metabolite annotation has been carried out by matching of accurate
masses, isotopic profiles, and/or fragmentation patterns to candidate
metabolites in online databases such as KEGG, METLIN, LipidMAPS, and
HMDB [222,228,229,231,232,239]. In-house built databases generated by the
analysis of commercial standards are also commonly employed [228,229]. In
GC-MS, retention index (RI) corrections are made by analyzing a fatty acid
methyl ester (FAME) mixture standard solution and assigning a match score
between the experimental FAME mixture and theoretical RI values based on
the values contained in the Fiehn RTL library. Furthermore, metabolites were
complementarily annotated by comparing their mass fragmentation patterns
with those available in Fiehn RTL and NIST libraries [217,221-
223,231,232,240].

A comprehensive list of annotated and/or identified metabolites in
HM from untargeted metabolomics studies [218,219,221-223,225-233,235—
240] is reported in Table S5.1. This table contains information about the
metabolites reported in each reference, such as their molecular formula, 1Ds
(LipidMAPS and/or HMDB IDs), the extraction procedure performed, the
analytical platform used, and the detected metabolite class. Readers can select
metabolites dynamically by filtering data according to the latter information.
A total of 1187, 111 and 128 metabolites were reported using LC-MS, GC-
MS and NMR, respectively (see Figure 5.4). As shown in the Venn diagram,
LC-MS and GC-MS allowed the detection of 36 common metabolites (mainly
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carbohydrates and FAS); a total of 29 metabolites overlapped between LC-MS
and NMR (principally oligosaccharides); and 21 metabolites (predominantly
amino acids and organic acids) were commonly reported in GC-MS and NMR
based studies. Only 13 metabolites were reported by all three platforms, i.e.
creatine, tyrosine, arabinose, galactose, glucose, lactose, maltose, capric
acid/caprate, caprylic acid/ caprylate, citric acid/citrate, pyruvic
acid/pyruvate, hippuric acid/hippurate, and myo-inositol. These metabolites
were assigned to different classes including amino acids, carbohydrates, FAs,
and organic acids.

LC-MS GC-MS

NMR

Figure 5.4. Venn diagram of metabolites reported in HM according to
technique [274]. Note: GC-MS, gas chromatography—mass spectrometry;
LC-MS, liquid chromatography—mass spectrometry; NMR, nuclear

magnetic resonance.
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Based on the available data from the literature, the distribution of
metabolite classes present in HM according to each technique was assessed.
As it can be seen in Figure 5.5, the difference in detected metabolite classes
as observed by LC-MS in comparison to GC-MS and NMR is evident. Using
GC-MS and NMR, carbohydrates are the most reported metabolites in HM,
followed by amino acids, organic acids, organooxygen compounds, and
organoheterocyclic compounds, with all these metabolite classes being
certainly less abundant in LC-MS studies. In the case of NMR, organonitrogen
compounds have also been reported, as well as nucleosides and nucleotides
on a smaller scale. In the case of lipid classes, fatty acyls have been identified
by LC-MS and GC-MS with similar incidence and in lesser extent by NMR.
It is indubitable that lipid classes are more comprehensively studied by LC-
MS assays, where glycerophospholipids, glycerolipids, and fatty acyls are
detected at relatively high abundances, followed by sphingolipids, sterol lipids

and, to a lesser extent, prenol lipids.

Table 5.2 shows a list of metabolites reported in >80% of studies
employing either LC-MS, GC-MS, or NMR-based assays. This table is
intended to aid method development of future untargeted metabolomics
workflows tailored to the study of the HM metabolome, as it shows a shortlist
of metabolites that should be detected by each platform regardless of the
instrumental settings employed. It should be noted that due to the high
versatility of LC-MS, there is a greater variation in metabolites recorded and
in return, the list of consistently reported metabolites in HM across studies is
shorter than for NMR and GC-MS, where differences in experimental
conditions and variations between the employed detection parameters and

instruments are smaller. Again, this table represents the high orthogonality
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between the detected metabolites using NMR and LC-MS. While the use of
LC-MS clearly is of advantage for the measurement of different lipids, NMR
provides information on amino acids and small organic acids. Metabolome
coverage provided by GC-MS falls in-between the other two platforms,
consistently providing information on lipids, sugars, amino acids and organic

acids.
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Figure 5.5. Distribution of metabolite classes annotated and/or identified in
HM according to technique. Note: GC-MS, gas chromatography-mass
spectrometry; LC-MS, liquid chromatography-mass spectrometry; NMR,

nuclear magnetic resonance.
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Table 5.2. Most frequently reported metabolites (>80% of studies) according

to technique.

Metabolite class LC-MS GC-MS NMR
Linoleic acid (C18:2) Oleic acid (C18:1)
Fatty acyls Oleic acid (C18:1) Palmitic acid (C16:0) -
Palmitoleic acid (C16:1)  Stearic acid (C18:0)
Glycerolipids DG (36:1) - -
Glycerophospholipids LysoPC (16:0) - -
Fructose
Carbohydrates and
. - Fucose Lactose
carbohydrate conjugates
Ribose
Malic acid Acetate
Organl_c aqlds and - Urea Citrate
derivatives
Lactate
Organo nitrogen ) ) Choline
compounds
Alanine Alanine
Glutamate Creatine
Glycine Glutamate
Amino acids, peptides Pyroglutamic acid Glutamine
and analogues Serine Isoleucine
Valine Leucine
Tyrosine
Valine

Note: GC-MS, gas chromatography—mass spectrometry; LC-MS, liquid

chromatography—mass spectrometry; NMR, nuclear magnetic resonance;

DG, diacylglycerol; PC, phosphatidylcholine.

5.7.

Conclusions and future perspectives

In less than a decade, 26 research papers have been published trying

to shed light on the complex and dynamic composition of HM and the
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feasibility of different options for sample extraction and metabolite detection
has been demonstrated. Due to the many factors that influence HM
composition, a thorough study design including SOPs for milk extraction,
collection, and storage is indispensable for obtaining biologically meaningful
results. Multi-platform approaches are encouraged for providing adequate
metabolome coverage, as the diversity of compounds contained in HM will
not be properly reflected using one single assay. In line with metabolomics
workflows tailored to other sample types, the reproducibility of HM
metabolomics studies will benefit from the implementation of QA/QC
procedures. Automated metabolite annotation and identification with pure
chemical standards is warranted and the authors encourage the use of publicly
accessible platforms for enabling the exchange of raw data for comparison

between studies.
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Chapter 6. The effect of holder pasteurization on the lipid
and metabolite composition of human milk

6.1. Abstract

Human milk (HM) is the gold standard for newborn nutrition. When
own mother’s milk is not sufficiently available, pasteurized donor human milk
becomes a valuable alternative. In this study we analyzed the impact of Holder
pasteurization (HoP) on the metabolic and lipidomic composition of HM.
Metabolomic and lipidomic profiles of twelve paired HM samples were
analysed before and after HoP by liquid chromatography — mass spectrometry
(MS) and gas chromatography-MS. Lipidomic analysis enabled the annotation
of 786 features in HM out of which 289 were significantly altered upon
pasteurization. Fatty acid analysis showed a significant decrease of 22 out of
29 detectable fatty acids. The observed changes were associated to five
metabolic pathways. Lipid ontology enrichment analysis provided insight into
the effect of pasteurization on physical and chemical properties, cellular
components, and functions. Future research should focus on nutritional and/or

developmental consequences of these changes.

6.2. Introduction

Human milk (HM) is the gold standard for infant nutrition and
provides the optimum composition of nutritional elements needed for growth
and development. Consequently, HM offers numerous short and long-term
benefits to the infant-mother dyad [275]. Of note, the survival of extremely

low gestational age newborns has consistently improved in the last decades
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[276]. In this scenario, early infant nutrition has become a major player in
improving clinical outcomes of survivors and based on an impressive array of

benefits, HM is the first choice for feeding preterm infants [277].

When own mother’s milk (OMM) renders insufficient, pasteurized
donor human milk (DHM) rather than preterm infant formula is the preferred
alternative for preterm infants [27]. The use of DHM in comparison to the use
of formula milk might reduce the incidence of necrotizing enterocolitis
[67,277], and although it has been linked to lower rates of weight gain, linear
growth, and head growth during hospital admission, no differences in long
term growth have been described [67]. The exclusive feeding of pasteurized
DHM undoubtedly has an impact on different aspects of preterm biology.
Hence, DHM maodifies the gut-microbiota composition of preterm infants as
compared to the use of OMM [278], although it does not compromise the
protection against oxidative stress [279]. Furthermore, preterm infants
exclusively receiving DHM exhibited different urinary steroid hormone levels
when compared to infants receiving OMM. These findings might be
potentially linked to steroid hormone concentrations present in fresh and
pasteurized HM [280].

The composition of HM is affected by processing and handling of
expressed HM following stringent protocols applied in HM banks involving
pasteurization, necessary for minimizing the potential to transmit infectious
agents, as well as freezing, long-term storage, and multiple container passages
[28]. Low-temperature (62.5 °C) long-time (30 min) pasteurization known as
“Holder” pasteurization (HoP) is routinely employed at HM banks to avoid
newborn infection through transmission of pathogens that might be present in
DHM as it destroys vegetative forms of bacteria and most viruses including

human immunodeficiency virus, herpes, and cytomegalovirus [28]. The use
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of softer alternatives (e.g., high-temperature short-time, high pressure
processing, ultraviolet and microwave irradiation, and thermosonic processing
[32] has been in the spotlight of on-going investigations. However, to our
knowledge, none of these techniques has been yet implemented for the routine
processing of small volume milk batches (approximately 3 to 6 L) at HM
banks.

While total carbohydrates and proteins contents remain relatively
stable upon HoP, there is controversy regarding the degree of loss of total fat,
as percentages between -6.2 and -25% have been reported in studies
replicating current milk bank procedures [28]. Furthermore, several bioactive
components, such as enzymes, immunoglobulins, cytokines, microRNAs, and
immune cells are inactivated or destroyed [32]. Scientific evidence
documenting the effects of HoP on changes of specific lipid and metabolite
classes is scant. The present study aims at the characterization of the impact
of HoP on the global HM metabolome and lipidome. Metabolomic and
lipidomic profiles of twelve paired HM samples collected before and after
HoP were analyzed by liquid chromatography — high resolution mass
spectrometry (LC-HRMS) and gas chromatography-MS (GC-MS). Results
obtained enabled the identification of potentially relevant alterations at the
metabolic pathway level. Finally, the potential implications of the observed
compositional changes in the properties and functionality of HM are

discussed.
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6.3. Materials and methods

6.3.1. Human milk samples

The study was conducted in accordance with relevant guidelines and
regulations including the Declaration of Helsinki. The Ethics Committee for
Biomedical Research of the Health Research Institute La Fe (Valencia, Spain)
approved the study protocol (approval number 2014/0247), and mothers gave
their written consent to participate. DHM (N=12) samples were provided by
healthy HM donors admitted after routine screening and interview to the HM
bank at the University and Polytechnic Hospital La Fe (Valencia, Spain). The
median gestational age at which milk donors had given birth was 40
(interquartile range, IQR=4) weeks. Milk expression was accomplished with
breast milk pumps following the standard operating procedure routinely
employed at the hospital and the HM bank. Prior to extraction, removable
parts of the breast milk pump and collection bottles were sterilized. In
addition, mothers washed their hands with soap and water, and their nipples
with water. After extraction, bottles were stored at -20 °C. Milk bottles from
the same mother were defrosted and pooled together to form a batch of
approximately 2 L and after gentle shaking, a 1 mL aliquot of it was collected
in a dry, 1.5 mL microcentrifuge tube before and after HoP (30 min at 62.5 °C
followed by fast cooling to 4 °C). The median elapsed time between the first
and last expression of a pooled DHM sample was 25 (IQR=36) days. Time of
collection in relation to the infants’ age was established from this median
value and ranged between 21 and 164 days after delivery with a median value
of 87 days (IQR=83).

166



Materials and methods

6.3.2. Lipidomic and metabolomic analyses of HM samples

6.3.2.1. Standards and reagents

LC-MS grade acetonitrile (CHsCN), methanol (CH3OH), n-hexane
(>98%), and isopropanol (IPA), reagent grade methyl tert-butyl ether
(MTBE), ammonium acetate (>98%), formic acid (HCOOH, >98%),
methanolic HCI (3N), Supelco 37-component fatty acid methyl ester (FAME)
mix, lauric acid-D23 (> 98%), and nonadecanoic acid (> 98%), were obtained
from Merck Life Science S.L.U. (Madrid, Spain). Ultra-pure water (>18.2
MQ) was generated using a Milli-Q Water Purification System (Merck
Millipore, Darmstadt, Germany). (15,15,16,16,17,17,18,18,18-D9) oleic acid-
D9 (>99%) was purchased from Avanti Polar Lipids (Alabaster, AL, USA)
and prostaglandin F»,-D4 (=98 %, deuterated incorporation >99%) was
purchased from Cayman Chemical Company (Ann Arbor, MI, USA).

6.3.2.2. HM untargeted metabolomic and lipidomic
analyses

HM samples were thawed at room temperature and then heated in a
water bath for 10 min at 33 °C. 5 puL of an internal standard (IS) solution
containing oleic acid-D9 (80 uM) and prostaglandin F2a-D4 (39 uM) in H20
were added to 45 uL of HM. A single-phase extraction procedure adding 175
uL of CH30H and 175 uL of MTBE [231] to each HM sample followed by a
4 fold dilution of the supernatant with a CHsOH:MTBE (1:1, v/v) solution
was applied. The resulting extract was used for both lipidomic and

metabolomic analyses. In addition, a blank extract was prepared following the
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steps described for HM samples but replacing HM with water. A pooled
quality control (QC) sample was prepared by mixing 20 pL of each HM

sample extract.

For untargeted lipidomic and metabolomic analysis, a 1290 Infinity
ultra-performance LC (UPLC) system coupled to a 6550 Spectrometer
iFunnel quadrupole time-of-flight (QqTOF) MS system from Agilent
Technologies (Santa Clara, CA, USA) was used. A detailed description of the
parameters used for lipidomic fingerprinting of HM samples can be found
elsewhere [103,281]. In short, an Acquity BEH C18 column (50 x 2.1 mm,
1.7 um) from Waters (Milford, MA, USA) running a binary mobile phase
gradient with (5:1:4 IPA:CH30H:H,O 5 mM CH3;COONH4, 0.1% viv
HCOOH) and (99:1 IPA:H,O 5 mM CH3COONHa, 0.1% v/v HCOOH) as
mobile phase components was used. Column and autosampler were kept at 55
and 4 °C, respectively, the flow rate was 0.4 mL min™, and the injection
volume was 2 uL. For untargeted metabolomics screening of HM extracts, a
SynergiTM Hydro-RP 80A LC C18 column (150 x 2 mm, 4 pm) from
Phenomenex (Torrance, CA, USA) employing a stepwise gradient with
solvent A (H20, 0.1% v/v HCOOH) and solvent B (CH3CN, 0.1% v/v/
HCOOH) as mobile phase components was used as follows: 1% B was held
for 2 min followed by a linear gradient from 1 to 80% B in 8 min and from 80
to 98% B in 0.1 min; 98% B were held for 1.9 min before returning to initial
conditions in 0.1 min and column equilibration with 1% B during 2.9 min. The
flow rate was set to 0.4 mL min™, column and autosampler to 40 and 4 °C,

respectively, and the injection volume was 3 L.

MS detection was carried out in the ESI+ mode (lipidomics) and the
ESI+ and ESI- modes (metabolomics). Full scan MS data was acquired

between 70 and 1500 m/z using the following ionization parameters: gas T,
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200 °C; drying gas, 14 L min’; nebulizer, 37 psi; sheath gas T, 350 °C; sheath
gas flow, 11 L min*. Mass reference standards were introduced into the source
for automatic MS spectra recalibration during analysis via a reference sprayer
valve using the 149.02332 (background contaminant), 121.050873 (purine),
and 922.009798 (HP-0921) m/z as references in ESI+ and 119.036 (purine)
and 980.0163 ([HP0921"CH3COOHH]) m/z in ESI-. MS2 data were
acquired using data dependent acquisition methods as explained elsewhere
[103] using centroid mode at a rate of 5 Hz in the extended dynamic range
mode (2 GHz), a collision energy set to 20 V, medium isolation window (~4
amu), MS2 fragmentation with automated selection of five precursor ions per
cycle, and an exclusion window of 0.15 min after two consecutive selections
of the same precursor. UPLC-QqTOF-MS data acquisition was carried out

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

Before UPLC-QgTOF-MS experiments, a system suitability check
was carried out by analyzing a 2 uM IS solution. Then, 2 blanks and several
QCs (9 and 20 replicates for metabolomics and lipidomic analysis,
respectively) were injected at the beginning of the sequence for system
conditioning and MS2 data acquisition. HM sample extracts were injected in
random order. The QC was injected every six samples and twice at the
beginning and end of the batch for assessment and correction of instrumental
performance [261]. The blank extract was injected twice at the end of the
measurement sequence to identify signals from other than biological origin,

and possible carry-over [282].
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6.3.2.3. Analysis of fatty acid methyl esters (FAMES)

The determination of 36 FAMEs was performed employing a
previously described GC-MS method [105] with slight modifications. Briefly,
a HM aliquot was defrosted on ice and gently shaken to avoid phase
separation. Then, 250 uL of HM and 600 pL of n-hexane containing 1Ss (12
UM lauric acid-D23 and 26 uM nonadecanoic acid) were mixed in a 15 mL
test tube equipped with Teflon-lined screw caps. An aliquot of 2 mL of
CH30H, 2 mL of CH30OH /HCI (3N), and 1 mL of n-hexane were added and
vortexed vigorously. Derivatization was carried out in a water bath at 90 °C
for 60 min, with occasional additional shaking. After cooling down to room
temperature, 2 mL of water were added and shaken vigorously prior to
centrifugation (1200 x g for 5 min at 4 °C). The upper hexane layer containing
the extracted derivatives was transferred into GC-MS vials. GC-MS analysis
was conducted using an Agilent 7890B GC system coupled to an Agilent
5977A quadrupole MS detector operating in selected ion monitoring (SIM)
mode. Separations were performed using a Zebron™ ZB-WAXplus™ column
(30 m x 250 pum i.d., 0.25 um film thickness, Phenomenex, Torrance, CA,
USA). Two microliters of derivatives were injected in split mode with a ratio
of 40:1, and the solvent delay time was set to 2.6 min. The initial oven
temperature was held at 60 °C for 2 min, ramped to 150 °C at a rate of 13 °C
min? and held for 15 min, and to 240 °C at a rate of 2 °C min™ and held for 2
min. Helium was used as a carrier gas at a constant flow rate of 1 mL min™
through the column. The temperatures of the front inlet, transfer line, and
electron impact (EI) ion source were set at 250, 290, and 230 °C, respectively,
and the electron energy was -70 eV. Further measurement parameters used for

the studied analytes are summarized in Supplementary Table S5.1. For
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guantification, an external calibration line was employed using standard
solutions obtained from different volumes of the Supelco 37-component
FAME mix after evaporation and reconstitution in n-hexane containing
derivatized IS compounds. This procedure was used to remove the 37-
component FAME mix solvent (i.e., dichloromethane) and consequently, the
most volatile FAME (i.e., FAME of butyric acid) was lost and could no longer
be quantified.

The method was validated based on the US Food and Drug
Administration (FDA) guidelines for bioanalytical method validation [2]
including the following bioanalytical parameters: linearity range, selectivity
and specificity, sensitivity, carry-over, accuracy, precision, recovery, and
stability. The linear range was selected according to the expected
concentrations ranges in HM samples. Calibration curves included a blank
without analytes nor IS, a zero calibrator (i.e., blank with IS) and, at least, six
standards covering the selected concentration ranges. Accuracy, precision,
specificity, and recovery of the method were established from the replicate
analysis (N=3) of standards and spiked samples at three concentration levels
(low, medium, and high) conducted on three different days to ensure that the
extraction of the metabolites was efficient and reproducible. Selectivity and
specificity were demonstrated by analyzing multiple blanks. Carry-over was
assessed by the analysis of zero-injections after the analysis of high
concentrated standards and spiked samples (N=3). Autosampler and processed
sample stability were assessed by comparing concentrations observed in a
freshly prepared sample and in the same processed sample after 20 h stored in
the autosampler (sealed vial, 25 °C). Analytes’ freeze-thaw stability was
established by comparing concentrations observed in a sample after three

freeze-thaw cycles (-80 °C) to a freshly prepared sample.
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6.3.3. Data processing and statistics

6.3.3.1. Lipidomics and metabolomics data pre-processing

Centroid UPLC-QqTOF-MS raw data were converted to mzXML
format employing ProteoWizard [283] (http://proteowizard.sourceforge.net).
XCMS software (http://metlin.scripps.edu/xcms/) [284] and CAMERA [285]
in R 3.6.1 were employed for the generation of peak tables. Peak table
extraction for lipidomics is described elsewhere [103]. The selection of
parameters for peak table extraction and alignment for metabolomics was
based on the observed variation of RT and m/z values of ISs. The centWave
method with the following settings was used for peak detection: m/z range =
70-1500, ppm = 15, peakwidth = (5 and 20), snthr = 6, prefilter = (3, 100). 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 = 5. RT 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 18401 (lipidomic analysis), 1826 (metabolomic analysis,
ESI+) and 893 (metabolomic analysis, ESI-) features were initially detected
after peak detection, integration, chromatographic deconvolution, and

alignment in HM samples.

Further data processing and statistical analysis were carried out in
MATLAB 2019b (Mathworks Inc., Natick, MA, USA) using in-house written
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scripts available from the authors, and the PLS Toolbox 8.7 (Eigenvector
Research Inc., Wenatchee, USA). Data were annotated by automatic matching
of experimental MS2 spectra to publicly available databases (i.e., HMDB,
MS-DIAL, and LipidBlast) as described elsewhere [103]. In addition, Lipidex
[286] was used for the annotation of lipidomic data (mass error 20 ppm).
Enlargement of metabolite annotation was achieved with the Metabolic
reaction network-based recursive algorithm (MetDNA) [287].

Intra-batch effect correction was performed using the Quality
Control-Support Vector Regression algorithm employing a Radial Basis
Function kernel [288] and the LIBSVM library [289] with the following
parameters: e—range = 2 to 5%; y-range = 1 to 105; C = 90%. Features with
RSD(QC) > 20% after QC-SVRC, and those for which the ratio between the
median peak area values in QCs and blanks was lower than a threshold value
(i.e., 9 and 3 in metabolomic and lipidomic experiments, respectively) were

classified as unreliable and removed from further analysis.

6.3.3.2. Network-based analysis

Differences between HM before and after pasteurization on the
pathway level were studied employing the “Functional Analysis” tool (version
2.0) available in MetaboAnalyst 5.0 [46] using a mass accuracy of 10 ppm,
the mummichog algorithm with a p-value cut-off of 0.005, and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Homo Sapiens pathway library
[290]. Mummichog analysis was carried out using the m/z and RT values of
each feature and the FDR-corrected p-values from a t-test to test whether the
unknown population means of the two groups were equal, accounting for

unequal variances. Using the results of the mummichog algorithm, matched
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compounds (i.e., hits) were assigned to their corresponding m/z-RT features
of the dataset. Then, KEGG compounds and KEGG glycans of each
significantly altered pathway were searched in the matched mummichog
compound list and assigned to unique features in the dataset. Fold changes
(FC) were calculated as the ratio of medians between groups. The
pasteurization effect on the HM lipidome was studied with the web-based
ontology enrichment tool for lipidomic analysis: Lipid Ontology analysis -
LION (www.lipidontology.com) [47]. As an input, peak areas of annotated
features in HM samples were used. The “ranking mode” with log2FC values
as local statistic and a two-tailed alternative hypothesis testing was employed.
To uncover molecular alterations caused by HoP, an integrative analysis of
untargeted lipidomic and metabolomic data was carried out with the network-
based Prize-collecting Steiner forest algorithm for integrative analysis of
untargeted metabolomics (PIUMet) (http://fraenkel-
nsf.csbi.mit.edu/piumet2/) [48]. As an input, m/z features with p-values < 0.01
from a Wilcoxon signed-rank test of peak areas between pre- and post-
pasteurized samples were introduced either as metabolomic or lipidomic

peaks, also using the -log(p-value) as prize to each input data point.

6.3.3.3. Data availability

Peak tables extracted from HM UPLC-QqTOF-MS analysis are
accessible via the Mendeley Data repository (https://data.mendeley.com/)
under https://doi.org/10.17632/fnzbxmkv83.1 (lipidomics) and
https://doi.org/10.17632/jymtst88jm.1 (metabolomics). Supplementary Table
S5.2 summarizes FAME concentrations in all samples before and after

pasteurization.
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Results and discussion

6.4. Results and discussion

6.4.1. Compositional and functional alteration of pasteurized
vs raw DHM samples

Lipidomic profiles of DHM samples were acquired by UPLC-
QqTOF-MS retrieving a total of 7109 metabolic features after peak detection,
deconvolution, integration, alignment, within-batch effect correction, and
clean-up. In total, 786 (11%) of all features were annotated. The classes with
the largest numbers of annotated lipids were triradylglycerols (TGs) and
diradylglycerols (DGs) followed by alkenyl-DGs and ceramides (see Figure
6.1, left). 3259 features (45.8% of the total) had significantly different mean
values (t-test, FDR-adjusted p-value<0.05) and |log2(FC)|>1, including 289
(9%) annotated features using spectral libraries and MetDNA. The sub-class
distribution depicted in Figure 6.1 (right) shows that lipid levels across
multiple lipid classes were affected by pasteurization, including DGs and TGs,
alkenyl-DGs, and linoleic acids and derivatives, among others. Interestingly,
83% of DGs were affected by pasteurization while only 13% of TGs changed.
In addition, it must be highlighted that, although the UPLC-QqTOF-MS
method was specifically tailored to the detection of lipids, the use of a single-
phase extraction procedure in combination with an untargeted detection
allowed the detection of compounds from non-lipid classes such as amino
acids, peptides, and analogues, and carbohydrates and carbohydrate

conjugates.
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Figure 6.1. Distribution by sub-classes of the metabolites annotated using
HMDB/METLIN or LipidBlast spectral libraries and MetDNA detected in
HM (left) and with significantly different mean values (t-test, FDR-adjusted
p-value<0.05) and |log2(FC)| >1 before and after pasteurization (right).

Lipidomic network analysis was employed for a functional
interpretation of the observed changes in the lipidomic profiles within relevant
networks using the mummichog algorithm [291]. Pathway analysis detected
14 pathways with at least two significantly altered metabolites in DHM
samples collected before and after pasteurization. Results summarized in
Table 6.1 indicated a significant impact (p-values < 0.05) on metabolites
included in the steroid hormone biosynthesis, glycosylphosphatidylinositol
(GPI)-anchor biosynthesis, linoleic acid metabolism, biosynthesis of

unsaturated fatty acids, and mucin type O-glycan biosynthesis pathways.

176



Results and discussion

Table 6.1. Altered pathways in DHM linked to the pasteurization process.

Pathway name Hits Hits -value
y (total)  (sig) P
Steroid hormone biosynthesis 6 4 0.02
Glycosylphospha_tldylmos[tol (GPI)- 4 3 0.03
anchor biosynthesis
Linoleic acid metabolism 7 4 0.03
Biosynthesis of unsaturated fatty acids 17 7 0.04
Mucin type O-glycan biosynthesis 2 2 0.04

Note: p-values from Fisher’s exact t-test; only detected pathways with at least
2 significantly altered features are reported.

Between group comparison of the features’ intensities found in the
dataset, that corresponded to KEGG compounds and KEGG glycans of each
altered pathway (i.e., pre-pasteurization vs post-pasteurization) revealed
significantly different mean values (FDR-adjusted p-value<0.05) and
|log2(FC)| >1. Remarkably, for all features in all altered pathways, higher
intensities were detected in DHM samples before pasteurization compared
with DHM samples after pasteurization, except for
(42,72,10Z,13Z,16Z,19Z)-Docosahexaenoyl-CoA (KEGG ID C16169, m/z-
RT: 1146.3436-7.36) in the biosynthesis of unsaturated fatty acids pathway.
The results are summarized in Supplementary Table S5.3 and Supplementary
Figures S5.1-S5.5.

Metabolic analysis of DHM samples retrieved a total of 466 and 379
metabolic features in the ESI+ and ESI- mode, respectively, after peak
detection, deconvolution, integration, alignment, within-batch effect

correction, and clean-up.

Figure 6.2 shows the resulting network for the joint analysis of

lipidomic (1033 features with p-value < 0.01; Wilcoxon signed-rank test) and
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metabolomic (35 features with p-value < 0.01; Wilcoxon signed-rank test)
data [48], in which the relation between detected features and hidden
metabolites and proteins is displayed. Several features associated to the steroid
hormone biosynthesis (i.e., tetrahydrocortisol, tetrahydrocorticosterone, 7a-
hydroxydehydroepiandrosterone, tetrahydrodeoxycorticosterone) and the
biosynthesis of unsaturated fatty acids (i.e., palmitic acid, eicosapentaenoic
acid) were identified, in agreement with results shown in Table 6.1 and
Supplementary Table S5.3. In addition, several metabolites associated to the
steroid  biosynthesis  (i.e., 4,4-dimethylcholesta-8,14,24-trienol,  5-
dehydroavenasterol, 7-dehydrodesmosterol, 7-dehydrocholesterol,
lathosterol) and purine metabolism (i.e., guanosine, adenine, hypoxanthine,

deoxyguanosine) pathways were significantly altered.
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Figure 6.2. PIUMet network showing metabolic pathways altered by
pasteurization. Note: Pathways were highlighted if three or more hidden
metabolites from the same pathway were interconnected as well as pathways
those that were identified earlier by pathway analysis shown in Table 6.1
(biosynthesis of unsaturated fatty acids). Hidden metabolite / hidden protein
#1: Palmitic acid; #2: Eicosapentaenoic acid; #3: 4,4-Dimethylcholesta-
8,14,24-trienal; #4: 5-Dehydroavenasterol; #5: 7-Dehydrodesmosterol; #6: 7-
Dehydrocholesterol; #7: Lathosterol; #8: Deoxyguanosine; #9: Guanosine;
#10: purine nucleoside phosphorylase (PNP) protein; #11: Adenine; #11.:
Hypoxanthine; #12: 7a-Hydroxydehydroepiandrosterone; #13:
Tetrahydrocorticosterone; #14: Tetrahydrocortisol; #15:

Tetrahydrodeoxycorticosterone.

A recent study of the impact of the type of nutrition on the urinary
metabolome of preterm infants has shown a significant alteration of the steroid
hormone biosynthesis pathway associated to the intake of fresh OMM or
pasteurized DHM [280]. This result suggested either that those steroid

hormones present in HM may have a significant influence in the activity of

179



Chapter 6. The effect of holder pasteurization on the lipid and metabolite
composition of human milk

the steroid hormone biosynthesis pathway in preterm infants, either directly
or via the modification of gut-microbiota crosstalk, or that ingested levels of
those compounds differ between pasteurized and fresh HM. In the present
study, we focused on the analysis of DHM samples before and after HoP.
Previous results found no significant differences of the levels of cortisol and
cortisone in HM before and after HoP [292]. However, in the present study,
the alteration of structurally closely related compounds included in the steroid
and steroid hormone biosynthesis pathways upon pasteurization was
identified (see Table 6.1 and Figure 6.2).

The variation of total fat and fatty acid composition upon
pasteurization has been studied but there is considerable variation in the
reported effects [31]. A recent review on this topic concluded that the total fat
content and total fatty acid composition of expressed HM was not generally
influenced by storage and handling process as most changes were found below
10% and within the expected random methodological variation [30]. On the
contrary, in a recent study with more than four hundred DHM samples,
Piemontese et al. [293] confirmed that pasteurization reduced macronutrient
composition, especially in terms of lipids and protein. Vincent et al. [294]
attributed these differences to the adherence of disrupted milk fat globules to
container surfaces and to whether thermal treatment took place in a laboratory
environment or in industrial pasteurizers routinely used in HM banks. Thus,
Fidler et al. [295] did not find significant changes of fatty acids in HM after
HoP, but a trend toward slightly lower percentage values of some fatty acids,
including eicosapentaenoic acid was found. This observation was in
agreement with the results from PIUMet network analysis presented in this

study (see Figure 6.2).
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Furthermore, alterations of the purine metabolism were detected. A
significant increase in nucleotide monophosphates associated to HoP of HM,
which could be produced from the break-down of polymeric nucleotides
and/or nucleotide adducts was reported [296]. Here, we observed changes in
guanosine and deoxyguanosine, which participate as building blocks in the
synthesis of oligonucleotides. In addition, in the network-based approach, the
purine nucleoside phosphorylase (PNP) protein, which catalyses the
phosphorolytic breakdown of the N-glycosidic bond in the beta-
(deoxy)ribonucleoside molecules, with the formation of the corresponding

free purine bases and pentose-1-phosphate, appeared altered (see Figure 6.2).

Finally, no literature reports regarding changes of glycans in
pasteurized HM have been found. Although HM oligosaccharides (HMOs) are
reported to be unaffected by HoP [297], in this work, mucin type O-glycans
appeared altered upon pasteurization. As for HMOs, it has been hypothesized
that mucin type O-glycans may have a certain role in mucus barrier function
by promoting mutualism with host microbiota [298]. Hence, additional studies

on specific glycans are needed.

In the lipid ontology enrichment analysis performed in pursuit of
functional alterations of the lipidomic profile of HM after pasteurization, 634
out of 786 (80.66%) annotated features were matched to LION entries. The
LION enrichment graph with the four major branches (lipid classification,
chemical and physical properties, function, and sub-cellular component) is

shown in Figure 6.3.
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Figure 6.3. Lipid ontology enrichment analysis of the pasteurization process

performed in the “ranking mode” (DHM-Post vs DHM-Pre). Only the 40 most

enriched LION-term have been represented.

The terms “lipid droplet” and “lipid storage”, belonging to the
category “cellular component” and “function”, respectively, were enriched in
pasteurized DHM. Inspection of the lipid species responsible of these LION-
terms revealed the presence of TGs. It has been described that the heating
process very likely causes the disruption of the fat globule membranes. In fact,

a significant decreased in fat globule size and, hence, an increase in the overall
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surface area upon pasteurization have been previously reported [299]. This
surface increase of the TG/water interface jointly with potential changes in the
interface composition might play an important role with respect to chemical
and enzymatic reactions that take place at the interface. In this work, the terms
“membrane component” and “lipid-mediated signaling”, belonging to the
ontology root “function”, were down-regulated by pasteurization. The first
term is associated with lipids primarily regarded as structural components of
lipid bilayers (i.e., DGs, glycerophosphocholines, phosphosphingolipids, and
lyso-glycerophospholipids (GPs)) indicating a decay of membrane lipids
during pasteurization. In this study, a total of 258 identifiers were ascribed to
this LION-term, distributed as DGs (59%), GPs (24%), sphingomyelins
(12%), and lyso-GPs (5%). The term “lipid-mediated signaling”, associated
with lipids implicated in signaling, such as DGs, monoradylglycerols, and
lyso-GPs, was also down-regulated because of processing. Changes in the
oxylipin composition during HoP have been previously observed [300]. This
potential functional alteration should be addressed in future studies, as it could
potentially be important for cellular processes, and especially relevant for the
brain development of preterm infants. Lipids related to the term “negative
intrinsic curvature” were downregulated in pasteurized DHM. LION assumes
curvature to be predominantly head-group-dependent and neglects fatty acid
composition. In this work, 184 identifiers, distributed in DGs (80%),
ceramides (15%) and GPs (4%), were ascribed to this term indicating a change

in physico-chemical properties of HM upon pasteurization.

Lipid ontology enrichment analysis underpinned the alteration of
different lipid classes upon pasteurization as discussed earlier (see also Figure
6.1). In addition, it allowed to draw conclusions regarding the consequences
of those changes that were associated to the physical and chemical properties

(i.e., negative intrinsic curvature), cellular components (i.e., lipid droplet) and
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function (i.e., lipid storage, membrane component, and lipid-mediated

signaling) of altered lipids.

6.4.2. Fatty acid analysis

A method for the quantification of derivatized free fatty acids after
acidic hydrolysis of lipids in HM was developed and validated following the
FDA guidelines for bioanalytical method validation. Supplementary Table
S5.4 summarizes the employed concentration intervals, which were selected
considering the wide expected inter- and intra-individual variability. Intra and
inter-day accuracy and precision of the method varied between 80% and
121%, and 1.0% and 20%, respectively, in standards and between 80% and
122%, and 1.0% and 14%, respectively, in spiked samples. Selectivity was

confirmed and no carry-over was detected.

A total of 29 fatty acids from the 36 fatty acids included in the
analytical method were found at higher levels than the lower limit of
guantification and were successfully quantified in HM samples. Mean
concentrations of five fatty acids were unaffected by pasteurization, two fatty
acids showed an increase, and 22 fatty acids showed a statistically significant
decrease (median decrease 10% (14% IQR)) (see Table 6.2).
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Table 6.2. Individual and total content of fatty acids in DHM samples before
(DHM-Pre) and after (DHM-Post) pasteurization.

Median (IQR) (mM)

Fatty acid p-value
DHM-Pre DHM-Post

Hexanoate (C6:0) 56 (20 - 95) 35 (18 - 75) 0.0002
Octanoate (C8:0) 41 (19 - 55) 29 (11 - 47) 0.0005
Decanoate (C10:0) 42 (22 - 53) 35 (15 - 45) 0.0002
Undecanoate (C11) <LOQ <LOQ -
Laurate (C12:0) 14 (10 - 18) 10 (9 - 16) 0.02
Tridecanoate <LOQ <LOQ -
Myristate (C14:0) 4(3-4) 3(2-4) 0.013
Myristoleate (C14:1) 0.10 (0.06 - 0.15) 0.08 (0.05-0.14) 0.0005
Pentadecanoate (C15:0) 0.10 (0.08 - 0.14) 0.09 (0.06 - 0.13)  0.0007
cis-10-Pentadecenoic (C15:1) <LOQ <LOQ -
Palmitate (C16:0) 9 (7-10) 8 (5-10) 0.0005
Palmitoleate (C16:1) 0.9(0.6-1.2) 0.9(0.5-1.0) 0.0012
Heptadecanoate (C17:0) 0.3(0.2-0.3) 0.3(0.2-0.3) 0.003
cis-10-Heptadecenoic (C17:1) 0.2 (0.15-0.3) 0.2(0.14-0.2) 0.0002
Stearate (C18:0) 3(2-5) 3(3-4) 0.0002
Oleic (C18:1n9c) 30 (26 - 35) 26 (18 - 30) 0.002
Elaidic (C18:1n9t) 0.8 (0.7-1.0) 0.8(0.5-0.9) 0.013
Linoleic (C18:2n6c¢) 6(5-8) 54-7) 0.0002
Linolelaidic (C18:2n6t) 5(1.1-8) 4(08-7) 0.0007
gamma-Linolenic (C18:3n6) 0.2(0.15-0.3) 0.2(0.15-0.2) 0.0012
Linolenic (C18:3n3) 0.4 (0.4-0.5) 0.4(0.3-0.4) 0.0002
Eicosanoic (C20:0) 0.3(0.3-0.3) 0.3(0.3-0.3) 0.02
cis-11-Eicosenoic (C20:1) 0.2(0.13-0.2) 0.15(0.13-0.2) 0.02

cis-11,14-Eicosadienoic (C20:2)  0.09 (0.05-0.2) 0.07 (0.04 - 0.2) 0.02
cis-8,11,14-Eicosatrienoic 0.4(0.3-0.5) 0.4 (0.3 - 0.4) 0.05

(C20:3n6)
Avrachidonic (C20:4n6) 0.3(0.3-0.4) 0.3(0.3-0.4) 0.002
Heneicosanoate (C21:0) <LOQ <LOQ -

cis-11,14,17-Eicosatrienoic

(C20:3n3) 0.15(0.11-0.2) 0.15(0.11-0.2) 0.13
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Table 6.2 (continuation). Individual and total content of fatty acids in DHM

samples before (DHM-Pre) and after (DHM-Post) pasteurization.

Median (IQR) (mM)

Fatty acid p-value
DHM-Pre DHM-Post

cis-5,8,11,14,17-

Eicosapentaenoic (C20:5n3) <LoQ <LoQ

Docosanoate (C22:0) 0.5(0.4-0.5) 0.5(0.4-0.5) 0.02
L . 0.006 (0.005 - 0.007 (0.004 -

Erucic acid (C22:1) 0.13) 0.13) 0.13

cis-13,16-Docosadienoic (C22:2) 0.3 (0.2 -0.3) 0.3(0.2-0.3) 0.5

Tricosanoate (C23:0) <LOQ <LOQ

cis-4,7,10,13,16,19-

Docosahexaenoic (C22:6n3) 0.5(0.4-07) 0.5(0.4-06) 0.008

Lignocerate (C24:0) 0.2(0.2-0.3) 0.2 (0.2-0.3) 0.05

Nervonic acid (C24:1) <LOQ <LOQ

TOTAL 230 (120 —290) 169 (104 —252)  0.0002

Besides, the relative decrease in the concentration was higher for
saturated fatty acids (SFAS) (25%), followed by polyunsaturated fatty acids
(PUFAS) (18%), long-chain fatty acids (LCFAs) (15%), and monounsaturated
fatty acids (MUFAS) (12%) (see Figure 6.4).
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Figure 6.4. Total saturated fatty acids (SFA), long chain fatty acids (LCFA),
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)
of DHM-samples before (DHM-Pre) and after (DHM-Post) pasteurization.

**p-value <0.01, one-tailed Wilcoxon signed-rank test.

The observed reduction in the fatty acids concentrations was in
agreement with previous results [30]. The small decrease in concentration
found in this work might be, at least partially, responsible for the controversy
in literature reports [31] on the effect of pasteurization on fatty acid
concentration in HM and underlines the importance of method validation for

enabling the detection of subtle changes between groups.

6.5. Conclusion

This study provides the first comprehensive assessment of the impact
of pasteurization on the HM lipidome and metabolome. Results identified

affected metabolites that were related to steroids (i.e., steroid biosynthesis and
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steroid hormone biosynthesis) as well as fatty acids (i.e., biosynthesis of
unsaturated fatty acids and linoleic acid metabolism) metabolic pathways.
Earlier studies solely focusing on cortisone and cortisol did not find alterations
due to HoP. In this work, however, the levels of structurally related
metabolites were affected by the thermal treatment. The present work
furthermore demonstrates that HoP has an impact not only on the composition,
but also on the physico-chemical properties, cellular components, and the
functionality of lipids. Finally, the concentrations of the 76% of the analyzed
fatty acids were altered after pasteurization, with a median decrease in the
relative concentration of 10%. Results obtained encourage further research
into the analysis of the biological relevance and impact of the observed

changes in composition and functionality of HM components.

Supplementary material

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.foodchem.2022.132581.
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Chapter 7. Isolation and lipidomic screening of human
milk extracellular vesicles

7.1. Abstract

Extracellular vesicles (EVs) are secreted by cells and can be found in
biological fluids (e.g., blood, saliva, urine, cerebrospinal fluid, and milk). EVs
isolation needs to be optimized carefully depending on the type of biofluid
and tissue. Human milk (HM) is known to be a rich source of EVs, and they
are thought to be partially responsible for benefits associated to breastfeeding.
Here, a workflow for the isolation and lipidomic analysis of HM-EVs is
described. The procedure encompasses initial steps such as sample collection
and storage, a detailed description for HM-EV isolation by multi-stage
ultracentrifugation, metabolite extraction, and analysis by liquid
chromatography coupled to mass spectrometry, as well as data analysis and

curation.

7.2. Introduction

Eukaryotic and prokaryotic cells release a variety of nano- and
micron-sized membrane-containing vesicles into their extracellular
environment, which are collectively referred to as extracellular vesicles (EVS).
EVs can be harvested from cell culture supernatants and from all body fluids
including plasma, saliva, urine, cerebrospinal fluid, and human milk (HM).
HM is known to be a rich source of EVs, with early milk containing a greater

EV concentration compared to mature milk.
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The physiological purpose of generating EVs remains largely
unknown and questions surrounding the function of EVs are mostly focused
on understanding the fate of their constituents and the phenotypic and
molecular alterations that they induce in recipient cells. The effects of EVs on
recipient cells can vary due to the expression of different cell surface
receptors, resulting in an array of possible biological functions including the
induction of cell survival, apoptosis, and immunomodulation. In addition,
recent studies indicate a functional, targeted, mechanism-driven accumulation
of specific cellular components such as RNAs, small RNAs, nucleic acids,
lipids, proteins, and metabolites in EVs, suggesting that they have a role in
regulating intercellular communication [301]. Furthermore, encapsulation in
EVs confers protection against enzymatic and nonenzymatic degradation of
cargos and provides a pathway for cellular uptake of cargos by endocytosis of
EVs [24,302].

The composition of HM-EVs is still an open question. The richness
of microRNAs (miRNAs) within HM-EVs was first discovered and the
dynamics during lactation stages was surveyed [303,304]. Proteins have been
studied in HM-EVs [305,306] showing an enrichment of pathways involved
in early-life immunity, as well as intestinal cell proliferation and migration.
Although metabolites are known to be part of the EV cargo [307-309],
literature reports providing insight into the metabolite cargo or lipid
composition of HM-EVs are scarce. Hence, we developed a pipeline for the
isolation and Liquid Chromatography — Mass Spectrometry (LC-MS) based
lipidomic screening of HM-EVs [310].
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7.3.

Materials

Prepare all solutions using ultrapure water (Q-POD® system, Merck

KGaA, Darmstadt, Germany) using analytical grade reagents. Prepare all

reagents at room temperature.

1.

Phosphate buffered saline (PBS) solution: dissolve one commercially
available phosphate buffered saline tablet (e.g., Fisher
BioReagentsTM, Ref: BP2944-100) in 200 mL of ultrapure water for
a 10 mM phosphate buffer, 2.7 mM potassium chloride and 137 mM
sodium chloride solution, pH 7.4, at 25 °C (see Note 1). Filter this

solution with a 0.40 pm syringe filter. Store at 4 °C.

Internal standard (IS) mixture: prepare individual 5 mM stock
solutions of internal standards by weighing e.g., 1.46 mg of oleic acid-
D9 and 1.49 mg of prostaglandin F,,-D4 and dissolving them in 1 mL
of ultrapure water. Put 976 pL of ultrapure water into a
microcentrifuge tube. Add 16 and 7.8 pL of oleic acid-D9 and
prostaglandin F,,-D4 5 mM stock solutions, respectively (resulting
concentrations: 80 and 39 uM, respectively) (see Note 2). Aliquot to

avoid freeze-thaw cycles and store at -20 °C.

Methanol (MeOH). Store at room temperature.

Methy! tert-butyl ether (MTBE). Store at room temperature.

Solution A (1 L of (5:1:4) Isopropanol (IPA):MeOH:H,O, 5mM
CH3COONHj, 0.1% formic acid (FA)): add 500 mL IPA and 100 mL
MeOH into a 1 L volumetric flask. Do not fill to the calibration mark

yet. Weigh 0.39 g of CH3COONHy, dissolve it in 20 mL of ultrapure
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water and add this solution into the volumetric flask. Add 1 mL of
pure FA into the volumetric flask. Fill to the calibration mark with

ultrapure water. Store at 4 °C.

. Solution B (1 L of (99:1) IPA:H,0, 5mM CH3COONHj4, 0.1% FA):

add 900 mL IPA into a 1 L volumetric flask. Do not fill to the
calibration mark yet. Weigh 0.39 g of CH;COONHy,, dissolve it in 9
mL of ultrapure water and add this solution into the volumetric flask.
Add 1 mL of pure FA into the volumetric flask. Fill to the calibration
mark with IPA. Store at 4 °C.

. Solution (1:1) A:B: mix 10 mL of solution A with 10 mL of solution

B. Store at 4 °C.

. For the performance of untargeted screening experiments, an LC

(preferably: ultra performance LC)-high resolution MS instrument
and a reversed phase chromatographic column should be employed.
The following protocol was developed using a 1290 Infinity HPLC
system from Agilent Technologies (CA, USA) equipped with a UPLC
BEH C18 column (50 x 2.1 mm, 1.7 um, Waters, Wexford, Ireland)
coupled to an Agilent 6550 Spectrometer iFunnel quadrupole time-
of-flight (QTOF) MS.

7.4. Methods
Carry out all procedures at room temperature unless otherwise
specified.
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7.4.1.

HM sample collection and storage (see Note 3)

Clean the hands with water and soap during at least 15 seconds

followed by drying with a clean towel.

Sterilize hands with hand sanitizer.

Clean and sterilize the milk pump (see Note 4).

. Clean the skin area that gets into contact with the milk pump with

water and dry it with sterile gauzes (see Note 5).

Extract the milk with the milk pump into clean sterile bottles

following the manufacturer’s instructions (see Note 6).

Manual shake gently during 30 s for sample homogenization.

Put the sample into 50 mL plastic Falcon tubes using a 25 mL plastic

pipette (see Figure 7.1A).

Centrifuge at 3000 x g for 10 min at 22 °C for cream, cell, and platelet
removal [311,312].

Remove and discard the cream layer with a spatula (see Note 7 and
Figure 7.1B).

10.Transfer the liquid into a new 50 mL plastic Falcon tube.

11.Repeat steps 8 and 9 (see Figure 7.1C) and store milk at -80 °C until

further processing (see Figure 7.1D).
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Figure 7.1. Isolation of extracellular vesicles (EVs) from human milk (HM).
(a) Raw HM sample. (b and ¢) HM sample after consecutive centrifugation
steps with fat layer on the top. (d) Partially defatted HM sample for storage t
-80°C prior to EV isolation. (¢) HM sample after first centrifugation step with
remaining fat layer on the top. (f) Skimmed HM sample. (g) Supernatant
aspiration after the first ultracentrifugation (10,000 rpm, 1 h, 4°C) (protein
pellet is discarded). (h) Supernatant removal after the second
ultracentrifugation (30,000 rpm, 2 h, 4°C) with the pellet containing EVs at
the bottom. (i) Pellet containing EVs. (j) Reconstituted EVs in phosphate-

buffered saline for storage at -80°C until use.
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7.4.2. Isolation of EVs from HM

1. Thaw HM samples at 4 °C overnight by putting them in the
refrigerator.

2. Centrifuge at 3000 x g for 10 min at 4 °C to remove the remaining

milk fat and milk fat globules.

3. Remove the upper fat layer with a spatula (see Note 7) and discard
(see Figure 7.1E and 7.1F).

4. Transfer the liquid into a 25 mL polycarbonate bottle appropriate for

the ultracentrifugation.

5. Continue filling the ultracentrifuge tube with PBS until an estimated
volume of 25 mL is reached and make sure all tubes have the same
weight (including the caps) (see Note 8). This step is crucial as any
ultracentrifuge can easily become unbalanced if equal masses are not

located opposite to each other in the rotor.

6. Ultracentrifuge at 10000 rpm for 1 h at 4 °C to pellet cellular debris,
large size vesicles and protein aggregates using a Hitachi CP100NX
centrifuge with a Beckman Coulter 50.2 Ti rotor (Indianapolis, United

States) or similar.

7. Collect the supernatant with a 25 mL plastic pipette or a syringe with
a needle (see Note 9) and transfer it to a new 25 mL ultracentrifuge
tube (see Figure 7.1G).

8. Repeat steps 5 and 6.
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Collect the supernatant into a different 25 mL ultracentrifuge tube

filtering it with a 0.45 pm syringe filter (see Note 10).

Repeat step 5.

Ultracentrifuge at 30000 rpm for 2 h at 4 °C to pellet HM EVs using

the same centrifuge rotor as in step 6.

Slowly aspirate and discard the supernatant using e.g., a pipette (see
Figure 7.1H).

Wash and reconstitute the remaining pellet with 25 mL of PBS (see
Note 11).

Repeat steps 5, 11-13 for a second ultracentrifugation.

Repeat steps 5 and 11 for a third ultracentrifugation.

Slowly aspirate the PBS supernatant and save it to be later used as a
blank. Store at -80 °C.

Reconstitute the pellet containing the isolated EVs (see Figure 7.11)
with 200 uL PBS (see Note 12).

Aliquot the isolated EVs in microtubes for quality control (QC) assays
such as, bicinchoninic acid assay (BCA) for protein quantification,
nanoparticle tracking analysis (NTA) for vesicle concentration and
size determination, etc. and for LC-MS analysis. Store at -80 °C (see
Figure 7.1J).
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7.4.3. Extraction of the HM-EVs lipid fraction

Lipids and other polar metabolites were extracted from HM-EVs

using a single-phase extraction procedure [103,280,313].

1. Thaw the isolated HM-EV suspension in PBS obtained in section

3.2 on ice and vortex for sample homogenization.

2. Mix 45 pL of isolated EVs with 5 pL of IS mixture.
3. Sonicate for 2 min.

4. Add 175 pL of MeOH followed by 175 uL. of MTBE (see Note
13).

5. Vortex for 30 s for protein precipitation and compound extraction.

6. Sonicate for 2 min to assist the release of metabolites from EVs

during extraction.
7. Centrifugate at 4000 x g for 15 min at 4 °C.

8. Transfer 100 pL of supernatant containing the extracted lipids and

metabolites to a different microtube.

9. Dry at 35 °C using a centrifugal vacuum concentrator (see Note

14).

10. Reconstitute in 100 pL of solution (1:1) A:B.
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7.4.4.

11. Prepare a pooled QC sample by mixing 5 pL of each reconstituted

sample extract.

12. Prepare a calibration blank by repeating steps 1-10, replacing the
initial 45 pL of sample with 45 pL of ultrapure water.

13. Prepare a procedural blank by repeating steps 1-10, replacing the
initial 45 pL of sample with 45 pL of aspirated PBS supernatant
from step 18 in section 3.2.

14. Analyse by LC-MS or, alternatively, store at -80 °C for further

analysis.

LC-MS lipidomics method (see Note 15)

Perform a system suitability check of the MS (e.g., resolution,
accuracy, and sensitivity) and UPLC performances (e.g., retention
time (RT) of standards, resolution, lack of contamination of the
analytical system) using blanks, standard mixtures, and QC samples
(see Note 15).

Thaw the samples and place them in the autosampler.

Equilibrate the system by injecting the QC sample repeatedly.
MS/MS data for peak annotation is typically acquired at the beginning
or end of the batch [103] (see Note 16).
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7.4.5.

Run sample sequence including QC samples, study samples, and
blanks, acquiring data using a suitable ionization interface (e.g.,
positive and/or negative electrospray ionization) (see Notes 17 and
18).

Data processing and analysis

Perform an initial data quality check through the manual integration
of IS and several (e.g., 5 to 10) endogenous compounds with different
intensities and RTSs, that are expected to be detected in the sample
under study. Assess the stability of peak areas, m/z accuracy, RT and
chromatographic parameters (e.g. peak width, resolution) throughout
the analytical sequence.

Convert raw data into mzXML format using e.g., ProteoWizard
(http://proteowizard.sourceforge.net/) (optional) and generate a peak
table (see Notes 19 and 20).

Annotate lipids using MS/MS information and available spectral
and/or in-house LC-MS libraries (see Note 21 and Figures 2A-C).

Identify and correct within-batch effect (see Note 22 and Figure
7.2D).

Perform data-clean up: (i) filtering of features found in blanks and (ii)
filtering of features with high relative standard deviation (RSD)
detected in QC samples (see Note 23).

Check data quality (see Note 24 and Figure 7.2E).
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Figure 7.2. LC-MS lipidomic data processing. (a) Distribution of MS1 (blue
dots) and MS2 (gray dots) experimental features measured in extracellular
vesicles (EVs) from human milk (HM) samples in the m/z-retention time
space and MS1 experimental features and annotated features after applying
cleanup steps (green and red dots, respectively). (b) Similarity match of a
feature (m/z-retention time: 502.4489-5.8) annotated as DG (12: 0/14:0/0:0)
from the HMDB database. MS2 experimental spectrum (up). MS2 database
spectrum (down). (c) Distribution in the m/z-retention time space of annotated
features by sub-classes in EVs from HM samples. Only sub-classes containing

at least five features are represented. (d) Intensity of a selected feature as a
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function of the injection order before intra-batch effect correction with the

quality control-supported vector regression correction (QC-SVRC) approach.

(e) Score plot of the principal component analysis model using the

preprocessed data set. Note: DG diradylglycerol, QC quality control.

7.5.

Notes

Prepare this solution fresh each time.

It is convenient to immerse the pipette tip in the water when adding

small volumes.

HM samples are usually collected by lactating mothers and not by the
hospital staff. Hence, the staff must provide detailed instructions to
the mothers to avoid sampling bias and procedural differences
between the different HM samples collected within a study. We
recommend establishing a Standard Operation Procedure for the
collection of milk samples and their processing to avoid experimental
bias between samples. Details regarding the sample collection
procedure need to be indicated including e.g., extraction of foremilk,
hindmilk, or full expression of one or both breasts; time of the day;
time since last feeding; extraction method (i.e., manual expression,

milk pump).

We recommend the use of electric milk pumps as indicated in this
protocol, however if participants prefer manual expression, this could
also be accommodated within the protocol. Milk pumps can be

sterilized in the microwave by using dedicated plastic bags or in a
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10.

11.

12.

13.

14.

water bath (15 min at 100 °C). All parts need to be dried with sterile
gauzes. The milk pump should be cleaned with hot water and soap

immediately after every use.

No ointments should be applied to the skin before HM extraction. If

they had been applied, clean the skin carefully with water and soap.

Take notes of date, time, and extracted HM volume. When HM
samples are manipulated, gloves must be used in order to avoid

sample contamination.

Remove the upper fat layer with a spatula and aspirate the supernatant

with a pipette. Be careful not to aspirate the remaining fat.

If the tubes do not have the same weight, compensate by adding PBS.

Pellet should not be aspirated.

More than one filter may be needed due to obturation.

Reconstitute the pellet in 1 mL PBS and add the remaining 24 mL

when the pellet is dissolved.

Do it gently to avoid foam formation.

The order of the solvents’ addition is important.

This step usually takes 3-4 hours.
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15.

16.

17.

Basic considerations for untargeted, LC-MS-based lipidomics and
metabolomics studies should be implemented throughout the pipeline.

For further information, the reader is referred to [261].

A set of approximately 5 to 10 QCs should be injected at the
beginning of each batch for system conditioning and MS/MS data
acquisition. MS/MS spectra need to be acquired for subsequent
annotation purposes as described elsewhere [103]. Depending on the
employed MS system, parameters need to be adjusted. For this
example, a rate of 5 spectra/s in the extended dynamic range mode (2
GHz), a collision energy set to 20 V, an automated selection of five
precursor ions per cycle and an exclusion window of 0.15 min after

two consecutive selections of the same precursor was used.

Samples should be injected in randomized order and a QC sample
should be intercalated every 5 to 10 samples for subsequent correction
of the batch effect [261,288,314]. In our pipeline we use a binary
mobile phase gradient starting at 98% of solution A (5:1:4
IPA:CH30H:H,0 5 mM CH3COONH4, 0.1% v/v FA) during 0.5 min
followed by a linear gradient from 2 to 20% of solution B (99:1
IPA:H,0O 5 mM CH3COONHg, 0.1% v/v FA) during 3.5 min and from
20 to 95% v/v of solution B in 4 min; 95% v/v of solution B are
maintained during 1 min; return to initial conditions in 0.25 min and
maintain for a total run time of 13 min. Column and autosampler are
kept at 55 and 4 °C, respectively, an injection volume of 2 pL is used,
and the flow rate is set to 400 pL/min. Full scan MS data in the range
between 70 and 1500 m/z are acquired at a scan frequency of 5 Hz

using the following parameters: gas T, 200 °C; drying gas, 14 L/min;
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18.

19.

nebulizer, 37 psi; sheath gas T, 350 °C; sheath gas flow, 11 / min.
Mass reference standards are introduced into the source for on-the-fly
automatic MS spectra recalibration during analysis via a reference
sprayer valve using the 149.02332 (phtalic anhydride), 121.050873
(purine), and 922.009798 (HP-0921) m/z in ESI+, and 119.036
(purine) and 980.0163 (HP-0921, [M'H*CH3COOH]) m/z in ESI-, as
references. ESI+ and ESI- analysis were carried out in independent
batches and between them, the instrument was cleaned and calibrated

according to manufacturer guidelines.

Blank injections can affect the performance of the LC-MS system and
hence, the position of the blanks within the analytical sequence should

be chosen carefully [282].

We use MassHunter Workstation (version B.07.00) from Agilent for
UPLC-TOFMS data acquisition and manual integration. In our
workflow peak detection, integration, deconvolution, alignment and
pseudospectra identification are carried out using XCMS [315] and
CAMERA [285] in R 3.6.1. See reference [310] for an example of
XCMS and CAMERA settings. Employed parameters depend on the
LC-MS system and the method’s performance and might need to be
optimized in advance using e.g. Isotopologue Parameter Optimization
(IPO) [316]. Alternatively, peak tables can be generated using vendor
and other available software such as MZmine2 or MS-DIAL. We
recommend comparing manual vs. automatic integration for 1S and
endogenous metabolites considered in step 1 to assess the accuracy of

the automated integration.
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20.

21.

22.

If ESI+ and ESI- data were acquired in separate injections, perform

data clean-up and filtering independently.

Metabolite annotation (Level ID: 2, putatively annotated compounds
without matching to data for chemical standards acquired under the
same experimental conditions) can be performed by matching
experimentally acquired MS/MS spectra with the experimental
MS/MS databases (e.g., HMDB, METLIN) in accordance with the
Metabolomics Standards Initiative (MSI) reporting standards [317].
Metabolite annotation can also exploit in-silico databases (e.g.,
LipidBlast [318]). Annotation and subsequent correction and clean-
up steps can be programmed in different programming languages for
data science such as MATLAB (Mathworks Inc., Natick, MA, USA),
R or Python. Besides, metabolite annotation can also be performed
using vendor software and other widely used tools such as MZMine2,
MS-DIAL, GNPS (Global Natural Products Social Molecular
Networking) or LipidDex [103] [286].

Features detected in QCs samples can efficiently be used to monitor
the instrument performance and correct within-batch effects [261].
We developed a non-parametric approach based on QC-Supported
vector regression correction (QC-SVRC) approach employing a
Radial Basis Function kernel for within batch effect removal
[288,314]. The selection of the tolerance threshold (g), the penalty
term applied to margin slack values (C) and the kernel width (y) can
be carried out using a grid search. QC-SVRC is robust to
hyperparameter selection and a pre-selection of C and optimization of

¢ and y using a grid search by leave-one-out cross validation, using
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23.

24,

the root mean square error of cross validation (RMSECV) as target
function allows a significant reduction in computation time. C can be
selected for each LC-MS feature as the median value of the intensities
observed in QC replicates. The € search range is chosen based on the
expected instrumental precision (e.g., 5-10% of the signal intensity).

The y search interval can be set to [1, 105].

It is important to remove variables that are likely originating from
background contaminants or cross-contamination, as well as those
from unstable features to enhance performance of subsequent data
analysis steps. We typically remove features with more than 20%
missing values in QCs, those with RSD(QC)>20% after within-batch
effect correction, and those for which the ratio between the median

peak area values in QCs and blanks is lower than 6.

Different qualitative and quantitative tools are available for checking
data quality [319], including Principal Component Analysis, which is
the most widely employed tool for this purpose. We recommend

comparing data quality of raw data and pre-processed data.
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Chapter 8. Normalization approaches for extracellular
vesicle-derived lipidomic fingerprints — A human milk
case study

8.1.Abstract

Human milk (HM) extracellular vesicles (EVs) are nano-sized, cell-
derived particles sheathed in a lipid bilayer that encase specific cargo for
delivery from mother to infant. The aim of this study was to expand our
understanding of the lipidomic profile of HM-EVs, with a specific focus on
the data normalization process. To this end, a set of EVs with varying
characteristics was simulated and the effect of different normalization
strategies on these populations was evaluated. Then, HM samples from
mothers of preterm (N = 5) and term infants (N = 5) and a pool of donor human
milk from 20 mothers (before and after pasteurization) were collected. EVs
were isolated by multi-stage ultracentrifugation and characterized in terms of
total protein content, total particle count and size, surface tetraspanin profile
and protein markers, and morphology. Lipidomic analysis after single-phase
extraction was performed by liquid chromatography-mass spectrometry (LC-
MS). Lipid annotation was based on MS/MS information using HMDB and
LipidBlast databases. Different data normalization strategies were adopted,
compared, and discussed. Results obtained show that the selection of the
normalization approach should consider the specific study aims, as well as the
purity and homogeneity of size distribution of EV isolates. Our findings
exemplify the need for guidance with respect to data processing in untargeted,
LC-MS-based lipidomics studies of EVs to fully exploit the potential of this

valuable information in this area of research.
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8.2.Introduction

Extracellular vesicles (EVs) are nano-sized, cell-derived particles
sheathed in a lipid bilayer that are secreted from all types of mammalian cells
into the extracellular space. In 2007, Admyre, C. et al. [320] isolated for the
first time EVs from colostrum and mature human milk (HM) and hypothesized
their potential role in influencing the immune system of the infant. HM-EVs
are now considered a bioactive component of HM and the body of evidence
involving their handling and isolation [321,322], composition [323,324] as
well as functionality [325-327] is growing.

Regarding the molecular composition of HM-EVs, the prevalence of
proteins, nucleic acids, and lipids derived from the plasma membrane and
cytoplasm of the cells of origin is expected. Previous studies of the protein
and miRNA content of HM-EVs revealed the presence of 920 proteins [305]
and 1523 miRNAs [328], respectively. However, little is known about the
lipid composition of HM-EVs. The lipid composition of EVs has been
reported to be dynamic, depending on several factors (e.g., producer cell type,
physiological stage of the producer cell, fate and function of the EV) [329],
and may provide useful information about the purity of isolated EVs [330].
The potential use of Attenuated Total Reflectance — Fourier Transform
Infrared (ATR-FTIR) spectroscopy for a fast and direct determination of the
total lipid and protein content of isolated EVs from HM was demonstrated
[310]. Significant correlations between ATR-FTIR spectra and lipidomic
fingerprints obtained by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS), reporting the presence of glycerolipids,
sphingolipids, and glycerophospholipids, were observed. Chen et al. [323]

assessed the lipidomic fingerprints of colostrum and transitional HM-EVs
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from mothers of preterm and term infants by LC-MS/MS. Despite the limited
sample size (N = 3), their findings showed that some lipids were distinct
between preterm and term HM-EVs, with high abundance of specific lipids
(i.e., phosphatidylethanolamine (PE) (18:1/18:1) phosphatidylcholine (PC)
(18:0/18:2), PC (18:1/16:0), phosphatidylserine (PS) (18:0/18:1), and PS
(18:0/22:6)) in both groups.

Data normalization plays a crucial role in ‘omics’ studies, including
lipidomics. The main purpose of data normalization is to minimize systematic
bias and technical variations that can arise during data generation and
processing in order to enhance the reliability and biological interpretability of
the results [331]. Thus, normalization helps to remove unwanted variation
caused by biological factors such as differences in EV abundance across
samples, as well as technical or instrumental factors such as batch effects,
sample size differences, or experimental conditions. Additionally,
normalization facilitates the integration of multiple datasets from different
studies or platforms, enabling meta-analysis and the joint analysis of data to
enhance statistical power, thereby supporting the identification of consistent

patterns and phenotypes across diverse datasets.

Although several statistical strategies have been proposed in the field
of metabolomics and lipidomics [332], normalization is still a big challenge
and there is no guidance on the implementation of normalization strategies for
the lipidomic analysis of EVs. Although the International Society for
Extracellular Vesicles (ISEV) survey comments on the importance of
normalization of EVs in the context of comparative functional studies, it
evidences broad disagreement in this regard [333]. The aim of this work was
to showcase the impact of the use of different normalization strategies by

means of simulated data as well as experimental lipidomic fingerprints of EVs
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acquired by LC-MS and their implications for outcome interpretation. As a
case study, we report potential changes of the lipidome of HM-EVs associated
with biological (preterm delivery, postnatal age) and technical (heat treatment

during Holder pasteurization) effects.

8.3.Material and methods

8.3.1. Simulated data

A hypothetical scenario (i.e., simulation) with four samples with
different EV sizes and/or particle counts assuming a homogeneous population
of EVs (i.e., narrow size distribution) was constructed (see Table Al.1).

Besides, morphology of EVs was assumed to be spherical.

In all four samples, the protein and lipid (i.e., lipid 1 and 2) contents
of EVs were considered directly proportional to the EV surface (i.e., integral
and peripheral EV proteins) and volume (i.e., encased EV protein cargo).
Thus, total protein and lipid contents in the simulated EV samples were

calculated according to Eq. 1:

4
Total content of a particular compound = N X (0(4777‘2 +p §7‘[T3) (Eq.1)

where N refers to the total number of EVs (i.e., particles), r to the EV
radius and a and f are the number of proteins or lipids per surface and volume
in the EVs, respectively (see Table Al.1). In this simulation, o and  values
for proteins and lipids were equal across all four simulated samples, i.e., the
number of proteins ad lipids per surface and volume is constant, while the EV

count and size vary. Lipids were simulated to be mainly located in integral
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and peripheral locations as compared to the cargo (a>f), whereas for proteins
a slightly higher proportion in the encased location as compared to the surface

was selected (a<p).

8.3.2. HM samples

HM samples were collected from mothers of preterm infants
(gestational age < 32 weeks; N = 5) and term infants (gestational age > 37
weeks; N = 5) in addition to a pooled donor human milk (DHM) sample. For
milk expression, electric breast milk pumps with sterilized removable parts
and bottles in accordance with the standard operating procedure of the hospital
and the HM bank were employed. After extraction, bottles were stored at -20
°C. Atotal of N=20 DHM samples were defrosted and pooled together to form
a batch of approximately 2 L, from which a 25 mL aliquot was collected before
(i.e., DHM-Pre) and after (i.e., DHM-Post) Holder pasteurization (i.e., 30 min
at 62.5 °C followed by fast cooling to 4 °C). The study was conducted in
accordance with relevant guidelines and regulations including the Declaration
of Helsinki. The Ethics Committee for Biomedical Research of the Health
Research Institute La Fe (Valencia, Spain) approved the study protocol
(approval number 2020-052-1), and mothers gave their written consent to

participate.

8.3.3. Isolation of HM-EVs

EVs from HM samples were isolated through multi-stage
ultracentrifugation as described elsewhere [334]. Briefly, after gentle manual

shaking of a 25 mL HM aliquot during 30 s, the upper fat layer resulting from
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two consecutive centrifugations at 3000 x g for 10 min at 4 °C employing an
Eppendorf 5804 benchtop centrifuge equipped with an A-4-62 rotor
(Hamburg, Germany), was removed. Then the supernatant was syringe-
filtered (0.40 um) and centrifuged (3000 x g, 10 min, 4 °C) to pellet proteins.
The supernatant was collected and ultracentrifuged twice at 10000 rpm for 1
h, at 4 °C using a Hitachi CP100NX centrifuge with a Beckman Coulter 50.2
Ti rotor (Indianapolis, United States) to pellet remaining proteins. The
supernatant was syringe-filtered (0.45 um). Then, three ultracentrifugation
steps at 30000 rpm for 2 h at 4 °C were performed to pellet HM-EVs. Between
ultracentrifugation steps, supernatants were discarded, and pellets were
washed with 25 mL of phosphate buffered saline solution (PBS). After the last
ultracentrifugation step, supernatants were aspirated, and the isolated HM-
EVs pellets were suspended in 200 uL. PBS and stored at -80 °C.

8.3.4. Reference characterization of HM-EVs

Morphology of HM-EVs was assessed through transmission electron
microscopy (TEM), size distribution and quantification of vesicles were
analyzed by nanoparticle tracking analysis (NTA) and ExoView technology,
while common canonical exosome markers were determined by western blot
(WB) and by the ExoView device. TEM and WB were performed as described
[335]. Briefly, EVs pellets were suspended in PBS, loaded onto Formvar
carbon-coated grids, and contrasted with 2% uranyl acetate. Preparations were
examined with a FEI Tecnai G2 Spirit transmission electron microscope (FEI
Europe, Eindhoven, The Netherlands) and images were recorded using a
Morada CCD camera (Olympus Soft Image Solutions GmbH, Mainster,
Germany). For WB, HM-EVs were lysed in RIPA buffer containing protease
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(Complete Mini, Sigma-Aldrich) and phosphatase (PhosSTOP, Sigma-
Aldrich) inhibitors. Protein concentration was determined following the
Bicinchoninic Acid (BCA) Protein Assay Kit (Merck Life Science S.L.U.). 30
ug of denatured protein were separated on 10% SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride membranes (Immobilon-P;
Millipore). After blocking, membranes were incubated overnight with
following human primary antibodies: anti-HSP70 (dilution 1/500; Cell
Signaling Technology; D69), anti CD63 (dilution 1/200; Immunostep;
TEA3/18), anti-TSG101 (dilution 1/200; Santa Cruz; C-2), anti-CD81
(dilution 1/500; Santa Cruz; B-11) and anti-CD9 (dilution 1/500; Santa Cruz;
C-4). Peroxidase-conjugated secondary antibodies used were anti-1gG rabbit
(dilution 1/4000; Dako; P0448) and anti-lgG mouse (dilution 1/10,000;
Sigma-Aldrich; A9044). Detection was carried out using the SuperSignalTM
West Femto (Thermo Fisher Scientific). Reactions were visualized using an
Amersham Imager 600 (GE Healthcare). Prior to NTA analysis using the
NanoSight-NTA NS300 (Malvern Panalytical), isolated EVs were diluted
1:1000 with PBS, except for the DHM sample, that was diluted 1:2000 (DHM-
Pre) and 1:4000 (DHM-Post). Besides, the ExoView platform (NanoView*
Biosciences, MA, USA), in which through a multiplexed microarray chip EVs
are immune-captured (in this study C63, CD81, and CD9) and their size,
quantity and surface-protein characteristics are determined at a single EV level
by interferometric reflectance imaging sensing, was employed. For the
analysis with the ExoView platform, isolated HM-EVs were diluted 1:1 x 106
in 0.22 pum pre-filtered PBS and then incubated on ‘ExoView Human
Tetraspanin Plasma’ chips prior to counter-staining with CD9, CD63, and

CD8L1 fluorescent antibodies, following manufacturer’s protocol.

! NanoView Biosciences has been acquired by Unchained Labs (CA, USA)
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8.3.5. Lipidomic analysis of HM-EVs

For details regarding the extraction of lipids and other polar
metabolites from HM-EVs, the analysis by LC-MS, and the pre-processing of
MS data for peak table generation, readers are referred to [310]. In brief, lipids
and metabolites were extracted from 45 pL of isolated HM-EVs using a
single-phase extraction with methanol and tert-butyl methyl ether. Extraction
of the raw and pasteurized pool of DHM was performed in triplicate, while
the remaining samples were extracted only once. Untargeted lipidomic
analysis was carried out using reverse phase LC followed by detection with
an Agilent 6550 Spectrometer iFunnel quadrupole time-of-flight (QTOF) MS
system working in the positive and negative electrospray (ESI) modes.
MS/MS spectra were acquired in the Data Dependent Acquisition (DDA)
mode to support metabolite annotation as described elsewhere [103].
Compounds were putatively annotated (Level ID: 2) by matching
experimentally acquired MS/MS spectra with experimental and in silico
MS/MS databases in accordance with the Metabolomics Standards Initiative
(MSI) reporting standards [9,317] using the Human Metabolome Data Base
(www.hmdb.ca) spectral library with the following parameters: m/z accuracy
error between experimental and database parent ion, 20 ppm; difference in RT
between parent ion and MS/MS spectra, 0.15 min; intensity threshold to
remove low intensity MS/MS signals, absolute intensity <250 AU or relative
intensity <0.01% of base peak; MS/MS spectra normalization, base peak;
minimum number of ions in each experimental and database spectrum, 5 and
4, respectively; minimum number of matching ions between experimental and
database spectrum, 3. In addition, LipiDex [286] was used employing
LipidBlast [318] with 0.01 Da tolerances in both MS (precursor) and MS/MS
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(fragments) data for the matching against spectra gathered in ‘LipidBlast

Acetate’ and ‘LipidBlast Formic’ libraries.

Results from the lipidomic analysis were normalized using five

different strategies:

Strategy A: sample volume normalization. This strategy employs the
sample volume as normalization factor. In this study, since the milk volume
for the isolation of EVs was the same for all studied samples, peak areas of

lipids were handled without any further processing.

Strategy B: NTA particle count normalization. This strategy uses the
total number of particles per sample determined by NTA for normalization.

Strategy C: ExoView particle count normalization. This strategy
employs the total number of particles per sample estimated using the ExoView
platform for normalization. In this study, the mean total particle count per
capture probe (i.e., CD63, CD81 and CD?9) in each sample was adopted as an

estimate for total particle count in each sample.

Strategy D: Total protein content normalization. This strategy is
based on the use of the concentration of total protein in each sample

determined by the BCA assay as normalization factor.

Strategy E: Total lipid signal normalization. This strategy uses the
sum of peak areas of all LC-MS features in a particular sample. Thus, peak
areas of individual lipids in each sample were divided by the sum of all signals

in this sample determined by LC-MS.
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8.3.6. Data availability

We have submitted all relevant data of our experiments to the EV-
TRACK knowledgebase (EV-TRACK ID: EV230598) [336]. MS1 and MS2
data, metadata and the dataset generated and analyzed during the current study
are accessible via the Zenodo repository (https://zenodo.org/) under doi:
10.5281/zen0do.8042647 (will be made available upon publication of the

manuscript).

8.4. Results

8.4.1. Normalization of simulated EV lipidomic fingerprints
To showcase the effect of employing different normalization

strategies, simulated data were used. Figure 8.1 shows the retrieved lipid

content under the different normalization strategies.
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Figure 8.1. Effect of different normalization strategies on the assessment of
the lipidomic fingerprint of four simulated EV samples.

As it can be seen, when normalization to sample volume is used, the
lipid contents largely depend on the EV number and size. When strategy B/C

is employed, i.e., data is normalized to the particle count, differences due to
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the number of particles between samples are compensated, however, as the
particle sizes is not accounted for, still different lipid concentrations across the
four samples are observed. Of note, the impact on between sample differences
due to differences in particle size (samples 1&3 (r = 50 nm) vs samples 2&4
(r = 100 nm)) is bigger than due to particle count. Hence, the use of
normalization strategy B/C requires that all study samples show homogeneous
and similar particle size distributions. The use of total protein or lipid content
accounts for differences in particle count and size, however, the distribution
of proteins and lipids between EV membrane and EV cargo will have an
impact on the result. While in the simulated data sets proteins are assumed to
be present in both membrane and cargo, lipids were predominately assumed
to be located in the membrane. Figure 8.1 shows the impact of these
differences in the location of proteins and lipids on the outcome of
normalization. However, when employing normalization strategy D (total
protein normalization) differences between lipids 1 and 2 within a particular
sample are augmented, while this does not occur when employing strategy E
(total lipid normalization), although in both cases differences across samples

1 to 4 are compensated.

8.4.2. Characteristics of isolated HM-EVs

EVs were isolated from five HM samples of mothers of term and
preterm infants as well as from a pool of DHM samples collected from 20
mothers before and after Holder pasteurization. To characterize isolated EVs,
the expression of typical exosome markers such as Hsp70, TSG101, CD63,
CD9, and CD81 (Figure 8.2A) were determined in a pooled sample of EVs.

222



Results

Besides, a round-shaped morphology in the 100-250 nm range could be
evidenced (Figure 8.2B).

A KDa B

Hsp70 - 70

TSG 101 ‘~ 44

Figure 8.2. Representative Western blot of Hsp70, TSG101, CD63, CD9, and
CD81 proteins in 30 ug of loaded HM-EVs (A); representative TEM image of
isolated HM-EVs (scale bar = 200 nm) (B).

Characteristics in terms of particle count and particle size obtained by
NTA, particle count per capture probe (i.e., CD63, CD81, and CD9) and mean
particle sizes obtained with the ExoView platform, total protein content
determined by the BCA assay, and total lipids, referred to as the sum of total
signals (arbitrary units, a.u.) determined by LC-MS are depicted in Figure
8.3.
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Figure 8.3. Characteristics of isolated HM-EVs. Mean particle count (A) and
mean particle size (B) obtained by NTA; mean particle count per capture
probe (C) and mean particle size (D) obtained with the ExoView platform;
total protein content (E) obtained by BCA assay; and total signal of lipids
(arbitrary units, a.u.) (F) obtained by LC-MS.
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No statistically significant differences between HM-EVs derived from
mothers of preterm and term infants as per particle count, particle size, and
total protein content were found (Wilcoxon ranksum test p-value > 0.05) and
no statistically significant correlations were found between ExoView/NTA-
particle counts or BCA protein content and gestational age and postnatal age
(data not shown). However, the total lipid signal was significantly higher in
the preterm group (Figure 8.3F) and a significant, negative correlation with
gestational age was found (r = -0.6; p-value < 0.05; Pearson’s correlation;
Figure Al.2). Figure Al.3 shows captured HM-EVs based on the expression
of the ubiquitous tetraspanin markers CD9, CD63, and CD81 from the
analysis of HM-EV isolates derived from selected term and preterm samples.

As can be observed, tetraspanin profiles clearly varied among samples.

The pasteurized DHM sample exhibited a significantly higher count
of NTA particles and total protein content, as depicted in Figure 8.3A and
8.3E. However, it is worth noting that while NTA indicated a noticeable rise
in particle count, the findings from the ExoView platform showed the
opposite, as shown in Figure 8.3C. Both data from NTA and the ExoView
platform showed a decreasing trend in particle size when comparing DHM-
Post to DHM-Pre and no changes in the total lipid content were observed.
Figure 8.4 shows captured HM-EVs based on the expression of the ubiquitous
tetraspanin markers CD9, CD63, and CD81 from the analysis of HM-EVs
isolates derived from the raw (i.e., DHM-Pre) (top) and from the pasteurized
(i.e., DHM-Post) (bottom) DHM samples. The marker colocalization analysis
(see pie charts on Figure 8.4) shows the distribution of the different
tetraspanins positive particles across the membranes of the extracted HM-
EVs. The thermal treatment slightly influenced the tetraspanin profile of
particles captured with CD63 and CD81. However, a reduction in CD81+

particles was observed for particles captured with CDO9.
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Figure 8.4. Tetraspanin fluorescent staining and marker colocalization

analysis (pie charts) of EVs isolated from DHM-Pre sample (top) and DHM-
Post sample (bottom). Note: scale bar, 1 um; on the right, color code for
fluorescent single positive particles (i.e., CD81+ (green), CD63+ (red) and
CD9+ (blue)) and for colocalized fluorescent positive particles (i.e.,
CD81+/CD63+ (yellow), CD81+/CD9+ (cyan), CD9+/CD63+ (magenta), and
CD81+/CD63+/CD9+ (white)).

Figure Al.4 shows Pearson’s correlations between the characteristics
of EVs (i.e., NTA- and ExoView-particle count, protein content and total
signal of lipids) that will be applied later on as normalization factors. As it can
be seen, only the results from the ExoView platform did not correlate with any

other characteristic of the isolated EVs.
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8.4.3. Lipid composition of HM-EVs

After peak table generation, pre-processing, and clean-up, 1085 and
696 features were detected using ESI+ and ESI- ionization, respectively.
Using MS/MS data, 277 (ESI+) and 160 (ESI-) features, corresponding to 379
unique entries, were successfully annotated. Figure 8.5 (top) summarizes the
main sub-classes of the annotated features in the LC-MS dataset and Figure
8.5 (bottom) their corresponding abundance (i.e., sum of peak intensities for

all features assigned to a particular sub-class).
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Figure 8.5. Distribution by sub-classes of the lipids annotated using HMDB
or LipidBlast spectral libraries in HM-EVs (top) and abundance by sub-classes
observed in HM-EVs derived from mothers of term and preterm infants, and
from a DHM sample before (DHM-Pre) and after (DHM-Post) Holder
pasteurization (bottom).
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The sub-classes with the largest number of annotated features were
phosphosphingolipids (17%), glycerophosphocholines (14%),
triradylglycerols (TGs) (13%), glycerophosphoethanolamines (10%),
diradylglycerols (8%), and ceramides (7%). On the other hand, the sub-classes
with the highest prevalence in HM-EVs were TGs, followed by
phosphosphingolipids and glycerophosphocholines (see Figure 8.5, bottom).

The correlation between the different lipid sub-classes determined in
isolated HM-EVs of term and preterm mothers and the clinical parameters
collected (i.e., gestational age and postnatal age) employing the different
normalization strategies was also evaluated. Figure AlL.5 shows Spearman’s
correlation of lipid sub-classes with gestational age corrected by postnatal age
and vice versa. On the other hand, the effect of Holder pasteurization on the
individual lipids encountered in HM-EVs isolates was evaluated. Figure 8.6
shows a Venn diagram with the number of lipids that significantly changed
upon pasteurization (pFDR-value < 0.05, paired Student’s t-test) according to
the normalization strategy adopted. As it can be seen, a higher number of
altered lipids is identified in case of normalization with NTA-particle count
(i.e., 348 lipids or 92%) and the total protein content (i.e., 316 lipids or 83%),
while changes observed with all other normalization strategies are rather
small, affecting only between 7 (2%) and 13 (3%) of the 379 unique lipids
detected.
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Figure 8.1. Venn diagram [337] of lipids found in HM-EVs that significantly
change upon Holder pasteurization (pFDR-value < 0.05, paired Student’s t-
test) with the different normalization strategies. Note: fragments and duplicate
entries were not considered. For the different normalization strategies (i.e., A

to E), see legend of Figure 8.5.

8.5. Discussion

This work reports on the lipidomic fingerprint of HM-EVs from
mothers of preterm and term infants as well as DHM samples before and after
pasteurization. The experimental procedure allowed to detect a wide range of
lipid classes in HM-EVs including typical membrane lipids, as well as storage
lipids. Whereas phosphosphingolipids and glycerophosphocholines are lipids

commonly ascribed to membrane lipids, here, a high abundance of TGs, which
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are mainly found in lipoproteins and lipid droplets was reported. This could
be associated to the presence of a subtype of vesicles/particles with a very high
content of these lipids, whose presence may be related to co-isolation of lipid
droplets or autophagosomes [330]. Although this contamination arises as a
possibility, one should keep in mind that reports regarding lipidomic analysis
of HM-EVs are scarce and that the high content of TGs could be an inherent
characteristic of these EVs as for some EVs released from other cell types
[307]. Chen W. et al. (Chen et al., 2021) found that out of the 395 lipids
identified, TGs accounted for 22.5% of the total. However, their abundance
was comparatively lower with respect to other lipid sub-classes. On the
contrary, Blans et al. observed that EV isolates from size-exclusion
chromatography were devoid of TGs and presented a phospholipid profile
different from milk fat globules [338].

The normalization of lipidomics data is an essential step for
facilitating meaningful comparisons between samples and enabling biological
interpretation of the results. Despite its crucial importance, the normalization
of EVs used for comparative functional studies lacks a defined strategy and
remains an open field of research. The ISEV survey [333] highlights a
widespread disagreement concerning the normalization of EVs. Furthermore,
the literature specifically addressing normalization strategies in lipidomic
analysis of EVs is particularly scarce. The set of normalization strategies
evaluated in this study included normalization to sample volume as
normalization factor, as well as widely used characteristics of isolated EVs
(i.e., particle count, total protein content), and the total signal of lipids
observed by LC-MS. While NTA, BCA and total lipids detected across
different samples showed correlation, ExoView particle counts were

uncorrelated (see Figure Al.4). This might indicate the presence of impurities
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in EV isolates, as the ExoView platform, contrary to all other employed

methods, specifically detects EVs.

Strategy A (i.e., sample volume normalization) reflects the huge
variability encountered in the different samples involved in a particular study.
Therefore, to capture the true variability of a particular factor and to carry out
comparisons between samples is very challenging. For our field of study, this
strategy best reflects the lipid content encountered in the EVs that is taken up
by the infant. Many significant negative correlations with gestational age
(Figure AL5, A) are observed with this approach. Other authors have
described the effect of gestational age on lipid composition of both HM and
the milk fat [339-341]. However, it should be noted that: (i) in this study, HM
samples of the preterm and term group were not collected at the same postnatal
age (median (interquartile range), 7 (4) for the term group vs 60 (45) for the
preterm group; p-value < 0.05, Wilcoxon ranksum test) and (ii) the number of
EVs in the preterm group was slightly higher than in the term group (Figure
8.3A and 8.3C). Indeed, a negative trend in the particle count (see Figure
8.3A and 8.3C) and particle size (Figure 8.3B and 8.3D) with gestational age
was observed. Hence, normalization to sample volume does not render
specifically useful for the between sample comparison of EV lipidomic
fingerprints as it depends on the particle count and size of the samples (see

results from simulation in Figure 8.1).

With strategies B and C, based on particle count, comparisons among
different samples in terms of lipid content seem feasible and might be only
biased when EVs-subpopulations with broad, multi-modal particle size
distributions are present in the study samples (see simulation in Figure 8.1).
NTA is widely used among laboratories interested in the field of EVs.

However, certain inherent limitations to this technique should be taken into
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consideration [342]. Unlike the ExoView platform, NTA assumes that all
detected particles are vesicles, and therefore, protein aggregates, large crystal
of salts and other components (such as milk fat globules and casein micelles
in the case of HM) might be mistakenly being accounted for as vesicles, which
results in an overestimation of total EVs. Besides, some EVs might be below
the resolution limit of NTA and, as a consequence, small EVs might be
overestimated in their size. Regarding the ExoView platform, one of its main
advantages is that CD63, CD81, and CD9 positive EVs down to 50 nm can be
detected. However, an absolute value of total particles cannot be provided
since colocalization of the different tetraspanin markers takes place, what
hinders the employment of this platform for normalization purposes. In
addition, when the purity of EVs isolates is compromised, these two strategies
are expected to provide different findings. In fact, in this study, total particle
counts of captured CD63, CD81, and CD9 positive EVs with the ExoView
platform were three orders of magnitude lower than those obtained by NTA.
Apart from differences arising from possible impurities in the sample,
differences linked to the detection approaches themselves might also play a
role as it has been previously reported for particle count as well as for size
[342,343].

Regarding strategy D (i.e., protein content normalization), it assumes
a positive correlation between the EVs abundance and the total protein content
in the sample, which agrees with results depicted in Figure Al.4. With this
strategy, similar issues with respect to purity of EV isolates arises and hence,
this method will only render suitable for between-sample comparison when
protein contamination can be excluded (especially caseins in HM samples) or

can be assumed to be constant among all study samples.
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Similarly, in the case of lipidomics studies focusing on the
comparison of the relative content of lipids among samples, strategy E might
be suitable as any potential lipid contamination will affect both the lipidomic
fingerprints and the total lipid content. The main advantage of this approach
is that it does not require additional characterization of the sample, since
comparisons between samples are assessed in terms of relative abundances
(see Figure 8.1). However, if the samples differ substantially in their lipid
content, a potential bias due to differences in the ionization of lipids during
MS analysis can arise.

The choice of the most adequate normalization strategy in lipidomics
studies of EVs will depend therefore on the scientific question to be answered
as well as on the purity or type of contaminations expected in isolated EVs
since depending on the normalization strategy adopted, the biological

significance of the findings involving the lipid content differ substantially.

As an example, the study of the effect of pasteurization on HM-EVs
can be used. Previously, the resistance of HM-EVs to Holder pasteurization
has been described [344]. However, in the present study a considerable rise in
the number of particles in the post vs. pre-pasteurization sample was observed
determined by NTA, while the ExoView platform provided evidence of the
opposite. It has been reported that the heating process (i.e., pasteurization)
very likely causes the disruption of the fat globule membrane with a
concomitant significant decrease in fat globule size [299]. Hence, we
hypothesized that, during EVs isolation of pasteurized milk, small milk fat
globules were co-isolated, what would explain higher NTA-particle counts.
However, this should have been reflected in an increase in total lipids that was
not observed (Figure 8.3F). Interestingly, both NTA and the ExoView

platform show a decreasing trend in EV size derived from the post- vs. pre-
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pasteurized DHM (Figure 8.3B and 8.3D). As for milk fat globules, a
potential rearrangement of membrane lipids due to the thermal process might

be responsible for the observed phenomenon.

On the contrary, the total protein content of the DHM-post
pasteurization sample was outstandingly high (Figure 8.3E), while specific
EV surface protein markers remained largely unaffected by pasteurization
(Figure 8.4). Literature reports state that casein micelles have a size
comparable to milk EVs and can thus be co-isolated with the latter. In this
sense, some approaches to break down or precipitate casein micelles prior to
EV isolation (e.g., acidification [345], addition of chelating agents [346],
addition of sodium citrate [347]) have been described. However, these
approaches were tested in bovine milk samples that have higher casein
contents than HM and it remains unexplored whether these findings are
transferable across milk types and species. On the other hand, de Oliveira et
al. observed that B-casein proteolysis in HM was affected by Holder
pasteurization [348], what they attributed to previously described heat-
induced structural changes encountered in the protein fraction of milk, that
consisted of the aggregation of whey proteins and further formation of
complexes with caseins on the surface of casein micelles [349]. According to
this, we hypothesize that the higher protein and NTA-particle count observed
in isolated EVs from pasteurized DHM can be attributed to the joint effect of
pasteurization and co-isolation of casein micelles. In this sense, the altered
lipidic fingerprints encountered with normalization strategies B and D might
most likely be artifacts due to casein co-isolation with HM-EVs after DHM
pasteurization. According to strategies A, C and E, only a small number of
lipids was altered upon pasteurization, which supports the findings by Miyake
et al. [350] with respect to the therapeutic effect of pasteurized HM-EVs when

compared with their isolated raw counterparts.
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8.6. Conclusions

In this study, EVs obtained from HM were characterized and
subjected to lipidomic analysis using LC-MS. The presented dataset
highlights the significance of employing a diverse range of complementary
characterization methods for all study samples. The isolation of pure EVs
isolates in this study was hindered by the co-isolation of milk fat globules
and/or caseins. The choice of data normalization approaches influenced the
comparability of lipidomic fingerprints between samples. Results found show
that, when normalizing lipidomic fingerprints of EVs, it is crucial to carefully
select an appropriate procedure considering the specific scientific question, as
well as the purity and size distribution of isolated EVs. The presented findings
emphasize the necessity for standardization in the isolation and
characterization of HM-EVs. Additionally, there is a specific need for the
development of guidelines regarding data processing in untargeted, LC-MS-
based lipidomics studies. This standardization and guidance will facilitate
future investigations into the clinical significance of the lipid composition of

HM-EVs and its impact on newborn outcomes.
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Chapter 9. ATR-FTIR spectroscopy for the routine
guality control of exosome isolations

9.1. Abstract

Exosomes are nanosized vesicles containing specific cargos of DNA,
RNA, proteins, metabolites, and intracellular and membrane lipids. Exosome
isolation needs to be optimized carefully depending on the type of biofluid
and tissue and the retrieved exosomes need to be characterized. The main
objective of this study was to determine the feasibility of a multimodal
analysis of Attenuated Total Reflectance — Fourier Transform Infrared (ATR-
FTIR) spectroscopy and UPLC-QqTOF-MSMS for the development of a
routine quality control tool of isolated exosomes and the rapid characterization
of their lipid profiles and total protein content. Using human milk as model
example, exosomes were isolated by multi-stage ultracentrifugation. After
single-phase extraction, lipidomic analysis was carried out by UPLC-QqTOF-
MSMS with automated MSMS-based annotation using HMDB, METLIN,
LipidBlast and MSDIAL databases. The classes with the largest number of
annotated features were glycerophospholipids, sphingolipids, and
glycerolipids. Then, dry films of 2 pL exosomes were directly analysed by
ATR-FTIR. Multivariate analysis showed significant associations between
ATR-FTIR specific regions and the concentrations of different lipid classes.
Principal component analysis and Hierarchical Cluster Analysis of IR and
lipidomic data showed that ATR—FTIR renders valuable qualitative
descriptors of the lipid content of isolated exosomes. Total LC-MS lipid and
total protein contents could also be quantified by using the area of CHs and

C=0 stretching bands as well as the amide | band. As a conclusion, results
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obtained show that multimodal analysis of ATR-FTIR and UPLC-MS data is
a useful tool for the development of spectroscopic methods. ATR-FTIR
provided both, qualitative and quantitative chemical descriptors of isolated
exosomes, enabling a fast and direct quantification of total protein and lipid
contents.

9.2. Introduction

Exosomes are nanosized membrane vesicles discovered in 1983,
released by fusion of an organelle of the endocytic pathway, the multivesicular
body, with the plasma membrane [351]. Initially, exosomes were proposed to
represent cellular waste vesicles to maintain homeostasis within the cell but
nowadays it is acknowledged that exosomes are associated with physiological
and pathological functions [351], contributing to different aspects of
physiology and disease, including intercellular communication. Besides,
exosomes may have clinical applications and their use as source for diagnostic
biomarkers and as drug-delivery vectors for therapeutic applications is a very

active field of research [352].

Isolation  techniques include  differential  centrifugation,
ultracentrifugation, density  gradient centrifugation, ultrafiltration,
immunoprecipitation, and size exclusion chromatography providing different
levels of recovery, purity, and sample throughput. Due to the increasing
potential for the use of exosomes in clinical applications and research, there is
a need to develop analytical methods to support the technical standardization
of their characterization and the quality control (QC) of their isolation [312].

The characterization of exosome subpopulations and the QC of exosome
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isolations is a complex analytical challenge due to the diversity, heterogeneity,
and complexity of their composition. Indeed, exosomes contain specific
cargos of DNA or RNA including single-stranded DNA, double stranded-
DNA, mitochondrial DNA, and miRNA, as well as proteins, metabolites and
intracellular and membrane lipids [353], with structural and biological
activity. Common techniques for their characterization include transmission
electron microscopy, scanning electron microscopy, cryogenic electron
microscopy, and atomic force microscopy for visualization; analysis of
transmembrane proteins (i.e., tetraspanins such as CD9, CD63, and CD81) by
Western blotting for identification; nanoparticle tracking analysis, asymmetric
field-flow fractionation, resistance pulse sensing and protein quantification
(e.g., bicinchoninic acid (BCA) assay); and the ExoView platform (NanoView

Biosciences, MA, USA) for surface marker detection.

Lipid analysis of exosomes is a relatively unexplored field of research
fostered by technical and methodological advances in high resolution
hyphenated liquid chromatography — mass spectrometry (LC-MS). Due to
their mechanisms of formation, the distribution of membrane lipids of
exosomes is expected to be associated to the composition of the plasma
membrane [330], including phospholipids, sphingolipids and cholesterol.
Despite its sensitivity and detection range, LC-MS metabolomics requires
highly skilled personal and bulky and expensive instrumentation, as well as
careful sample preparation, and complex data processing and analysis steps,

that limit its application for a routine QC of exosome isolations.

Attenuated Total Fourier Transform Infrared (ATR-FTIR)
spectroscopy is an emerging tool in the bio-medical field for the analysis and
characterization of biological samples. The technique normally relies on the

fast and simple acquisition of the infrared spectrum from the untreated sample
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using cost-effective instrumentation and no expensive reagents or
consumables. The spectra contain partially overlapped bands representative of
its main components, including proteins [354], lipids [355], carbohydrates and
DNA [356]. Previous results have shown that, due to its speed, simplicity, and
capability for finger-printing the major components of complex samples,
ATR-FTIR can be used to assess extraction procedures and sample
preprocessing of biofluids in metabolomics [357]. In the field of exosome
analysis, ATR-FTIR has been scarcely employed and a very limited number
of applications have been proposed, including the quantification of the total
protein content [358], the protein-to-lipid ratio [359], the evaluation of their
isolation [360], [361] as well as for the investigation of changes in the

composition of saliva exosomes caused by oral cancer [362].

In this work, we aimed to assess the advantages and limitations of a
multimodal analysis of ATR-FTIR spectroscopy and UPLC-MS data for the
development of a routine QC tool of isolated exosomes. To this end, we
employed isolated exosomes from human milk (HM) as model example and
used lipidomic profiles analyzed by UPLC-QQTOF-MS, and total protein
contents determined by the BCA assay as reference methodologies. To our
knowledge, no study has combined ATR-FTIR and untargeted UPLC-MS-
based lipidomics for the analysis of the lipid composition of isolated
exosomes. Results obtained indicated that that the joint analysis of IR and
lipidomic information could be a powerful strategy for sensor development
with potential to foster innovative cross-disciplinary research. Besides, results
confirmed the capabilities of ATR-FTIR spectroscopy for a fast and direct
determination of lipids and proteins, and also that this technique can be used
for a rapid evaluation and characterization of the exosomes in terms of lipid

composition, thus supporting its use for the QC of the exosome isolation.
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9.3. Materials and methods

9.3.1. Reagents and materials

LC-MS grade acetonitrile (CH3CN), isopropanol (IPA), and methanol
(CHsOH) were obtained from Scharlau (Barcelona, Spain); formic acid
(HCOOH) (>95%), albumin from bovine serum (>98%), BCA Kit for Protein
Determination, phosphate buffered saline (PBS) and ammonium acetate
(CH3COONHy.) (>98%) from Sigma-Aldrich Quimica SL (Madrid, Spain);
prostaglandin F,,-Ds from Cayman Chemical Company (Michigan, United
States); oleic acid-Dy from Avanti Polar Lipids Inc. (Alabama, United States)
and tert-butyl methyl ether (MTBE) (>99%) from Fisher Scientific SL
(Madrid, Spain). Ultra-pure water was generated employing a Milli-Q Integral

Water Purification System from Merck Millipore (Darmstadt, Germany).

9.3.2. Collection of HM samples

The study was approved by the Ethics Committee for Biomedical
Research of the Health Research Institute La Fe, University and Polytechnic
Hospital La Fe (Valencia, Spain) with registry # 2019-289-1 and all methods
were performed in accordance with relevant guidelines and regulations.
Written informed consents were obtained from lactating mothers prior to

sample collection and analysis of demographics and clinical information.

Ten HM samples were collected from mothers of preterm infants (<
32 weeks of gestation) and term infants (> 37 weeks of gestation) after
establishing full enteral nutrition (i.e., stable intake of >150 ml/kg/day) using

electric breast pumps following the instructions of the hospital staff. Milk was
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collected from full expression of one breast between 7 and 10 AM and
preferably a minimum of 3 h after the last feed or extraction. Extracted milk
was stored immediately at 4 °C and within six h transported to the laboratory
on ice until further processing. Parameters describing the study population are
shown in Table 9.1. In addition, two aliquots of pooled HM samples were
provided by the Human Milk Bank of the University and Polytechnic Hospital
La Fe.

Table 9.1. Parameters of the study population.

Parameters Median (1%-3" quartile)
Mother's age [years] 35(33-42)

Birth Weight [g] 1775 (1325 - 3078)
Gestational age [weeks] 34+6(30+0-38+6)
HM intake [mL/kg] 153 (150 - 170)

Infant's age [days] 14 (8 - 49)

9.3.3. Exosome isolation

After gentle manual shaking during 30 s, 25 mL of milk were
centrifuged for removal of milk fat globules in two consecutive
centrifugations at 3000 x g for 10 min at 4 °C using an Eppendorf 5804
benchtop centrifuge with an A-4-62 rotor (Hamburg, Germany). The upper fat
layer was discarded, and the supernatant was syringe-filtered (0.40 pum) prior
to a third centrifugation step (3000 x g, 10 min, 4 °C) to pellet proteins. The
supernatant was collected and ultracentrifuged twice at 10000 rpm for 1 h, at
4°C using a Hitachi CP100NX centrifuge with a Beckman Coulter 50.2 Ti
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rotor (Indianapolis, United States) to pellet proteins. The supernatant was
syringe-filtered (0.40 pum). Then, three ultracentrifugation steps at 30000 rpm
for 2 h, at 4 °C to pellet HM exosomes were performed. Between
ultracentrifugation steps, supernatants were discarded, and pellets were
washed with 25 mL of PBS. After the last ultracentrifugation step,
supernatants were aspirated, and the isolated HM exosome pellets were
suspended in 200 pL PBS and stored at -80 °C.

9.3.4. Exosome characterization

Exosome size distribution and quantification of vesicles were
analyzed using the ExoView platform (NanoView Biosciences, MA, USA).
Isolated exosomes were diluted 1:25x106 in 0.22 pum pre-filtered PBS and
then incubated on ExoView Human Tetraspanin chips prior to counter-
staining with CD9, CD63, and CD81 fluorescent antibodies. Protein
concentration was determined following the BCA Kit for Protein
Determination (Sigma-Aldrich Quimica SL) assay based on the reduction of
alkaline Cu(ll) to Cu(l) by proteins in a concentration-dependent manner.
BCA is a specific chromogenic reagent for Cu(l), forming a complex with an

absorbance maximum at 562 nm.

9.3.5. ATR-FTIR spectroscopy

Infrared spectra in the 4000 to 400 cm™ range were acquired using an
Alpha Il (Bruker Optics GmbH, Ettlingen, Germany) spectrometer equipped

with a platinum-ATR with monolithic diamond measurement interface
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element (single reflection), a CenterGlowTM IR-source and a temperature
stabilized DTGS detector with no purging system required. OPUS 8.5
software (Bruker Optics GmbH) was used to control the instrument. 2 uL of
the exosome suspension were dropped onto the ATR crystal using a
micropipette and then dried at room temperature for 20 s using an intermittent
air stream. Spectra were collected by co-adding 32 scans with a resolution of
4 cm* using a previously recorded spectrum of air with the same instrumental
conditions as background, with an acquisition time of 20 s. Between samples,
the ATR interface was cleaned using a cotton swab and H,O, IPA, and CH;OH
until recovery of the baseline signal. Spectral acquisition order was
randomized but sample and spectral replicates of each exosome isolation were
acquired in a row to avoid unnecessary freeze and thaw cycles that might
affect their composition. All spectra were subjected to two initial quality tests.
First, to guarantee that there was a significant amount of sample dried onto the
ATR crystal, a minimum absorbance intensity threshold of 75 mAU was
established for the amide | band. Secondly, to ensure that the contribution of
water vapor to the spectra was negligible, a cut-off value of 10 was set for the
ratio between the absorbance of the amide | band at 1642 cm™ and the root
mean square value of the mean centered absorbance in the 1820-1800 cm™

interval.

9.3.6. Lipid extraction and LC-MS analysis

Lipids and other polar metabolites were extracted from exosomes
using a single-phase extraction procedure [103,280,313]. 45 uL of isolated

HM exosomes suspension in PBS were mixed with 5 pL of IS solution
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containing oleic acid-Dy and prostaglandin Fz,-Ds, 80 uM and 39 uM
respectively. After 2 min of sonication, 175 pL of methanol followed by 175
uL of MTBE were added followed by mixing on a Vortex® mixer during 30
s for protein precipitation and compound extraction and sonication during 2
min to assist the release of metabolites from exosomes during extraction. After
centrifugation at 4000 x g for 15 min at4 °C, 100 pL of supernatant containing
the extracted lipids and metabolites were dried using a miVac centrifugal
vacuum concentrator (Genevac LTD, Ipswich, UK) and dissolved in 100 puL
of initial mobile phase (98% of mobile phase A (5:1:4 IPA:CH3;0H:H,0 5
mM CH3COONH,, 0.1% v/iv HCOOH) and 2% mobile phase B (99:1
IPA:H20 5 mM CH3COONHq4, 0.1% v/v HCOOH)). A pooled QC sample was
prepared by mixing 5 pL of each sample extract. In addition, a calibration
blank (i.e., water instead of isolated exosomes) and a procedural blank (i.e.,
PBS supernatant from the last step of exosome isolation) were prepared, both
containing IS.

Lipidomic analysis was carried out employing a 1290 Infinity HPLC
system from Agilent Technologies (CA, USA) equipped with a UPLC BEH
C18 column (50 x 2.1 mm, 1.7 um, Waters, Wexford, Ireland). A binary
mobile phase gradient was employed starting at 98% of mobile phase A (5:1:4
IPA:CH3;0H:H,0 5 mM CH3COONHy4, 0.1% v/v HCOOH) during 0.5 min
followed by a linear gradient from 2 to 20% of mobile phase B (99:1 IPA:H20
5 mM CH3;COONH4, 0.1% v/v HCOOH) during 3.5 min and from 20 to 95%
v/v of mobile phase B in 4 min; 95% v/v of mobile phase B was maintained
during 1 min; return to initial conditions was achieved in 0.25 min and were
maintained for a total run time of 13 min. Column and autosampler were kept
at 55 and 4 °C, respectively, the injection volume was 2 plL., and the flow rate
was set to 400 uL min™. An Agilent 6550 Spectrometer iFunnel quadrupole
time-of-flight (QTOF) MS system working in the ESI+ and ESI- modes was
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used for MS detection. Full scan MS data in the range between 70 and 1500
m/z were acquired at a scan frequency of 5 Hz using the following parameters:
gas T, 200 °C; drying gas, 14 L/min; nebulizer, 37 psi; sheath gas T, 350 °C;
sheath gas flow, 11 L min™. Mass reference standards were introduced into
the source for on-the-fly automatic MS spectra recalibration during analysis
via a reference sprayer valve using the 149.02332 (phtalic anhydride),
121.050873 (purine), and 922.009798 (HP-0921) m/z in ESI+, and 119.036
(purine) and 980.0163 (HP-0921, [M'H'CH3COOH]) m/z in ESI-, as
references. ESI+ and ESI- analysis were carried out in independent batches
and between them, the instrument was cleaned and calibrated according to
manufacturer guidelines. QCs were used to monitor the instrument
performance and correct within-batch effects [288], [314]. A set of 9 QCs
were injected at the beginning of each batch for system conditioning and
MS/MS data acquisition. MS/MS spectra were acquired using the auto
MS/MS method with the following inclusion m/z precursor ranges: 70-200,
200-350, 350-500, 500-650, 650-800, 800—950, 950-1100, 1100-1200, and
from 70-1200 using, in all replicates, a rate of 5 spectra/s in the extended
dynamic range mode (2 GHz), a collision energy set to 20 V, an automated
selection of five precursor ions per cycle and an exclusion window of 0.15
min after two consecutive selections of the same precursor. During the
remaining batch sequence, a QC replicate was injected after every 5 study
samples. Sample extracts were analyzed in random order. Three blank extracts
were injected at the beginning and end of each batch for identifying unreliable,

background, and carry-over features as described elsewhere [282].
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9.3.7. MS data pre-processing and metabolite annotation

Peak table generation was carried out using XCMS software [315].
The centWave method was used for peak detection with the following
parameters: mass accuracy, 20 ppm; peak width, (3,15); snthresh, 12; prefilter,
(5,3000). A minimum difference in m/z of 7.5 mDa 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. Grouping before and
after RT correction was carried out using the nearest method and 9 s as
rtCheck argument. Finally, missing data points were filled by reintegrating the
raw data files in the regions of the missing peaks using the fillPeaks method.
The CAMERA package [315] was used for the identification of pseudospectra
based on peak shape analysis, isotopic information and intensity correlation
across samples [285]. Each dataset was processed with the following
CAMERA functions: xsAnnotate, groupFWHM, findIsotopes, groupCorr and
findAdducts using standard arguments. Identification and elimination of

uninformative features was carried for ESI+ and ESI- data sets independently.

Metabolite annotation (Level ID: 2, putatively annotated compounds
without matching to data for chemical standards acquired under the same
experimental conditions) was carried out by matching experimentally
acquired MS/MS spectra with the experimental HMDB, METLIN, and
MSDIAL MS/MS databases in accordance with the Metabolomics Standards
Initiative (MSI) reporting standards [317], [103]. Metabolite annotation using
LipidBlast [318] was carried out using LipiDex [286] with 0.01 Da tolerances
in both MS (precursor) and MS2 (fragment) data and the ‘LipidBlast Acetate’
library.
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Within batch effect was removed using the non-parametric QC-
Supported vector regression (SVR) correction approach employing a Radial
Basis Function kernel [288,314]. The selection of the tolerance threshold (),
the penalty term applied to margin slack values (C) and the kernel width (y)
was carried out using a pre-selection of C and optimization of € and y using a
grid search, leave-one-out cross validation and the root mean square error of
cross validation (RMSECYV) as target function. C was selected for each LC-
MS feature as the median value of the intensities observed in QC replicates.
The € search range was selected based on the expected instrumental precision
(4-10% of the median value of the intensities observed for the whole set of
QC replicates). The y search interval selected was [1, 105]. Variables with
more than 2 missing values in QCs, those with RSD(QC)>20% after QC-
SVRC, and for those for which the ratio between the median peak area values
in QCs and blanks was lower than 6 were classified as unreliable and removed

from further analysis.

9.3.8. Software

UPLC-TOFMS data acquisition and manual integration was carried
out employing MassHunter Workstation (version B.07.00) from Agilent. Raw
data was converted into mzXML format using ProteoWizard
(http://proteowizard.sourceforge.net/).  Peak  detection,  integration,
deconvolution, alignment and pseudospectra identification were carried out
using XCMS and CAMERA in R 3.6.1. Metabolite annotation and data
analysis were carried out in MATLAB 2017b (Mathworks Inc., Natick, MA,
USA) using in-house written scripts and the PLS Toolbox 8.7 (Eigenvector
Research Inc., Wenatchee, USA) as described elsewhere [103].
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Results

Statistical heterospectroscopy (SHY) [363] was employed for the
joint analysis of the lipidomic and spectroscopic data acquired from the set of
isolated exosome samples. SHY involved the estimation of the covariance
between signal intensities measured by the two techniques across the set of
samples. The SHY plot represents the correlations of IR absorbances at each
wavenumber with the UPLC-MS intensities of each annotated lipid. To
facilitate the extraction of information, a correlation threshold was applied. A
lipid class was not represented if >50% of the correlations of its metabolites
failed to reject the null hypothesis considering a 97.5% confidence level (t-

test, unequal variances).

MATLAB scripts used datasets generated and analyzed during the
current  study are available in  the  Zenodo  repository
(zenodo.org/deposit/5148582).

9.4. Results

9.4.1. Characteristics of isolated HM exosomes

Figure 9.1 (left) shows captured HM exosomes based on the
expression of the ubiquitous tetraspanin markers CD9, CD63, and CD81 from
the analysis of a representative HM exosome isolate. The marker
colocalization analysis (see Figure 9.1, right) shows the distribution of
different tetraspanins across the membranes of the extracted HM exosomes.
Most of the isolated HM exosomes expressed CD9 and CD81 while only a
small fraction expressed all three tetraspanins. The employed multistep
ultracentrifugation protocol allowed the extraction of HM exosomes with a

median size of 61 (3 interquartile range, IQR) nm and a median number of 8
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x 1014 particles mL™ (3 x 1015 IQR), as determined by the ExoView platform.
Protein concentrations in HM exosomes isolates determined by the BCA assay
ranged between 2 and 6 g L. Regarding the lipidomic profiles recorded from
HM exosomes, Figure 9.2 summarizes the main classes of the 377 features
annotated in the UPLC-MS data set (208 in ESI+ and 169 in ESI-) after data
pre-processing and clean-up. The classes with the largest numbers of
annotated features were glycerophospholipids (50%)
[glycerophosphocholines  (60),  glycerophosphoethanolamines  (35),
glycerophosphoglycerophosphoglycerols (3), glycerophosphoserines (22),
glycerophosphoinositols (13), plasmenyl PCs (15), plasmenyl PEs (24), and
phosphatidylinositols (11)], sphingolipids (31%) [phosphoshingolipids (71),
ceramides (22), glycosphingolipids (6), hexosylceramides (17), Glc
Ceramides (2)], and glycerolipids (17%) [triradylglycerols (64)].
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Figure 9.1. Tetraspanin fluorescent staining (left) and marker colocalization
analysis (right). Note: CD-9 capture.
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Figure 9.2. Distribution of annotated UPLC-MS features detected in HM

exosomes indicating their class (top) or subclass (bottom).
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Figure 9.3 shows ATR-FTIR spectra and the first and second
derivative spectra in the 3450-800 cm™ range of dry residues from 2 pL of
exosomes isolated from four different HM samples. The figure also shows the
spectra of a blank extract with PBS bands at 1125, 1069, 978, and 851 cm™,
Despite the overlap between the exosome signal and PBS bands in the 1125-
850 cm™ region, the use of the first or second derivative spectra enabled the
resolution of overlapping spectral bands in the exosome extracts at slightly
different wavenumbers (note that the minimum in a second derivative
spectrum corresponds to the band apex in the raw ATR-FTIR spectrum).
Spectral contributions from proteins including the amide I, 11, and Il were
detected in exosome spectra. The amide | band governed by the stretching
vibrations of C=0 (70-85%) and C-N groups (10-20%) of the protein peptide
backbone was detected in the 1600-1700 cm™ range. The amide I1 band arising
from in-plane N-H bending (40-60%), and C-N (18-40%) and C-C (10%)
stretching vibrations was detected in the 1510-1580 cm™ region. The amide
111 band at 1250-1350 cm™ is a complex band arising from a combination of
several coordinate displacements. The broad, intense band at 3285 cm™ was

associated to N-H stretching vibrations of peptide protein groups.

Besides, spectral contributions from carbohydrates, phosphate bands
from phospholipids, DNA and RNA, and lipids were observed (see Table
9.2). Among them, intense bands were observed in the lipid frequency
domains including the -CH, and -CHs; symmetric and antisymmetric
stretching (3000-2800 cm™). The characteristic C=0 stretching band at 1745
cm™ has been associated to the ester groups of glycerophospholipids (e.g.,
glycerophosphocholines, glycerophosphoethanolamines), glycerolipids (e.g.,

triradylglycerols), and cholesterol esters, among other lipid classes.
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The differences observed in the intensity of protein and lipid bands
indicate changes in the protein and lipid composition across exosome
isolations. Moreover, the marked differences in band shapes in the amide |
and Il region could also indicate changes in the higher order structure of

proteins.
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Figure 9.3. ATR-FTIR raw (top), first derivative (middle) and second
derivative (bottom) spectra in the 3420-2780 cm™ (left) and 1800-800 cm*
range (right) of dry residues obtained from 2 pL of the set of exosome extracts
in PBS using a spectrum of air as background. Note: black line corresponds to
a PBS blank spectrum; Colored lines: spectra of isolated exosomes from HM

samples.
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Table 9.2. Assignments of main bands observed in the ATR-FTIR spectra of

HM exosomes.

Wavenumber

(cm) Spectral assignment

3285 N-H stretching (proteins)

2959 CHs; asymmetric stretching (lipids, proteins)
2921 CH; anti-symmetric stretching (lipids)

2872 CHs symmetric stretching (lipids and proteins)

2851 CH_ symmetric stretching (lipids)
Saturated ester C=0 stretch (lipids, cholesterol,
1745 phospholipids, cholesterol esters)

1646 Amide | (proteins)
1537 Amide Il (proteins)
1448 CH. bending of lipidic acyl chains (lipids, proteins)

1402 COO- symmetric stretch (fatty acids, aminoacids)

1314 Amide 11 (proteins)

1236 PO, antisymmetric stretch (phospholipids, nucleic acids)
1156 CO—0—C antisymmetric stretching (glycogen, nucleic acids)

C-O stretching from alcohol groups (glycogen, lipids)
1080 PO, symmetric stretch (phospholipids, nucleic acids)

9.4.2. Multimodal qualitative analysis of ATR-FTIR spectra
and lipidomic profiles

SHY [363] was employed to get further insight into the correlation
among IR bands and UPLC-MS lipid profile. SHY enables the co-analysis of
multi-source (i.e., lipidomic and spectroscopic) data sets by estimating the
covariance between signal intensities measured by two techniques across the

set of isolated exosome samples. Accordingly, SHY involved the calculation
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of a series of linear models between the ATR-FTIR absorbance for each
vibrational feature and the intensities of each of the features annotated as a
glycerophospholipid, sphingolipid, or glycerolipid. Results depicted in
Figure 9.4 show statistically significant associations (p-value<0.025)
between specific overlapping regions of the raw (Figure 9.4, left) and second
derivative (Figure 9.4, right) ATR-FTIR spectra and the different lipid
classes. This result supports the potential of SHY to explore associations
between lipidomic profiles and spectroscopic data and revealed relationships
between the distribution of specific annotated lipid classes and the IR spectra

of exosomes.
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Figure 9.4. Top: Median value of the correlation between annotated UPLC-
MS features clustered according to their lipid classes and ATR-FTIR data
(raw: left; second derivative: right) determined by SHY using the slope
coefficient of a linear model. Here, only those wavenumbers for which >50%
of the features of each class showed a significant correlation (p-value<0.025)
are depicted. The plot overlays ATR-FTIR spectra from isolated exosomes
(red) and a blank extract (black) for a better interpretation of the results.
Bottom: Correlation among annotated UPLC-MS features clustered according
to their lipid classes and ATR-FTIR data determined by SHY using the slope
coefficient of a linear model. A correlation cutoff was applied (linear model
p-value<0.025) for better visualization. Note: GPLs: glycerophospholipids;
SPLs: sphingolipids, GLs: glycerolipids. Red line = HM exosome spectrum
and black line = PBS blank spectrum.

Principal component analysis (PCA) and Hierarchical Cluster

Analysis (HCA) were used to identify samples with similar lipidomic profiles,
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using autoscaling as data preprocessing, the Pearson correlation coefficient as
distance measure, and the Ward’s algorithm for clustering. Figure 9.5a (left)
shows the scores plot of the 2 PCs model explaining 82% of the total variance
in the lipidomic UPLC-MS data set. Samples were clustered mainly along PC1
in three groups including samples #7, 11, and 12 (cluster 1); #4, 5, and 9
(cluster 2); and # 1, 2, 3, 6, 8, and 10 (cluster 3). PC2 enabled the
discrimination of sample 7 from 11 and 12 in cluster 1. Figure 9.5a (center)
depicts the scores plot of the 2 PCs model explaining 57% of the total variance
in the autoscaled second-derivative ATR-FTIR data, where the samples were
labeled according to the clusters selected in the lipidomic data set. Using the
distances among samples as similarity criteria, results showed a similar trend:
samples included in cluster 1 differ from those included in cluster 3 and were
more similar to those included in cluster 2. The similarity between the trends
observed in both scores plots was assessed by the Mantel test [364] which
evaluated the statistical significance of the correlation between the two
pairwise Euclidean distance matrices. An empirical p-value was estimated
using a permutation test where a reference null distribution is obtained by
repeatedly random shuffling the objects (here, n=104). After each
permutation, the correlation between the obtained two pairwise Euclidean
distance matrices is calculated, and the p-value is estimated as the proportion
of permuted estimates for which the absolute correlation value was equal to
or greater than the correlation estimate calculated using the original ordering.
Results obtained depicted in Figure 9.5a (right) (p-value<0.005) indicated a
statistically significant correlation between the distribution of samples in the

PCA scores spaces.

Figure 9.5b shows the distribution of glycerophospholipids,
sphingolipids, and glycerolipids in the RT-m/z space, as well as the boxplots

representing the distributions of sum of intensities of the three classes of lipids
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in the three selected HCA clusters. Cluster 1 showed lower concentrations of
the three lipid classes than samples included in clusters 2 and 3. Besides,
although clusters 2 and 3 showed similar levels of glycerophospholipids,
cluster 3 showed significantly higher relative levels of sphingolipids. Results
also indicated a lower ratio of glycerophospholipids/sphingolipids in cluster
3, being cluster 2 the group of exosomes isolates with the highest ratio of
glycerophospholipids/sphingolipids. Figure 9.5c¢ (top) shows the second
derivative spectral regions with a statistically significant correlation with the
levels of >50% of the UPLC-MS features annotated as glycerophospholipids,
sphingolipids, or glycerolipids in the sample set. The boxplots representing
the distributions of the sum of absolute values in the ATR-FTIR second
derivative spectra associated to the three classes of lipids in the three selected

HCA clusters showed a similar pattern as those found using LC-MS data.
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Figure 9.5. a) PC1 vs PC2 scores plots from PCA of UPLC-MS lipid profiles
(left), and ATR-FTIR spectra (middle). Sample classes were assigned
according to the results of HCA based on UPLC-MS data. The statistical
significance of the correlation between the distribution of samples in both PC1
vs PC2 scores spaces was assessed by the Mantel test (p-value<0.001) (right).
b) Distribution of GLPs, GLs and SPLs features in the m/z vs RT space (top)
and box plots showing the sum of intensities of each of these lipid classes in
the three clusters (bottom). ¢) Second derivative ATR-FTIR spectra showing
the spectral regions associated to GLs, SPLs, and GPLs (top) and sum of the
intensities of the spectral regions associated to each of these lipid classes in
each of the three sample clusters (bottom). Note: GPLs: glycerophospholipids;
SPLs: sphingolipids, GLs: glycerolipids.
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9.4.3. Quantification of proteins and lipids by ATR-FTIR
spectroscopy

The absorbance in the 1724-1591 cm™ region showed a statistically
significant correlation with the protein content determined in the isolated
exosomes by the BCA assay (A=(-0.46 + 0.34)+(1.09 + 0.06)[protein](g/L),
R? =0.79, p-value<107), in agreement with previous reports [359], [365] (see
Figure 9.6, top left). This result suggests the use of an external calibration
using a model protein (e.g., albumin) for a fast quantification of total protein
content in exosomes. As shown in Figure 9.6 (top, right), the exosome protein
contents determined using the area of the amide | band of an external
calibration line and a serial dilution of albumin standards showed a
statistically significant correlation with protein concentrations determined by
BCA (slope = (0.80+0.05), R? = 0.79, p-value<107).
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Figure 9.6. Correlation between the protein content determined by the BCA
assays and the amide | area in the set of isolated exosomes (top, left) and the
protein content determined by BCA assays and the protein concentration
determined using an external calibration line from a serial dilution of albumin
solutions and amide | area (top, right). Correlation between the lipid content
determined as the sum of intensities of LC-MS annotated features and the C=0
(bottom, left) and CH (bottom, right) spectral area in the set of isolated
exosomes.
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The use of ATR-FTIR spectra for estimating the lipid content of
exosomes was also explored. Using the sum of UPLC-MS intensities of
annotated lipids as surrogate of the total lipid content in samples, the IR
spectral intensity between 1790-1733 cm™ in the first derivative spectra
associated with the C=0 stretching band (~1740 cm™?) correlated with the lipid
content (A=(-0.002 + 0.005)+(1.02 + 0.05)10°[LCMS intensity](AU), R? =
0.75, p-value<10®) (see Figure 9.6, bottom-left). Similarly, the IR spectral
area in the 3000-2800 cm™ range also correlated with the lipid content
(A=(0.43 + 0.09)+(1.44 + 0.09)10°[LCMS intensity](AU), R? = 0.70, p-
value<10®) (see Figure 9.6, bottom-right).

The repeatability of ATR-FTIR determinations is a relevant parameter
for assessing its usefulness for quantitative applications. To address this
concern, the RSD% observed for each wavenumber in the 3710-2717 cm™ and
1840-800 cm™ ranges was calculated for each sample. In this study, the set of
12 exosome samples were analyzed by replicate (n=3), also acquiring 3
spectra/replicate. The distribution of RSD% median values obtained for each
sample varied in the 3.3-11.4 RSD% range (mean value=5 + 1, median
value=5.4). Although these figures show acceptable reproducibility,
automation of the dry-film generation for monitoring of exosome isolation

would likely result in higher precision and sample throughput levels [366].

9.5. Discussion

We used a standard multi-step ultracentrifugation procedure for the
isolation of HM exosomes from twelve HM samples. The detection of

ubiquitous tetraspanins confirmed that the isolated particles are HM exosomes
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rather than other co-isolated contaminants. As the results from the ExoView
platform, isolated exosomes showed varying particle counts, which was in
good agreement with varying protein concentrations determined by the BCA
assay. This reinforces the importance of quick and reproducible approaches
for characterizing exosomes for routine QC. The use of a LC-MS-based
lipidomic approach allowed to gain detailed insight into the composition of
HM isolated exosomes (Figure 9.2). The observed distribution of lipid classes
agreed with the expected lipid composition of exosomes. Although their lipid
profiles can be linked to their cellular origin, exosomes are bilayered
proteolipids comprising mainly plasma membrane lipids (e.g., phospholipids,
sphingolipids, and cholesterol) [330] enriched with bioactive cargo captured
from the cytosol during the formation of the intraluminal vesicles. Previous
results have observed that, compared to the cell of origin, exosome
membranes are often enriched with phosphatidylserine,
phosphatidylethanolamines,  phosphatidylcholines,  sphingolipids, and
cholesterol. Besides, reported triradylglycerols could be indicative of the co-
isolation of extracellular lipids during the exosome isolation, present at high

concentrations in HM.

ATR-FTIR spectra showed spectral contributions from proteins,
carbohydrates, phosphate bands from phospholipids, DNA and RNA, and
lipids (see Figure 9.3 and Table 9.2). Moreover, the joint analysis of LC-Ms
lipidomic profiles and ATR-FTIR data (Figures 9.4 and 9.5) showed that
several spectral features were associated with different lipid classes present in
HM exosomes, even though the level of detail provided by this technique is
lower. However, we observed specific patterns in the ATR-FTIR spectra that
were indicating the presence of the three major lipid classes (i.e.,
glycerophospholipids, sphingolipids, and glycerolipids) identified by LC-MS.
Glycerophospholipids are glycerol-based phospholipids and spectral regions
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associated with >50% of glycerophospholipids included the 1100-1045 cm™
region where the characteristic frequencies of the P-O-C asymmetric and
symmetric stretching bands of the phosphate group can be observed.
Sphingolipids are a complex family of compounds sharing a sphingoid base
backbone. They were linearly correlated with ATR-FTIR absorption in the
CH; and CH3z symmetric and antisymmetric regions (2963-2814 cm™), C=0
stretching region (1776-1708 cm™), and in the 1180-995 cm™ region including
characteristic frequencies associated to phosphate groups such as vC-O-PO;
(1060-1070 cm™) and vPO™, sym. (1093 cm™) [359]. Glycerolipids are also a
structurally heterogeneous group of lipids composed of mono-, di-, and tri-
substituted glycerols that have at least one hydrophobic chain linked to a
glycerol backbone in an ester or ether linkage [367]. Spectral regions
associated with this lipid class included bands at 2938-2930, 2866-2858, and
2841-2825 cm™ linked to CH, and CHsz symmetric and antisymmetric
vibrational modes, as well as the regions 1772-1735 (C=0 stretching), 1226-
1141, 1053-881 cm™ (C-O stretching from alcohols), and 739-698 cm™. The
partial overlap between the spectral regions associated to each of the lipid
classes agreed with their structural similarity, and included bands from the

acyl chains, and the glycerol and phospholipid headgroups.

Furthermore, we could show that ATR-FTIR can be used for
quantification. Specific lipid bands in exosomes, namely the 3000-2800 cm™
range (CH stretching vibrations) and the 1790-1733 cm™ (C=0 stretching)
showed a linear correlation with lipid contents determined by LC-MS (Figure
9.6). We could also show that the same ATR-FTIR spectrum can be used for
guantitation of total proteins in HM exosomes. With a simple external
calibration line from serial dilutions of an albumin solution, protein

concentrations determined by ATR-FTIR were found to be comparable to
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reference values from the BCA assay (Figure 9.6). Differences observed
between concentrations obtained by both techniques might be linked to the
different detection principles. The amide | band is sensitive to changes in the
protein structure and hence, the use of a model protein to be used as reference
might bias results. On the other hand, the accuracy of the BCA assay is limited
by the presence of sample reducing agents, and by the presence of cysteine,
tyrosine, and tryptophan residues. Besides, the presence of reducing sugars,
lipids, and phospholipids in the sample can also affect the accuracy of the
BCA. Importantly, this is the first literature report on the simultaneous
guantitative analysis of proteins and lipids, and qualitative lipid analysis using
ATR-FTIR spectra of exosomes. In the ATR system used, the sample is
deposited onto the ATR element and an IR beam is directed through an
internal reflection element (IRE). Then, the evanescent wave interacts with
the sample in direct contact with the IRE providing a penetration depth in the
1-3 pm range. Therefore, the repeatability of the ATR spectral acquisition
depends on the distribution of the sample on top of the ATR surface, which in
turn depends on the process of dry-film generation. Here, samples were
manually deposited and air-dried, achieving RSD% from replicate

measurements of 5 = 1, which is within the general acceptance criteria of 15%

[2].

9.6. Conclusions

Results obtained indicated that the joint analysis of IR and lipidomic
information could be a powerful strategy for sensor development with
potential to foster innovative cross-disciplinary research. Results show that

ATR-FTIR spectroscopy provides both, qualitative and quantitative chemical
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descriptors of isolated exosomes through changes in bands associated to
specific functional groups. ATR-FTIR spectroscopy enables a fast, direct
quantification of total protein and lipid contents and, simultaneously, provides
biochemical information useful for a routine control of changes in the relative
composition of isolated exosomes in very small sample volumes (2 pL). Thus,
the use of ATR-FTIR could be considered as a cost-effective alternative, to
the use of standard colorimetric assays (e.g., BCA) for QC of exosome
isolations. Also, whereas ATR-FTIR cannot replace the level of detailed
information provided by MS in terms of specificity or sensitivity, the spectral
information could be used to rapidly assess repeatability or reproducibility
among exosome isolations, providing at the same time information on

differences in their lipid contents.
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Conclusions and Outlook

In this PhD thesis, the development of different analytical methods

has been carried out and its application in the clinical field has been

demonstrated through the analysis of biological samples from infants and their

mothers. The conclusions derived are summarized below:

Determination of nutrition and microbial activity biomarkers
in urine samples from lactating mothers can be performed by
LC-MS/MS. Likewise, its use as a complementary tool to
traditional 24-hour dietary recall questionnaires is possible,
presenting great potential for the comprehensive evaluation

of nutrition patterns and their effect on the microbiome

Simultaneous analysis of SCFAs and BCAAs in urine and
faeces samples can be carried out by GC-MS. The application
of this method allows the precise quantification of these
biomarkers through a single derivatization procedure,
providing information that allows distinguishing between the
different study groups, in this case Pls, Tls and their mothers.
In addition, a very significant contamination of acetic acid has
been revealed in the gauze and cotton pads that are typically
used for newborns urine sample collection that should be

considered in future clinical studies



Conclusions and Outlook

e An LC-MS/MS method has been validated for the
quantitative analysis of BAs in human urine and murine
faeces samples, demonstrating its applicability in the
(pre)clinical field. In addition, a comparison has been
obtained between the metabolic pathways and excretion
mechanisms of human urinary and murine fecal BAs,

according to the differences between species

e Untargeted lipidomic and metabolomic analysis and targeted
analysis of the FA profile of DHM by LC-MS/MS and GC-
MS, respectively, have shown that HoP significantly affects
both lipid composition and physicochemical properties and

functionality of HM

e The evaluation of different normalization techniques in the
lipidomic analysis of HM-EVs has allowed delving into their
correct isolation and characterization, as well as the potential
implications derived from the selection of the normalization

technique in question.

e Rapid and direct QC of the HM-EVs isolation procedure is
possible using total lipids and proteins derived from the
spectral profile determined by ATR-FTIR

In addition to the development and application of the different
analytical methods presented, a descriptive article of the clinical study of the
NUTRISHIELD project, a bibliographic review on the methodologies for the

analysis of untargeted metabolomics in HM and a book chapter on the
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procedure for the correct isolation and untargeted lipidomic analysis of HM-
EVs have been carried out. Finally, after the development of this PhD thesis,
new aspects that are currently being carried out by our research group have

emerged to study, which are described below:

e The development of an algorithm capable of providing
personalized nutrition advice based on the results of the
nutrition biomarkers and the microbial activity obtained,
together with other clinical variables and the composition of
the gut microbiota and HM. This algorithm would be applied
in medical consultations to give nutritional advice to lactating
mothers in order to improve the composition of the HM, and
thus improve the clinical results of Pls in the short and long

term

e The analysis of BAs as biomarkers of microbial activity in
urine and faeces samples in the neonatal context, to study the
correlations between both matrices and determine the levels
in this population. In this way, it will be possible to determine
if it is possible to use the levels in urine samples as
biomarkers of microbial activity, thus facilitating the process

of non-invasive sample collection and treatment

e The study of the biological relevance and the impact of the
changes observed in the composition and functionality of the
components of HM after its pasteurization, as well as
promoting the development of technological alternatives to

HoP for the microbiological stabilization of HM
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Conclusions and Outlook

e Develop and optimize an alternative protocol to
ultracentrifugation for the isolation of HM-EVs by size
exclusion chromatography, to reduce the amount of sample
needed, impurities, and time required for isolation. Likewise,
to evaluate the properties of HM-EVs in order to implement

their use as a fortifier in Pls nutrition

e Establish ATR-FTIR analysis for the routine characterization
of protein and total lipids in EVs isolated from different

matrices
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Annex |. Supplementary figures and tables

Al.1. Parameters employed for the simulation of EVs in the
different samples

Sample 1 Sample2 Sample3 Sample 4

N 100 100 200 200
r (nm) 50 100 50 100
0p 1/750 1/750 1/750 1/750

By 1/1000  1/1000  1/1000  1/1000
ar  1/100000 1/100000 1/100000 1/100000
Bu  1/100 1/100 1/100 1/100
a2 1/200000 1/200000 1/200000 1/200000
Bo  1/200 1/200 1/200 1/200

Note: N, number of particles; r, radius; a and §, number of proteins (p), lipid
1 (L1) and lipid 2 (L2) per surface and volume in the EVs, respectively. For
the radius, a normal distribution with a mean value as indicated and ¢ value

of 15 was considered.



Annex |. Supplementary figures and tables

Al.2. Pearson’s correlation of total lipids of HM-EVs isolates
from preterm and term samples with gestational age
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Annex |. Supplementary figures and tables

Al.3. Tetraspanin fluorescent staining analysis of EVs
isolated from term and preterm HM samples with the
different capture probes

CcDh63 CD81 CD9

Term

" ...

Preterm

o .. .

Note: scale bar, 1 um; color code for fluorescent single positive particles:
CD81+ (green), CD63+ (red) and CD9+ (blue); color code for colocalized
fluorescent positive particles: CD81+/CD63+ (yellow), CD81+/CD9+ (cyan),
CD9+/CD63+ (magenta), and CD81+/CD63+/CD9+ (white).
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Annex |. Supplementary figures and tables

Al.4. Pearson’s correlation between the
characteristics of HM-EVs

Pearson's correlatlon
NTA-particle count . !ﬂ

ExoView-particle count
Protein content n *

Total lipids signal n * 0

Note: *p-value < 0.05.
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Annex |. Supplementary figures and tables

AlL5. Spearman’s correlation of lipid sub-classes with
different parameters

Ceramides
Diradylglycerols
Diterpenoids

Ceramides
Diradylglycerols
Diterpenoids

Fatty acids and conjugates 04 Fatty acids and conjugates .. 04
Fatty acyl carnitines . Fatty acyl carnitines !
Fatty alcohols . Fatty alcohols .

Glycerophosphates ! 02 Glycerophosphates . 02
Glycerophosphocholines 7\ Glycerophosphocholines -
Glycerophosphoethanolamines . Glycerophosphoethanolamines .
Glycerophosphoglycerols 0 Glycerophosphoglycerols .

Glycerophosphoglycerophosphoglycerols - Glycerophosphoglycerophosphoglycerols . 0

Glycerophosphoinositols - Glycerophosphoinositols .
Glycerophosphoserines . Glycerophosphoserines .
Glycosphingolipids . 02 Glycosphingolipids .

Lineolic acids and derivatives - Lineolic acids and derivatives . 0.2
Monoacylglycerophosphomonoradylglycerols Monoacylglycerophosphomonoradylglycerols -
Monoradylglycerols - -0.4 Monoradylglycerols .

N-acylpyrrolidines .- ,‘ N-acylpyrrolidines . 04
Phosphosphingolipids .l Phosphosphingolipids .
Plasmanylphosphocholines 206 Plasmanylphosphocholines ]

Plasmenylphosphocholines Plasmenylphosphocholines

Plasmenylphosphoethanolamines . Plasmenylphosphoethanolamines . 0.6

Steroid esters | Steroid esters !
Triradylglycerols . - 08 Triradylglycerols . .-
A B CDE A B CDE

Note: Correlation with gestational age, corrected by postnatal age (A) and vice
versa (B) for the different normalization strategies: sample volume (A),
particle count determined by NTA analysis (B), particle count determined by
ExoView platform (C), protein content determined by BCA assay (D), and
total lipids determined by LC-MS analysis (E). *p-value < 0.05.
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Background: Human milk {HM) is the ideal source of nutrients for infants. Its
composition is highly variable according to the infant's needs. When not
enough own mother's milk (OMM) is available, the administration of pasteurized
donor human milk {(DHM) is considered a suitable alternative for preterm infants.
This study protocol describes the NUTRISHIELD clinical study. The main
objective of this study is to compare the % weight gain/month in preterm and
term infants exclusively receiving either OMM or DHM. Other secondary aims
comprise the evaluation of the influence of diet, lifestyle habits, psychological
stress, and pasteurization on the milk composition, and how it modulates
infant’s growth, health, and development.

Methods and design: NUTRISHIELD is a prospective mother-infant birth cohort in
the Spanish-Mediterranean area including three groups: preterm infants <32
weeks of gestation (i) exclusively receiving (i.e., >80% of total intake) OMM, and
(i) exclusively receiving DHM, and {iii}) term infants exclusively receiving OMM, as
well as their mothers. Biological samples and nutritional, clinical, and
anthropometric characteristics are collected at six time points covering the
period from birth and until six months of infant's age. The genotype,
metabolome, and microbiota as well as the HM composition are characterized.
Portable sensor prototypes for the analysis of HM and urine are benchmarked.
Additionally, maternal psychosocial status is measured at the beginning of the
study and at month six. Mother-infant postpartum bonding and parental stress
are also examined. At six months, infant neurodevelopment scales are applied.
Mother's concerns and attitudes to breastfeeding are registered through a
specific questionnaire.
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Discussion: NUTRISHIELD provides an in-depth longitudinal study of the mother-infant-
microbiota triad combining multiple biclogical matrices, newly developed analytical
methods, and ad-hoc designed sensor prototypes with a wide range of clinical outcome
measures. Data obtained from this study will be used to train a machine-learning
algorithm for providing dietary advice to lactating mothers and will be implemented in a
user-friendly platform based on a combination of user-provided information and
biomarker analysis. A better understanding of the factors affecting milk's composition,
together with the health implications for infants plays an important role in developing
improved strategies of nutraceutical management in infant care.

Clinical trial registration: https://register.clinicaltrials.gov, identifier: NCT05646940.

KEYWORDS

preterm infants, lactation, human milk, breastfeeding. nutrition, donor human milk

1. Introduction

Breastfeeding (BF) is the optimal feeding practice for all
infants, associated with numerous health benefits for the
mother-infant dyad, as well as, being an ecologic practice (1).
The World Health Organization highly recommends exclusive BF
for all infants up to six months, born either full-term (2, 3) or
prematurely (4). Human Milk (HM) is a dynamic fluid that
meets the offspring’s needs (5-8), and is ample in nutrients and
bio-active compounds intended to enhance immunity and
growth (9). HM also hosts a complex ecosystem of microbiota
(10), which is of paramount importance for the offspring’s
immunity (5).

During the last decades, the incidence of preterm deliveries (<37
weeks of gestation) and survival rate of preterm infants (PI) have
been steadily increasing (11), hand in hand with the interest in
preterm and early infant nutrition. Associated birth complications
are the leading cause of death among children under five years of
age, rtesponsible for ~1 million global deaths per year (12).
Progress in medical incewentions has allowed to enhance survival
of an increasing prof of ly low ional age
newborns and low birth-weight infants. Early mfnnt nutrition has
become a major player in improving clinical outcomes of survivors
(13). HM is recommended for PI based on an impressive array of
beneﬁts prcmded to this hxghly vulnerable population, including

logical and 1 outcomes (14-20).
Optimal growth in the postnatal period is challenging dure to
increased nutritional demands and metabolic and digestive
immaturity of PL. Greater weight gain is associated with better
neurodevelopment outcomes (21).

In situations where mothers are unable to produce sufficient
milk quantities to exclusively or partially breastfeed, pasteurized
donor human milk (DHM) is a viable option to avoid formula
feeding, especially for low birth-weight children (22). DHM is a
valuable but limited resource and Human Milk Banks prioritize
its distribution to the patients with highest risk of necrotizing
enterocolitis, generally PI <32 weeks of gestation or with a
birthweight <1,500 g (3, 23). To date, most studies focus on the
benefits of using DHM over formula in PI, when own mother’s
milk (OMM) is limited or unavailable. There is clear evidence of
the superiority of OMM against formula (24); however, although

Frontiers in Pediatrics

DHM apparently protects against necrotizing enterocolitis as
compared to formula, results are not conclusive (25) and there
are only few reports directly comparing DHM and OMM. While
providing some bioactive agents, DHM consumption is
associated with slower growth rates in comparison to the
administration of OMM or formula (24). This finding may be
attributable to several factors. Most DHM is provided by women
who have delivered at term and donate their milk in later stages
of lactation up to several months after delivery. The effect of
gestational age on HM composition has been reported to affect a
wide array of compounds including lipids (26), lactoferrin (27),
amino acids (28), and HM oligosaccharides (29). In comparison
to preterm milk during the first weeks after delivery, studies on
the mean composition of DHM show a lower content in total
protein, fat, and other bioactive molecules (30). Its composition
is also affected by the processing of expressed milk, including
stringent protocols applied in HM banks, ie., pasteurization,
freezing, and storage (31, 32), necessary to reduce the potential
risk to transmit infectious agents.

Beyond the physiological adaptations, research has focused on
the potential effects of the maternal diet on the HM composition.
In an earlier report, HM composition was found rather different
among mothers of diverse ethnic backgrounds, with different
dietary habits (33). The fatty acid profile of HM varies in relation
to maternal diet, particularly, in the long chain polyunsaturated
fatty acids (LCPUFAs) (31, 32, 34, 35). Additionally, in a recent
comprehenswe systematic review of 104 observational and

I studies, HM was found to relate to the
maternal consumption of fatty acids, fat-soluble vitamins, and
vitamin Bl and C intake (36, 37). No similar relationships were
found for dietary intake of iron, folate, calcium, selenium, or
proteins (36).0n the contrary, another recent systematic review
d d that i i ding the relationship between
dietary patterns during lactation and HM content is insufficient
for total fat, vitamins B and C, and choline content and inexistent
for total proteins, macronutrient distribution, human milk
oligosaccharides (HMOs), vitamins A, D, E and K, iodine, and
selenium (38). Hence, more studies are needed to conclude for
several nutrients and little is known on how the maternal diet
may also affect non-nutritive constituents of HM, e.g, prebiotics
content (39) or microbiota (40, 41). Finally, existing evidence
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comes mainly from studies on full-term infants (TT); the impact of
maternal nutrition on the composition of HM for the preterm
offspring has not been adequately documented.

Therefore, the main objective of this study is to compare the %
weight gain/month in PI and TI exclusively receiving either OMM
or DHM. In addition, secondary objectives are (i) to evaluate
associations between the mother’s diet, physical, and psychosocial
status (e.g, lifestyle, perceived stress, anxiety, and depression) and
HM composition in PI and TI, (i) to evaluate the effect of
pasteurization/storage on DHM composition, (iii) to assess the
interplay of microbiota and microbiota activity and HM

10.3389/fped.2023.1130179

weight) for TL. Although the type of feeding of PIs included in
either group (PI-OMM or PI-DHM) may have changed at later
time points, they remained in the same study group, so the effect
of feeding of each type of milk at CEN and its long-term effects
can be studied. Likewise, the use of infant formula and the
initiation of weaning at later time points was recorded without
affecting follow-up assessments. The exclusion criteria were (i)
non-compliance with any of the inclusion criteria, (i) the
requirement of a special diet for the mother (e.g, celiac disease,
diabetes) or maternal consumption of probiotics, (iii) the need of

intestinal ~ surgery, severe congenital malformations, or

composition, (iv) to assess the interplay of bi and

k pathies of the infant, (iv) mother’s residence outside

microbiota activity detected in HM and Pls and TTs, (v) to evaluate
the impact of microbiota and microbiota activity on the vitamin
status of Pls and TIs, (vi) to test the performance of novel sensor
devices developed within this project, and (vii) the development of
a personalized nutrition algorithm for lactating mothers.

2. Methods and analysis
2.1. Study design

The NUTRISHIELD study is a paralld group, non-
randomized, observational study performed at the Division of
Neonatology of the University & Polytechnic Hospital La Fe
(HULAFE), including TI and PI and their mothers, covering the
period from birth to 24 months of infant’s age. In addition,
mothers providing DHM to study participants are also included.

The study protocol has been approved by the Scientific and
Ethics Committee for Biomedical Research (CEIm) of the
HULAFE (#2019-289-1). All methods have been performed in
accordance with the relevant guidelines and regulations and
written permission has been obtained from mothers or legal
representatives by signing an informed consent form.

Confidentiality of subjects is maintained during the study. All
participants have been assigned a code and data allowing personal
identification will not be shared at any time. Participants may
withdraw consent for participating in the study at any time.

2.2. Study population and recruitment

Participants were recruited at the end of pregnancy (when
admitted to the obstetric ward) or within one week after birth in
case of hospitalized infants at HULAFE. Recruitment started in
October 2020 and was completed in July 2022. Three mother-
infant groups were enrolled, ie., PI fed with OMM (PI-OMM),
PI fed with pasteurized DHM (PI-DHM), and TI receiving
OMM (TI-OMM), and their mothers.

The inclusion criteria were (i) acceptance of the mother to
participate and sign an informed consent form, (ii) a gestational
age <32 weeks for the group of PI and >37 weeks for the group
of TI, and (iii) exclusive consumption (i.e., >80% of total intake)
of either OMM or DHM at time point CEN (complete enteral

the Valencian Community and (v) severe language barriers
hampering the collection of necessary data from mothers not
speaking Spanish and/or English.

Sample size estimation was performed for the primary outcome
(i.e., % weight gain/month from birth until hospital discharge of PI
fed with DHM and OMM) and was based on result of a previous
study (42). Considering the median % weight gain/month
(interquartile range, IQR) of 52% (IQR: 30) in the PI-DHM
group and 63% (IQR: 21) in the PI-OMM, 18 infants per group
were needed to achieve a power of 90% with an alpha error of
5% between the % weight gain/month of PI exclusively receiving
either OMM or DHM at CEN.

On the other hand, HM donors were recruited during their
regular visits at the hospital's HM Bank of the Valencian
Community. All participants met ordinary criteria for HM
donation (eg, negative screening results of a series of
transmissible diseases, toxic habits, or some chronic medication)
and accepted to sign an informed consent form and participate
in the study.

2.3. Assessment points and biological
samples

Samples from lactating mothers and their infants are collected
at different timepoints, as shown in Figure 1. At birth, cord blood,
and urine, and faeces from both infants and mothers are collected
when possible. When PIs achieve CEN and TIs RBW, as well as
one, two, three, and six months after delivery, urine and faeces
from mothers and infants, as well as, HM from lactating
mothers, are collected. Infants’ and mothers’ buccal swabs are
collected at month six. During hospitalization of participants,
samples are collected at the hospital by healthcare providers.
After discharge, samples are collected at home and either
transported to the hospital by study participants or staff of the
NUTRISHIELD study. Mothers receive Standard Operation
Procedures (SOPs) with detailed instructions and all the required
material for sample collection at home. Additionally, hospital’s
staff instructs mothers on how to collect and store samples
correctly.

Samples collected at home are stored at 4°C during a maximum
of 24 h before their transport to the hospital on ice, where they are

i d, aliquoted, labelled, and stored at —80°C until analysis.

nutrition, 150 mL/Kg/day) for PI or RBW (recovery of birth
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A HM and faeces aliquot is directly stored in a tube containing a
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FAGURE 1
of the NUTRISHIELD study. Pi, preterm infant; T), term infa
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infant; OMM, own mather's milk; DHM, donor human milk; CEN,
HM, human mik: FFQ, food frequency questionnaire

microbiome preservative solution. For DHM, collection times
respective to delivery are heterogeneous, since from each donor
several aliquots are collected over time, pooled, and then

bjected to Holder f in batches (i.e., 62.5°C during
30 min followed by rapid cooling to 4°C). The lactation time was
estimated as the mean (standard deviation, SD) of time elapsed
during the collection of different aliquots from one DHM batch,
being 16 (SD 12) days.

Mothers’ and infants’ buccal swab samples are collected by
thoroughly rubbing a flocked sterile swab up and down the inner
side of both cheeks for 30 s each. Swabs are cut and stored in a
sterile tube at —80°C until further analysis. Discarded arterial
and venous blood from the umbilical cord is collected in EDTA
blood sample tubes after the placenta is delivered and separated
from the baby. Blood is centrifuged (1,300 x g for 10 min at 20°
C) and the upper plasma layer is stored in opaque vials at ~80°C
until analysis. Mother’s first morning urine is collected in a
polypropylene container, and infant’s urine is collected by
placing sterile cotton pads in the diaper and, after urinating,
squeezing them with a sterile plastic syringe into sterile tubes
(see Figure 2). Mother’s faeces are collected in a polypropylene

container, and infant’s faeces are collected directly from the
diaper into sterile tubes using sterile tweezers.

Mothers express milk using breast milk pumps following an
SOP employed routinely in the hospital and the HM bank. The
removable parts of the breast milk pump as well as the collection
bottles are sterilized before their use. HM is collected at least
three hours after breastfeeding. Mothers are required to wash
their hands with soap and water and clean nipples with water.
HM should be preferably expressed between 7 and 10 am,, full
expression of one breast is required (a minimum volume of
50ml is ded), and details ding the
method {e.g., breast pump brand), date, and extracted volume are
registered. For DHM samples, aliquots of each pooled DHM
sample are collected before and after Holder pasteurization.

2.4. Dietary and psychological status
assessments

For all three study groups, information obtained from clinical
records is collected. Anthropometric data (e.g., weight, height,

FIGURE 2
Infants’ urine sample coll

 procedure. Sterile cotton pads are placed in the diaper left; cotton pads soaked with urine are collected using sterile
tweezers (middle); cotton pads are saueezed with a sterile syringe to collect the urine sample (right)
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and head circumference), sociodemographic, dietary, other relevant
information related to lifestyle (e.g., smoking habits, sleep hours,
and physical activity), and psychosocial status are provided
through questionnaires by participating mothers as summarized
in Table 1. As shown in Figure 1, 24h dietary recalls are
recorded at all timepoints except at birth, food frequency

questionnaire (FFQ) at month 1, maternal p jal status at

10.3389/fped.2023.1130179

Pro™ (2007, Axxya Systems, Texas, USA). Additionally, dietary
intake is grouped into food groups, (i.e., fruits, vegetables, bread/
starch, meatthigh fat, meat/medium fat, meat/low fat, meativery
low fat, milk/non-fat, milk/low fat, milk/full fat, eggs, fish, soy,
dairy products, soft drinks, and other carbohydrate-rich foods).
The FFQ is administered by trained personnel, and it
comprises 142 questions on the consumption of foods that are

CEN/RBW and month six (corrected age for PI groups), and
infant neurodevelopment at months six and twenty-four. The
questionnaires are administered online, on paper, or through
direct interviews with the mothers.

Regarding the 24 h recall, trained researchers ask for all foods
and beverages participants consumed during the previous day,
using the multiple-pass method (43). Recall data are analyzed in
terms of nutrients using the dietary analysis software Nutritionist

TABLE 1 Recorded parameters from lactating mothers and infants.

Paramete
FFQ

r

commonly eaten by the Spanish population throughout a year,
including dairy products, cereals, fruits, vegetables, meat, fish,
legumes, added fats, alcoholic beverages, stimulants, and sweets.
Using a 9-grade scale (“never or less than 1 time/month”, “1-3
times/month”, “1 time/week”, “5-6 times/
week”, “I time/day”, “2-3 times/day”, “4-5 times/day”, “>6
times/day”) participants are required to indicate the absolute
frequency of consuming a certain amount of food, expressed in
grams, milliliters or in other such as slice,
tablespoon, or cup, depending on the food. The previous month
is set as the timeframe. The FFQ is an easy-to-use questionnaire
and is not expected to increase the burden of lactating mothers.
Based on the FFQ-responses, adherence to the Mediterranean

“3-4 times/week”,

24-hour dietary recall
Maternal conditions
Pregnancy complications
Delivery type

Medical information
Maternal medication

Clinical data

diet is evaluated by using the MedDietScore, a composite score
calculated for each participant (44). For food groups presumed to
be part of the Mediterranean pattern (ie, those with a
recommended intake of 4 servings per week or more, such as
non-refined cereals, fruits, vegetables, legumes, olive oil, fish, and
higher scores are assigned when the consumption is

[IFAS

Infant’s gestational age

Infant sex

to the rationale of the Mediterranean pattern, while

lower scores are assigned when participants report no, rare, or
d

Infant diagaosis
Perinatal complications
data [ Origin
Education
Household income
Employment status
Smoking habits
Physical activity
Sleeping habits

Lifestyle

consumption. For the consumption of foods presumed
to be eaten less freq within the Medi diet (ie,
consumption of meat and meat products, poultry, and full fat
dairy products), scores are assigned on a reverse scale. As this
study is focused on lactating mothers, the original score was
modified by removing the alcohol consumption component.
Thus, the range of this modified MedDietScore is between 0 and
50, with higher values of the score indicating greater adherence

Anthropometric data Maternal weight
Infant height

Infant head circumference
MSPsS

FACES

PSS-10

STAL

EPDS

Psychosocial status

to the Medit diet.

Maternal psychosocial status is measured at recruitment and at
six months, including social support [Multidimensional Scale of
Perceived Social Support, MSPSS (45)], family functioning
[Family Adaptability and Cohesion Evaluation Scale, FACES
(46)], perceived stress [Perceived Stress Scale -10, PSS-10 (47)],
anxiety [State-Trait Anxiety Inventory, STAI (48)], depression

BDI

TEQ

PEQ

vst

ASQ-3

1BQ

Merril-Palmer revised scales

Infant neurodevelopment

FFQ, Food Frequency Questionnaire; IIFAS, lowa Infant Feeding Attitude Scale, BMI,
Body Mass Index; MSPSS, Multidimensional Scale of Perceived Social Support,
FACES, Family Adaptability and Cohesion Evaluation Scale, PSS-10, Perceived
Stress Scale-10, STAL State-Trait Amxiety Inventory, EPDS, Edinburgh Postnatal
Depression Scal. B, Beck Depresson iventory, TEQ, Traumalic Experence

. PBQ, Postpartum Bonding Q PSI, Parenting Stress
Index, ASQ-3, Ages & Stages Questionnaies, IBQ, Infant Rothbarts
Temperament Questionraire

Frontiers in Pediatrics

[Edinburgh Postnatal Depression Scale, EPDS (49), Beck
Depression Inventory (BDI) (50)] symptoms, and traumatic life
events [Traumatic Experience Questionnaire, TEQ (51, 52)].
Mother-infant ~ postp bonding [P Bonding
Questionnaire, PBQ (53)] and parental stress [Parenting Stress
Index, PSI (54)] are also examined.

As for the infants, at six am:l !wenty four months (corrected age
for Pls) of is conducted during a
hospital visit by a trained psycholognst and psychiatrist from the
team. Parents complete the Ages & Stages Quesuonnmres. Thlrd
Edition (ASQ-3) (55) for psyct ds il
and the Infant Rothbart’s Temperament Quesuonnmre (IBQ)
(56) for infant temperament. The ASQ is a well standardized
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instrument used in clinical and research practice to examine
children’s psychomotor development gathering items in five

10.3389/fped.2023.1130179

TABLE 2 Analysis of biological samples employed.

domains: communication, gross motor, fine motor, problem A At Uil i
cciving; e prrsonsi-aorll. Eioed d ot Mol | :::el:::;omc lumina NovaSeq | Buccal swab
Palmer revised scales (57) for development are applied during | Microbiota ' Bb species. | ATGC T Racess
the session. HM
Mother’s concerns and attitudes to breastfeeding are also | Microbiota activity | SCFAs acMs | Raeca
registered through the Towa Infant Feeding Attitude Scale (IIFAS) b Uriae
(58) at CEN/RBW and six months. YT 1 ::: -
Milk donors are asked to provide sociodemographic, medical, oo LCMSAES e
dietary, and other lifestyle data. PSS-10 is evaluated when
entering the study in order to correlate with hormones and other
compounds present in the milk. In particular, each time a batch 7' |
of milk is prepared, a FFQ is admini d (rep ing the i LC-HRMS Urine
period of time that the batch of milk covered) and the donors i ::f‘"”"m'"g i e |
are asked to provide medical, anthropometric, and lifestyle data. [Cabonydmtes |
Crude & true protein
2.5. Analysis of biological samples ::jg,m‘
employing laboratory methods Fatty acids 34 fatty acids GoMs HM
(C6-C24)
A range of state-of-the-art as well as novel laboratory methods o JEM Bty dcid
are employed for the analysis of the collected biological samples, as —zg::?s JR
summarized in Table 2. UNSAT
SCFAs
2.5.1. Genome sequencing | MCFAs
For genome sequencing analysis, DNA extraction from buccal LCRAs
swab samples takes place according to the protocol developed by | Vitamins Vitamin B, D and K| LC-MS/MS EM:
the sequencing provider facility. Polymerase chain reaction (PCR) i’::: e LT :i'::ﬂi d
quality control (QC) is performed before samples are shipped to e ooV
the sequencing service provider, and again upon receival by the vitamin E groups Fluorescence
sequencing facility. QC and library preparation follow the |HMOs HMO screening | LC-HRMS THM
Mlumina NovaSeq protocol (Paired End, 150 bp). Three polygenic | Steroids 19 steroid hormones | LC-MS/MS HM
risk scores (PRS) models are developed for body mass index | Urine
(BMI), diabetes type 2, and lactose intolerance, calculated by Frugeses :::1 P:':: J R gretes oo | U
Plink software (59), and the resulting genotype files, one per H
sample, are then used as separate input to the PRS models. Cadn
This score can then be compared to the scores obtained from pH pH Urine pH sensor Urine
the UK Biobank set (60), to estimate the relative risk for this | Phosphate and | Phosphate and | Phosphateand | Urine
individual compared to the rest of the UK Biobank individuals | creatinine _| creatinine et Senor

(~370.000 individuals), which are split in 10 quantiles according
to their genetic risk.

2.5.2. Microbiota analysis

Advanced Testing for Genetic Composition (ATGC) is used for
microbiota analysis of faeces and HM samples (61). It is a targeted
measurement technique that provides greater precision, specificity,
and versatility than rtPCR, while being just as cost-effective and
fast. It has been developed to translate discovery data from
untargeted analysis (e.g, 165 or shotgun meta-genomics) into
tests for routine use.

The Bifidobacterium (Bb) assay used is specifically designed to
analyze the main species and subspecies varieties in HM and
newborn gut microbi For sample p ing, the HM lipid
layer is solubilized using a detergent, while for faeces, a lysis step
using a lysis buffer with bead beating for 20 s is required. Then,

Frontiers in Pediatrics

ATGC, Advanced Testing for Genetic Composition. Bb, Bifidobacterium, GC, Gas

{HRIMS, (High Mass Spectrometry, SCFAs, Short
Chain Fatty Acids, BCAAs, Branched Chain Amino Acids, Bas, Bile Acids, SAT,
saturated fatty acids, MONOs, monounsaturated fatty acids. PUFAs,
polyunsaturated fatty acids; UNSAT, unsaturated fatty acids, MCFAs, medium-
chain fatty acids. LCFAs, long-chain fatty acids, LC, Liquid Chromatography, UV,
Ultraviolet, HMOs, Human Milk Oligosaccharides

an in-house DNA extraction procedure and a PCR are carried
out. Cycling p capillary el ph (CTCE) is
made for each primer on an independent capillary. It is
¥ d 1,000 i {General Electrics,
Boston MA, USA) as described earlier {(62).

on a Meg;

2.5.3. Microbiota activity biomarkers analysis
The microbiota activity is evaluated with the following
methods:

frontiersin.org

330



Annex I1. Articles included in the compendium

Ramos-Garcia et al

(i) Short chain fatty acids (SCFAs) and branched chain amino
acids (BCAAs) in faeces, urine and HM samples

SCFAs (i.e., acetic, propionic, isobutyric, butyric, 2-methylbutyric,
isovaleric, valeric, caproic and heptanoic acids) and BCAAs (ie.,
valine, leucine and isoleucine) are determined by targeted gas
chromatography coupled to mass spectrometry (GC-MS), as
described elsewhere (63, 64), using an Agilent 7890B GC system
coupled to an Agilent 5977A quadrupole MS detector (Agilent
Technologies, Santa Clara, CA, USA).

(i) Bile acids (BAs) in urine samples

In total, 34 BAs (6 primary, 7 primary conjugated, 5 secondary, 10
secondary conjugated and 6 sulphated) are determined in urine
samples by liquid chromatography coupled to tandem MS (LC-MS/
MS), as described elsewhere (65) with minor modifications, using
an ACQUITY LC chromatograph (Waters Ltd, Elstree, UK)
coupled to a Xevo TQ-S MS detector (Waters, Manchester, UK).

2.5.4. Nutrition blomarkers analysis
Quantification and of 20 and 205 urinary

o

10.3389/fped.2023.1130179

vitamin E: o-tocopherol and y-tocopherol; group of vitamin K:

hylloqui and i 4; group of vitamin D:
dmolecalufeml and calclfedml) in HM and umbilical cord blood
samples is carried out.

The analysis of B, D and K vitamins are determined as
described 72-76), using an Acquity LC
chromatographic system (Waters AG, Switzerland) hyphenated to
a Xevo TQ-S mass spectrometer (Waters AG, Switzerland).

The retinol forms are analyzed as previously described (75),
using a LC using a y Flexar ch graphic system
(Perkin Elmer, Switzerland) with UV detection (325 nm).

Carotenoids and vitamin E analysis is carried out as previously
described (77), using a binary Acquity LC chromatographic system
(Waters AG, Switzerland) with multiple UV detection (295 nm,
450 nm and 472 nm) and fluorescence detection (exc. 296 nm/em.
330 nm).

somewhere

2.5.9. Oligosaccharides analysis
HMOs ann.lvsis is carried out by LC-MS in accordance with a

d

nutrition b rkers (e.g., fl and arylglycines),
respectively, related to nine food groups such as fruits, vegetables,
meat, fish, dairy products, milk, seeds, coffee, and soft drinks is
carried out (66,
amvm, biomarkers are determined using this method (ie.,

F Iglycine, L-k L-tyrosine, hippuric acid,
Smdolepropmmc acid, ferulic acid sulphate and 3-indoleacetic
acid). LC-MS/MS analysis is conducted using a Sciex QTRAP
6500 + system (Sciex, Framingham, Massachusetts, USA).

67).  Additionall seven 5o

2.5.5. Untargeted metabolomic fingerprinting
Untargeted metabolomic analysis is carried out in urine
samples by LC-MS/MS, employing an Agilent 1,290 Infinity
HPLC system coupled to an Agilent 6,550 Spectrometer iFunnel
quadrupole time-of-flight (QTOF) MS detector (Agilent
Technologies, Santa Clara, CA, USA), as previously described (68).

2.5.6. Macronutrients analysis

Direct of HM luding fat,
carbohydrates, crude and true proteins, total solids, and energy
are determined using a Miris HM analyzer (Miris AB, Uppsala,
Sweden). Determinations, QC, and instrument calibration are
performed following the SOP provided by the manufacturer (69).

ient:

2.5.7. Fatty acid profile analysis
The targeted analysis of 36 fatty acids in HM samples is carried
out by GC-MS as described elsewhere (70, 71), using an Agilent

ly d protocol (78, 79) with some modifications,
employmg a Vangquish LC Binary Pump coupled to an Orbitrap
QExactive Plus MS detector (ThermoFisher, Waltham, MA, USA).

2.5.10. Steroid analysis

Steroid analysis of HM and urine samples is carried out on an
Acquity UPLC system (Waters Ltd, Elstree, UK) coupled to a
Waters Xevo TQ-S MS detector (Waters, Manchester, UK) as
previously described (80, 81) A panel of 19 sem:ds is mrge(ed

(ie, cortisol, 5p l,  6B-hyds 200~
dihyd scol F‘n i dol. Gort 1
e <and di deliwdrosciand 17-
hydorxy-| progeslemne. pmgneno!on& cortisone, 20a-
dihvd 20p-dihyd éorhvd, "
¥ Y

and 50-dihyd

2.6. Sensor prototypes

Due to the special requirements of the study, three sensor
prototypes enabling the d i of 1pls 4
parameters in HM and urine samples are being developed and
benchmarked within the NUTRISHIELD study.

2.6.1. HM protein sensor
Direct quantification of the most abundant proteins (ie.,

7890B GC system coupled to an Agilent 5977A quadrupole MS
detector (Agilent Technologies, Santa Clara, CA, USA).

2.5.8. Vitamin analysis

Quantification of water-soluble {group of vitamin B: thiamine,
thiamine monophosphate, riboflavin, flavin adenine dinucleotide,
nicotinamide, pyridoxal and pyridoxal phosphate) and lipid-
soluble vitamins (group of vitamin A: retinol forms, p-carotene,
B -cryptoxanthin, lutein, lycopene and zeaxanthin; group of

Frontiers in Pediatrics

casein,
using

and 1 in) in HM milk is performed
1 cascade laser-based mid-infrared (QCL-IR)

(82, 83). L: based IR sp py enables more
mbust and sensitive analysis in the spectral region of IR
signatures of proteins compared to conventional Fourier-
transform infrared (FTIR) spectrometers (82). Reference protein
analysis is carried out using specific Kjeldahl and HPLC analysis.
Within the study, a dedicated QCL-based protein analyzer for
HM is developed and benchmarked.
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2.6.2. HM fatty acids sensor
HM fatty acid profiling is performed based on mid-IR

10.3389/fped.2023.1130179

changes (FC) will be calculated as the ratio of means or medians
between groups in accordance to the underlying distribution of

spectroscopy of an extracted lipid HM fraction. For analysis, the data. Pearson’s linear or Spearman rank correlation
15l of the pure fat are transferred onto a di d single fici will be d d between variables. If
hounce 1 total refl (ATR) (Platinum  necessary, partial correlation coefficients adjusting for known

ATR, Bruker, Ettlingen) connected to a Tensor 37 (Bruker,
Ettlingen) FTIR spectrometer (34, 85).

2.6.3. Urine pH sensor
A custom-made portable system based on potentiometric

confounding factors will be computed. The false discovery rate
(FDR) from the p-values of multiple-hypothesis testing will be
estimated using the Benjamini and Hochberg procedure (36) and
adjusted p-values <0.05 will be considered statistically significant.

One of NUTRISHIELD secondary objectives is the

develop of a p lized nutrition system based on

measurements and  screen-printed el d hnol is
developed to measure pH in urine. The system works with small
sample volumes (ie, 50pl) and no dilution is needed. An
additive is spiked into samples prior to measurement in order to
preserve and regenerate the sensor’s surface, which extends
sensor lifetime to multiple uses with no carry-over between urine

samples.

2.6.4. Urine phosphate and creatinine sensor
Quantify of phosphate and i in urine samples is
performed using a method based on FTIR transmission
spectroscopy. Within the study, a dedicated QCL-based urine
analyzer is developed. Reference values for phosphate are
oblamed by a colorimetric determination after reaction of

measured biomarkers. The system is to be made available to
medical personnel, as well as mothers, to improve infant-mother
dyads’ health and wellbeing. The results and the associations
revealed from the study will be used to train a personalized
nutritional algorithm with data obtained from clinical settings.
This will be used to build and validate the NUTRISHIELD
platform, d k designed and
fed by the patients” data translates to clinical practice. Toward
that goal, a comprehensive data integration system has been
developed as the Chmcal Tml APP (CT. A) The CTA is a system
intended for p the
following main features: (i) data acquisition ﬁom questionnaires,
(i) data acquisition from laboratory biomarker analysis, (iii)
ing data to train machine learning algorithms, and (iv)

h feal &

g how a

phospl with i lybdate, while F
creatinine refelencc values are obteined followi the  deployi
manufacturer’s

instructions of the modified Jaffe’s met.hod

g trained algorithms to produce reports for final users.
ngre 3 shows the data flow and functionalities of the CTA.
Q ires data are collected by medical staff directly using

implemented in the DetectX® urinary d kit
from Arbor Assays (Ann Arbor, MI, USA).

2.7. Statistics and data integration

The Student’s ¢-test, Wilcoxon ranksum test or X” test with a
=005 will be used for between-group comparisons and fold

the phone app. Alternatively, questionnaires that have been
collected on paper or on spreadsheets, can be uploaded as well.
All samples can be identified with a unique QR code and, at the
moment of collection, the phone app can be used to scan the QR
code and input sample data. This way the samples can travel
between labs with the QR code as only identification. The QR
code can be scanned again to associate the results with the

PRACTICE LABORATORY 5 1 DATA STORAGE. T INPUT
Database External data sources
— g
&
. =, L) e -
L ikt 4
< Laboratory anatysis
WMedical Doctor 'y
) o [l = —
Sompes Sampl regtraion X ‘ oaa |
©
— Web intertace
Personstsed L
recommandation ‘
Motile app.
FIGURE 3
Data flow and func nical Trial App (CTAl
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original sample when uploading it through the web portal. The
collected data is stored on a database and used to feed the
p lized dati Igorith This  algorithm
produces a report and feeds it back to the phone app.

Using the CTA, all study data is consolidated in a structured
database, of which an anonymized version can be later stored on
public repositories for re-use in further research.

3. Results and discussion

Figure 4 summarizes the recruitment process, including the
eligible PI (n = 104), excluded (n=49), lost to follow up (n=10)
and the number of PI that were finally included in the study
(n=45). In addition, a control group comprising 31 full term
OMM infant-mother dyads was recruited, with five participants
being lost during follow-up. Altogether, a total of 71 infant-
mother dyads were included and completed the study (28
PI-OMM, 17 PI-DHM and 26 TI-OMM), after losing 15 infant
participants during follow-up. In total 662 urine, 594 faeces, 134
buccal swab, 33 venous and arterial cord blood, and 234 HM
samples, as well as aliquots from 147 DHM batches before and
after pasteurization have been collected. An ample array of
laboratory methods for biomarker analysis and of

10.3389/fped.2023.1130179

and pasteurization, in the case of DHM. Additionally, it is assessed
how HM composition affects growth and other health parameters
in TI and PL The results obtained from urine samples analysis will
also be used to study how urinary nutrition biomarkers and the
metabolic profile are affected by nutrition, psychosocial status, the
PRS obtained from genome sequencing and other clinical variables.
In addition, HM and faeces microbiome analysis will be used to
study its lation  with biota bi ker analysis (ie,
SCFAs, BCAAs, and BAs). HM and urine samples will also be used
to test the pH, protein, fatty acids, and phosphate and creatinine
sensors developed within the study.

This study presents several strengths and limitations. During
the study design, special emphasis was put on the comfort of
participants. Hence, the collected biological samples, including
faeces, urine, HM, buccal swap, and umbilical cord blood
samples, were obtained by non-invasive procedures that had been
tested and employed in earlier studies carried out at HULAFE.
SOPs for sample collection and handling were designed and
reviewed by the study team ahead of time. Sample collection kits
with detailed instructions and pictures were prepared for sample
collection at home, Finally, all procedures were tested in a small
pilot study conducted before the initiation of the main study,
allowing for minor amendments in the protocols and leading to

h process conducted all through the main study.

biological samples and three ad-hoc designed sensors were
developed. Currently, the analysis of all collected study samples
is in progress at the different participating institutions.

The results obtained from HM analysis will be used to study how
macronutrients, proteins, vitamins, HMOs, steroids, fatty acids, and
microbiota are affected by maternal nutrition, psychosocial status
(e.g., social support, family functioning, and perceived stress), other
clinical variables {e.g, gestational age, BMI, and type of delivery),

During follow-up, some visits were carried out at home avoiding
the additional effort for participants to travel to the hospital.
‘These efforts helped to encourage mothers to participate in the
study and enhanced adherence during the follow-up period.

One of the most outstanding strengths of this study is the rich
array of information obtained from participants during the first six
months of life, a pivotal period for health programming. Direct
access to participants through trained staff of the research team at

PI(<32 weeks) bom
(n = 104)
Withdsawals (n = 49)
21 infiwts dosot reach nutrition requireents
1 mein residence not in Valencia region
3 sl dif Tunguage barvier
10 parents refuse to participate
7 exits
3 severe gastroitestinal disorders
1 severe matermal medical
‘Plmotber dyads earolled at CEN Thmother dyads curolisd at REW
w59 @=31)
PLOMM group | | | PL-DHM g
@=34) @=21)
Loss of follow-up (6 PI-OMM, 4 PI-DHM) Je——————— Loss of follow-uj
Plmotber i the study Thamotber i the shudy
n=45) n=26)
PI-OMM group PI-DHM group.
(@=25) =17
FIGURE 4
Prospective flow ¢ PI, preterm Infant; TI, term infant; CEN, complete enteral nutrition (150 mU/kg/day); RBW, recovery of
birth weight; OMM, oy r ruman milk
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the hospital greatly aided to reduce the rate of missing data. The
promotion of good relationships with participants could facilitate
to further extending the life of the study cohort. Nevertheless, the
foll p period p d chall ‘We would like to highlight
the loss of some samples due to technical issues when collected at
home as well as the temporary loss of some sampling time points,
eg, due to illness of participants or overburdening of lactating
mothers. Our preliminary results need to be confirmed in a
greater cohort of infants and in different European settings.

This study will provide a better understanding of the impact of
maternal nutrition in HM composition, and the interplay of HM
composition, microbiota, and newborn physiology, especially in
PI's development. More knowledge and a better understanding
could allow for a personalized nutrition or even individualized
care at an early stage of the neonatal period to improve the
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perfomled the microbiota analysis, funding acquisition and project
i ASi and IR p d the microbiota analysis. SR
performed the vitamin analysns, funding acquisition and project
dministration. AH and SC performed the vitamin analysis. EB
and EM performed the dietary analysis, funding acquisition and
project administration. MK, DP and MY performed the dietary
analysis. CA and ASc performed the development of the IR-based
methods for creatinine, phosphate, proteins and fatty acids. JKa
; d the sensor develof funding and project
dministration. DM and SG p d the sensor devel
funding acquisition, and project administration. MVa performed
the laser development, supervision, conceptualization, funding
acquisition, and project administration. BL, JKu and MVe
performed the supervision, lizati funding
and project All authors ib

d to the article

outcome of these vulnerable newborns. Additionally, data
obtained from this study will be used to train a machine-learning
algorithm for providing dietary advice to lactating mothers and
will be implemented in a user-friendly platform based on a

bi of user-provided i and bi k

analysis.

4. Conclusion

A better understanding of the factors affecting the milK’s
composition, together with the health lmpllcauons for mfams
plays an imp role in developing imp of
nutraceutical management in infant care. The devdopment of a
user-fnendly platform based on a combmauon of user-provided

jon and biomarker analysis for p g dietary advice
would make latest scientific advances directly accessible to a wide
range of lactating mothers. This development is anticipated to be
of special importance for health, growth, and development of
prematurely born infants.
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Abstract: Accurate dietary assessment in nutritional research is a huge challenge, but essential.
Duc to the subjective nature of self-reporting methods, the development of analytical methods
for food intake and microbiota biomarkers determination is needed. This work presents an ultra-
high performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS)
method for the quantification and semi quantification of 20 and 201 food intake biomarkers (BIs),
respectively, as well as 7 microbiota biomarkers applied to 208 urine samples from lactating mothers
{M) (N =59). Dictary intake was assessed through a 24 h dictary recall (R24h). BEL analysis identified
three distinct clusters among samples: samples from clusters 1 and 3 presented higher concentrations
of most biomarkers than those from cluster 2, with dairy products and milk biomarkers being more

concentrated in cluster 1, and seeds, garlic and onion in cluster 3. Significant correlations were
observed between three BELs (fruits, meat, and fish) and R24h data (r > 0.2, p-values < 0.01, Spearman
correlation). Microbiota activity biomarkers were simultaneously evaluated and the subgroup
patterns detected were compared to clusters from dietary assessment. These results evidence the
ss, and complementary nature of the determination of BIIs, R24h, and microbiota
n observational nutrition cohort studies.

Keywords: nutrition biomarkers; microbiota biomarkers; food-intake; dictary asscssment; lactating
mothers; urine

1. Introduction

The measurement of dict exposure is crucial for determining associations between food
intake and health status. Additionally, optimizing nutritional advice to specific population
groups (e.g., chronic diseases patients, lactating mothers, etc.) has recently become a major
challenge [1]. The incidence of preterm deliveries (<37 weeks of gestation) and the survival
rate of preterm infants have been steadily increasing over recent decades [2] and early infant
nutrition is key for improving clinical outcomes. As human milk (HM) is recommended
as the gold standard for infant nutrition [3] and the impact of maternal nutrition on the
composition of HM has been evidenced [4-6], it is important to develop tools that can help
to evaluate maternal dictary patterns with the aim of providing dictary advice that could
enhance preterm infants” growth rates.

Dictary intake data is most commonly collected using tools based on sclf-reporting,
such as food frequency questionnaires (FFQ) for the assessment of regular consumption and
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food diaries or 24 h recalls (R24h) for the assessment of short-term consumption. This food
intake data is then translated into quantitative information regarding specific nutrients or
food groups using food composition databases. However, such methods are prone to errors
due to their subjective nature [7]. In particular, foods perceived as being unhealthy (e.g.,
processed foods and high fats) are typically under-reported [8], while foods perceived as
being healthy (e.g., fruits and vegetables) are often over-reported. Therefore, the generation
of robust data on regular dietary intake is essential to improve the accuracy of dietary
assessment. The measurement of metabolomic food intake biomarkers (BFIs) in biological
samples [9,10] has emerged in recent years as a method of supporting a more accurate
assessment of nutritional intake [11,12]. Metabolomic fingerprinting has opened new
opportunities for the discovery of specific BFls in body fluids [13]. For example, flavonoids,
methyl histidine, isoflavones, trimethylamine N-oxide (TMAO), and arylglycines have
been described recently as biomarkers of fruits and vegetables, meat, seeds, fish, and dairy
products, respectively [10,14].

After ingestion, these compounds are metabolized by phase I and II enzymes, yield-
ing glucuronidated, sulfated, and methylated metabolites [11]. Although recent studies
illustrated that an individual’s dietary habits can predict the levels of specific metabolites
present in plasma [15] and research has identified hundreds of mediation linkages that
provide insight into diet—microbiome interactions [16], urine is the most practical and
feasible biofluid used for BFI identification since many metabolic byproducts are excreted
through it [17]. Compared to the collection of other biofluids, such as blood and plasma,
the collection of urine is easier, cheaper, allows quicker collection of large volumes, and is
less burdensome and invasive for the participants [18].

Due to the different nature of BFIs, high sensitivity and wide coverage analytical
methods are needed to assess the metabolic fingerprint of food intake. Liquid (LC) or gas
(GC) chromatography coupled with mass spectrometry (MS) and H! nuclear magnetic
resonance (NMR) spectroscopy are the most commonly used techniques for the analysis of
BFIs [19] and targeted assays that enable the quantification of metabolites are the preferred
strategy [20]. The vast majority of previously published studies about BFI fingerprinting
required complex and time-consuming sample preparation, such as enzymatic hydroly-
sis [21,22] or solid phase extraction [23,24], resulting in incomplete hydrolysis and low
recoveries, respectively. Moreover, the lack of commercial standards of metabolic byprod-
ucts entangle the targeted approach [25] and therefore an attractive strategy to overcome
this drawback could be the semi-quantification of these urinary metabolic byproducts.

In addition, diet is one of the key factors involved in shaping the gut microbiota,
affecting the microbial diversity, as well as the abundance of specific microbes [26-28].
Metabolic end products of dietary micro and macronutrients, such as bile acids (e.g,,
cholic and lithocholic acids), short chain fatty acids (e.g., acetic and butyric acid), indole
and polyphenyl derivatives (e.g., 3-indolepropionic acid (3-IPA) and hippuric acid), and
phenolic acids (e.g., gallic acid and ferulic acid) are used to assess the activity of gut
microbiota [29-33]. A joint assessment of food intake and microbiota activity biomarkers
would be of interest.

The aim of this work was to develop an ultra-high performance LC coupled with the
tandem MS (UHPLC-MS/MS) method for the quantification and semi-quantification of
20 and 201 BFIs, respectively, of different food groups (e.g., fruits and vegetables, meat,
etc.) and the simultaneous determination of 7 microbiota biomarkers. The applicability
of the method was evaluated by the analysis of 208 urine samples from lactating mothers
(N = 59). The performance of the determined BFIs as a complementary tool to self-reported
R24h dietary assessment was evaluated. Furthermore, nutrition patterns were compared to
microbiota activity biomarker diversity clusters.
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2. Materials and Methods
2.1. Study Design, Population, and Sample Collection

Samples were collected under the framework of the NUTRISHIELD project (https:
/ /nutrishield-project.eu/ (accessed on 13 April 2023)), in a prospective, observational,
cohort study (NCT05646940) including infant-mother dyads and performed at the Division
of Neonatology of the University and Polytechnic Hospital La Fe (Valencia, Spain). Urine
samples from lactating mothers were collected at six time points, covering the period from
birth to six months of age. R24h were recorded at all timepoints except at birth, while
FFQs were recorded at month one. During data analysis, urine samples and R24h from
each time point were treated individually, as maternal food intake varied between time
points. Demographic and clinical characteristics of participants are shown in Table 1. The
mothers’ first morning urine was collected in sterile polypropylene PP’ containers. In total,
208 urine samples from 59 lactating mothers were collected. For additional information on
the NUTRISHIELD study, the reader is referred to Ramos-Garcia et al. [34].

Table 1. Demographic and clinical characteristics of participants at time point ‘Recovery of Birth
Weight’ or “Complete Enteral Nutrition” for mothers of term and preterm infants, respectively.

Parameters Mothers (N = 59)
Age (years), mean (SD) 36 (5)
Weight (kg), mean (SD) 62 (14)

BMI (kg/m?), mean (SD) 24 (3)
C-Section delivery, N (%) 28 (48)
Antibiotic therapy, N (%) 3(5)
Dietary supplements, N (%) 52 (88)
MedDietScore *, mean (SD) 30(5)

Note: * derived from FFQ recorded at month one; SD = standard deviation; BMI = body mass index; C-Section =
caesarean section; MedDietScore = adherence to the Mediterranean diet.

The study was approved by the Ethics Committee for Biomedical Research of the
Health Research Institute La Fe, University and Polytechnic Hospital La Fe (Valencia, Spain)
with registry #2019-289-1 and all methods were performed in accordance with the relevant
guidelines and regulations. Written informed consents were obtained from lactating
mothers prior to sample collection and analysis of clinical and demographic information.

2.2. Dietary Assessment

Regarding the dietary assessment methods, a R24h and a validated FFQ [35] were
performed. For the R24h collection, trained researchers asked for all foods and beverages
participants consumed the previous day, using the multiple-pass method [36]. Recall data
were analyzed in terms of nutrients using the dietary analysis software Nutritionist Pro™
(2007, Axxya Systems, Redmond, WA, USA; https:/ /nutritionistpro.com /). Additionally,
dietary intake was grouped into food groups, namely fruits, vegetables, meat, fish, egg,
bread/starch, seeds, milk, dairy products, fat, other carbohydrates, and soft drinks.

Regarding the FFQ), it comprises 142 questions on the consumption of foods that are
commonly eaten by the Spanish population throughout the year, including dairy products,
cereals, fruits, vegetables, meat, fish, legumes, added fats, alcoholic beverages, stimulants,
and sweets. Using a 9-grade scale (“never or less than 1 time/month”, “1-3 times/month”,
“1 time/week”, “3-4 times/week”, “5-6 times/week”, “1 time/day”, “2-3 times/day”,
“4-5 times/day”, “>6 times/day”) participants were required to indicate the absolute
frequency of consuming a certain amount of food, expressed in g, milliliters or in other
common measures, such as slice, tablespoon or cup, depending on the food. The previous
month was set as the timeframe.

Based on the FFQ-responses, adherence to the Mediterranean diet was evaluated by
using the MedDietScore, a composite score calculated for each participant [37]. For food
groups presumed to be part of the Mediterranean pattern (i.e., those with a recommended
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intake of 4 servings per week or more, such as non-refined cereals, fruits, vegetables,
legumes, olive oil, fish, and potatoes), higher scores are assigned when the consumption is
according to the rationale of the Mediterranean pattern, while lower scores are assigned
when participants report no, rare, or moderate consumption. For the consumption of foods
presumed to be eaten less frequently within the Mediterranean diet (i.e., consumption
of meat and meat products, poultry, and full fat dairy products), scores are assigned on
a reverse scale. As the sample of the study is lactating mothers, the original score was
modified by removing the component regarding alcohol consumption. Thus, the range of
this modified MedDietScore is between 0 and 50, with higher values of the score indicating
greater adherence to the Mediterranean diet.

2.3. Standards and Reagents

HPLC grade acetonitrile (ACN) (>99.9%), ammonium formate (>99.0%), formic acid
(>95%), phenylpropionylglycine (PPG) (>>99%), 3-indolepropionic acid (3-IPA) (>99%),
L-kynurenine (>98%), 3-indoleacetic acid (3-IAA) (>98%), hippuric acid (>98%), fer-
ulic acid sulphate (>99%), proline betaine (>>99%), hesperetin (>>95%), phloretin (>99%),
quercetin (>95%), kaempferol (>97%), O-desmethylangolensin (O-DMA) (>97%), daidzein
(>98%), equol (>99%), glycitein (>97%), genistein (>98%), trimethylamine N-oxide
(TMAQ) (>95%), isovalerylglycine (>97%), isobutyrylglycine (>95%), galactitol (>99%),
gallic acid (>98%), and the “Amino Acid Standards, physiological” solution containing
the amino acids L-tyrosine, 1-methylhistidine, 3-methylhistidine, anserine, citrulline, and
taurine, as well as the isotopically labelled internal standards (IS) caffeine-Dg (>99%),
phenylalanine-Ds (>99%), and taxifolin (>95%) were purchased from Sigma-Aldrich
Quimica SL (Madrid, Spain). Betaine-Dyy (>99%) was purchased from Cambridge Isotope
Laboratories, Inc. (Tewksbury, MA, USA). Standard solutions were prepared in ultrapure
water (Q—]"OD® system, Merck KGaA, Darmstadt, Germany).

2.4. UHPLC-MS/MS Determination of Nutrition and Microbiota Biomarkers

The UHPLC-MS/MS method for the quantification of 20 nutrition biomarkers (i.e.,
proline betaine, hesperetin, phloretin, quercetin, kaempferol, O-DMA, daidzein, equol,
glycitein, genistein, 1-methylhistidine, 3-methylhistidine, anserine, TMAQ, isovaleryl-
glycine, isobutyrylglycine, galactitol, gallic acid, citrulline, and taurine) and 7 microbiota
biomarkers (i.e., PPG, 3-IPA, L-kynurenine, 3-IAA, L-tyrosine, hippuric acid, and ferulic
acid sulphate) and semi-quantification of 201 nutrition biomarkers of fruits and vegetables
(N =105), meat (N =8), fish (N = 3), seeds (N = 17), olive oil (N = 4), coffee (N = 10), curcuma
(N = 2), garlic and onion (N = 1), grains (N = 9), soft drinks (N = 3), alcoholic beverages
(N = 13), and other groups (i.e., potato, cocoa, mushrooms, legumes, and nuts; N = 26) (see
Supplementary Table S1) was developed based on previous results [23]. A total of 110 uLL
of 1:20 (v/v) diluted urine samples in deionized water were added to a 96-well plate and
mixed with 10 uL of IS (i.e., caffeine-Dg, phenylalanine-Ds, betaine-Dyy, and taxifolin at 15
uM each).

UHPLC-MS/MS analysis was conducted using a Sciex QTRAP 6500+ system (Sciex,
Framingham, MA, USA) operating in positive and negative ionization modes (ESI+/ ).
Separations were performed using a Luna Omega Polar C18 column (100 mm x 2.1 mm,
1.6 um) equipped with a fully porous polar C18 security guard cartridge (Phenomenex,
Torrance, CA, USA). Conditions were as follows: column temperature, 40 °C; autosampler
temperature, 10 °C; injection volume, 10 uL. Additionally, 0.1% formic acid and 10 mM
ammonium formate in water and pure ACN were used as aqueous (A) and organic (B)
mobile phases (MP), respectively. The gradient program was as follows: 0-8 min, 5-20%
B; 8-10 min, 20-100% B; 10-12 min, 100% B; 12-12.1 min, 100-5% B; and 12.1-14 min, 5%
B. MS detection was performed using the multiple reaction monitoring (MRM) mode (see
Supplementary Table S2). The mass spectrometer operated using the following parameters:
ion spray voltage, (4)4500 V; source temperature, 600 °C; curtain gas, 35 psi; ion source
gases 1 and 2, 60 psi each; and entrance potential, (+)10 V. When available, the transitions
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were optimized by infusing 5 uM individual solutions of commercial standards dissolved
in MP into the mass spectrometer. For the semi-quantification of nutrition biomarkers
identified in urine samples for which authentic standards were not available, their corre-
sponding transitions, as reported in the literature [23], were included (see Supplementary
Table S1) and the semi-quantification was carried out using the relative peak areas. Quan-
tification was carried out using the relative peak areas with an external calibration line
using standard solutions obtained from serial dilutions of a working solution containing
mixtures of pure analytical standards in ultrapure water. For monitoring the instrument’s
performance, a quality control (QC) sample (5 uL of each sample pooled) was analyzed
every 20 samples in the randomized analytical batch. The batch acceptance criterion was
QC relative standard deviation (RSD) < 25%. In addition, calibration blanks (i.e., H2O) and
a process blank (i.e., processing of HyO as described for urine samples) were injected at the
beginning of the sequence for system suitability testing.

Urinary biomarker concentrations were normalized to creatinine concentrations quan-
tified following the manufacturer’s instructions of the modified Jaffe’s method imple-
mented in the DetectX® urinary creatinine detection kit from Arbor Assays (Ann Arbor,
M]I, USA). Samples were diluted with deionized water prior to measurements employing a
1:20 (v/v) dilution.

2.5. Method Validation

Method validation was based on the US Food and Drug Administration (FDA) guide-
lines for bioanalytical method validation [38], including the following bioanalytical param-
eters: accuracy, precision, linearity range, carryover, selectivity, specificity, and stability.

Replicates (N = 3) of standards at three concentration levels and replicates (N = 3) of
spiked samples at three concentration levels (low, medium, and high) on three validation
days were analyzed to assess accuracy. The RSD of replicate standards/samples within
one validation batch (intra-day) and between validation batches (inter-day) was used to
estimate precision. The calibration curves included a zero calibrator (i.e., blank with IS)
and, at least six standards covering the selected concentration ranges ensuring linearity.
Carryover between samples was assessed by the analysis of a calibration blank after the
injection of the standards. The analysis of calibration and process blank samples from
multiple (N = 6) sources were used to demonstrate selectivity and specificity. Analytes”
freeze-thaw and long-term stabilities were tested by comparing concentrations observed in
a freshly prepared sample to sample extracts after three freeze-thaw cycles and to a sample
stored for six months (—80 °C).

2.6. Data Availability and Statistical Analysis

UHPLC-MS/MS data were acquired and processed using SCIEX OS Software (Sciex,
Framingham, MA, USA). Data analysis was carried out in MATLAB R2019b (MathWorks,
Natick, MA, USA) and using the PLS Toolbox 8.9 (Eigenvector Research Inc., Manson,
WA, USA). Biomarker levels normalized to creatinine in urine samples determined in this
work are available in Supplementary Table 53. Continuous variables were expressed as
mean - standard deviation or medians with interquartile range, depending on underlying
data distribution. Student'’s t-test (& = 0.05) or Wilcoxon rank-sum test (& = 0.05) were used
for inter-group comparison. Pearson’s and Spearman’s correlation coefficients were used
for assessing paired associations among metabolite concentrations, and among metabolite
concentrations and R24h food groups, respectively. Hierarchical clustering analysis was
carried out using autoscaled data.

Diversity of microbiota biomarkers within a sample was assessed with Simpson’s
Index of Diversity (1—D), where D was defined as:

_In(n-1)
&S N(N-1) M

341



Annex I1. Articles included in the compendium

Nutrients 2023, 15, 1894

6 of 14

n being the concentration of a particular microbiota activity biomarker in the sample; and
N the total concentration of microbiota activity biomarkers. Thus, the higher the value for
this index (1—D), the higher the microbiota activity biomarker diversity.

3. Results and Discussion
3.1. UHPLC-MS/MS Method Validation

The recommended guidelines were used to perform the validation of the analytical
method [38]. Linearity of response was assessed covering up to four orders of magnitude
with limits of detection (LODs) and limits of quantification (LOQs) in the 0.03-8 uM
range (see Supplementary Table S2) and carryover did not exceed 20% of LOQ. Regarding
accuracy and precision, intra- and inter-day recoveries in standard solutions spiked at the
different concentration levels were between 82 and 119%, with an average precision of 7%
(min-max precision of 1-20%) (see Supplementary Table 54). Similarly, in spiked urine
samples, intra-day and inter-day recoveries and precisions ranged between 80 and 120%
and between 1 and 20% (average precision of 10%), respectively, with the exception of
galactitol and genistein spiked at the low concentration level that presented an inter-day
recovery of 123% and an inter-day accuracy %RSD of 21. This evidences an adequate
method performance for all quantified metabolites. Additionally, all compounds were
stable after freezing stock solutions for one year at —80 °C, and after three freeze-thaw
cycles (—80 °C) (t-test, p-values > 0.05). Process blanks using sterile PP containers were
analyzed and compared to calibration blanks to assess selectivity and specificity, as well
as to test the compatibility of the sample collection procedure with the analysis of these
metabolites, and no contaminations were detected.

3.2. R24h Results

As shown in Figure 1, results from R24h evidence that mothers’ intake of fruits, veg-
etables, meat, milk, egg, fish, dairy, and other carbohydrates ranged between 1 and 5
portions/day, while bread /starch and fat were the food groups of higher intakes, with 5 to
10 portions/day. However, seeds, and soft drinks were rarely present in their diets. The
majority of the mothers participating in the study reported lower intake of fruits and veg-
etables, meat and fish, bread /starch, and milk, and dairy products than the recommended
intake according to the World Health Organization diet guidelines for lactating mothers (5,
2,8.5, and 3 portions/day, respectively) [39]. Additionally, results from FFQ indicate that
51 of the 59 mothers (86%) included in the study presented adherence to the Mediterranean
diet (i.e., MedDietScore between 25 and 35), while 8 women showed lower adherence (7
and 1 participants < 35 and <25, respectively).

3.3. Biomarker Profiles of Lactating Mothers

The concentrations of the nutrition and microbiota biomarkers determined in urine
samples, after normalization to creatinine using the validated UHPLC-MS/MS method,
are shown in Table 2.

Table 2. Microbiota and nutrition biomarker concentrations in urine samples from lactating mothers.

N Ran, Median IOR Detection
Category it wmollgsctmzn (umol/g Creat)  (25-75) Frecuency (%)
Phenylpropionylglycine 0.007-58 0.03 04 72
3-IPA 0.012-8 2 3 3
L-Kynurenine 0.009-21 05 2 80
. . 3-IAA 0.012-176 13 7 9
Migrobises L-Tyrosine 0.014-2820 16 s 98
Hippuric Add 11-8496 255 598 100
Gallic Acid 0.013-10 0.4 04 62
Ferullic Acid Sulphate 0.02-126 0.4 3 74
Proline betaine 14-2568 88 315 100
Fruits Hesperetin 0.02-11 0.05 0.13 64
Phloretin 0.004-2 0.02 0.10 29
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e : Range Median 10R Detection

Category Hetabolite (umolfg Creat)  (umolfg Creat)  (25-75)  Frecuency (%)
e Quercelin 003 76 04 02 15
Vegetabiles Kaempferol 0.02-2 02 06 93
O-DMA 002 03 61
1aid7ein 04 0.9 9%
Seeds Lquol 03 0.05 34
Glycitein 005 02 %
Genistein 0.03 0.02 2
1-Methylhistidine 11784 4 95 100
Meat 3-Methylhistidine (24555 31 87 100
Anscrine 0.6 204 3 10 58
Fish TMAO 3 3368 142 73 100
Dairy Isovalerylglycine 200591 3 13 7
products Tsobutyrylglycine 0.7-125 3 9 93
Milk Galactitol 122424 2 67 2
- Citeulline 0.09-60 7 1 o5
Soft drinks Taurine 0.2-2341 55 207 100

Note: 3-IPA = 3-indolepropionic acid; 3-IAA = indole-3-acelic acid; O-DMA = O-desmethylangolensin;
TMAO - trimethylamine N-oxide; IQR = interquartile range.

25
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5 B !
il . . F
J —f = | 4 e 8 :
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Figure 1. R24h food groups intake in lactating mothers. Note: Horizontal black line represents
recommended intake according to the World Ilealth Organization diet guidelines for lactating
mothers. (Red dot = median; blue circle (open) = standard outlier (1.5 - 3.0 x IQR); blue circle
(closed} = extreme outlier (= 3.0 x IQR)).

Results show that, overall, median concentrations of microbiota biomarkers were
relatively low, with the exception of hippuric acid and L-tyrosine which were higher
than the rest. As observed, a high variability (two to four orders of magnitude) was
encountered for these two microbiota biomarkers. It is noteworthy that 3-IPA, an end
product of tryptophan metabolism, was only detected in 3% of the samples, whereas
the other microbiota biomarkers were detected in over 62% of the samples. In respect
of the targeted analysis of nutrition biomarkers, the highest concentrations were found
for TMAQ, proline betaine, taurine, and 1- and 3-methylhistidine, with phloretin, O-
DMA, genistein, hesperetin, and glycitein being the least abundant BFIs. As with the
microbiota biomarkers, broad concentration ranges for the more the prevaleni metabolites
were observed, while lower detection frequencies were found for certain less-abundant
biomarkers (e.g., genistein, phloretin, and glycitein) were found.
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Figure 2 depicts the significant paired correlations among BFIs (p-value < 0.05). Some
metabolites that are biomarkers of the same food group are significantly correlated among
each other, such as 1- and 3-methylhistidine (meat); isovalerylglycine and isobutyrylglycine
(dairy products); quercetin, phloretin and kaempferol (fruits and vegetables); and genistein,
equol and glycitein (seeds). However, additional correlations between biomarkers from
different food groups were also significant, such as meat BFI anserine with fruits and
vegetables BFIs (i.e., quercetin, phloretin and kaempferol), soft drink BFI taurine with
phloretin, and some meat BFIs (i.e., 1- and 3-methylhistidine) with quercetin. This could be
due to the paired intake of both food groups or chance correlations.

1
Fruits Hesporetin
Prioretin 69
Quercetin
Vegetables Kestopars
O-DMA
Daidzein o8
Seeds Equol
Giycitein
Genistoin Lo
1-Methylhistidine
Meat |
_ Ansernel =
Fish TMAO
Dairy products i
.5
Milk Galactitol |_ i
Citrulline
Soft drinks Tourne | pvalue >0.05

gxfﬁ gj“*f*" ‘j’%‘ﬁﬁi‘f«?{f

Figure 2. Significant paired correlations among BFls (Pearson’s correlation, p-value < 0.05).

Regarding the semi-quantitative analysis, a higher number of detected metabolites
belonged to fruits and vegetables, followed by other groups (i.e., potato, cocoa, mushrooms,
legumes, and nuts), coffee, meat, and seeds, as shown in Figure 3.

70

WO-40% cet freq
60 I 40-60% cel. freq
[60-80% cet. freq.
8 I 50-100% det. freq.
2
40
£
230
3
2
% % 1030
A
0 | | . ]
& ¢ &
& f & & &

Figure 3. Number of metabolites and detection frequencies of the semi-quantitative analysis.
Note: (*) Potato, cocoa, mushrooms, legumes and nuts.

3.4. R24h and BFIs in Lactating Mothers
In Figure 4 (top, left), BFI patterns in mothers’ urine samples detected by hierarchical
clustering analysis (HCA) are shown. Three clusters were identified as clusters 1,2, and 3,
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and were depicted in the Principal Component Analysis (PCA) scores plot in Figure 4 (top,
right). Samples from clusters 1 and 3 presented higher concentrations of all biomarkers than
samples from cluster 2, while dairy product and milk biomarkers were more concentrated
in cluster 1, and seeds and garlic and onion BFIs in cluster 3 as shown in the PCA loadings
plot in Figure 4 (bottom, left).

0 )
ey - + Chster1 1
e - Chustor2 |
R, 20 + Chuster3 |
F3 5% Confidence Level
2 15 |
& .
5w
s 8 |
3 ° :

10 -5 0 & 10 1 2 2
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Vanance Wesghted Drstance Betwean Custer Cantars Scores on PC 1(15.28%)
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o faege| ouemnda | _
g g Y
g o by g
& Sheect Sw
£ oo Srt 8
5|
2 s <
o H X
g

01 -01 -005 © 015 0z 02 63 o -3

)
Scores on PC 1(15.20%)

008 01
PC1(1528%)

Figure 4. BFIs patterns in mothers’ urine samples. Top: Hierarchical clustering analysis revealing
three sub-groups within the study samples (left) and PCA scores plot (right). Bottom: loadings plot
(left) and PCA scores plot with Simpson’s Index of Diversity classes (right).

Figure 5 depicts the mean R24h food group values for each of the three clusters detected
by analysing BFI patterns in urine samples. It shows that mothers from cluster 1 had a
higher intake of some food groups (i.e., vegetables, meat, egg, and other carbohydrates)
than mothers from cluster 3, who presented a lower intake, evidencing that they followed
a different dietary pattern. Conversely, mothers in cluster 3 had highest intakes of fruits,
fish, bread /starch, seeds, milk, dairy products, fat, and soft drinks. Mothers from cluster 2
showed a mean intake in between mothers from clusters 1 and 3 for all food classes, except
for other carbohydrates, egg, bread/starch, and seeds.

In concordance with the results from the HCA, clusters 1 and 3 present higher intakes
of the majority of food groups and cluster 3 is characterized by a high intake of seeds.
However, R24h results show that the class with lowest consumption of milk and dairy
products is cluster 1, contradictory to the HCA results. These divergences could be due to
the small absolute difference in the mean R24h food group values between clusters, as the
majority of the mothers follow a similar Mediterranean diet (p-value > 0.05, Wilcoxon rank-
sum test), and/or errors due to the subjective nature of the R24h recording. Additionally,
we would like to highlight the complementary information provided by R24h food groups
and BFls, as the information provided by BFIs is more detailed and reports food groups
which are not specified in R24h (e.g., garlic and onion, alcoholic beverages, coffee, curcuma,
olive oil, wine). Furthermore, these differences hamper the comparison of the information
accessible through both R24h and BFIs.
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Figure 5. Mcan R24h food group values for clusters 1 to 3.

Correlations between urinary BEls and the food groups obtained in the R24h are
depicted in I'igure 6, and show significant correlations between three biomarkers (i.e.,
proline betaine, anserine, and TMAQ) and their corresponding food groups (i.e., fruits,
meat, and fish) from the R24h, with a p-value < 0.01 for fruits, and p-values < 0.001 for meat
and fish (r > 0.2, Spearman’s correlation). These results strengthen the findings of Lloyd
ct al., reporting urinary excretion of proline betaine as a potentially useful biomarker of
habitual citrus consumption [40], and the conclusions reached by Cheung ct al. in which
anserine and TMAQ are presented as potential biomarkers of chicken and fish intake,
respectively [41]. Additionally, there are three other metabolites that are significantly
correlated to meat (i.e., phloretin, kaempferol, and taurine), which are described as fruit,
vegetable and soft drink BI'ls [42,43]. This could be due to a paired intake of vegetables
and meat (see Figure 5) and /or due to the correlation of taurine levels with meat intake
reported in other studies, as ingestion of foods of animal origin can be another source of
taurine [44—46]. It should be remarked that not all food groups recorded in the R24h have
their corresponding urinary BI'l (i.e., egg, bread /starch, fat and other carbohydrates), due
to the difficulty in finding specific Btls [47].

On the other hand, the specificity of most of the already proposed BFIs is limited, as
many dietary compounds are present in different types of foods and similar compounds
from different food sources can result in the same metabolite [47]. There are additional
concerns, such as the lack of knowledge about the dose-response relationships, the limited
quantitative data available, the interindividual variation that can lead to different BFIs
levels with the same intake levels [47,48], and the fact that some metabolites are derived not
only from diet, but also from other parallel endogenous pathways affected by intake [49].
However, self-reported surveys are known to be prone to misreporting issues and, therefore,
can lead to uncertain research findings. Consequently, due to the high complexity of
accurate dietary assessments, the implementation of a combined strategy bringing together
complementary tools might allow enhanced performance to be achieved.

Despite the fact that the mothers included in the study are similar ages, the same diet
could lead to different metabolite by-products due to differences in metabolism between
individuals, as recent studies have found significant associations between food intake
metabolites and body mass index (BMI) [50,51]. However, in this study we did not find
any significant correlation between mothers” BMI and their food intake (p-value > 0.05,
Spearman’s correlation). In this study, repeated sampling from the same individual was
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performed, corresponding to the collection of urine samples and R24h at different study
time points, but it has to be taken into consideration that lactating mothers are a particular
population, as the body readjusts after giving birth, usually resulting in a weight reduction.
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Figure 6. Significant correlations among BFTs and R24h food groups (Spearman’s correlation,
p-value < 0.05). Note: (*) p-value < 0.001.

3.5. Microbiota Activity Biomarkers in Lactating Mothers

The diversity of microbiota activity biomarkers was estimated through the Simpson’s
Index of Diversity (Equation (1)) and ranged between 0 and 0.6 with a median value
of 0.08. Samples were classified as low (N = 111), medium (N = 60), and high (N = 37)
diversity for Simpson’s Index of Diversity if they were under 0.05, between .05 and (.25,
and over 0.25, respectively. In Figure 4 (bottom, right), a PCA scores plot of the urinary
BFls concentrations with the microbiota activity biomarker diversity classes assigned is
shown. Samples classified as high and medium diversity presented different BIT levels
from the samples classified as low diversity, reflecting a nexus between dictary patterns
and microbiota activity. This corroborates findings reported by Turnbaugh et al. indicating
that diet has a significant impact on sculpting the microbial communities in the gut, and
changes in dietary patterns can directly influence the composition and functionality of the
gut microbiota through the availability of macro- and micronutrients in the gut [52]. More
specifically, the high number of samples from dietary cluster 3 that show a low microbiota
activity diversity (43%) is noticeable. Ilowever, BFIs and microbiome analysis should be
assessed in more detail in further studies on the impact of dict on the gut microbiome.

4. Conclusions

A ULIPLC-MS/MS method for the analysis of BFls and microbiota activity biomarkers
was developed and validated. Levels of microbiota activity biomarkers were reported and
a panel of both quantitative and semi-quantitative BFIs was determined in an observational
study involving lactating mothers. Correlations between some BFls in the same food group
were found (i.e., meat, dairy products, fruits and vegetables, and seeds). Additionally, the
BEI profile allowed three clearly distinct dietary patterns present in the study population to
be discerned, evidencing the capability of urinary food intake assessment as a complemen-
tary tool to traditionally employed questionnaires. The presence of some highly specific
BFIs in urine samples (e.g., curcuma and garlic and onion) highlights its complementary
nature. Correlations were found between fruit, meat, and fish biomarker concentrations
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and R24h results. This evidences that the use of some biomarker measurements for the
assessment of some food group intakes is possible, even though more studies are needed in
order to expand the number of food groups that can be assessed by BFls. Furthermore, the
diversity of microbiome activity biomarkers reflected dietary patterns detected in lactating
mothers. In future studies, biomarkers and microbiome analysis will be integrated for a
joint assessment of diet, microbiome, and, ultimately, health.

Supplementary Materials: The following supporting information can be downloaded at: hitps:
//www.mdpi.com/article /10.3390/nu15081894/s1, Table S1: Measurement parameters and main
figures of merit of the semi-quantitative LC-MS method for BFI determination; Table 52: M
parameters and main figures of merit of the targeted LC-MS method for nutrition and microbiota
biomarker determination; Table S3: Nutrition and microbiota biomarker levels in urine samples
from lactating mothers; and Table S4: Calculated intra- and inter- day accuracy (i.e., recovery) and
precision (i.e., RSD) of the LC-MS method in standard solutions and spiked urine samples.
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o) Y ! Merhods: A targeted gas chromatography — mass spectrometry: (GG-MS) method for the determination of SCliAs
Short Chain Farey Adids (SCEAs) and BCAAs in both fasces and urine samples has been validated. The analysis of 210 urine and 137 facces
Branched Chain Amino Acids (BGAAS) samples collected from preterm (PT), term infunts (T1) and their mothers was wsed W report faceal and urinary
SONA and BOAA levels Tn adult and neonatal populations.
Results: A significant coreelation among five SCFAs and BCAAs in faeces and urine samples was observed,
Refurence ranges of SCFAs and BCAAs in mothers, Pland TL were reported showing infant’s lower concentrations
in facees and higher concentrations in urine.
Coaclusion: 'This method presents a = approach for the simul of $CEAs and BUAAS
in faceal and urine samples and the results will serve as a knowledge base for foture experiments that will fecus
an the stuly of the impact af nutrition on the microbiame of lactating mothers and their infants.

1. Introduction perinatal period.

The characterization of SCFA profiles in faeces is widely used to

The host-gut microbiota crosstalk is vital for the development and
maturation of the immune system [1-3] and it has been widely
acknowledged that this crosstalk is regulated by nutrition [4]. Gut
microbiota provides essential nutrients, such as vitamins, and helps
catabolizing dietary fibres, human milk oligosaccharides, and other
carbohydrates to produce short chain fatrty acids (SCFAs), which are an
important energy source for the intestinal epithelium, and modulate
epithelial integrity [5]. These compounds provide general protection
against pathogen gur colonization moreovet, taken up by the host,
they stimulate the development of the immune system and are used as
energy sources or tegulators [7], being particularly relevant in the
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study the acrivity of gut microbior in elinical studies. The most abun-
dant SCFAs are acetate, propionate, and butyrare produced by anaerobic
fermentation in the intestine. Valerate, caproate, heptanoate, anc
branched chain SCPas (i.e., 2-methyl-butyrate, isobutyrate, and iso-
valerate) are also produced by intestinal mictobiota, butin considerably
lower amounts. Branched chain SCFAs are devived from the bacterial
metabolism of dietary proteins, human milk oligosaccharides and
branched chain amino acids (BCAAs) [1,7-9]. BCAAs (i.e., valine,
leucine, and Isoleucine) are considered essential amlne acids since they
that cannot be synthesized endogenously and must be provided by the
diet. They serve as substrates for protein synthesis or energy production
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and are of key importance in several metabolic and signalling functions,
e.g. the activation of the mammalian target of rapamyein (inTOR) sig-
nalling pathway [10].

Mass spectrometry (MS) hyphenated with separation techniques,
such as gas chromatography (GC) or liguid chromatography (LC), is
frequently used for the metabalic analysis of biological samples due to
its sensitivity and selectivity. LC-MS requires minimal sample prepara-
tion for SCFA and BCAA analysis. However, harsh experimental condi-
tions, such as a very acidie aqueous mobile phases, need to be employed
in LC-MS for the quantitation of 8CFAs without chemical derivatization
[11]. In addition, poor chromatographic separation, and insufficient
ionization due to the hydrophilicity of SCFAs are an additional burden
[12]. To overcome these problems, several chemical derivatization
methods have been developed for SCFA and BCAA quantification with
LC-MS |13 15], requiring long reaction times or specific reaction con-
ditions. Alternatively, SCFAs and BCAAs have been derivatized by
methyl-, ethyl, and propyl-chloroformate, as well as wimethylsilylation,
and determined by GG-MS [16-10].

Preterm birth is a serious event affecting 5-13% of births with an
increasing tendency in recent years [ 20], Prematurely born infants are
characterized by an immature immune system and gut barrier, and
hence, they are more vulnerable to suffer infections and inflammatory
processes such as niecrotizing enterocolitis, assocated with high mor-
rality rates [21]. In studies targeting the newborn population, the
collection and handling of stool samples can be troublescme, and the
determination of absolute concentrations typically rtequires the
normalization of the detected concentrations to wet or dry weight of
faecal samples. Hence, altemative procedures supporting straightfor-
ward sample collection and enabling the quantitative analysis of these
biomarkers are warranted, The assessment of newborns’ gut microbiota
activity using metabolic profiles of urine samples as surrogates could
enable an effective simplification of sample collection protocols in
clinical studies, which would be especially useful in neonatology.

In the present study we show the applicability of a novel GC-MS
method for the determination of SFCAs and BCAAs in both faecal and
urine samples, specifically tailored to the very low sample volumes
typically available in studies invalving newborns. The method encom-
passes a 1-step derivatization of SCFAs and BCAAs to propyl-esters and
provides appropriate sensitivity, linearity, and accuracy for their
quantification. The applicability of the method for the determination of
SCFA and BCAA concentration levels is assessed through the analysis of
a set of 137 faecal and 210 urine samples from a clinical cohort
comprising lactating mothers and term (TI) and preterm infants (PI),
providing for the first time reference concentration ranges of these
metabolites, and an initial study of the association between the levels
found in faeces and urine in paired samples. Results obtained during
method devel include the pre- of sterile palypropylene
(PP) bags, cotton pads, and gauzes widely used for urine collection from
the newbam for assessing their suitability with respect to the determi-
nation of SCFAs and BCAAs in future clinical studies.

2. Material and methods
2.1, Stundurds and reagents

Certified ACS grade sodium hydroxide, HPLC grade propanol
(PrOH), pyridine (Py), propyl-chloroformate (PCF), and n-hexane, and
SCFAs (acetic acid (=99.8%), propionic acid {=99.5%), isobutyric acid
(=99%), buryric acid (>99%), 2-methyl butyric acid (>98%), isovaleric
(>99%), valeric acid (>99%), caproic acid (>99%), and heptanoic
acid (>99%)), and BCAAs (valine (>99.5%), leucine (>09.5%), and
isoleucine (>999%)) standards as well as the isotapically labelled internal
standard (1S) caproic acid-Ds (>99%) were purchased from Sigma-
Aldrich Quimica SL (Madrid, Spain). Standard solutions were prepared
in ultrapure water (Q-POD® system, Merck KGaA, Darmstadt,
Germany).
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Table 1
Characteristics of the population and general confounders.
Pacameter M (N TIMN= PI(H= pvaue
=45 9 50)
Maternal age (years)/ Gestational age 35 (5) 37(1.2) 30(0.9) <0001
(weeks), mean (SD)/ median
(5-95% CI)
Maternal weight (kg)/ infant birth 67(12) 2486 1420 <0.001
‘weight (g), mean (SD) (776) (445)
BMI (kg/m”), mean (SD) 26.(7) - - -
sex male, 0 (%) 000 8 (89) 29(58)  0.09
CSection delivery, n (%) 22(48)  4(4)  38(76)  0.06
Apgar’ | min, median (5-95% CI) - 904  7(08) 06
Apgar® 5 min, median (5-95% CI) - 10(1.2)  9(0.4) 08
Antibiotic thetagy, o (%) 4(9) 3 (38) 2(5) 0.006

Note: Body mass index (BMI)  weight/height’; SD  standard deviation; CI
confident interval; M mothers; TT  term infants; PI  preterm infants; *[22].

2.2, Study design. population, and sample collection

Samples were collected in the frame of the Numishield project (Tt
pe://mutrishield project.ens), in a prospective, observational, cohort
study performed at the Division of Neonatology of the University and
Palytechnic Hospital La Fe (HUIP La Fe), including three groups of in-
fants: i) PI (<32 weeks of gestation) exclusively (Le., =80% v/v)
receiving own mother’s milk (N = 30), i) Pl exclusively receiving donor
human milk (N = 7) and iii) TI (>37 weeks of gestation) exclusively
receiving own mother's milk (N = 7), as well as mothers of infants of all
three groups (N = 45), Urine and faeces samples from infants and
mothers were collected at six time points, covering the period from
achieving camplete enteral nutrition, l.e., a stable daily intake of 150
mL/kg, in Pland recovery of birth weight in TI, followed by sampling at
one, two, three and six months of infant’s age, Additional faeces and
matched urine samples from neonates (N = 15) during their stay at the
hospital were collected. A total of 45 mothers, 50 Pl and 9 TI were
included in the study. Demographic, clinical, and perinatal character-
isties from participants were recorded as shown in Table 1. Mother's first
moming urine was collected in sterile PP containers and infants’ urine
was collected using sterile cotton pads placed in the diaper. Cotton pads
were collected after 1 h and squeezed with a sterile PP syringe. The
process was repeated until collecting a minimum of 1 mL. Urine samples
were aliquoted to avoid freeze-thawing cycles and stored at —80 °C until
analysis. Faeces samples were collected in sterile tubes using sterile
tweezers, In total, 210 urine and 137 faeces samples collected were
emplayed for method development and for the comparison between
SCFA and BCAA concentrations in faeces and wine,

The study protocol was approved by the Scientific and Ethics Com-
mittee for Biomedical Research (CEhn) of the HUP La Fe (study ap-
provals #2019-289-1 and #2019/0312). All methods were performed
in accordance with the relevant guidelines and regulations and written
permission was obtained from mothers or legal representatives by
signing an informed consent form.

2.3. GC-MS determination of SCFAs and BCAAs

The GC-MS method for the determination of SCFAs (i.e., acetic acid,
propionic acid, butyric acid, valeric acid, caproic acid, heptanoic acid,
isoburyric acid, 2-methylbutyric acid, and sovalerie acid) and BCAAs (1.
e. valine, leucine, and isoleucine) was developed based on previous re-
sults [18]. 1000 uL of 5 mM aqueous NaCOH containing IS (5 ul. mL 1
caproic acid-D3) was added to 100 mg of wet faeces, then the sample was
homogenized for 10 min and centrifuged (13200 « gfor 20 min at4 °C).
500 1L of faecal supernatant was transferred into a 15 mL falcon mbe,
and 300 L of water were added. For urine, 300 L of sample and 500 L
of 5 mM aqueous NaOH containing IS (5 pL mL. ! caproic acid-Ds) were
mixed in a 15 mL falcon wbe. Both faecal and wine samples were
derivatized as follows. An aliquot of 500 L PrOH/Py solvent mixture
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Table 2
Measurement parameters and main figures of merit of the GC-MS method.
Faeces Ukine
Calibration L LoD 100 Calibation Lo LoD LOG
Compound dass Metabolite mfz RT 4 5 (min) range (M) (MY () range (uM) M) [
Acetic acid 61 275 4 0.02 26503 0.9996 03 1.0 0.7-655 0997 05 2
Propionic acid 75 5.98 4 0.02 0.5-8027 0.998 010 0.2 0.6-547 0994 06 2
Imlmtytlt acid 89 4.763 + 0.012 0.5-8149 0.998 012 04 0.6-600 0.996 0.12 04
Butyric acid 89 5.59 + 0.02 0.10-1619 0.999 0.05 0.2 02171 0.997 0.110 0.4
o 2Methylbutyricacid 105 6733+ 0.014 0.08-1332 0.998 0.07 0.2 013121 099% 010 0.3
Isoval eric acid 85 6.83 4 0.03 0.05-783 09997  0.02 0.07 0.07-65 0998 0.05 0.2
Valeric acid 103 8.24 1 0.03 0.07-1077 0.9996 0.08 03 0.10-98 0,997 0.05 0.2
Capr acid 1n7 11.22 + 0.02 0.08-1309 0.9998 0010 0.04 010-98 0.998 0.04 013
Capeoie acid-d3 (18) 120 11.281 + 0.014 - - - - - - -
Heptanoic acid 131 1431 4+ 0.03 0.05-696 0.99% 0012 004 00552 0998 0.02 0.05
Valine 158 17.843 20012 0142028 0.996 0.2 08 1.0-008 0998 05 2
BCAA Lencine 172 181640012 0.13-2165 0.097 011z 04 0.9-844 0997 05 2
Isol eucine 172 18.240 + 0.015 0.12-1926 0.9995 0110 0.2 0.8-751 0.998 0.4 1.3
Note: RT  retention time; R coefficient of determination; Limit of quantification (LOQ)  concentration of analyte that can be measured with an imprecision of

< 20% and a deviation from target of <20%, taking into acconnt the preconcentration factor achieved during sample processing; Limit of detection (LOD)

(viv 3:2) and 100 L of PCF were added and vortexed briefly.
Derivatization was carried out during 1 min in an ultrasonic water bath
prior to a two-step extaction by adding 300 and 200 pL of n-hexane,
respectively, followed by centrifugation (2000 « g for 5 min at 25 °C).
The upper n-hexane layers containing the extracted derivatives were
collected and poaled followed by thorough mixing during 3 s prior to
analysis,

GC-MS analysis was conducted using an Agilent 78908 GC system
coupled to an Agilent 5977A quadrupole mass spectromerric detector
(Agilent Technologies, Santa Clara, CA, USA) operating in selected fon
monitoring (SIM) mode. Separations were performed using an HP-5 MS
capillary column coated with 5% phenyl-95% methylpolysiloxane (30
m x 250 ym id., 0.25 um film thickness, Agilent J & W Scientific,
Folsom, CA, USA). One microliter of derivatized sample exwacts was
injected in split mode with a ratio of 10:1, and the solvent delay time
‘was set to 2.36 min. The initial oven temperature was held at 50 “C for 2
min, ramped to 70 “Cat a rate of 10 *Cmin !, to 85 °C ata rate of 3 °C
min !, to 110 °C at a rate of 5 °C min !, to 290 °C at a rate of 30 °C
min 1, and finally held at 290 “C for 8 min, Helium was used as a carrier
gas at a constant flow rate of 1 mL min 1 through the column. The
temperatures of the front inlet, transfer line, and electren impact (EI) jon
source were set at 260, 290, and 230 °C, respectively, and the electron
energy was —70 eV.

The measurement parameters used for the studied analytes are
summarized in Table 2. For quantification, an extemal calibration was
carried out using standard solutions obtained from serial dilutions of a
working solution containing mixtures of pure analytical standards in
ulmapure water. Aliquots of a quality control (QC) sample of each manix
were analysed every 10 samples in the randomized analytical batch for
monitoring the inswument’s performance. GQCRSD < 25% was the batch
acceptance criterion. In addition, calibration blanks (i.e., addition of
H>0 instead of sample into the tubes) and a process blank (addition of
Hz0 instead of sample to a PP bag/container, cotton or gauze pad and
squeezed before adding it to the tubes) were injected.

SCFA and BCAA concentrations in faecal and urine samples were
normalized by dividing by sample weight and creatinine concenmarion,
respectively. Creatinine was quantified following the manufacturer’s
instructions of the modified Jaffe's method implemented in the
DetectX® urinary creatinine detection kit from Arbor Assays (Ann
Arbor, MI, USA). Samples were diluted with dejonized water prior to
measurements employing a 1:20 and a 1:4 dilution for adult and infant
urine, respectively.

2.4. Method validarion

The method validation was based on the US Food and Drug

3/10°LOQ.

Administration (FDA) guidelines for bioanalytical method validation
[23], including the following bioanalytical parameters: linearity range,
accuracy, precision, recovery, selectivity, specificity, carry over, and
stability. The ranges of the analytical method were selected to enable the
quantification of the metabolites in faeces and urine samples with
adequate precision, accuracy, and linearity. Table 2 summarizes the
employed working concentration ranges, which were chosen consid-
ering the expected values and a wide inter- and intra-individual vari-
ability. The calibration curves included a zero calibrator (i.e., blank with
18) and, at least, 6 standards covering the selected concentration ranges,
Accuracy, precision, and recovery were assessed by replicate (n = 3)
analysis of standards at three concentration levels and replicate (n = 3)
analysis of spiked samples at three concentration levels (low, medium,
and high) on three validation days. Precision was estimated as the
percentage of relative standard deviation (RSD) of replicate standards
within one validation batch (intra-day) and between validation batches
(inter-day). Selectivity and specificity were demonstrated by analyzing
calibration and process blank samples from multiple (n = 6) sources.
Carry-over between samples was assessed by the amalysis of zero-
injections after the analysis of high concentrared standards and spiked
samples (n = 3), and by the analysis of a blank without analytes or IS
after the injection of the standards, Autosampler sample stability was
assessed by comparing concentrations observed in a freshly prepared
sample and in the same processed sample after 20 h stored in the
autosampler (sealed vial, 25 °C). Analytes’ freeze—thaw stability and
long-term  stability were established by comparing concentrations
observed in sample extracts after three freeze-thaw cycles and in a
sample stored for one year (-80 °C), respectively, to a freshly prepared
sample.

2.5. Data availability and statistical analysis

GC-MS data were acquired and processed using MassHunter B.07.01
(Agilent Technologies, Santa Clara, CA). Data analysis was carried out in
MATLAB R2019b (MathWorks, Natick, MA, USA) and using the PLS
Toolbox 8,9 (Eigenvector Research Inc., Manson, WA, USA). SCFA and
BCAA normalized levels in faeces and urine samples determined in this
wark are available as Supplementary Tables 1 and 2. Gategorical vari-
ables were compared using Pearson’s ¥° test (¢ = 0.05). Continuous
variables were expressed as mean + standard deviation or medians with
interquardle range, depending on underlying data distribution and
Student’s -test (« = 0.05) or Wilcoxon rank-sum test (x = 0.05) were
used for inter-group comparisons, respectively. The Pearson’s correla-
ton coefficient was used for assessing paired associations among
metabolite concentrations. Principal Component Analysis (PCA) was
carried out using autoscaled, normalized data using creatinine and wet
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Table 4
SCFA concentrations in faecal and urine samples.

Gliniea Chimica Acte 532 (2022) 172-180

Facces (I = 137), pmol /g facces

Utine (H = 210), umol /g creatinine

Compound dlass  Metabalite

Range Median QR (2575) gﬁl‘g oy e Median  1OR(25-75) 2:ﬁ“’:; -
Acetic acid 0.09-72 21 18 100 23-4935 76 60 100
Propionic acid 0.08-18 0.6 2 ag 0.08-3761 5 47 72
|Whll’yl'it arid 0.012.84 13 25 99 247891 1534 4004 100
Butyric acid 0.013-17 3 5 100 7-844 42 72 96
SCEA aMethylburicadd 00125 04 2 9% 01267 3 15 o
Isoval eric acid 0.014.3 0.5 0.6 a6 0.02-15 0.2 a 42
Valerie acid 0.03-3 0.6 1.0 93 0.02-252 2 7 8O
Capeoic acid 0.012.2 0.02 02 a5 0.03-193 2 13 84
Heptanoie acid 0.020.3 0.0012 0.03 90 0.0219 0.8 2 93
valine 0.03.9 03 03 100 41132 68 197 100
BCAA Leucine 0.013-1.3 0.4 0.4 a0 5-1955 154 266 100
Isoleucine 0.02-2 0.3 0.2 100 2-678 53 108 100
Note: IQR  interquartile range.

weight as normalization factor for urine and faeces, respectively,
3. Results and discussion
3.1, Method validation

Analytical method validation was performed following recom-
mended guidelines [ 23]. Linearity of response was assessed covering up
to four orders of magnitude with LODs and LOQs in the 0.02-0.6 and
0,05-2 pM ranges in urine, and in the 0.01-0.3 and 0.04-1.0 M ranges
in faeces, respectively (see Table 2). Appropriate accuracies with re-
coveries between 25 and 122% and 85 and 119% at the LOOQ and pre-
cisions ranging between 1 and 11 %RSD and 1 and 13 %RSD at the LOQ
were observed in standard solutions in urine and faeces, respectively, as
shown in Table 3. Stock solutions from all compounds showed good
stability after 1 year at ~80 °C, and after three freeze-thaw cycles
(-80°C), and derivatized compounds were stable for 20 hin autosampler
storage conditions (¢-test, p-values = 0.05). Extraction efficiency and
mamix effeets were assessed in spiked samples. Data summarized in
lable  displayed excellent intra- and inter-day accuracy and precision
for all compounds in spiked faeces and urine samples, evidencing an
adequate method performance for all nine SCFAs and three BCAAs,
The impact of different sample collection procedures on the retrieved
SCFA and BCAA profiles was evaluated. Several options are available for
the collection of urine samples and their selection largely depends on the
study population. Typically, sterlle PP containers are used for the

e

collection of urine samples from adults, Likewise, for faeces samples PP
containers are also typically employed. However, collecting urine sam-
ples from newbaorns can be a very difficult task as they are obviously
non-toilet trained. The recommended procedure for clean catch urine
collection involves waiting for a nappy-free child to void spontaneously
[24]. To overcome the limitations of this approach, different methods to
stimulate voiding were recently proposed, involving gently rubbing the
lower abdomen in cireular motions with a piece of gauze soaked in cold
liquid [25] and bladder stimulation followed by paravertebral lumbar
massage, to trigger urination [26,27]. However, the efficiency of this
method has not been demonstrated in preterm infants and so, either
sterile plastic bags or cotton pads and gauzes that are placed in the
diaper are typically used in this population. To test the compatibility of
the sample collection procedure with the determination of SCFAs and
BCAAs, process blanks using sterile PP bags, cotton pads, and gauzes
were analysed and compared to calibration blanks. Using PP materials
(i.e., either containers or bags), no SCFAs or BCAAs were detected in
blanks. Remarkably, an intense background concentration of acetic acid
was observed when cotton pads or gauzes were used (520 + 3 and 850
=+ 20 pM, respectively). Hence, in case of urine samples collected with
cotton pads or gauzes, as it is typically the case for urine samples from
newborns, acetic acid concentrations must be excluded from further
data analysis. The observed peak area values of the other considered
metabolites and the IS were within the acceptability eriteria (i.e., <1/10
of the signal at LOQ).

Urine Y
Valerdc scid

05
zwmuu

o

Valine
Leucina

05

| ng

Fig. 1. Pearson correlation coefficients of SCFAs and BCAAs in faecal supernatants and urine samples.
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Table 5

Linear regression parameters among faecal and urinary SCEA and BCAA con-

centrations in paived samples (1 80).
Compound dass Metabdite Slope pvalue R
Acetic acid —0.6 +2.0 [IX:] 0.003
Propionic acid 45+12 <0001 02
Isabutyrie acid —8410 0.4 0.009
Butyric acid ~543 0.04 0.05
SCFA. 2Methyibutyric acid —43+10 < 0.001 0.2
tsoval ecie acid ~23+06 < 0.001 0.2
Val eric acid —4%3 0.2 0.03
Caproic acid 845 01z 0.03
Heptanoic acid 342 012 0.03
valine a1£12 <oom 02
BCAA Lencine ~360 + 83 < 0.001 0.2
Isoleucine —42 £ 30 0.2 0.02
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3.2. Analysis of SCFAs and BCAAs in fueces and urine

Table 4 summarizes the concentrations of SCFAs determined in
faeces and urine samples, after normalization to sample weight and to
creatinine, respectively, using the validated GC-MS method. Results
showed that acetic acid is the most concentrated SCFA present in faeces
and together with isobutyric acid represents 86% of SCFAs molarity in
this matrix. With respect to urine, isobutyric acid is the most abundant
SCFA followed by acetic and butyric acids, and they account for 99% of
total SCFAs measured in this mauix. Unfortunately, although acetic acid
contributes noticeably to total SCFAs in faeces, the levels of this
metabolite in newborn's urine were excluded due to the above-
mentioned contamination during sample collection, and therefore its
contribution could not be studied. The lowest relative concentrations
among the considered metabolites were found for caproic acid in faeces,
isovaleric acid in urine and heptanoic acid in both matrices. While all
metabolites presented a detection frequency higher than 93% in facees
samples, propionic, 2-methylbutyric, isovaleric, valeric, and caproic

os T T T T OLeui:lrle T T . \B T
+ SCFAs
- +lsoleucine
E
3
o
=1 “lsovaleric acid
o
E 2-Methylbutyric acid
< {aomlxrlcar.ld
a
AL ad u\Iﬂlc c acid
g *Butyric acid
@
* o ) st Heptancic acid
- \ . valing o :
4 L ~ * . Propionic acid *Caproic acid
B -4 -2 ] 2 4 8 10 94 03 92 01 9 01 02 04 05 08
Scores on PC 1 (42.70%) PC 1 (42.70%)
= a8 4Propionic acid + BCAAs|
0s- AValeric acid 4 SCFAs|_
10
04" 1
S H +valine |
£ .03
3 6 H 0z 1
= 3 algovaleric acid
o Tooar 1
g4 ~
c O o Leucine
e a % Isoleucine
2 4 Caproic acid
a1+ Butyric acid 1
0 02~ 4 Heptanoic acid ]
2 e 4 2-Methylbutyric acid
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4 . P — M- e .
= 5 g T 43 02 01 © 01 02 03 04 05 08 07
Scores on PC 1 (37.73%) PC1(37.73%)

Fig. 2. PCA scores (left) and loadings plots (right) in faeces (top) and urine (botrom) samples.
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Fig. 3. Faecal and urinary SCFA and BCAA levels in mothers and their term (TT) and preterm infants (PI). Wote: * indicates significant differences (Wilcoxon rank-

sum test, p-value < 0.05).

acids were detected in 42 to 88% of urine samples.

Fig. | depicts the paired correlations among SCFAs and BCAAs found
in faecal and urine samples separately, and Table 5 summarizes results
from a regression analysis between faecal and urinary SCFA and BCAA
concentrations. As a general tend, it can be observed that SCFAs in

faecal supernatants are significantly correlated among each other.
Interestingly, similar patterns of significant correlations among SCFAs
were observed in urine samples, except in the case of propionie, butyric
and valeric acids. BCAAs in both faeces and urine samples followed a
similar pattern, being the comrelation berween leucine and isoleucine
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higher than with valine. Between both matrices, i.e., faeces and urine,
significant positive correlations were found for proplonic acid and
valine and significant negative correlations were found for butyric, 2-
methylbutyrie, and isovaleric acid as well as leucine,

3.3. SCFAs and BCAAs in samples from newborn infants and their
maothers

As shown in Table 1, demographie, clinical, and perinatal charac-
teristics from participants were recorded and no differences in prenatal
demographic characteristies or confounders during the hospitalization
and antibiotic therapy were found between both infant groups (p-value
> 0.05), except from gestational age and birth weight, according to the
definition of PI and TI. Metabolite levels in both matrices were
compared between lactating moathers, TI, and PL Fig. 2 (top, left) shows
PCA scores plots of faeces samples from mothers and infants. Three
clusters for mothers, PIand T can be observed when considering faecal
SCFA and BCAA concentrations. For urinary SCFA and BCAA concen-
watoens (Fig. 2 bottom, left), a clear separation of the tightly clustered
group of urine samples collected from lactating mothers from those of
infants is evidenced, although SCFA and BCAA profiles of infants were
overlapping in the PCL-PC2 scores space summarizing 53% of the
variance. The joint analysis of the scores and loadings plot (Fig. 2, top)
shows that faccal SCFAs and BCAAs are present at higher coneentrations
in maternal samples, and a negative correlation of valine and propionic
acid with fsoleucine and leucine, linked to the clustering of PI samples in
thescores plot. On the other hand, the analysis of the scores and loadings
plots from the analysis of urinary SCFAs and BCAAs (Fig. 2, bottom)
shows a high positive correlation berween isoleucine and leucine, and
higher levels of the metabolites in infant (PI and TI) samples. Hence, the
determination of both SCFAs and BCAAs in urine and facees samples
using the developed GC-MS method provides information that allows to
distinguish between groups in the present data set.

Fig. 3 shows the biomarker concentration ranges in the three study
groups. In faeces, higher concentration values were detected in mothers
in comparison to PI and TI, except from propienic acid and BCAAs
(Wilcoxon rank-sum test, @ = 0.05). In urine, higher concentration
values of some SCFAs (i.e., butyric, valeric, heptanoic and isoburyric
acids) and all BCAAs were detected when comparing M to PIand TI,
respectively. Regarding PI vs. TI, slightly higher faecal concentration
values in PI were identified in two SCFAs (i.e, propionic and caproic
acids) and lower faecal concentration values in PI were identified in two
BCAAs (i.e, leucine and isoleucine). In urine, higher concenmation
values of caproic and 2-methylbutyric acids and leucine were found in
PL No statistically significant correlations between biomarker concen-
trations of mothers and their infants or between biomarker concentra-
vons and gestational or postnatal age were found in this swudy
(Pearson’s x"’ test, @ = 0.05). Likewise, no statistically significant dif-
ferences were observed between male and female infants in any of the
assessed metabolites (Wilcoxon rank-sum test, « = 0.05).

Further studies are needed to gain a deeper understanding of the
biological meaning of SCFA and BCAA levels in faeces and urine samples
and the effect of possible confounders such as, e.g., gestational, and
postnatal age, type of nutrition. The bicchemical interpretation of the
results is hampered by the difficulty to assess the origin of SCFAs and
BCAAs in urine due to the possibility of their generation by microbial
activity in other parts of the body. Nonetheless, a previous work showed
an association between the SCFA urinary profiles and the disease status
of patients with ulcerative colits, where higher butyrate levels in pa-
tients at remission were observed, and it was suggested thar the urinary
output could reflect the levels of butyrate produced in the gut [28].

4. Conclusions

A method for the analysis of nine SCFAs and three BCAAs in faeces
and urine samples has been reported. The method enabled an accurate

179

Gliniea Chimica Acte 532 (2022) 172-180

quantification of these biomarkers in urine and faeces using a single
derivatization procedure. It was successfully validated including the
entire test system, from sample collection to analysis, revealing a very
significant contamination with acetie acid from cotton and gauze pads
typically employed for newborn urine samples’ collection that should be
considered in future clinical studies. The suitability of the developed
method te the analysis of clinical samples has been demonstrated
through the analysis of a set of 137 faecal and 210 urine samples from a
broad clinical cohort comprising adults, term and preterm infants, A
significant correlation among SCFAs and BCAAs in faecal supernatants
and urine samples was observed and a total of five metabolites showed a
significant correlation across matrices. Furthermore, reference ranges of
SCFAs and BCAAs in mothers, PI and TI were reported and different
patterns were found among groups. Infants showed lower concentra-
tions of SCFAs and BCAAs than mothers in facees and higher concen-
trations in urine. Slightly higher concentration values in PI compared to
TI were dentified, except for leucine and isoleucine in faecal samples
that weze higher in TI. The presented results will serve as a knowledge
base for future studies that will examine the interplay of human milk
composition, microbiota, newbom physiology, and the study of serious
gastrointestinal diseases that mostly affect preterm babies such as
necrotizing enterocolitis.
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Abstract

Bile acids (BAs) are a complex class of metabolites that have been described as specific biomarkers of gut microbiota activ-
ity. The development of analytical methods allowing the quantification of an ample spectrum of BAs in different biological
matrices is needed to enable a wider implementation of BAs as complementary measures in studies investigating the func-
tional role of the gut microbiota. This work presents results from the validation of a targeted ultra-high performance liguid
chromatography-tandem mass spectrometry (UHPLC-MS/MS) method for the determination of 28 BAs and six sulfated
BAs, covering primary, secondary, and conjugated BAs. The analysis of 73 vrine and 20 feces samples was used to test the
applicability of the method. Concentrations of BAs in human vrine and murine feces were reported, ranging from 0.5 to
50 nmol/g creatinine and from 0.012 to 332 nmol/g, respectively, Seventy-nine percent of BAs present in human urine samples
corresponded to secondary conjugated BAs, while 69% of BAs present in murine feces corresponded to primary conjugated
BAs. Glycocholic acid sulfate (GCA-S) was the most abundant BA in human urine samples, while taurolithocholic acid was
the lowest concentrated compound detected. In murine feces, the most abundant BAs were a-murocholic, deoxycholic, dehy-
drocholic, and p-murocholic acids, while GCA-S was the lowest concentrated BA. The presented method is a non-invasive
approach for the simultaneous assessment of BAs and sulfated BAs in urine and feces samples, and the results will serve as
a knowledge base for future translational studies focusing on the role of the microbiota in health.

Keywords Bile acids - Human urine - Murine feces - Microbiota

Introduction

Bile acids (BAs) are a group of molecules from the family
of steroids with a hydrophobic core structure of four fused
carbon rings with hydroxyl and methyl groups and a carbon
side chain ending in a carboxylic acid group. Primary BAs
(e.g., cholic (CA) and chenodeoxycholic acids (CDCA})
are produced from cholesterol in the liver through a series
of enzymatic reactions and are modified thereafter through
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the addition of glycine or taurine to form conjugated BAs
(e.g., glycocholic (GCA) and taurocholic (TCA) acids)
before being released to the bile. BAs are then secreted into
the intestine through the gall bladder. During their transit
through the intestine, BAs undergo modifications due to the
action of gut microbiota (e.g., deconjugation, dehydroxy-
lation, hydroxyl group oxidation, and epimerization), pro-
ducing secondary BAs (e.g., lithocholic (LCA) and deoxy-
cholic acids (DCA)), making BAs more hydrophobic and,
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consequently, less dangerous to bacteria [1]. Both primary
and secondary BAs are reabsorbed in the terminal ileum and
large intestine before being transported back to the liver,
where they are recycled [2]. This process, known as entero-
hepatic circulation, is important for the efficient use of BAs
as it helps to maintain a balance of these substances in the
body and plays an important role in various physiological
processes, such as emulsifying ingested lipids [3]. Addition-
ally, BAs can be found in small amounts distributed across
other parts of the body, as they can function as signaling
molecules in other physiological processes apart from the
digestive system, such as cardiac system or renal water regu-
lation [4, 5]

The BAs metabolism is known to differ between spe-
cies (e.g., humans and murine animals) [6]. In humans,
the classical pathway for BA metabolism (80%) is by the
downstream metabolism of CA and DCA, while in murine
animals, BAs metabolism is dominated by the production
of a-muricholic (a-MCA) and p-muricholic acid (B-MCA)
from CDCA, LCA, and ursodeoxycholic acid (UDCA)
[7]. Only a small portion of BAs, approximately 5% of the
total pool, is not reabsorbed but excreted [8]. BAs excreted
though feces have been reported to be mostly present in the
unconjugated form. However, urine is the primary route for
BA elimination, and BAs not recycled from the liver or renal
cells are excreted through it in the main detoxification path-
ways (i.e., glucuronidation and sulfation) [9-11], mostly in
the conjugated and/or sulfated form [12, 13].

BAs and gut microbiota are considered a dynamic equi-
librium, as both have a clear impact on one another. Changes
in BA levels or types in biofluids may be indicative of certain
health conditions or response to treatment. In addition, the
measurement of BAs can help to identify potential biomark-
ers for diseases such as liver disease, gastrointestinal disor-
ders, and metabolic disorders [14]. Overall, the analysis of
BAs provides valuable information for clinical monitoring.

There are various methods that are corrently used to iden-
tify and quantify BAs in biological samples [15]. Liquid
(LC) or gas (GC) chromatography coupled to mass spec-
trometry (MS) have been the most commonly used tech-
nigues for the analysis of BAs in human and animal biofluids
in recent years [16-24]. Despite GC-MS providing a very
high peak resolution, its main disadvantage is the time-con-
suming sample preparation that requires group fractionation,
enzymatic or chemical hydrolysis of conjugates, and prepa-
ration of volatile methyl ester trimethylsilyl ether derivatives
[15]. In LC-MS, BAs are typically resolved using reversed-
phase chromatography columns and gradient elution pro-
grams. LC-MS offers excellent sensitivity and specificity,
which may reduce the need for extensive sample preparation
and ultimately improve analytical throughput. However, the
majority of the studies regarding BA analysis by LC-MS
involve solid phase extraction andfor preconcentration steps.

@ Springer

Furthermore, previously reported LC-MS methods for BA
quantification do not include sulfated BAs [17-19].

The aim of this work was to develop a straightforward
ultra-high performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) method for the determina-
tion of 28 BAs and six sulfated BAs, covering a wide range
of primary, secondary, conjugated, and sulfated BAs. The
applicability of the method in the clinical field and in animal
models was evaluated by the analysis of 73 human urine
samples and 20 murine feces samples.

Material and methods
Standards and reagents

LC-MS grade methanol, propanol, acetic acid, ammonium
acetate, and acetonitrile were obtained from Merck Life
Science S.L.U. (Madrid, Spain). Bile acid standards (CA,
CDCA, LCA, DCA, GCA, TCA, a-MCA, p-MCA, UDCA,
hyodeoxycholic (HDCA), murocholic (MCA), 3,7,12-dehy-
drocholic (DHCA), hyocholic (HCA), glycolithocholic
(GLCA), glycoursodeoxycholic (GUDCA), glycohyode-
oxycholic (GHDCA), glycochenodeoxycholic (GCDCA),
glycodeoxychalic (GDCA), 3,7,12-glycodehydrocholic
(GDHCA), glycohyocholic (GHCA), taurolithocholic
(TLCA), tauroursodeoxycholic (TUDCA), taurchyodeoxy-
cholic (THDCA), taurochenodeoxycholic (TCDCA), tauro-
deoxycholic (TDCA), 3,7,12-taurodehydrocholic (TDHCA),
taurohyocholic (THCA), tauro-e-muricholic (T-a-MCA)
acids, and deuterated internal standards (IS) (lithocholic-D,
(LCA-D,). cholic-D; (CA-D,), glycochenodeoxycholic-D,
(GCDCA-D,), glycocholic-D, (GCA-D,) acids) were pur-
chased from Steraloids (Newport, RI, USA). Sulfated BAs
(lithocholic (LCA-S), chenodeoxycholic (CDCA-S), ursode-
oxycholic (UDCA-S), deoxycholic (DCA-S), cholic (CA-S),
glycocholic (GCA-5) acid sulfates), and lithocholic-D, acid
sulfate (LCA-5-D4) as IS were obtained from Qmx Labora-
tories Ltd. (Essex, UK). Individual 5 mM standard solutions
were prepared in methanol.

Study design, population, and sample collection

Urine samples were collected from 73 children, i.e., 44 male
and 29 female individuals, aged 13+ 3 years (mean +stand-
ard deviation) with a range between 8 and 18 years recruited
at the Pediatric Department of the San Raffaele Hospital
in Milan (Ttaly). During the enrolment phase, pediatricians
informed the parents about the purpose of this study, the
lack of reported risks related to the collection of samples,
the effort required to take part in this study, and their right to
deny or withdraw their consent at any time. Parents accepted
to participate in the study and signed an informed consent
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form. The study was approved by the Institutional Ethical
Committee of the IRCCS San Raffaele Scientific Institute
(Protocol: NUTRI-T1D, 2019). Individual identifiable pri-
vate information was protected according to the EU General
Data Protection Regulation (EU-GDPR) with the supervi-
sion of the Institutional Data Protection Officer. The Clinical
Research Investigator assigned a code to each patient and
identifiers that link to protected information. Each subject
collected urine samples at home and kept them at 4 °C until
transported to the hospital on the same day. Sterile plastic
containers were used for sample collection and a minimum
of 10 mL were required. Samples were aliquoted, labeled,
and stored at — 80 “C until analysis.

Feces samples were collected from CC57BL/6 I male
mice (n=20, 7 weeks old) provided by Charles River Labo-
ratories (Wilmington, USA), Mice were collectively honsed
(n=>5/cage) and maintained under constant conditions of
humidity and temperature (i.e., 232 °C) and regular 12-h
light—dark cycles. Mice fed with control diet (CD, D12450K,
Research Diets, New Brunswick, NI} were fasted overnight
to collect feces 2 h after the administration of a mixed solu-
tion of lipids (intralipid, 0.06% per mouse, Merck KGaA)
by oral gavage. Collected samples were immediately frozen
in liquid nitrogen until further analysis. This experimental
procedure using animals was in accordance with European
Union 2010/63/UE and Spanish RD33/2013 guidelines
and approved by the ethics committee of the University of
Valencia (Animal Production Section, SCSIE, University of
Valencia, Spain) and authorized by Direccion General de
Agricultura, Ganaderia y Pesca (Generalitat Valenciana)
(approval ID 2021/VSC/PEA/0273).

UHPLC-MS/MS determination of BAs

The UHPLC-MS/MS method for the quantification of 34
BAs was developed based on previously reported method
[21] with modifications, For feces, 1 mL of ultrapure water
was added to 100 mg of wet samples, and then the mixture
was homogenized for 10 min and centrifuged at 13,200 g
for 20 min at room temperature (RT). Urine samples were
centrifuged at 3500% g for 15 min at RT. Fifty microliter of
fecal or urinary supernatants was mixed with 10 pL of IS
solution containing LCA-D,, CA-D,, GCDCA-D,, GCA-D,,
and LCA-5-D, at 2.1 pM each, and 150 plL of ice-cold metha-
nol was added for protein precipitation. The mixture was then
agitated for 15 min at 4 °C, incubated for 20 min at - 20 °C,
and centrifuged at 3500 x g for 15 min at 4 °C. Urine samples
were diluted 1:20 (v/v) with ultrapure H,O prior to analysis.
Supernatants were transferred to a 96-well plate for analysis.

UHPLC-MS/MS analysis was conducted using an
ACQUITY UPLC instrument {Waters Lid, Elstree, UK)
coupled to a Xevo TQ-8 MS (Waters, Manchester, UK)
operaling in negative electrospray ionization mode (ESI™).

Chromatographic separation was performed using an
ACQUITY BEH C8 column (100 mmx 2.1 mm, 1.7 pm)
(Waters) at an operating temperature of 60 °C and a flow
rate of 0.6 mL min~'. Mobile phase component A con-
sisted of 100 mL of acetonitrile added to 1 mM ammo-
nium acetate in 1 L vltrapure water, adjusting the pH to
4.15 with acetic acid. Mobile phase component B consisted
of an acetonitrile:propanol (1:1, v/v) solution. The gradi-
ent separation was performed as follows: 0-0.1 min, 10%
B, 0.1-9.25 min, 10-35% B; 9.25-11.5 min, 35-85% B;
11.5-11.8 min, 85-100% B: 11.8-14.3 min, 100-10% B
and 14.3-16 min, 10% B. The injection volume was 5 pL.
MS/MS detection was performed using the multiple reaction
monitoring (MRM) mode and the following ionization con-
ditions: ion spray voltage, 1.5 k'V; cone voltage, 60 V; source
temperature, 150 °C; desolvation temperature, 600 °C; des-
olvation gas flow, 1000 L/h; and cone gas flow, 150 L/h.
The MRM transitions for each BA and IS summarized in
Table 1 were optimized by infusing individual solutions of
commercial standards.

Standard solutions were prepared by serial dilution of
a working solution containing mixtures of pure analytical
standards in methanol. For monitoring instrument perfor-
mance, aliquots of quality control (QC) samples obtained by
pooling 5 pL of each urine or fecal supernatant, respectively,
were analyzed after every 20 samples in each analytical
batch. The batch acceptance criterion for each analyte was a
QCRSD < 25%. In addition, calibration (i.e., ultrapure H,0}
and process blanks (generated replacing the sample by H,0)
were included in each batch to assess method specificity and
the lack of carry over and cross-contamination.

Fecal BA concentrations were normalized to sample
weight, while urinary BA concentrations were normal-
ized to creatinine concentrations quantified following the
manufacturer’s instructions of the modified Jaffe’s method
implemented in the DetectX® urinary creatinine detection
kit from Arbor Assays (Ann Arbor, ML, USA}.

Method validation

The method validation included the determination of linear-
ity range, accuracy, precision, selectivity, specificity, carry
over, and analyte stability, based on the US Food and Drug
Administration (FDA) guidelines for bioanalytical method
validation [25] and the International Council for Harmonisa-
tion (ICH) M10 on bicanalytical method validation — sci-
entific guideline [26]. The range of concentrations employed
ranged from 1.2 nM to 1.25 uM, selected to accommodate
for the anticipated values in real samples and a significant
inter- and intra-individual variability, thereby enabling pre-
cise, accurate, and linear quantification of the metabolites. At
least six standards covering the concentrations ranges, as well
as a process blank, were included in the calibration curves.
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Table 1 Measurement parameters and main figures of merit of the LC-MS method for BA determination

Class Metabolite MRM transition  CE(V) Dwell (s) RTz+s (min) R* Urine samples  Feces samples
(nM) (nM)
LOD LOQ LOD LOQ
Primary MCA 391.3—>3913 10 0.03 9.489+0.002  0.997 0.5 17 0.8 3
CDCA 391.3—>391.3 10 0.03 10.760+0.014  0.997 0.5 17 0.6 2
CA 407.3—407.3 10 0.02 10.155+0.002  0.998 02 0.7 0.3 L1
a-MCA 407.3—407.3 10 0.02 8.782+0.015  0.997 02 0.7 0.5 1.6
B-MCA 407.3—407.3 10 0.02 8.883+0.012 0.997 03 L0 0.2 0.7
HCA 407.3 —407.3 10 0.02 9.857+0.014  0.998 03 1.0 0.3 0.8
Primary conjugated GCDCA 448.4—74.0 40 0.02 9.347+0.014  0.996 10 3 0.002 0.012
GHCA 464.4—-74.0 40 0.02 6.820+0.002  0.996 0.2 0.7 0.13 0.4
GCA 464.4—74.0 40 0.02 7.573+£0.012  0.996 0.3 1.0 0.013  0.04
TCDCA 498.4—180.0 60 0.02 8721+0.004 0.9993 0.5 L7 0.02 0.06
TCA 5143 —80.0 60 0.02 7.047+£0.013  0.998 0.2 0.7 0.02 0.07
T--MCA 5143 —80.0 60 0.02 5.238+0.002 0.998 0.2 0.7 0.03 0.08
THCA 5143 —80.0 60 0.02 6.308+0.014 0.9992 0.2 0.7 0.03 0.10
Secondary LCA 37533753 10 0.03 11.140+£0.002  0.998 10 3 0.6 1.8
DCA 391.3—-391.3 10 0.03 10.812£0.003  0.998 10 3 0.4 13
UDCA 391.3—-391.3 10 0.03 10.060£0.012  0.996 0.2 0.7 0.3 11
HDCA 391.3—-391.3 10 0.03 10.283£0.012  0.998 0.2 0.7 0.2 0.8
DHCA 468.4—74.0 10 0.02 5.440+0.003  0.996 0.2 0.7 0.3 0.8
Secondary conjugated GLCA 432.4—74.0 40 0.03 10.444£0.003 0.9992 1.0 3 0.010 0.03
GDCA 448.4—74.0 40 0.02 9.772+0.002  0.998 03 1.0 0.02 0.03
GUDCA 448.4—74.0 40 0.02 7.122+0.016 0.9992 02 0.7 0.003 0.013
GHDCA 448.4—74.0 40 0.02 7.490+0.004  0.998 1.0 3 0.013  0.04
GDHCA 458.3—74.0 40 0.04 2.831+0.002 0.997 0.2 0.7 0.02 0.06
TLCA 466.3—80.0 40 0.03 10.220+£0.003  0.998 0.2 0.7 0.02 0.07
TDCA 498.4—80.0 60 0.02 9.123+£0.016  0.9995 0.3 1.0 0.03 0.08
TUDCA 498.4—80.0 60 0.02 6.640+0.015  0.998 0.5 1.7 0.13 0.4
THDCA 498.4—80.0 60 0.02 6.945£0.002  0.998 0.3 1.0 0.04 0.13
TDHCA 508.3—80.0 60 0.08 2464+0013  0.997 0.2 0.7 0.010  0.03
Sulfated GCA-S 566.3—97.0 40 0.02 6.931+0.014  0.996 0.3 1.0 0.005 0.02
UDCA-8 471.2—97.0 40 0.02 7.320+£0.012  0.996 0.2 0.7 0.008 0.03
LCA-S 455.2—97.0 40 0.03 10.320+0.003  0.997 0.2 0.7 0.006 0.02
DCA-S 471.3—-97.0 40 0.02 9.288+0.002  0.998 0.2 07 0.08 0.3
CDCA-S 471.2—97.0 40 0.02 9.488+0.014  0.998 0.2 0.7 0.13 0.4
CA-S 487.2—97.0 40 0.02 7.571£0.012  0.996 0.3 1.0 0.4 1.4
I3 LCA-d4 379.6—>97.0 10 0.03 11.143+0.002 - - - - -
CA-d4 411.6—97.0 10 0.03 10.151+0.002 - - - - -
GCDCA-d4  451.5—74.0 40 0.03 9.330+0.002 - - - - -
GCA-d4 468.6 »74.0 40 0.02 7.572+0.016 - - - - -
LCA-S-d4 459.2—97.0 10 0.03 10.312+0.013 - - - - -
1S internal standard, CE collision energy, RT retention time; R coefficient of on. Limit of (LOQ)= of

analyte that can be measured with an imprecision of less than 20% and a deviation from target of less than 20% and taking into account the pre-
concentration factor achieved during sample processing; limit of detection (LOD)=3/10LOQ

Accuracy and precision in standards were evaluated, respec-
tively, by comparing absolute concentrations values and cal-
culating the relative standard deviation (%RSD) of replicates
of standards within a single validation batch (intra-day) and

4 Springer

between different validation batches (inter-day). To assess
the accuracy and precision in the sample matrix, three repli-
cates of both standard and spiked samples at three different
concentrations (i.e., low, medium, and high) were analyzed
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on three separate validation days, and recoverics as well as
%RSD were calculated. The analysis of calibration and pro-
cess blank samples from six dilferent sources was used 1o
assess selectivity and specificity of the analytical method,
Additionally, the analysis of a process blank after the injec-
tion ol the high concentrated standard mixture was used Lor
evaluating carry-over and cross contamination between con-
secutive samples, The freeze—thaw and long-term stability of
the analytes were assessed hy comparing the concentrations
in a sample that had undergone three [reeze—thaw cycles and
asample that had been stored for 6 months at—80 °C, respec-
tively, 1o a freshly prepared sample.

Data availability and statistical analysis

UHPLC-MS/MS data were acquired and processed using
MassLynx sollware version 4.0 {Waters Lid, Elsiree,
UK. Data analysis was carried out in MATLAB R2018b

(MathWorks, Natick, MA, USA}. Biomarker normalized
levels in urine and feces samples determined in this work
are available in Tables S1 and 82. Continuous variables were
expressed as mean £ standard deviation or medians with
interquartile (IQR) ranges.

Results and discussion
Method validation

The chromatographic peaks of the different BAs arc depicted
in Fig. 1. Primary, sccondary, and sulfated BAs presented
different chromatographic retention clusters. Primary BAs
RTs ranged hetween 8.7 and 10.8 min, and sccondary
BAs eluted between 10.1 and 11.2 min, except DHCA at
3.4 min. Sullated BAs eluted in the 6.9-10.3 min range.
Due to their structural and physicochemical heterogeneity,
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Fig. 1 Separation of BAs in the developed UPLC-MS/MS method.
Noter TDHCA, 37,12-wurodehycrocholic seid; GDHCA, 3.7,12-gly-
oadehydrocholic acid; T-o-MCA, tanro-e-muricholic acid; DHCA,
370 2-dehydrochohe aeid; THCA. taurohyocholic acid: TUDCA.
ravroursodeoxycholic acid: GHCA. glycohyocholic acid: GCA-S, gly-
cacholic acid sullate: THDCA, taurobyodeoxyeholic acid; TCA, tauro-
cholic acid: GUDCA, glyeoursodeoxycholic acid; UDCA-S, ursodeox-
yeholic acid sulfate: GHDCA, glycohyodensycholic scids CA-S, cholic
acid sulfate; GCA, glycocholic acid; GCA-D,, deursrated glycocholic
acid; TCDCA, ranrochenodeoxycholic acid; a-MCA. o-muricholic

RT (min)

RT (min)

acid; [FMCA. l-muricholic acid; TDCA. taurodeoxycholic acid; DCA-
S, deosycholic acid sullale: GEDCA, glyeochenodeosyeholic acid;
GCNCA-D,. deuterared glyeochenodeoxycholic acid: MCA, muro-
cholic acid; CDCA-S, chenodeoxychalic acid sulfate: GDCA, glyeo-
deoxycholic acidy HCA. hyocholic acidy UDCA, ursodeoxycholic acid:
CA, cholic acid; CA-Dy, deuterated cholic acic: TLCA. taurolitho-
cholic acid; HDCA, hyodeoxycholie geid; LCA-S, lthocholic acid sul-
fate: LCA-5-D,, deuterated Frhocholic acid sulfate: GLCA, glveolictho-
cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid:
LCA, Tithocholic acid: LCA-D,. deuterated lithocholic acid
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Table 3 BA concentrations in human orine and murine feces samples, respectively

Class Metabolite  Urine (N ="73), nmol/g creatinine Feces (W=20), nmol/g feces
Range Median  1QR (25-75) Derection Range Median IQR (25-75) Detection
frequency frequency
(%) %)
Primary MCA 0.8-40 1.8 13 57 2-26 5 8 100
CDCA 0.8-30 2 2 41 4-72 17 19 100
CA 1.2-500 14 49 99 5-376 38 78 100
w-MCA 03-13 1.2 2 81 134-791 332 290 100
p-MCA 0.4-20 3 5 77 35-610 103 207 100
HCA 0.6-20 1.7 1.2 18 0.6-162 3 4 95
Primary conjugated GCDCA 2-30 4 6 70 0.0005-1.3  0.06 0.19 100
GHCA 0.7-20 3 3 82 0.3-2 0.4 0.6 60
GCA 08-16 5 5 82 0.003-12 02 0.4 100
TCDCA 0.6-80 2 2 43 0.004-1.6 005 0.2 80
TCA 03-13 0.8 0.7 17 0.005-6 017 0.5 90
T-a-MCA  04-70 1.8 3 88 0.006-26 0.19 4 a0
THCA 03-20 0.7 0.7 28 0.007-1.6 002 014 55
Secondary LCA 1.9-30 4 1.8 100 1.3-14 4 3 100
DCA 2-40 5 6 49 35461 182 120 100
UDCA 0.3-14 0.7 0.6 50 35-244 66 52 100
HDCA 0.3-12 0.7 0.7 53 21-126 61 46 100
DHCA 04-30 L3 L2 72 19-644 17 301 a5
Secondary conjugated GLCA 3-3 3 0 L4 0.002-1.12 0.02 0.16 80
GDCA 0.6-20 2 3 68 0.02-3 0.12 017 100
GUDCA 0.7-45000 4 11 73 0.0006-12  0.07 0.18 100
GHDCA 1.2-340 7 15 11 0.003-1.1 0.02 0.16 75
GDHCA 03-9 0.7 09 9 0.004-1 0.02 0.10 80
TLCA 0.5-0.5 0.7 0 1.4 <LOD <LOD <LOD 0
TDCA 1.2-20 1.5 12 4 0.006-1.09  0.05 0.2 80
TUDCA 1.2-20 2 1.2 8 0.3-2 10 2 60
THDCA 0.8-30 2 9 7 0.09-1.5 0.2 0.2 100
TDHCA 0.8 3 7 0.002-1.14 013 0.06 45
Sulfated GCA-S 50 50 100 0.013-1.05  0.012 0.07 45
UDCA-S 4 5 92 0.02-14 0.8 10 90
LCA-S 0.7 0.5 54 0.014-1.09 0.03 0.2 0
DCA-S 1.4 4 81 0.2-23 5 6 100
CDCA-S 1.6 3 92 0.3-22 5 6 100
CA-S 3 5 3 1-46 11 13 100

QR interquartile range, LOD limit of detection

primary and secondary conjugated BAs eluted in a wider
time ranging between 2.4 and 10.4 min. Results depicted in
Fig. 1 indicated an adequate chromatographic and/or spec-
tral resolution among BAs that enabled their simultaneous
quantification.

Analytical method validation was performed following
recommended FDA guidelines for bioanalytical method
validation [25]. The evaluation of the linearity of response
was carried out by covering up to four orders of magnitude
with LODs and LOQs in the 0.2-3 and 0.002-3 nM range

in urine and feces, respectively (see Table 1). As shown in
Table 2, appropriate accuracies with recoveries between 84
and 120% and precisions ranging between 1 and 19%RSD at
the three levels were observed in standard solutions, except for
the UDCA-S and CDCA-S inter-day accuracy and precision
at the medium concentration level with a recovery of 117%
and an RSD of 16%, respectively. In spiked urine and feces
samples, recoveries between 80 and 119%, 85 and 115%, and
85 and 115% and precisions between 2 and 19%, 1 and 17%,
and 1 and 16% at low, medium, and high levels were found,
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Fig.2 BA puthways and conconuation ranges in human urine and murine fvo

respectively, except [or the iner-day accuracy ol the medium
concentration level of HDCA (118%) in urine and the preci-
sion of HCA (17%, medium level, urine), GCA (24%, low
level, feces), and TCDCA (23%, low level, feces). After six
months at — 80 “C and after undergoing three freeze—thaw

& Springer

sumplos. Note: T, aurines G, glyeine

cycles (— 80 “C), all compounds remained siable in samples
(#-test, p-values > (105). The compatibility of the saniple col-
lection procedure, as well as the selectivity, specificity, and
carry over were assessed, and noe interfering contamination
was detected (< 1/10 of the signal at LOQ). The analysis of
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blanks and process blanks confirmed the lack of eross-con-
tamination or carry over in the assessed chiromatographic con-
ditions. The presented data show adequate analytical method
performance for all compounds in spiked urine samples and
fecal supernatants, supporting the suitability of the method or
the analysis of BAs in the (wo considered matrices.

BAs in urine and fecal samples

In order o test the applicability of the validated UHPLC-
MS/MS method, a set of 73 human urine samples and 20
murine fecal samples were analyzed. Table 3 summarizes
the results obrained from the quantification of BAs in human
urine and muring fecal samples, after normalization to creati-
nine coneentration and sample weight, respectively, Results
show that GCA-S and CA are the most abundant BAs in
human urine samples, while TLCA, THCA, UDCA, HDCA,
GDHCA, and LCA-S were the lowest concentrated com-
pounds detected. In murine feces samples, the most abun-
dant metabolites were the murine-specific BAs o-MCA and
-MCA and the secondary BAs DCA and DHCA, while the
lowest concentrated BAs were TLCA and GCA-S. Twenty
and 31 BAs were detected in more than 50% of the urine and
foces samples, respectively, being TELCA the less frequently
detected in both matrices and GLCA in urine.

Differences in coneentration profiles of BAg in human
urine and murine feces samples were observed.

Figure 2 depicis the BA metabolism pathways in con-
junetion with BA concentration ranges lound in the studied
samples according to specics and matrix. It shows that the
most concentrated metabolites in human urine belong to the
CA metabolism (the classical pathway for BA metabolism

in humang) and that the most concentrated metabolites in
murine feces belong to the CDCA and UDCA metabolism
(the classical pathway in murine species). These lndings are
in agreement with Lin et al, results, where CA metabolism
prevails over CDCA metabolism in humans, whereas CDCA
metabolism is significandy enhanced in murine species [ 7].
Additionally, most of BAs present in human urine sam-
ples correspond to seeendary conjugated BAs (e.g., GL.CA
and TUDCA), followed by sulfated BAs {e.g., GCA-§ and
CA-S), being those classes Lhe less concentrated in murine
leces samples. These results are in concordance with the
literature [15], where most concentrated urinary BAs were
conjugated and sulfated, confirming the urinary BA exere-
tion mechanisms in humans. Thus, differences in BA profiles
observed between human uring and murine feces samples
demonstrate the different BA excretion mechanisms [6, 7.
271, what must be Laken inte consideration in siudies [ocused
on the interrelation of gut microbiota and BA metaholism.

Additionally, two clusters were identificd after a icrarchi-
cal clustering analysis (HCAY in both urine and feces sam-
ples and projecied on a principal component analysis (PCA)
scores plo, as shown in Fig. 3. As observed in the loadings
plot, urine samples correspending to cluster 1 presented higher
congentrations of primary, sulfared and seeondary conjugared
BAs, while samples from cluster 2 were more concentrated
in secondary and primary conjugated BAs, This can also be
evidenced in the BA class abundance distribution, as exenpli-
fied in the pie charts from four of the samples in each cluster.
Regarding [eces, samples included in cluster 2 present higher
concentrations in primary and secondary BAs, while samples
from cluster 1T were less concentrated in those BA ¢lasses, as
evidenced in the sample pie charts.
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Conclusions

An UHPLC-MS/MS method suitable for the quantitative anal-
ysis of BAs in urine and feces samples has been validated.
Levels of human urinary BAs and murine fecal samples were
reported showeasing the applicability of the method in the
(pre-)clinical and clinical fields. Furthermore, a comparison
between human urinary and murine fecal BA metabolic path-
ways and excretion mechanisms was provided. Additionally,
subgroups with distinct BA profiles within both urine and
feces were observed. The novel approach of BA analysis in
both human urine and murine feces samples provides valuable
insights into the metabolic processes, allowing for a compre-
hensive understanding of BA metabolism across different spe-
cies. In future studies, integrating BAs and microbiota analysis
could provide a more comprehensive understanding of the
relationship between diet, microbiome, health, and disease.
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Abstract: [Human milk (IHM) is considered the gold standard for infant nutrition. HM contains macro-
and micronutrients, as well as a range of bioactive compounds (hormones, growth factors, cell debris,
etc.). The analysis of the complex and dynamic composition of HM has been a permanent challenge
for researchers. The use of novel, cutting-edge techniques involving different metabolomics platforms
has permitted to expand knowledge on the variable composition of HM. This review aims to present
the state-of-the-art in untargeted metabolomic studies of HM, with emphasis on sampling, extraction
and analysis steps. Workflows available from the literature have been critically revised and compared,
including a comprehensive assessment of the achievable metabolome coverage. Based on the scientific
evidence available, recommendations for future untargeted HM metabolomics studies are included.

Keywords: human milk; metabolome; sampling; extraction; liquid chromatography-mass
spectrometry (LC-MS); nuclear magnetic resonance (NMR); gas chromatography-mass spectrometry
(GC-MS); capillary electrophoresis—mass spectrometry (CE-MS)

1. Introduction

Human milk (HM) has been markedly established as the optimal way of providing infants with
the necessary nutrients and bioactive factors for their early development. Many health associations and
organisms, including World Health Organization, recommend exclusive breastfeeding for the first six
months of life [1]. Health benefits of HM for infants include reduced mortality and morbidity, including
sepsis, respiratory diseases, otitis media, gastroenteritis, and urinary tract infections, among others [2].
In addition, studies reporting on long-term benefits of HM consumption such as lower risk of suffering
from type 1 diabetes and inflammatory bowel disease or overweight in adulthood emerged [3]. HM
may also be associated with a slightly improved neurological outcome as cohort studies report [4],
especially in preterm infants [5], although potential confounders must be accounted for [6].

HM composition is dynamic and influenced by several factors including genetics, gestational
and infant’s age, circadian rhythm, maternal nutrition, or ethnicity. It provides a series of nutrients

Metabolites 2020, 10, 43; doi:10.3390/metabo 10020043 www.mdpi.com/journal/metabolites
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such as lipids, proteins, carbohydrates, and vitamins, jointly with a number of bicactive factors that
contribute to several physiological activities in the newborn infant as well as to short- and long-term
outcomes [7,8]. Living cells including stem cells, hormones, growth factors, enzymes, microbiota, and
even genetic material are part of this vast array of HM components with impact in early development,
particularly the immune system [9]. In addition, HM appears to be one of the richest sources of
microRNAs [10]. On the other hand, because of the maternal environmental exposure and lifestyle,
the presence of some contaminants such as persistent organic pollutants or pharmacologically active
substances in HM has been described [11,12].

Due to its cmrnplex cumpositinn, the analysis of HM is not straightforward, ‘While the advent
of “omics” approaches has offered valuable insights into the composition of this unique biofluid,
untargeted metabolomic and lipidomic studies have only recently been applied to HM [13]. The
comprehensive study of the HM metabolome, which includes the intermediate and end products of
metabolism, can shed light on maternal status or phenotype [14,15]. The generation, analysis, and
integration of large and complex data sets obtained in metabolomic studies go hand in hand with
the following challenges: (i) the intrinsic complexity of the sample: a rich variety of jointly present,
structurally heterogeneous compounds at concentrations that strongly vary covering several orders of
magnitude; (i) pre-analytical steps related to sampling, storage, and pre-processing (e.g., extraction,
clean-up); and (iii} the diversity of platforms currently available including nuclear magnetic resonance
(NMR), as well as gas chromatography (GC), liquid chromatography (LC), and capillary electrophoresis
(CE) coupled to mass spectrometry (MS). The analysis of the HM metabolome has been approached
employing a variely of extraction and analytical techniques to respond to a spectrum of clinically
relevant questions. Several studies have compared HM metabolome with formula milk [13,16-20] or
with milk from other mammalian species including monkey [21], donkey [17], and cow [18], whereas
others have made efforts in defining the metabolome of preterm milk [13,16,22-26] and the evaluation
of the HM metabolome during the course of lactation [15,23,27-30]. Furthermore, the influence of
maternal diet [14,15,31], phenotype [14,32], obesity [30], or atopy status [33], as well as geographical
location [33,34], time of the day [29,35], chemotherapy [36], or preeclampsia during pregnancy [31] on
the HM metabolome have been reported.

Recent review articles that address the HM metabolome or lipidome [12,37-41] are available. For
information on the compounds and compound families typically found in HM and their function the
reader is referred to [37—40]. Readers with a particular interest in HM lipidomics are referred to a recent
compilation study [41]. Technical aspects of HM analysis when performing metabolomics studies
in HM have been recently described [12]. This review article gathers recent literature available on
metabolomic analysis of HM, particularly focusing on untargeted approaches as indicated in Figure 1,
to provide an up-to-date overview of the key factors that may influence HM metabolome coverage.
Based on the information provided within the available literature, recommendations to guide study
design and analytical method development of untargeted HM metabolomics assays were developed.

Records screened Records screened
Records excluded (1 = 49) “eriterion 1" “criterion 2" Records excluded (1= 49):
- Animal model/other biofluid (1 = 21) (n=73) (1t = 68) = Animal medeliother biofluid (1 = 30)
Targeted (r=7) Targeted (n=3)
2 y lip n=3) Exclusively lipidome/glycome (n =2)
Review (1= 4} Tull-test articles Full-text articles Review fi'=2)
Other (1= 14) selected —elected Other (n = 12)
(1=24) (r=19)

Merged

Studies included
)

Figure 1. Flow diagram of literature selection and review process. Search “criterion 1”: term (“human
milk” OR “breast milk”}, AND “metabolom*”, AND “infant”; only articles. Search “criterion 2”: term
(“human milk” OR “breast milk”), AND “metabolom*”, AND (“GC” OR “LC" OR “NMR” OR “CE");
only articles, Web of Science database was employed for literature search.
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2. Considerations Regarding the Study Design

HM is a biofluid characterized by a dynamically varying composition according to several factors
including lactation time, time of the day, throughout each feed, maternal status, and the environmental
exposure. Although compositional variations have been mainly studied regarding the protein content
of HM [42], changes of other compound classes such as fat or vitamins have been also reported [43,44].
Considering the intrinsic variability of HM, the complexity of oblaining representative HM samples
is not negligible. Sources of variation related to sample manipulation and compositional variation
can be minimized using standard operational procedures (SOPs). SOPs are fundamental to maintain
quality assurance (QA) and quality control (QC) process and facilitate repeatable and reproducible
research within and across laboratories. However, biclogically meaningful results across studies
will only be obtained if several key factors during the sample collection process are successfully
controlled. This is of special importance in untargeted approaches, where the interpretation of results is
especially challenging, and confounding factors introduced by a non-exhaustive sampling protocol can
be wrongly attributed to differences between subjects of a studied population. Conversely, biologically
meaningful information can be missed or remain unnoticed due to unwanted bias introduced during
sample collection.

The information regarding study design provided in HM metabolomics studies varies
considerably [13-24,26-32,34-36,45-47] as shown in Figure 2. Repeatedly reported factors
have been grouped into three categories and are discussed in detail in the following sections:
(1) maternal-infant-related factors (blue bars), (2) time-related faclors (green bars), and (3) HM
collection-related factors (orange bars). It should be noted that, although the importance of each
factor might vary with the scientific question of each study, the authors encourage (i} the use of SOPs
employed during sample collection to assure homogenous and representative sampling and (ii) the
reporting of all documented factors in order to enhance comparability between results of metabolomic
studies on HM. In case of HM, sarnples are t)-'pically collected, handled and sometimes temporary
stored and transported by the mothers and not, such as it is the case for other biofluids (e.g., plasma
or serum), by health professionals. During study design it is therefore very important to assure that
mothers receive detailed instructions and/or training for the correct handling of collected samples. In
addition, one should keep in mind that sampling protocols should neither interfere with infant feeding
nor negatively impact on the mother-baby bonding. Hence, the collection of transitional and mature
milk is usually preferred over colostrum, especially in studies involving mothers of preterm infants,
where colostrum is usually kept exclusively for the infant’s supply.

2.1. Maternal-Infant-Related Factors

In HM metaholomic studies, gestational age is frequently reported (see Figure 2), although the
impact of this factor on the HM metabolome has not been fully characterized. Studies focused on
preterm milk showed that, analogously to full-term milk, its composition is dynamic throughout
the first month of lactation [13,16,22]. However, after 5-7 weeks, metabolite composition of HM
from mothers of preterm infants resembled that collected from mothers of full-term infants [23]. On
the other hand, Marincola et al. [13] observed that HM from mothers of early preterm infants (26
weeks of gestation) differentiated from milk samples from term infants. However, the low number of
samples involved in the study (n = 20 and n = 3 mothers of preterm and term infants, respectively)
hindered the assessment of the statistical significance of the impact of gestational age on the milk
metabolite composition. Sundekilde et al. [23] carried out a longitudinal study on milk from mothers
of preterm and full-term infants covering similar lactation periods (3-14 weeks and 3-26 weeks after
birth, respectively) and showed that some metabolites were present at significantly different levels in
full-term milk compared to preterm milk. On the contrary, Longini et al. [16] did not observe significant
differences between preterm and full-term milk within the first week after delivery, only being able
to discriminate milk samples from early preterm infants (<29 weeks of gestation). It is worth noting
that the effect of gestational age on the HM metabolome has been mainly studied employing NMR
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platforms [13,16,22,23], in which metabolite coverage is limited (see Figure 5) and some metabolite
classes (e.g., lipids) are barely accessible. For this reason, and in order to further evaluate the impact
of gestational age on the milk metabolome, we warrant more comprehensive metabolomic studies
employing complementary analytical platforms.

Gestational age
Maternal age
Maternal BMI
Infant gender
Birth mode
Parity
Maternal diet
Time after delivery
Time of the day
Time with respect to baby’s feed
Sample container
Total volume
Manual / Pump expression
Full expression
Breast cleansing
From 1/2 breast(s)

0 20 40 60 80 100
Percentage (%)

Figure 2. Reporting frequency of factors relevant to the human milk (HM) sampling process:
Maternal-infant-related factors (blue bars), time-related factors (green bars), and HM collection-related
factors (orange bars). Note: BMI = body mass index.

Other potentially relevant, miscellaneous information about the studied population of
mother-infant pairs such as infant gender, parity, and birth mode, have been frequently reported in
metabolomic studies (see Figure 2), although these characteristics often remain in the background since
the studies focus on other aspects. The influence of these factors on the metabolite composition of
HM has not been elucidated yet, and this might be addressed in forthcoming studies. An additional
factor that is not typically reported in HM metabolomics studies is maternal secretor status. Significant
differences in the oligosaccharides profile of milk between so-called secretors (Se'), which are those
mothers that provide a functional FUT2 gene, and non-secretors (Se” ) have been reported [48]. Secretor
status is mainly established based on the presence (Se™) or absence (Se™) of 2"-fucosyllactose, with
a prevalence rate of approximately 80% of secretors over non-secretors [14,22,2%,26,32,49]. Maternal
secretor status is therefore usually determined a posteriori during data processing and analysis.
Oligosaccharides are polar compounds that are present at concentrations in the mM range that will
]iksly be preserved during sample extraction procedures employed for metabolomics studies. As their
presence/absence might potentially affect clustering of milk based on maternal secretor status [24], to
provide this information, when available, might be of interest.

2.2. Time-Related Factors

HM undergoes significant changes over time, having established three differentiated lactation
stages: colostrum, transitional milk and mature milk. As can be seen in Figure 2, lactation time is
reported in the vast majority of metabolomic studies. In particular, several studies have focused on the
HM metabolome throughout lactation [15,23,27-30], all of them concluding that significant differences
in the metabolic profile over time exist. Therefore, it seems reasonable to report this factor. On the
other hand, although it has been demonstrated that diurnal variation affects HM fat content [50], its
effect on the overall metabolite composition is a controversial issue which has not yet been adequately

374



Annex I1. Articles included in the compendium

Metabolites 2020, 10, 43 Sof 17

addressed in the available literature. Whereas no significant changes in some lipids and small polar
metabolites have been observed [29,35], differences in some micronutrients (e.g., vitamins) could be
evidenced [44]. The use of a pool of a 24-h expression of HM should compensate for changes due
to diurnal variation, thus, obtaining more representative samples [13,24,25] in longitudinal studies.
However, the drawback is that this practice is incompatible with breastfeeding of the infant, which, in
turn, might raise severe ethical concerns. A feasible compromise for ameliorating diurnal variations is
the use of pooled morning and evening samples [29,35].

Regarding time of collection with respect to baby’s feed, the influence of this variable has not been
studied to date, but given the differences found between fore- and hindmilk [51], it seems reasonable
to assume that this factor might be potentially relevant.

2.3. HM Collection-Related Factors

Any uncontrolled variable within an experiment can result in a potential source of bias. In this
sense, although less attention has been payed to other factors related to the expression and storage of
HM (see Figure 2, orange bars), they may be relevant to the outcomes of metabolomic studies. As can
be seen, the type of sample container is indicated in 50% of the studies, whereas other specifications
regarding HM expression are included scarcely. The latter factor deserves some special attention, since
differences in the milk fat content between foremilk (initial milk of a feed) and hindmilk (last milk of a
feed) have been reported [51]. Therefore, full expression of breast(s) is desirable in order to obtain a
representative HM aliquot [52]. The influence of all other factors, to date, remains unstudied.

2.4. Pasteurization and Storage

HM banks rely on stringent protocols in which pasteurization, indispensable for minimizing
the potent']dl to transmit infectious agents, as well as freezing and lung—te{m storage Pl’D(EdUl’EH are
established. The pasteurization process affects some of the nutritional and biological properties of
HM [53-55]. In this review, three studies that use milk from HM banks are included [16,20,22], but
only one specifies whether or not HM has undergone pasteurization [23]. Variability of the metabolite
profile of HM caused by pasteurization has not been comprehensively explored to date. Future studies
focused on the systematic exploration of the effect of thermal treatment on HM are warranted.

HM is usually stored frozen employing —20 “C and 80 “C for shorl- and long-term storage,
respectively. However, duration of storage and the effect of repeated freeze-thaw cycles are identified
as additional factors with potential impact on HM composition that are missing in most published
studies. In lipidomic studies, the integrity of HM samples is preserved by subjecting HM to inactivation
of endogenous enzymes such as lipases in order to minimize lipolysis and lipogenesis. In this sense,
immediate storage at —80 “C is advisable [41]. Particularly for metabolite composition analysis, storage
at ~80 °C is widespread [13,15,18,19,24-26,28,31 45,46], sometimes with a prior short-term storage at
—20°C [14,21,22,27,29,33,34]. Wu et al. [29] investigated the effect of storage conditions by keeping
samples for different times at ~20 “C and then transferring them to ~80 “C versus storing samples
directly at ~80 “C. Variations in duration of storage at ~20 “C versus ~80 °C showed no detectable
effect on the metabolites considered (e.g., lactose and other carbohydrates, choline and its derivatives,
and a variety of amino acids) by visual inspection of sample clusters in principal component analysis
scores plots. However, analysis of variance evidenced differences in butyrate, caprate, and acetate
contents. However, time of storage considered in this study was limited to two weeks, which is not
representative for conditions employed in clinical studies or standard home routines. It is therefore
clear that further studies are required in this regard.

On the other hand, HM employed for research studies is typically stored in small aliquots.
When working with raw milk, this procedure might introduce bias due to phase separation prior to
the preparation of the aliquots. Hence, the homogenization of HM with a disruptor, resulting in a
stable emulsion with reduced size of milk fat globules [56], as employed prior to the quantitation of
macronutrients with HM analyzers, might be advisable.
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3. Metabolite Extraction from HM

For metaholite extraction from HM, an array of methods has been reported. An overview of the
employed approaches is shown in Figure 3. The selection of the extraction method is conditioned
by the study objective and the subsequent analysis method. As in other untargeted metabolomics
workflows, for HM metabolomics, the selected sample preparation approach should enable a high
degree of metabolome coverage while making the sample matrix compatible with the analytical
platform. Other considerations might include the available amount of sample volume and the use
of one sample extraction procedure for subsequent analysis by multiple, complementary analytical
platforms [13,27,28].

QL
HM
T ]
Biigh & Dyec/Falch | !
Pl"mm*n Single phase extraction Ulteafiltration Precipitation
LS LS X
R = O MDacutoff
gt | spi ler C
(polar metabolies Polar and non- oz and son-
——+ Proteins \ ’A’pula. metabolites [ +1phis-ead pootshe, [= —wnljalznm:\‘ﬂlhs
— Oxganic phase (son- v e
e ¥ Dowinpelit U Folwmenbolies |/ — Potein et

Figure 3. Sample preparation approaches employed in human milk (HM) metabolomics.

Liquid-liquid extraction (LLE) is the classical extraction method employed in metabolomics and
lipidomics. This method, developed by Folch et al. [57] in 1957, uses a chloroform-methanol mixture
(21, of2), which results in two differentiate phases: an upper phase containing polar metabolites and a
lower phase containing nonpolar metabolites. Subsequently, in 1959 Bligh and Dyer [58] developed a
modified method using a miscible chloroform-methanol-water mixture and later separated into two
phases by adding chloroform or water. Both approaches enable the separation of polar and nonpolar
metabolites, thus, allowing the analysis of a wide range of metabolites and making them compatible
with several analytical platforms. While the use of Bligh and Dyer LLE is widely extended for HM
metabolomics studies (see Table 1) [13,16-19,24,25,29,32], only Andreas et al. [28] used a modified
Folch extraction protocol for processing HM samples.

Methyl tert-butyl ether (MTBE) in combination with methanol has recently been proposed for
single-phase extraction [27]. MTBE is a nontoxic and noncarcinogenic solvent and it is therefore
considered a safe and environmentally friendly alternative to harmful solvents employed in traditional
LLE methods, such as chloroform, which is a suspected human carcinogen. In this extraction method,
a unique phase containing both, polar and nonpolar metabolites is ohtained with a protein pellet at
the bottom (see Figure 3). Thus, the simultaneous analysis of lipidome and metabolome in a very
small amount of biological sample is achievable. This method has been successfully employed to
determine polar metabolites and fatty acids (FAs) in HM by GC-MS [27,28], as well as lipids and polar
metabolites by LC-MS [15,27,28], thus, increasing the metabolome coverage by the combined use of
complementary analytical platforms.
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Table 1. Sample preparation steps and platforms employed in untargeted analysis of HM metabolome.
Sample Preparation (Ist. stap) __ Sample Preparation 2nd. step) Compaund Class Platform Colunn/Capillary Refersnces
Bligh & Dyer extraction D““"‘";if:::‘hff‘“m o Polar metabolites THAMR . [13,16,29,321
Derivatization of aqueous - ~
methoximation and silylation Polar metabolites and FAs GC-MS DB-5ms [17-19]
Derivatization of arganic phase: .
P FAs GOMS )]
Disect injection of aquectis phase Polar metabolites LC-QTOF-MS =)
Redissolution of aqueous phase in . N
HyO-ACN (955 Polar metabolites LC-OrbitrapMS (-, ) 18 [24]
Redissohution of arganic phase in s ; ; -
ACNAPACH G (6505 Lipidic metabolites LE-Cirbitrap-MS (+,-} 18 1251
ddition to phobic and palar .
Folchextraction aqueons and organic phases metabalites HENME
Relissolution of aqueous phase in Polar metaboltes
formic acid and centrifugation (amning acids) CE-TOF-MS (+) [28]
Redissolution of organic phase in
IPAHO:ACN (21:1) and Lipidic metabolites UPLC-GTORMS {+,-) cis
centrifugation
Single phase extraction De""‘“";:'i":'l}';‘:‘m‘m‘““"‘”‘ Polar metabolites and FAs GOMS D6-5ms
Lipidic {and polar)
Direct injection cemtating LCAQTOF-MS (+,-) 8
UPLC-QTOF-MS (+) <18
Fat extraction with n-hexane/TPA Deuterated solvent addition TGs B NMR; TH-NMR
Filtration 3 kDa cutoff spin filer  Deuterated solvent addi Polar metabolites THNMR 51
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Ultrafiltration makes use of centrifugal molecular weight cutoff filters. Different molecular weight
cut-off filters are commercially available for this purpose and repeated centrifugation steps might be
employed to remove proteins and lipids (see Table 1). Unlike single-phase extraction, ultrafiltration
allows to separate polar metabolites from the HM without dilution [14,21,22,29], however this method
does not have the capacity to study the global metabolome of HM. At present, this extraction method
has only been used in combination with NMR analyses [14,21,22,29].

TPrecipitation with organic solvents separates the polar and nonpolar metabolites of the proteins
that settle at the bottom of the tube which can then be easily removed by centrifugation. This simple
method has been employed for the analysis of polar metabolites by GC-MS after derivatization [36] as
well as for the analysis of polar and nonpolar metabolites by LC-MSwithout further pre-processing [18].
Furthermore, this approach has been implemented in more sophisticated workflows as recently
shown by Hewelt-Belka et al. [35]. Here, the authors combined LLE and a protein precipitation and
solid-phase extraction (SPE) procedure to prepare HM samples, thereby, enabling the detection of high-
and low-abundant lipid species (e.g., glycerolipids and phospholipids) in one LC-MS run.

4. Analytical Platforms Employed in HM Metabolomics

As reflected in Table 1, the use of all analytical platforms that are commonly employed in
untargeted metabolomics studies, such as LC-MS, GC-MS, NMR, and, to a lesser extent, CE-MS, has
been reported for performing HM metabolomics. 'H-NMR is the most frequently used technique [13,14,
16,20-22,26,28,29,31-33] for both, the analysis of polar and hydrophobic metabolites in HM. I3C-NMR
has been reported for the detection of triacylglycerols [20]. NMR is a highly reproducible technique that
allows a straightforward library matching after spectral alignment, while at the same time supporting
structural elucidation of detected metabolites. However, it presents lower sensitivity, and hence, the
achievable metabolome coverage is low in comparison to other analytical platforms.

All other analytical platforms rely on the use of MSdetection. LC-MS provides high sensitivity and
is characterized by a huge versatility due to the availability of (i) a large selection of chromatographic
columns with a variety of stationary phases, that in combination with appropriate mobile phases achieve
compound separation based on different retention mechanismsand (ii) an array of different instrumental
configurations (i.e. different ion sources and mass analyzers). For example, reversed phase (C8, C18)
LC-quadrupole time of flight MS (LC-QTOE-MS}) [15,18,27,28,35,46] and LC-Orbitrap-MS [24,25]
have been reported for the detection of both, polar and lipidic metabolites in HM; and hydrophilic
interaction LC (HILIC)-QTOF-MS for polar metabolite detection [35]. On the other hand, for the
successful screening of HM oligosaccharides, a porous graphitic carbon column installed on a LC-triple
quadrupole (TQD)-MS instrument was used [24].

GC-MS is the most suitable platform for measuring volatile compounds, while other non-volatile
compounds must be derivatized prior to analysis. For HM analysis, methoximation followed by
silylation or methylation are commonly employed (see Table 1). The most frequently used column is
the DB-5ms column for both polar and FA detection [13,17-19], in some cases with an integrated 10 m
pre-column (deactivated fused silica) [27,28,36].

Regarding CE-MS, only one study has been reported for polar metabolite detection in HM [28].
CE provides a series of advantages over other techniques, mainly due to the small sample volumes
employed and the efficient separation of polar compounds that is difficult to be achieved by LC
columns. However, issues with poor reproducibility, matrix effects and sensitivity may be hindering a
widely extended use of this technique for the analysis of complex biclogical samples such as HM.

Due to the diversified Uumpositiun of HM, no sing]e dndlytic tschnique can resolve the entire HM
metabolome. Only multiplatform approaches enable a comprehensive characterization providing a
high metabolome coverage including polar and nonpolar metabolites present in HM. In this sense,
two studies performing a multiplatform approach were found in the literature combining LC-MS and
GC-MS [18,27], and only one study that performed analysis using four different techniques (LC-MS,
GC-MS, NMR, and CE-MS) was reported [28].
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The use of high-end analytical platforms requires the implementation of QA and QC processes to
improve data quality, repeatability, and reproducibility, especially in untargeted metabolomics. For
practical guidelines on the use of QC measures in untargeted, MS-based assays the reader is referred
to [59]. Pooled QC samples are prepared by mixing small aliquots of the study samples, and therefore,
they are considered representative in terms of matrix composition and concentration ranges of the
metabolites present in the study samples. QU samples are analyzed repeatedly throughout theanalytical
sequence alongside the study samples. The signal of each feature delected in QC samples can be used
to model and correct systematic changes in the instrument response during the analytical sequence.
Additionally, the obtained data can be used to perform intra-study reproducibility assessments
and to correct for systematic variation across batches. In HM metabolomics, Smilowitz et al. [14],
Andreas et al. [28], and Gay et al. [33] used QC samples for NMR studies, while Villasefior et al. [27],
Mung et al. [46], Hewelt-Belka et al. [35], and Alexandre-Gouabau et al. [24,25] used pooled HM
samples for QC purposes in LC-MS-based assays. Considering the highly complex sample matrix of
HM, the authors strongly recommend the implementation of QC measures, including the analysis of
QC samples, to increase reproducibility and facilitate the joint analysis of data from different studies.

5. The HM Metabolome: Compound Annotation and Coverage

As in other areas of metabolomic research, compound identification is still a major bottleneck in
data analysis and interpretation. The Metabolomics Standards Initiative’s (MSI) defines four levels
of metabolite identification, which include: identified metabolites (level 1); putatively annotated
compounds (level 2); putatively annotated compound classes (level 3); and unknown compounds (level
4) [60]. Due to the limited availability of pure analytical standards required to reach level 1, biclogical
databanks and spectral databases are the most important resources for metabolite annotation (levels
2 and 3). Alarge number of databases are available today, providing different levels of information
and complementary data on chemical structures, physicochemical properties, biological functions,
and pathway mapping of metabolites [61]. The metabolomics community classifies these resources in
several categories: (i) chemical databases; (ii) spectral libraries; (iii) pathway databases; (iv) knowledge
databases; and (v) references repositories [62].

Regarding HM metabolomics, the most frequently used databases and libraries are: Human
Metabelome Database (HMDB) [63], Metabolite and Chemical Entity Database (METLIN) [64], National
Institute of Science and Technology (NIST) library, Fiehn RTL Library [65], LipidMAPS Structure
Database (LMSD) [66], Milk Metabolome Database (MCDB) [67,68], Kyoto Encyclopedia of Genes
and Genomes (KEGG) [69], MycompoundID with the evidence-based metabolome library (EML) [70],
Chenomx NMR Suite Profiles and other online university databases, such as C EU-mass mediator [71,72].

Metabolite assignment in NMR spectra has been performed based on literature data and
commercial resonance databases, such as Chenomx NMR Suite Profiles. Metabolite annotation
was contrasted with in-house libraries containing pure compound spectra. Some of the proposed
assignments were confirmed by two-dimensional NMR spectra, such as Correlation Spectroscopy
(COSY) [13,29,31,32], Homonuclear Correlation Spectroscopy (TOCSY) [13,31,32,34], Diffusion-Ordered
Spectroscopy (DOSY) [32], Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) [32,34],
and Heteronuclear Multiple Bond Correlation (HMBC) [32].

In LC-MS and CE-MS-based studies of the HM metabolome, tentative metabolite annotation has
been carried out by matching of accurate masses, isotopic profiles, and/or fragmentation patterns
to candidate metabolites in online databases such as KEGG, METLIN, LipidMAPS, and HMDB [18,
24,25,27,28,35]. In-house built databases generated by the analysis of commercial standards are also
commonly employed [24,25]. In GC-MS, retention index (RI) corrections are made by analyzing a
fatty acid methyl ester (FAME) mixture standard solution and assigning a match score between the
experimental FAME mixture and theoretical RI values based on the values contained in the Fiehn
RTL library. Furthermore, metabolites were complementarily annotated by comparing their mass
fragmentation patterns with those available in Fiehn RTL and NIST libraries [13,17-19,27,28,36].
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A comprehensive list of annotated and/or identified metabolites in HM from untargeted
metabolomics studies [14,15,17-19,21-29,31-34] is reported in Table S1. This table contains information
about the metaholites reported in each reference, such as their molecular formula, IDs (LipidMAPS
and/or HMDB IDs), the extraction procedure performed, the analytical platform used, and the detected
metabolite class. Readers can select metabolites dynamically by filtering data according to the latter
information. A fotal of 1187, 111, and 128 metabolites were reported using LC-MS, GC-MS, and NMR,
respectively (see Figure 4). Asshown in the Venn diagram, LC-MS and GC-MS allowed the detection of
36 common metabolites (mainly carbohydrates and FAs); a total of 29 metabolites overlapped between
LC-MS and NMR (principally oligosaccharides); and 21 metabolites (predominantly amino acids and
organic acids) were commonly reported in GC-MS and NMR hased studies. Only 13 metabolites
were reported by all three platforms, i.e., creatine, tyrosine, arabinose, galactose, glucose, lactose,
maltose, capric acid/caprate, caprylic acid/ caprylate, citric acid/citrate, pyruvic acid/pyruvate, hippuric
acid/hippurate, and myo-inositol. These metabolites were assigned to different classes including amino
acids, carbohydrates, FAs, and organic acids.

LC-MS GC-MS

NMR

Figure 4. Venn diagram of metabolites reported in human milk (HM) according to the technique in [73].
Note: GC-MS, gas chromatography—mass spectrometry; LC-MS, liquid chromatography—mass
spectrometry; NMR, nuclear magnetic resonance.

Based on the available data from the literature, the distribution of metabolite classes present in
HM according to each technique was assessed. As can be seen in Figure 5, the difference in detected
metabolite classes as observed by LC-MS in comparison to GC-MS and NMR is evident. Using GC-MS
and NMR, carbohydrates are the most reported metabolites in HM, followed by amino acids, organic
acids, organooxygen compounds, and organoheterocyclic compounds, with all these metabolite classes
being certainly less abundant in LC-MS studies. In the case of NMR, organonitrogen compounds
have also been reported, as well as nucleosides and nucleotides on a smaller scale. In the case of lipid
classes, fatty acyls have been identified by LC-MS and GC-MS with similar incidence and in lesser
extent by NMR. It is indubitable that lipid classes are more comprehensively studied by LC-MS assays,
where glycerophospholipids, glycerolipids, and fatty acyls are detected at relatively high abundances,
followed by sphingolipids, sterol lipids, and, to a lesser extent, prenol lipids.

Table 2 shows a list of metabolites reported in > 80% of studies employing either LC-MS, GC-MS,
or NMR-based assays. This table is intended to aid method development of future untargeted
metabolomics workflows tailored to the study of the HM metabolome, as it shows a shortlist of
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metabolites that should be detected by each platform regardless of the instrumental settings emploved.
Ttshould be noted that due lo the high versalilily of 1.C-MS, there is a greater varialion in melabolites
recorded and in return, the list of consistently reported metabolites in HM across studies is shorter
than for NMR and GC-MS, where differences in experimental conditions and variations between the
employed delection paramelers and instruments are smaller. Again, this lable represents the high
orthogonality between the detected metabolites using NMR and LC-MS. While the use of LC-MS is
dearly of advantage for the measurement of different lipids, NMR provides information on amino
acids and small organic acids. Metabolome coverage provided by GC-MS falls in-between the other
two platforms, consistently providing information on lipids, sugars, amino acids, and organic acids.

Ity acyls

I Gl cerolipids

I Glycerophospholipids

- | I sphingolipids

[ Sterol Tipids

[ |Prenal lipids

I Carbohydrates and carbohydrate conjugates

" | B Organic acids and derivatives

[ |Organcheterocyclic compounds

] Organo oxygen compounds

[ Organo nitrogen compounds

mino acids peptides and analogues
I ~ucleosides nucleatides and analogues
I Other

Relative Abundance (%)

LC-MS GC-MS NMR

Figure 5. Distribution of metabolite classes annotated and/or identified in HM according to technique.
Note: GC-MS, gas chromatography—mass spectrometry; LC-MS, liquid chromatography—mass
spectrometry; NMR, nuclear magnetic resonance,

Table 2. Most frequently reported metabolites (>80% of studies) according to technique.

Mectabolite class LC-MS GC-Ms$ NMR
Linoleic acid (C18:2) Oleic acid (C18:1)
Fatty acyls Oleic acid (C18:1) Palmitic acid (C16:0) -
Palmitoleic acid (C16:1) Stearic acid (C18:0)
Glycerolipids DG (3&:1) - -
Glycerophospholipids LysoPC (16:0) - -
Carbohydrates and ~ F}gudnse L
carbohydrate conjugates R‘jkf:j actose
Acetate
Organic acids and ) Malic acid C(.E ate
| . itrate
derivatives Urea T
.actate
Organo nitrogen .
compounds - - Choline
Alanine
Alanine Creatine
Glutamate Glutamate
Amine acids, peptides, R Glycine Glutamine
and analogues Pyroglutamic acid Isoleucine
Serine Leucine
Valine Tyrosine
Valine

CC-MS, gas chromatography—iass spectrometry; LC-MS, liquid chromatography—mass spectrometry; NMR,
nuclear magnetic resonance; DG, diacylglycerol; PC, phosphatidylcholine.
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6. Conclusions and Future Perspectives

In less than a decade, 26 research papers have been published trying to shed light on the complex
and dynamic composition of HM and the feasibility of different options for sample extraction and
metabolite detection has been demonstrated. Due to the many factors that influence HM composition,
a thorough study design including SOPs for milk extraction, collection, and storage is indispensable for
obtaining biclogically meaningful results. Multi-platform approaches are encouraged for providing
adequate metabolome coverage, as the diversity of compounds contained in HM will not be properly
reflected using one single assay. In line with metabolomics workflows tailored to other sample types,
the reproducibility of HM metabolomics studies will benefit from the implementation of QA/QC
procedures. Automated metabolite annotation and identification with pure chemical standards is
warranted and the authors encourage the use of publicly accessible platforms for enabling the exchange
of raw data for comparison between studies.

Supplementary Materials: The following are available online at http://www.mdpicom/2218-1989/
Table S1: List of metabolites annotated and/or identified in HM metabolomic studies.
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Human milk (HM) is the geld standard for newborn mutbton. When own mother's milk is not sufficienty
available, pastenrized donor himan milk becomes a valuable alternative. In this sturly we analyzed the impact of
Holder pasteurization {Hol') on the metabolic and lipidomic composition of HM. Metabolemic and lipidomie
profiles of twelve paired HM samples were analysed before and afier HoP by liquid chromalography mass
spectrometey (MS) and gas chromatography-MS. Lipidomie analysis enabled the annotation of 786 features in
HM out of which 289 were significantly altered upon pasteurization. Fatty acid analysis showed a significant
duerease of 22 vt of 29 detcetable fatty acids. The observed changes were associated 1o live metabolic pathw

Tipid antalagy cnfichment analysis provided insight inta the offect f pasteurization on physical and chemical
properties, cellular components, and functions. Future research should focus on nutritional andsor develop
mental consequences of these changes,

1. Introduction

Human milk (HM) is the gold standard for infant nutrition and
provides the optimum compasition of nutritional elements nescled for
growth and development. Consequently, HM offers numerous short and
long-term benefits to the infant-mother dyad (World Health Organiza-
tion, 2017). Of note, the survival of ly low gestational age

rates of weight gain, linear growth, and head growth during hospital
admission, no differences in long term growth have been described
{(Quigley et al, 2019). The exclusive feeding of pasteurized DHM un-
doubtedly has an impact on different aspects of preterm biclogy. Hence,
DHM modifies the gut-microbicta composition of preterm infants as
compared to the use of OGMM (Parra-Llorca et al,, 2018), although it does
not romise the protection against oxidative stress (Parra-Llorea

newborns has consistently improved in the last decades (Boquien,
2018). In this scenario, early infant nutsition has become a major player
in improving clinical outcomes of survivors ancl based on an impressive
array of benefits, HM is the first choice for feeding preterm infants
(Miller et al., 2018).

When own mother’s milk (OMM) renders insufficient, ized

el al, 2019). Furthermore, preterm infants exclusively receiving DHI
exhibited different urinary steroid hotmone levels when compared to
infants receiving OMM. These findings might be potentially linked to
stercid hormone concentrations present in fresh and pasteurized Hit
(Pineiro-Raimos el al 1)

The ion of HM is affected by processing and handling of

donor human milk (DHM) rather than preterm infant formula is the
preferred alternative for preterm infants (Poulimeneas et al,, 2021), The
use of DHM in comparison to the use of formula milk might reduce the
incidence of necrotizing enteracolitis (Miller et al, 2013; Quigley,
Embleton, & WeGuire, 2019), and although it has been linked to lower

* Carresponding author.
E-mait address: Julia kuligovskiGuv es (1. Kuligowskd).
! Buth authors contrilmtcd cyually

e ps://doiorg/ 10,1016/ faodchem 20022, 32581

expressedl HM following stringent protocols applied in HM banks.
involving pasteurization, necessary for minimizing the potential to
transmit infectious agents, as well as freezing, long-term storage, and
multiple container passages (Colaizy, 2021). Low-temperature (62.5 *C)
long time (30 min) pasteurization known as “Holler" pasteurization
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(HoP) is routinely employed at HM banks to avoid newborn infection
through transmission of pathogens that might be present in DHM as it
destroys vegetative forms of bacteria and most viruses including human
immunodeficiency virus, herpes, and cytomegalovirus (Colaizy, 2021).
The use of softer alternatives (e.g., high-temperature short-time, high
pressure processing, ultraviolet and microwave irradiation, and ther
mosonic processing (Wesolowska et al,, 2019) has been in the spotlight
of on-going investigations. However, to our knowledge, none of these
techniques has been yet implemented for the routine processing of small
volume milk batches (approximately 3-6 L) at HM banks.

While total carbohydrates and proteins contents remain relatively
stable upon HaP, there is controversy regarding the degree of loss of
rotal fat, as percentages between —6.2 and —25% have been reported in
studies replicating current milk bank procedures (Colaizy, 2021).
Furthermore, several bioactive components, such as enzymes, immu-
noglobulins, cytokines, microRMAs, and fmmune cells are inactivated or
destroyed (Wesolowska et al,, 2019), Scientific evidence documenting
the effects of HoP on changes of specific lipid and metabolite classes is
seant. The present study aims at the characterization of the impact of

Food Chemistry 384 (2022) 132581

Germany). (15,15,16,16,17,17,18,18,18-Dg) oleic acid-Dq (>99%) was
purchased from Avanti Polar Lipids (Alabaster, AL, USA) and prosta-
glandin Fa,-D4 (98 %, deuterated incorporarion > 99%) was purchased
from Cayman Chemical Company (Amn Arbor, M1, USA).

HM untargeted bol and lipidomi lyses. HM sam-
ples were thawed at room temperature and then heated in a water bath
for 10 min at 33 °C. 5 L of an internal standard (IS) solution containing
aleic acid-Dg (80 uM) and prostaglandin F2u-Dy (39 uM) in H0 were
added to 45 L of HM. A single-phase extraction procedure adding 175
UL of CH3OH and 175 L of MTBE (Villasenor et al,, 2014) to each HM
sample followed by a 4 fold dilution of the supernatant with a CHaOH:
MTBE (1:1, v/v) solution was applied. The resulting extract was used for
both lipidomic and metabolomic analyses. In addition, a blank extract
was prepared following the steps described for HM samples but
replacing HM with water. A pooled quality contrel (QC) sample was
prepared by mixing 20 L of each HM sample extract.

For untargeted lipidomic and metabolomiec analysis, a 1200 Infinity
ultra-performance LC (UPLC) system coupled to a 6550 Spectrometer
iFurmel quadrupole time-of-flight (QqTOF) MS system from Agilent

HoP on the global HM metabolome and lipidome. bol and
lipidomic profiles of twelve paired HM samples collected before and
after HoP were analyzed by liquid chromatography-high resolution
mass spectrometry (LC-HRMS) and gas chromatography-MS (GC-MS).
Results obtained enabled the identification of potentially relevant al-
terations at the metabolic pathway level. Finally, the potential impli-
cations of the observed compositional changes in the properties and
funetionality of HM are discussed.

2. Material and methods
2.1. Human milk sarples

The study was conducted in accordance with relevant guidelines and
regulations including the Declaration of Helsinki. The Ethics Committes
for Biomedical Research of the Health Research Institute La Fe (Valen-
cia, Spain) approved the study protocol (approval number 2014/0247),
and mothers gave their written consent to participate, DHM (N = 12)
samples were provided by healthy HM donors admitted after routine
sereening and interview to the HM bank at the University and Poly-
rechnic Hospital La Fe (Valencia, Spain). The median gestational age at
which milk donors had given birth was 40 (interquartile range, IOR = 4)
weeks, Milk expression was accomplished with breast milk pumps
following the standard operating procedure routinely employed at the
hospital and the HM bank. Prior to exwaction, removable parts of the
breast milk pump and collection bottles were sterilized. In addition,
mothers washed their hands with soap and water, and their nipples with
water. After extraction, bottles were stored at — 20 *C. Milk borttles from
the same mother were defrosted and pooled together to form a batch of
approximately 2 L and after gentle shaking, a 1 mL aliquot of it was
collected in a dry, 1.5 mL microcentrifuge tube before and after HoP (30
min at 62,5 °C followed by fast cooling to 4 °C). The median elapsed
time between the first and last expression of a peoled DHM sample was
25 (IQR = 36) days. Time of collection inrelation to the infants’ age was
established from this median value and ranged between 21 and 164 days
after delivery with a median value of 87 days (IGR = 83).

2.2. Lipidomic and metabolomic analyses of HM samples

Standards and reagents. LC-MS grade acetmiwile (CH3CN),

hanol (CH3OH), ni-he (>98%), and i 1 (IPA), reagent
grade methyl tertbutyl ether (MTBE), ammonium acetate (>98%),
formic acid (HCOOH, =98%), methanolic HC1 (3 N), Supelco 37-compo-
nent fatty acid methyl ester (FAME) mix, lauric acid Da3 (=98%), and
nonadecanoic acid (>98%), were obtained from Merck Life Science S.L.
U. (Madrid, Spain). Ultra-pure water (>18.2 M) was generated using a
MilliQ Water Purification System (Merck Millipore, Darmstadt,

Technol (Santa Clara, CA, USA) was used. A detailed description of
the parameters used for lipidomic fingerprinting of HM samples can be
found elsewhere (Horta et al., 2020; Ten-Doménech et al., 2020). In
short, an Acquity BEH C18 column (50 5 2.1 mm, 1.7 ym) from Waters
(Milford, MA, USA) running a binary mobile phase gradient with (5:1:4
IPA:CH3OHHzO 5 mM CH3COONH,, 0.1% v/v HCOOH) and (99:1 IPA:
H20 5 mM CH3COOMH,, 0.1% v/v HCOOH) as mobile phase compo-
nents was used. Column and autosampler were kept at 55 and 4 °C,
respectively, the flow rate was 0.4 mL min ', and the injection volume
was 2 pL. For untargeted metabolomics screening of HM exiracts, a
Synergi™ HydroRP 80 A LC C18 column (150 » 2 mm, 4 ym) from
Phenomenex (Torrance, CA, USA) employing a stepwise gradient with
solvent A (HzO, 0.1% v/v HCOOH) and solvent B (CH3CN, 0.1% v/v/
HCOOH) as mobile phase components was used as follows: 1% B was
held for 2min followed by a linear gradient from 1 to 80% B in & min and
from 80 to 98% B in 0.1 min; 98% B were held for 1.9 min before
retumning to initial conditions in 0.1 min and column equilibration with
1% B during 2.9 min. The flow rate was set to 0.4 mL min L, column and
autosampler to 40 and 4 °C, respectively, and the injection volume was
3l

MS detection was carried out in the ESI* mode (lipidomics) and the
ESIT and ESI modes (metabolomices). Full scan MS data was acquired
between 70 and 1500 m/z using the following ionization parameters: gas
T, 200 °C; drying gas, 14 Lmin !;nebulizer, 37 psi; sheath gas T, 350 °C;
sheath gas flow, 11 L min ' Mass reference standards were introduced
into the source for automatic MS spectra recalibration during analysis
via a reference sprayer valve using the 149.02332 (background
contaminant), 121.050873 (purine), and 922,009798 (HP-0921) m/z as
references in ESIT and 119.036 (purine) and 980.0163 ([HP-0921 +
CH3COOH-H]-) m/z in ESI. MS? data were acquired using data depen-
dent acquisition methods as explained elsewhere (Ten-Domenech etal,
2020) using cenroid mode at a rate of 5 Hz in the extended dynamic
range mode (2 GHz), a collision energy set to 20 V, medium isolaten
window (4 amu), MS* fragmentation with automated selection of five
precursor ions per cycle, and an exclusion window of 0.15 min after two
consecutive selections of the same precursor. UPLC-QqTOF-MS data
acquisition was carried out employing MassHunter Workstation (version
B.07.00) from Agilent.

Before UPLC-QqTOF-MS experiments, a system suitability check was
carried out by analyzing a 2 M IS solution. Then, 2 blanks and several
QCs (9 and 20 replicates for metabolomics and lipidomic analysis,
respectively) were injected at the beginning of the sequence for system
conditioning and MS? data acquisidon. HM sample extracts were
injected in random order. The QC was injected every six samples and
twice at the beginning and end of the batch for assessment and correc-
ton of inswumental performance (Eroadhurst et al,, 2018), The blank
extract was injected twice at the end of the measurement sequence (o
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identify signals from other than biological origin, and possible carry-
over (Martinez-Sena et al., 2019),

Analysis of fatty acid methyl esters (FAMESs). The determination
of 36 FAMEs was performed employing a previously described GC-MS
method (Cruz-Hemandez, Goeuriot, Giuffrida, Thakkar, & Destaillats,
2013) with slight modifications, Briefly, a HM aliquot was defrosted on
ice and gendy shaken to avoid phase separation. Then, 250 L of HM and
600 pL of n-hexane containing ISs (12 M lauric acid-Dyg and 26 M
nonadecanoic acid) were mixed in a 15 mL test tube equipped with
Teflon-lined screw caps. An aliquot of 2 mL of CHz0H, 2 mL of CHaOH
/HCL(3 M), and 1 mL of n-hexane were added and vortexed vigorously.
Derivatization was carried out in a water bath at 90 “C for 60 min, with
occasional additional shaking. After cooling down to reom temperature,
2 mL of water were added and shaken vigorously prior to centrifugation
(1200 x g for 5 min at 4 “C). The upper hexane layer containing the
extracted derivatives was transferred into GC-MS vials. GC-MS analysis
was conducted using an Agilent 7890B GC system coupled o an Agilent
59774 quadrupole MS detector operating in selected ion monitoring
(SIM) mode. Separations were performed using a Zebron™ ZB-WAX-
plus™ columm (30 m » 250 ym i.d., 0.25 um film thickness, Phenom-
enex, Torrance, CA, USA). Two microliters of derivatives were injected
in split mode with a ratio of 40:1, and the solvent delay time was set to
2.6 min. The initial oven temperature was held at 60 °C for 2 min,
ramped to 150 °C at a rate of 13 °C min ' and held for 15 min, and to
240 *Catarate of 2 °C min ! and held for 2 min. Helium was used as a
carrier gas at a constant flow rate of 1 ml min ! through the columm.
The temperatures of the front inlet, transfer line, and electron impact
(EI) ion source were set at 250, 290, and 230 °C, respectively, and the
electron energy was —70 eV. Further measurement parameters used for
the studied analytes are summarized in Supplementary Table 51, For
quantification, an external calibration line was employed using standard
solutions obtained from different volumes of the Supeleo 37-component
FAME mix after evaporation and reconstitution in n-hexane containing
derivatized 1S compounds. This procedure was used to remove the 37-
component FAME mix solvent (ie., dichloromethane) and conse-
quently, the most volatile FAME (i.e., FAME of butyric acid) waslost and
could 1o longer be quantified.

The method was validated based on the US Food and Drug Admin-
istration (FDA) guidelines for bioanalytical method validation (Food ar

Drug Adur ation (FDA). Guidance for
Method Validal . Food and Drug Administr Center for Drug
Evaluation and Research, Center for Veterinary edicine, 2018)

including the following bioanalytical parameters: linearity range,
selectivity and specificity, sensitivity, carry-over, accuracy, precision,
recovery, and stability. The linear range was selected according to the
expected concentrations ranges in HM samples, Calibration curves
included a blank without analytes nor IS, a zero calibrator (i.e., blank
with 18) and, at least, six standards covering the selected concentration
ranges. Accuracy, precision, specificity, and recovery of the method
were established from the replicate analysis (N = 3) of standards and
spiked samples at three concentration levels (low, medium, and high)
conducted on three different days to ensure that the exwraction of the
metabolites was efficient and reproducible. Selectivity and specificity
were demonstrated by analyzing multiple blanks. Carry-over was
assessed by the analysis of zero-injections after the analysis of high
concentrated standards and spiked samples (N = 3). Autosampler and
processed sample stability were assessed by comparing concentrations
observed in a freshly prepared sample and in the same processed sample
after 20 h stored in the autosampler (sealed vial, 25 °C). Analytes’
freeze-thaw stability was established by comparing concentrations
observed ina sample after three freeze-thaw cycles (=80 °C) toa freshly
prepared sample.

2.3. Data processing and staristics

pidomics and ics data pre-p Centroid
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UPLC-QqTOF-MS raw data were converted to mzXML format employing
ProteoWizard (Kessner, Chambers, e, Agus, & Mallick, 2008)
(hiep: //proteowizard, sourceforge. net), XCMS software Chitp://metlin
seripps.edu/xems/) (Tautenhahn, Patt, Rinehart, & Siuzdak, 2012)
and CAMERA (Kuhl, arson, & Neumann, 2012)
in R 3.6.1 were employed for the generation of peak tables. Peak table
extraction for lipidomics is described elsewhere (Ten Doménech et al,
2020). The selection of parameters for peak table extraction and align-
ment for metabolomics was based on the observed variation of RT and
m/z values of 18s, The centWave method with the following settings was
used for peak detection: m/z range = 70-1500, ppm = 15, peakwidth =
(5 and 20), snthr = 6, prefilter = (3, 100). 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 = 5. RT comrection 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 integra-
don wsing IS signals. A total of 18401 (lipidomic analysis), 1826
(metabolomic analysis, ESI*) and 893 (metabolomic analysis, ESI)
features were initially detected after peak detection, integration, chro-
matographic deconvelution, and alignment in HM samples.

Further data processing and statistical analysis were carried out in
MATLAB 2019b (Mathworks Inc., Natick, MA, USA) using in-house
written seripts available from the authors, and the PLS Toolbox 8.7
(Eigenvector Research Inc., Wenatchee, USA). Data were annotated by
automatic matching of experimental Ms? spectra (o publicly available
databases (i.e,, HMDB, MS-DIAL, and LipidBlast) as described elsewhere
(Ten-Deménech et al,, 2020), In addition, Lipidex (Hutchins, Russell, &
Coon, 2018) was used for the annotation of lipidomic data (mass error
20 ppm). Enlargement of metabolite annotation was achieved with the
Metabolic reaction network-based recursive algorithm (MetDNA) (Shen
etal, 2019),

Intra-batch effect correction was performed using the Quality
Control-Support Vector Regression algorithm employing a Radial Basis
Funetion kemel (Kuligowski, Sanchez Ilana, Sanjuin Herrdez, Vento, &
Quintas, 2015) and the LIBSVM library (Chang & Lin, 2011) with the
following parameters: e-range = 2 to 5%; y-range = 1 (o 10% C = 90%.
Features with RSD (QC) > 20% after QC-SVRC, and those for which the
ratio between the median peak area values in QCs and blanks was lower
than a threshold value (ie., 9 and 3 in metabolomic and lipidomic ex-
periments, respectively) were classified as unreliable and removed from
further analysis.

Network-based analysis. Differences between HM before and after
pasteurization an the pathway level were smdied employing the
“Functional Analysis” tool (version 2.0) available in MetabeAnalyst 5.0
(Chong et al,, 2018) using a mass accuracy of 10 ppm, the mummichog
algorithm with a p-value cut-off of 0,005, and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Homo Sapiens pathway library (Caspi et al,
2016). Mumrmichog analysis was carried out using the m/z and RT values
of each feature and the FDR-comected p-values from a t-test to test
whether the unknown population means of the two groups were equal,
accounting for unequal variances. Using the results of the murmichog
algorithm, matched compounds (i.e., hits) were assigned to thefr car.
responding m/z-RT features of the dataset. Then, KEGG compounds and
KEGG glycans of each significantly altered pathway were searched in the
matched mummichog compound list and assigned to unique features in
the dataser. Fold changes (FC) were caleulated as the ratio of medians
between groups. The pastewrization effect on the HM lipidome was
studied with the web-based ontology enrichment ool for lipidomic
analysis: Lipid Ontology analysis - LION (www lipidontology com)
(Molenaar et al, 2019). As an inpul, peak areas of annotated features in
HM samples were used, The “ranking mede” with log,FC values as local
statistic and a two-railed altemnative hypothesis testing was employed.

Tautenhahn, Boticher, L
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To uncover molecular alterations caused by HoP, an integrative analysis
of intargeted lipidomic and metabolomic data was carried out with the
network-based Prize-collecting Steiner forest algorithm for integrative
analysis of untargeted metabolomics (PIUMet) (hitp://fraenkel nsf.csbi
mit.edu/piumet2/) (Pirhaji et al., 2016). As an input, m/z features with
p-values < 0,01 from a Wilcaxon signed-rank test of peak areas between
pre- and post-pasteurized samples were inooduced either as merab-
olomic or lipidomic peaks, also using the -log(p-value) as prize to each
input data point.

Data availability. Peak tables extracted from HM UPLC-QqTOF-MS
analysis are accessible via the Mendeley Data repository at hiips:

. : 1 (lipidomics) and hip

Y jim/1 (metabolomics). Supp ¥
able 52 summarizes FAME concentrations in all samples before and
after pasteurization,

/datasets/fymts

3. Results & discussion

3.1. Compositional and funcdonal alteration of pasteurized vs raw DHM
samples

Lipidomie profiles of DHM samples were acquired by UPLC-QqTOF-
MS retrieving a total of 7109 metabolic features after peak detection,
deconvolution, integration, alignment, within-batch effect correction,
and clean-up. In total, 786 (11%) of all features were annotated. The
classes with the largest numbers of annotated lipids were rir
adylglycerols (TGs) and diradylglycerols (DGs) followed by alkenyl-DGs
and ceramides (see I'iz. 1, left). 3259 features (45.8% of the total) had
significantly different mean values (t-test, FDR-adjusted p-value < 0.05)
and [log{FC)| =1, including 289 (9%) annotated features using spectral
libraries and MelDNA. The sub-class disuibution depicted in Fig |
(right) shows that lipid levels actoss multiple lipid classes were affected
by pasteurization, including DGs and TGs, alkenyl-DGs, and linoleic
acids and derivatives, among others. Interestingly, 83% of DGs were
affected by pasteurization while only 13% of TGs changed. In addition,
it must be highlighted that, although the UPLC-QqTOF-MS method was
specifically tailored to the detection of lipids, the use of a single phase
extraction procedure in combination with an untargeted detection
allowed the detection of compounds from non-lipid classes such as
amino acids, peptides, and analogues, and carbohydrates and carbohy-
drate conjugates,

Lipidomic network analysis was employed for a functional inter-
pretation of the observed changes in the lipidomic profiles within rele-
vant networks using the mummichog algorithm (Li et al., 2013), Pathway
analysis detected 14 pathways with at least two significantly altered
metabolites in DHM samples collected before and after pasteurization.
Results summarized in Table 1 indicate a significant impact (p-values <
0.05) on metabolites included in the steroid hormone biosynthesis,
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Table 1

Altered pathways in DHM linked to the pasteurization process.
Pathway name Hits Hits 'S

(toral ) (sig) value
Steroid hormone biosynthesis [ 1 0.02
Glycosylphosphatidylinosital (GPI)-anchor 1 3 0.03
biosynithesis

Lincleie acid metabolism 7 4 0.03
Biosynthesis of nnsatucated fofty acids 17 7 0.04
Mucin type O-glyean biosynthesis 2 2 0.04

Hote: p-values from Fisher's exact t-test; only detected pathways with at least 2
significantly altered features are reportad.

glycosylphosphatidylinositol (GPT)-anchor biosynthesis, linoleie acid
metabolism, biosynthesis of unsaturated fatty acids, and mucin type O-
glycan biosynthesis pathways.

Between group comparison of the features’ intensities found in the
dataset, that corresponded (v KEGG compounds and KEGG glycans of
each altered pathway (ie., pi ion vs post-p: ization)
revealed significantly different mean values (FDR-adjusted p-value <
0.05) and |logz(FC)| =1. Remarkably, for all features in all altered
pathways, higher intensities were detected in DHM samples before
pasteurization compared with DHM samples after pasteurization, except
for (4Z,7Z,10Z,13Z,16Z,19Z)-Docosahexaenoyl-CoA (KEGG ID Cl16169,
m/z-RT: 1146.3436-7.306) in the biosynthesis of unsaturated fatty acids
pathway. The results are summarized in Supplementary Table S3 and
Supplementary Figs. §1-S5.

Metabolic analysis of DHM samples retrieved a total of 466 and 579
metabolic features in the EST" and ESI mode, respectively, after peak
detection, deconvolution, integration, alignment, within-barch effect
correction, and clean-up.

Fig 2 shows the resulting network for the joint analysis of lipidomic
(1033 features with p-value < 0.01; Wilcoxon signed-rank test) and
metabolomic (35 features with p-value < 0.01; Wilcoxon signed-rank
test) data (Pirhaji et al, 2016), in which the relation between detected
features and hidden metabalites and proteins is displayed. Several
features associated to the steroid hormene biosynthesis (i.e., tetrahy-
dracortisol, tetrahydrocorticosterone, 7a-hydroxydehydroepiandroster-
one, tetrahydrodeoxycorticosterone)  and  the  biosynthesis  of
unsaturated fatty acids (i.e,, palmitic acid, eicosapentaenoic acid) were
identified, in agreement with results shown In Table | and Supple
y Table 53, In addition, several metabolites associated to the
sterold biosynthesis (ie, 4,4-dimethylcholesta-8,14,24-trienol, 5-
dehydroavenasterol, 7-dehydrodesmosterol, 7-dehydrocholesterol,
lathosterol) and purine metabalism (i.e., guanosine, adenine, hypoxan
thine, deoxyguanosine) pathways were significantly altered.

A recent study of the impact of the type of nutrition on the urinary

metabolome of preterm infants has shown a significant alteration of the
steroid hormone biosynthesis pathway associated to the intake of fresh

conols
53 EBMonoradyglycerols
I Tetrahydrofurans
[Glyceraphosphochalines
5% [_ICarbohydrates and carbohydrate conjugates
M s

Fig. 1. Distribution by sub-classes of the metabolites annotated using HMDB/METLIN or Lipidblast spectral libraries and MetDNA detected in HM (left) and with
significantly different mean values (r-test, FDR-adjusted pvalue < 0.05) and [log2(FC)| >1 before and after pasteurization (right),
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OMM or pasteurized DHM (Pineiro Ramos et al., 2021). This result
suggested either that those steroid hormones present in HM may have a
significant influence in the activity of the steroid hormone biosynthesis
pathway in preterm infants, either direetly or via the modification of
gut-microbiota crosstalk, or that ingested levels of those compounds
differ berween pasteurized and fresh HM. In the present study, we
focused on the analysis of DHM samples before and after HoP. Previous
results found no significant differences of the levels of cortisol and
cortisone in HM before and after HoP (van der Voorn et al, 2017)
However, in the present study, the alteration of structurally closely
related compounds included in the steroid and steroid hormone
biosynthesis pathways upon pasteurization was identified (see Table 1
and Fig. 2).

The variation of total fat and faty acid composition upon pasteuri-
zation has been studied but there is considerable variation in the re-
ported effects (Messel, Khashu, & Dyall, 2019). A recent review on this
topic concluded that the rotal far content and rotal fatty acid composi-
tion of expressed HM was not generally influenced by storage and
handling process as most changes were found below 10% and within the
expected random methodological varation (Gao et al, 2019). On the
contrary, in a recent study with more than four hundred DHM samples,
Piemontese et al. (Picmont al,, 2019) confirmed that pasteuriza-
tion reduced macranutrient composition, especially in terms of 1i
and protein. Vincent et al, (Vincent et al., 2020) ataibuted these dif-
ferences to the adherence of disrupted milk fat globules to container
surfaces and to whether thermal reatment took place in a laboratory
environment or in induswial pasteurizers routinely used in HM banks.
Thus, Fidler et al. (Fidler, Saverwald, Koletzko, & Demmelmair, 1998)
did not find significant changes of fatty acids in HM after HoP, but a
wend toward slightly lower percentage values of some fatty acids,
including eicosapentaenoic acid was found, This observation was in
agreement with the results from PIUMet network analysis presented in
this study (see Fig. 2).

Furthermore, alterations of the purine metabolism were detected. A
significant increase in nucleotide monophosphates associated o HoP of
HM, which could be produced from the break-down of polymeric nu-
cleotides and/or nucleotide adduets was reported (Mateos Vivas et al,,
2015). Here, we observed changes in guanosine and deoxyguanosine,
which participate as building blocks in the synthesis of oligonucleotides.
In addition, in the network based approach, the purine nucleoside
phosphorylase (PNP) protein, which catalyses the phaesphorolyric
breakdown of the N-glycosidic bond in the beta-(deoxy)ribonucleoside
molecules, with the formation of the corresponding free purine bases
and pentose- 1-phosphate, appeared altered (see Fig. 2).

14.15‘

Steroid hormone
biosynthesis
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Fig. 2. PIUMet network showing meta-
A . bolic pathways altered by pasteuri.
Hidden protein tion, Mote: Pathways were highlighte:
three or more hidden metabolites from
Hidden metabolite the same pathway were interconnected
A as well as pathways those that were
identified earlier by pathway analysis
shown in Table | (biosynthesis of un.
sawrated fatty acids). Hidden metabo-
lite / hidden protein #1: Palmitic acid;
#2: Eitosapentaenoic acid; #3: 4,4-
Dimethylcholesta 8,14,24 trienal;  #4:
5Dehydroavenasterol; #5; 7-Dehydro-
#6: 7-Dehy 1
#7: Lathosterol; #8: Deoxyguanosine;
#9: Guanosine; #10: purine nucleoside
phosphorylase  (PNF)  protein; #11:
Adening; #11: Hypoxanthine; #12: 7a-
Hydroxydehydroepiandrosterone; #13:
Tetrahydrocorticosterone; #14: Tetra-
hydrocortisol;  #15:  Tetrahydrodeoxy
corticosterone.

wistabalite posk

Finally, no literature reports regarding changes of glycans in
pasteurized HM have been found. Although HM oligosaccharides
(HMOs) are reparted to be unaffected by HoP (11ahn, Kim, Song, Park, &
Kang, 2019), in this work, muein type O-glycans appeared altered upon
pasteurization. As for HMOs, it has been hypothesized that mucin type
O-glycans may have a certain role in mucus barrier function by pro-
moting mutualism with host microbiota (Bergstom & Xia, 2013),
Hence, additional studies on specific glycans are needed.

In the lipid ontalogy enrichment analysis performed in pursuit of
funetional alterations of the lipidomic profile of HM after pasteurization,
634 out of 786 (80.66%) annotated features were matched to LION
entries, The LION enrichment graph with the four major branches (lipid
classification, chemical and physical properties, function, and sub-
cellular component) is shown in Fig. 2

The terms “lipid droplet” and

lipid storage”, belonging to the
category “sub-cellular component” and “function”, respectively, were
enriched in pasteurized DHM. Inspection of the lipid species responsible
of these LION-terms revealed the presence of TGs. It has been described
that the heating process very likely causes the distuption of the fat
globule membranes. In fact, a significant decreased in fat glabule size
and, hence, an increase in the overall surface area upon pasteurization
have been previously reported (Lopez, Cauty, & Guyomare'h, 2015),
This surface increase of the TG/warer interface jointly with porential
changes in the interface composition might play an important role with
respect to chemical and enzymatic reactions that take place at the
interface. In this work, the terms “membrane component” and “Tipid-
mediated signaling”, belonging to the ontology root “function”, were
down-regulated by pasteurization. The first term is associated with
lipids primarily regarded as structural components of lipid bilayers (i.e.,
DGs, glycerophosphocholines, phosphosphingolipids, and lyso-
glycerophospholipids (GPs)) indicating a decay of membrane lipids
during pasteurization. In this study, a total of 258 identifiers were
ascribed 1o this LION-term, distributed as DGs (59%), GPs (24%),
sphingomyelins (12%), and lyso-GPs (5%). The term “lipid-mediated
signaling”, associated with lipids implicated in signaling, such as DGs,
monoradylglycerols, and lyso-GPs, was also down-regulated because of
processing. Changes in the oxylipin composition during HoP have been
previously observed (Pitino et al, 2019). This potential functional
alteration should be addressed in future studies, as it could potentially
be important for cellular processes, and especially relevant for the brain
development of preterm infants, Lipids related to the term “negative
intrinsic curvature” were downregulated in pasteurized DHM. LION
assumes curvature to be pred 1y head-group-deps 1t and ne-
glects fatty acid composition. In this work, 184 identifiers, distributed in
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Fig. 3. Lipid ontology
term have been represented.

analysis of the

DGs (80%), ceramides (15%) and GPs (4%), were ascribed to rhis term
indicating a change in physico chemical properties of HM upon

pasteurization.

Lipid ontology enrichiment analysis underpirmed the alteration of
different lipid classes upon pasteurization as discussed earlier (see also
Tig. 1). In addition, it allowed to draw conclusions regarding the con-
sequences of those changes that were associated to the physical and
sub-cellular

chemical properties (ie., negative intrinsic curvarure),
components (i.e., lipid droplet) and fimetion (i.e., lipid storage, mem
brane component, and lipid-mediated signaling) of altered lipids

3.2. Faity acid analysis

A method for the quantification of derivatized free fatty acids after
acidic hydrolysis of lipids in HM was developed and validated following
the FDA giidelines for bioanalytical method validation, Supplementary

I Lipid classification

M Chemical and physical properties
[ Function

[0 Sub-cellular compenent

10 15 20 25 30
4og(FDR g-value)

5 10 15 20 25 30
4og(FDR g-value)

process performed in the “ranking mode” (DHM-Post vs DHM-Pre). Only the 40 most enriched LION-

A toral of 29 fatty acids from the 36 farty acids included in the
analytical method were found at hlg]ler hnelﬂ than the lower limit of
ification and were in HM samples. Mean
concentrations of five fatty acids were unaffected by pasteurization, two
fatty acids showed an increase, and 22 fatty acids showed a statistically
significant decrease (median decrease 10% (14% IQR)) (see Table 2),

Besides, the relative decrease in the concentration was higher for
saturated farty acids (SFAs<) (25%), followed by polyunsaturared fatry
acids (PUFAs) (18%), long chain fatty acids (LCFAs) (15%), and
monounsaturated fatty acids (MUFAs) (129%) (see Fig. 4).

The observed reduction in the fatty acids concentrations was in
agreement with previous results (Gao ctal., 2019). The small deerease in
cencentration found in this work might be, at least partially, responsible
for the controversy in literature reparts (Nessel et al,, 2019) an the effect
of pasteurization on fatty acid conceniration in HM and wmderlines the
importance of method validation for enabling the detection of subtle
changes between groups.

Table 84 summarizes the emplayed conceniration intervals, which were

selecled considering the wide expecled inter- and intra-individual

4. Conclusions

variability, Intra and inter-day accuracy and precision of the method

varied between 80% and 121%, and 1.0% and 20%, respectively, in
standards and between B0% and 122%, and 1.0% and 14%, respectively,
Selectivity was confirmed and no camry-over was

in spiked samples.
detected.

‘This study provides the first comprehensive assessment of the impact
of pasteurization on the HM lipidome and merabolome. Results identi-
fied affected metabolites that were related 1o steroids (e, <teroid
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Table 2
Tndividual and tatal content of farty acids in DIV samples before (DITM-Pre) and after (DIIM-Post) pastearization.
Fatty acid Median (IGR) (mb) prvalue
DI-Pre DITM-Post
Hexanoate (€6:0) 56 (20-95) 3 (18-75) 00062
Ortamoate: (GH) 41 (19 55) 29 (11-47) 00065
Drcanoate (C10:0) 12 (22-53) 35 (1515) 00002
Undecanoate (C11) 160G < 10Q -
Lauate (C12:0) 14 (10-18) 10 (9-16) 0oz
Tridecancate < 106 = 10
Wiyristate {C11:0) 4434) 324 0013
Byristoleate (C11:1) 0.10 (0.06-0-15) Q.08 (0.05-0.11) 0.0005
Penradecanoate (C15:0) 0.10 (0.08-0.11) 0.09 (0.06-0.13) 0.0007
s 10 Penisdecencic (CL5:1) =100 2100
Palmitate (¢16:0) Yq7 10) H(5 10) 0005
Palmitoleate (G16:1) 0.9(06 1.2) 09 (05 101 0.0012
Hepladecanoale (€17:0) 0.3 (0.2-0:8) 0.3 (0.2 0.0) 000
s 140 Heptaduenaie (C17:1) 0.2(015 0.3) 02014 0.2) 0002
Slezaral 1840 32 m 00002
Cleie (CL1n9) 30 (26 35) o002
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Fig. 4. Total saturated fatty acids (SFA), long chain fatty acids (LCFA), monounsaturated fatty acids (MUPA) and polyunsaturated fatty acids (PUFAY of DITM-
samples before (IHM-Pre) and after (1JHM-Post) pasteurization. **p-valie < (.01, one-tailed Wilcoxon signed-rank test
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biosynthesis and steroid hormone biosynthesis) as well as fatty acids (i.
e., biosynthesis of unsaturated fatty acids and linoleic acid metabolism)
metabolic pathways. Earlier studies solely focusing on cortisone and
cortisol did not find alterations due to HoP. In this work, however, the
levels of structurally related metabolites were affected by the thermal
treatment. The present work furthermore demonstrates that HoP has an
impact not only on the composition, but alse on Lhc physico-chemical
properties, cellular and the f of lipids.
Finally, the concentrations of the 76% of the analyzed fd[[) acids were
altered after pasteurization, with a median decrease in the relative
concentration of 10%, Results obtained encourage further research into
the amalysis of the biological relevance and impact of the observed
changes in composition and functionality of HM components.
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Chapter 18

Isolation and Lipidomic Screening of Human Milk

Extracellular Vesicles

Victoria Ramos-Garcia, Isabel Ten-Doménech, Abel Albiach-Delgado,
Marta Gomez-Ferrer, Pilar Sepulveda, Anna Parra-Llorca,
Laura Campos-Berga, Alba Moreno-Giménez, Guillermo Quintas,

and Julia Kuligowski

Abstract

Extracellular vesicles (EVs) are secreted by cells and can be found in biological fluids (e.g., blood, saliva,
urine, cerebrospinal fluid, and milk). EV isolation needs to be optimized carefully depending on the type of
biofluid and tissue. Human milk (HM} is known to be a rich source of EVs, and they are thought to be
partially responsible for the benefits associated with breastfeeding. Here, a workflow for the isolation and
lipidomic analysis of HM-EVs is described. The procedure encompasses initial steps such as sample
collection and storage, a detailed description for HM-EV isolation by multistage ultracentrifugation,
metabolite extraction, and analysis by liquid chromatography coupled to mass spectrometry, as well as

data analysis and curation.

Key words Extracellular vesicles, Exosomes, Human milk (HM), Lipidomics, Liquid chromatogra-

phy-mass spectrometry (LC-MS)

1 Introduction

Eukaryotic and prokaryotic cells release a variety of nano- and

micron-sized membrane-containing vesicles into their extracellular
environment, which are collectively referred to as extracellular vesi-
cles (EVs). EVs can be harvested from cell culture supernatants and
from all body fluids including plasma, saliva, urine, cerebrospinal
fluid, and human milk (HM). HM is known to be a rich source of
EVs, with early milk containing a greater EV concentration com-

pared to mature milk.

The physiological purpose of generating EVs remains largely
unknown, and questions surrounding the function of EVs are
mostly focused on understanding the fate of their constituents

Radl Gonzélez-Dominguez (ed.), Mass Spectrometry for Melabolomics,

Methods in Molecular Biclogy, vol. 2571, hitps://doi.org/10.1007/978-1-0716-26958-3_18,
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and the phenotypic and molecular alterations that they induce in
recipient cells. The effects of EVs on recipient cells can vary due to
the expression of different cell surface receptors, resulting in an
array of possible biological functions including the induction of cell
survival, apoptosis, and immunomodulation. In addition, recent
studies indicate a functional, targeted, mechanism-driven accumu-
lation of specific cellular components such as RNAs, small RNAs,
nucleic acids, lipids, proteins, and metabolites in EVs, suggesting
that they have a role in regulating intercellular communication
[1]. Furthermore, encapsulation in EVs confers protection against
enzymatic and nonenzymatic degradation of cargos and provides a
pathway for cellular uptake of cargos by endocytosis of EVs [2, 3].

The composition of HM-EVs is still an open question. The
richness of microRNAs (miRNAs) within HM-EVs was first discov-
cred, and the dynamics during lactation stages was surveyed
[4, 5]. Proteins have been studied in FIM-EVs [6, 7], showing an
enrichment of pathways involved in early-life immunity, as well as
intestinal cell proliferation and migration. Although metabolites are
known to be part of the EV cargo [8-10], literature reports
providing insight into the metabolite cargo or lipid composition
of HM-EVs are scarce. Hence, we developed a pipeline for the
isolation and liquid chromatography-mass spectrometry (LC—
MS)-based lipidomic screening of HM-EVs [11].

2 Materials

Prepare all solutions using ultrapure water (Q-POD® system,
Merck KGaA, Darmstadt, Germany) and analytical grade reagents.
Prepare all reagents at room temperature.

L. Phosphate-buffered saline (PBS) solution: 10 mM phosphate
buffer, 2.7 mM potassium chloride, and 137 mM sodium
chloride solution, pH 7.4. Dissolve one commercially available
phosphate-buffered saline tablet in 200 mL of ultrapure water
at 25 °C (see Note 1). Filter this solution with a 0.40 pm
syringe filter. Store at 4 °C.

2. Internal standard (IS) mixture: Prepare individual 5 mM stock
solutions of internal standards by weighing, e.g., 1.46 mg of
oleic acid-Dg and 1.49 mg of prostaglandin F»,- D, and dissol-
ving them in 1 mL of ultrapure water. Put 976 pL of ultrapure
water into a microcentrifuge tube. Add 16 and 7.8 pL of oleic
acid-Dg and prostaglandin F,,-D; 5 mM stock solutions,
respectively (resulting concentrations: 80 and 39 pM, respec-
tively) (see Note 2). Aliquot to avoid freeze-thaw cycles and
store at —20 °C.

3. Methanol (MeOH). Store at room temperature.
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. Methyl tert-butyl ether (MTBE). Store at room temperature.
. Solution A: Isopropanol (IPA):MeOII:H,O (5:1:4, viviv),

5 mM CH3COONH,, 0.1% formic acid (FA). Add 500 mL
of IPA and 100 mL of MeOH into a 1-L volumetric flask. Do
not fill to the calibration mark yet. Weigh 0.39 g of
CH;COONHL,, dissolve it in 20 mL of ultrapure water, and
add this solution into the volumetric flask. Add 1 mL of pure
FA into the volumetric flask. Fill to the calibration mark with
ultrapure water. Store at 4 °C.

. Solution B: IPA:H,O (99:1, viv), 5 mM CH;COONIL, 0.1%

FA. Add 900 mL of IPA into a 1-L volumetric flask. Do not fill
to the calibration mark yet. Weigh 0.39 g of CHz;COONH,,
dissolve it in 9 mL of ultrapure water, and add this solution into
the volumetric flask. Add 1 mL of pure FA into the volumetric
flask. Fill to the calibration mark with IPA. Store at 4 °C.

. Solution A:B (1:1, v:v): mix 10 mL of solution A with 10 mL of

solution B. Store at 4 °C.

For the performance of untargeted screening experiments, an

LC (preferably: ultra-performance LC)-high-resolution MS instru-
ment and a reversed-phase chromatographic column should be
employed. The following protocol was developed using a 1290
Infinity HPLC system from Agilent Technologies (CA, USA)
equipped with a UPLC BEH CIl8 column (50 x 2.1 mm,
1.7 pm, Waters, Wexford, Ireland) coupled to an Agilent 6550
Spectrometer iFunnel quadrupole time-of-flight (QTOF) MS.

3 Methods

3.1 HM Sample
Collection and Storage
(See Note 3)

Carry out all procedures at room temperature unless otherwise
specified.

1.

[PV ]

e

Clean the hands with water and soap for at least 15 s followed
by drying with a clean towel.

. Sterilize hands with hand sanitizer.
. Clean and sterilize the milk pump (see Note 4 ).

. Clean the skin area that gets into contact with the milk pump

with water and dry it with sterile gauzes (sez Note 5).

. Extract the milk with the milk pump into clean sterile bottles

following the manufacturer’s instructions (see Note 6).

. Manual shake gently during 30 s for sample homogenization.

. Put the sample into 50-mL plastic Falcon tubes using a 25-mL

plastic pipette (see Fig. 1a).
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Fig. 1 Isolation of extracellular vesicles (EVs) from human milk (HM). (a) Raw HM
sample. (b and ¢) HM sample after consecutive centrifugation steps with fat
layer on the top. (d) Partially defatted HM sample for storage at —80 °C prior to
EVisolation. (e) HM sample after first centrifugation step with remaining fat layer
on the top. (f) Skimmed HM sample. (g) Supernatant aspiration after the first
ultracentrifugation (10,000 rpm, 1 h, 4 °C) (protein pellet is discarded). (h)
Supernatant removal after the second ultracentrifugation (30,000 rpm, 2 h, 4°)
with the pellet containing EVs at the bottom. (i) Pellet containing EVs. (j)
Reconstituted EVs in phosphate-buffered saline for storage at —80 °C until use
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. Centrifuge at 3000 x g for 10 min at 22 °C for cream, cell, and

platelet removal [12, 13].

. Remove and discard the cream laver with a spatula (see Note 7

and Fig. 1b).
Transfer the liquid into a new 50-mL plastic Falcon tube.

Repeat steps 8 and 9 (see Fig. 1¢) and store milk at —80 °C
until further processing (see Fig. 1d).

. Thaw HM samples at 4 “C overnight by putting them in the

refrigerator.

. Centrifuge at 3000 x g for 10 min at 4 °C to remove the

remaining milk fat and milk fat globules.

. Remove the upper far layer with a sparula (sze Note 7) and

discard (see Fig. 1e and f).

. Transfer the liquid into a 25-mL polycarbonate bottle appro-

priate for ultracentrifugation.

. Continue filling the ultracentrifuge tube with PBS until an

estimated volume of 25 mL is reached and make sure all
tubes have the same weight (including the caps) (see Note 8).
This step is crucial as any ultracentrifuge can easily become
unbalanced if equal masses are not located opposite to each
other in the rotor.

. Ultracentrifuge at 10,000 rpm for 1 h at 4 °C to pellet cellular

debris, large size vesicles, and protein aggregates using a Hita-
chi CP10ONX centrifuge with a Beckman Coulter 50.2 Ti
rotor (Indianapolis, United States) or similar.

. Collect the supernatant with a 25-mL plastic pipette or a

syringe with a needle (see Note 9) and transfer it to a new
25-mL ultracentrifuge tube (see Fig. 1g).

. Repeat steps 5 and 6.
. Collect the supernatant into a different 25-mL ultracentrifuge

tube, filtering it with a 0.45-pm syringe filter (sec Note 10).
Repeat step 5.

. Ultracentrifuge at 30,000 rpm for 2 hat 4 °C to pellet HM EVs

using the same centrifuge rotor as in step 6.

Slowly aspirate and discard the supernatant using, ¢.g., a
pipette (see Fig. 1h).

‘Wash and reconstitute the remaining pellet with 25 mL of PBS
(see Note 11).

Repeat steps 5 and 11-13 for a second ultracentrifugation.
Repeat steps 5 and 11 for a third ultracentrifugation.

Slowly aspirate the PBS supernatant and save it to be later used
as a blank. Store at —80 °C.
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17.

18.

Reconstitute the pellet containing the isolated EVs (see Fig. 11)
with 200 pL of PBS (se¢ Note 12).

Aliquot the isolated EVs in microtubes for quality control
(QC) assays such as bicinchoninic acid (BCA) assay for protein
quantification, nanoparticle tracking analysis (NTA) for vesicle
concentration and size determination, etc., and for LC-MS
analysis. Store at —80 °C (see Fig. 1j).

3.3 Extraction of the Lipids and other polar metabolites are extracted from HM-EVs
HM-EV Lipid Fraction using a single-phase extraction procedure [14-16].

L

2.
3.
. Add 175 pL of McOH followed by 175 pL of MTBE (see Note

10.
11.

12.

13.

14.

34 LC-Ms L.

Lipidemics Method
(See Note 15)

Thaw the isolated HM-EV suspension in PBS obtained in
Subheading 3.2 on ice and vortex for sample homogenization.

Mix 45 pL of isolated EVs with 5 pL of IS mixture.

Sonicate for 2 min.

13).

. Vortex for 30 s for protein precipitation and compound

extraction.

. Sonicate for 2 min to assist the release of metabolites from EVs

during extraction.

. Centrifuge at 4000 x gfor 15 min at 4 °C.
. Transfer 100 pL of supernatant containing the extracted lipids

and metabolites to a different microtube.

. Dryat 35 °C using a centrifugal vacuum concentrator ( see Note

14).
Reconstitute in 100 pL of solution A:B (1:1).

Prepare a pooled QC sample by mixing 5 pL. of each reconsti-
tuted sample extract.

Prepare a calibration blank by repeating steps 1-10, replacing
the initial 45 pL of the sample with 45 pL of ultrapure water.
Prepare a procedural blank by repeating steps 1-10, replacing
the initial 45 pL of the sample with 45 pL of aspirated PBS
supernatant from step 18 in Subheading 3.2.

Analyze by LC-MS or, alternatively, store at —80 °C for further
analysis.

Perform a system suitability check of the MS (e.g., resolution,
accuracy, and sensitivity) and UPLC performances (e.g., reten-
tion time (RT) of standards, resolution, lack of contamination
of the analytical system) using blanks, standard mixtures, and
QC samples (see Note 15).

. Thaw the samples and place them in the autosampler.
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. Equilibrate the system by injecting the QC sample repeatedly.

MS/MS data for peak annotation is typically acquired at the
beginning or end of the batch [16] (see Note 16).

. Run sample sequence including QC samples, study samples,

and blanks, acquiring data using a suitable ionization interface
(e.g., positive and/or negative electrospray ionization) (see
Notes 17 and 18).

Perform an initial data quality check through the manual inte-
gration of IS and several (e.g., 5-10) endogenous compounds
with different intensities and RTs, which are expected to be
detected in the sample under study. Assess the stability of peak
areas, #/z accuracy, RT, and chromatographic parameters
(e.g., peak width, resolution) throughout the analytical
sequence.

. Convert raw data into mzXML format using, ¢.g., ProtcoWi-

zard (http: //proteowizard.sourceforge.net,/) (optional) and
generate a peak table (se2 Notes 19 and 20).

. Annotate lipids using MS,/MS information and available spec-

tral and/or in-house LC-MS libraries (se¢e Note 21 and
Figs. 2a—<).

. Identify and correct the within-batch effect (s¢ Note 22 and

Fig. 2d).

. Perform data cleanup: (i) filtering of features found in blanks

and (ii) filtering of features with high relative standard devia-
tion (RSD) detected in QC samples (see Note 23).

. Check data quality (se¢ Note 24 and Fig. 2¢).

4 Notes

. Prepare this solution fresh each time.

. It is convenient to immerse the pipette tip in the water when

adding small volumes.

. HM samples are usnally collected by lactating mothers and not

by the hospital staft. Hence, the staff must provide detailed
instructions to the mothers to avoid sampling bias and proce-
dural differences between the different HM samples collected
within a study. We recommend establishing a Standard Opera-
tion Procedure for the collection of milk samples and their
processing to avoid experimental bias between samples. Details
regarding the sample collection procedure need to be indi

cated, including, e.g., extraction of foremilk, hindmilk, or full
expression of one or both breasts; time of the day; time since
the last feeding; and extraction method (i.e., mannal expres-
sion, milk pump).
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Fig. 2 LC-MS lipidomic data processing. (a) Distribution of MS1 (blue dots) and MS2 (gray dots) experimental
features measured in extracellular vesicles (EVs) from human milk (HM) samples in the m/z-retention time
space and MS1 experimental features and annotated features after applying cleanup steps (green and red
dots, respectively). (b) Similarity match of a feature (m/zretention time: 502 4489-5.8) annotated as DG (12:
0/14:0/0:0) from the HMDB database. MS2 experimental spectrum (up). MS32 database spectrum (down). (c)
Distribution in the m/z-retention time space of annotated features by sub-classes in EVs from HM samples
Only sub-classes containing at least five features are represented. (d) Intensity of a selected feature as a
fungtion of the injection order before intra-batch effect correction with the guality centrol-supported vector
regression correction (GC-SVRC) approach. (e) Score plot of the principal compenent analysis model using the
preprocessed data set. Note: DG diradylglycerel, QG quality control

4. We recommend the use of electric milk pumps as indicated in
this protocol; however, if participants prefer manual expres-
sion, this could also be accommodated within the protocol.
Milk pumps can be sterilized in the microwave by using dedi-
cated plastic bags or in a water bath {15 min at 100 °C).
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All parts need to be dried with sterile ganzes. The milk pump
should be cleaned with hot water and soap immediately after
every use.

. No ointments should be applied to the skin before HM extrac-

tion. It they had been applied, clean the skin caretully with
water and soap.

. Take note of date, time, and extracted HHM volume. When HM

samples are manipulated, gloves must be used in order to avoid
sample contamination.

. Remove the upper fat layer with a spatula and aspirate the

supernatant with a pipette. Be careful not to aspirate the
remaining fat.

. If the rubes do not have the same weight, compensate by

adding PBS.

. Pellet should not be aspirated.
10.

More than one filter may be needed due to obturation.

. Reconstitute the pellet in 1 mL of PBS and add the remaining,

24 mI when the pellet is dissolved.

Do it gently to avoid foam formation.

The order of the solvents’ addition is important.
This step usually takes 3—4 h.

Basic considerations for untargeted, LC-MS-based lipidomics
and metabolomics studies should be implemented throughout
the pipeline. For further information, the reader is referred
to [17].

A set of approximately 5-10 QCs should be injected at the
beginning of each batch for system conditioning and MS/MS
data acquisition. MS/MS spectra need to be acquired for
subsequent annotation purposes as described elsewhere
[16]. Depending on the employed MS system, parameters
need to be adjusted. For this example, a rate of 5 spectra/s in
the extended dynamic range mode (2 GHz), a collision energy
set to 20 V, an automated selection of five precursor ions per
cycle, and an exclusion window of .15 min after two consecu-
tive selections of the same precursor were used.

Samples should be injected in randomized order and a QC
sample should be intercalated every 5-10 samples for
subsequent correction of the batch effect [17-19]. In our
pipeline, we use a binary mobile phase gradient starting at
98% of solution A (5:1:4 IPA:CH3;OH:H,O 5 mM
CH3;COONHy, 0.1% v/v FA) for 0.5 min followed by a linear
gradient from 2 to 20% of solution B (99:1 IPA:H,0O 5 mM
CH;COONH,, 0.1% v/v FA) for 3.5 min and from 20 to 95%
v/v of solution B in 4 min; 95% v/v of solution B are

404



Annex I1. Articles included in the compendium

186

Victoria Ramos-Garcia et al.

18.

19.

20.

21.

maintained for 1 min; return to initial conditions in 0.25 min
and maintain for a total run time of 13 min. Column and
autosampler are kept at 55 and 4 °C, respectively, an injection
volume of 2 uLis used, and the flow rate is set to 400 pl/min.
Full scan MS data in the range between 70 and 1500 m/z are
acquired at a scan frequency of 5 Hz using the following
parameters: gas T, 200 °C; drying gas, 14 T./min; nebulizer,
37 psi; sheath gas T, 350 °C; sheath gas flow, 11 /min. Mass
reference standards are introduced into the source for on-the-
fly automatic MS spectra recalibration during analysis via a
reference sprayer valve using the 149.02332 (phthalic anhy-
dride), 121.05087 3 (purine), and 922.009798 (HP-0921) m/
z in ESI+, and 119.036 (purine) and 980.0163 (HP-0921,
[M-H + CH3;COOH]-) m/= in ESI-, as references. ESI+ and
ESI- analyses were carried out in independent batches, and
between them, the instrument was cleaned and calibrated
according to the manufacturer’s guidelines.

Blank injections can affect the performance of the LC-MS
system and hence, the position of the blanks within the analyti
cal sequence should be chosen carefully [20].

We use MassHunter Workstation (version B.07.00) from Agi-
lent for UPLC-TOFMS data acquisition and manual integra-
tion. In our workflow, peak detection, integration,
deconvolution, alignment, and pscudospectra identification
are carried out using XCMS [21] and CAMERA [22] in R
3.6.1. See reference [11] for an example of XCMS and CAM-
ERA settings. Employed parameters depend on the LC-MS
system and the method’s performance and might need to be
optimized in advance using, ec.g., Isotopologue Parameter
Optimization (IPO) [23]. Alternatively, peak tables can be
generated using vendor and other available software such as
MZmine2 or MS-DIAL. We recommend comparing
manual vs. antomatic integration for IS and endogenous meta-
bolites considered in step 1 to assess the accuracy of the auto-
mated integration.

If ESI+ and ESI- data were acquired in separate injections,
perform data cleanup and filtering independently.

Metabolite annotation {Level ID: 2, putatively annotated com-
pounds without matching to data for chemical standards
acquired under the same experimental conditions) can be per-
formed by matching experimentally acquired MS/MS spectra
with the experimental MS/MS darabases (e.g., HMDB,
METLIN) in accordance with the Metabolomics Standards
Initiative (MSI) reporting standards [24]. Metabolite annota-
tion can also exploit in-silico databases (e.g., LipidBlast [25]).
Annotation and subsequent correction and cleanup steps can
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be programmed in different programming languages for data
science such as MATLAB (Mathworks Inc., Natick, MA,
USA), R, or Python. Besides, metabolite annotation can also
be performed using vendor software and other widely used
tools such as MZMine2, MS-DIAL, GNPS (Global Natural
Products Social Molecular Networking), or LipidDex [ 16, 26].

Features detected in QC samples can efficiently be used to
monitor the instrument performance and correct within-
batch effects [17]. We developed a nonparametric approach
based on the QC-Supported vector regression correction
(SVRC) approach employing a Radial Basis Function kernel
for within batch effect removal [18, 19]. The selection of the
tolerance threshold (g}, the penalty term applied to margin
slack values (C}, and the kernel width (y) can be carried out
using a grid search. QC-SVRC is robust to hyperparameter
selection and a pre-selection of C and optimization of € and y
using a grid search by leave-one-out cross-validation, and using
the root mean square error of cross-validation (RMSECV) as
target function allows a significant reduction in computation
time. C can be selected for each LC-MS feature as the median
value of the intensities observed in QC replicates. The e search
range is chosen based on the expected instrumental precision
(e.g., 5-10% of the signal intensity). The vy search interval can
be set to [1, 10°].

It is important to remove variables that are likely originating
from background contaminants or cross-contamination, as
well as those from unstable features to enhance performance
of subsequent data analysis steps. We typically remove features
with more than 20% missing values in QCs, those with RSD
(QC)>20% after within-batch effect correction, and those for
which the ratio between the median peak area values in QCs
and blanks is lower than 6.

Different qualitative and quantitative tools are available for
checking data quality [27], including principal component
analysis, which is the most widely employed tool for this pur-
pose. We recommend comparing the data quality of raw data
and preprocessed data.
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ABSTRACT

Keywurds:

Attenuated total reflectance
Fouricr transform infrared (ATR-FTIR)

Lipidomics
Tixoseimes:

Tuman milk

Omies

Extracellular vesicles

Fxosomes are nanosized vesicles containing specific cargos of DNA, RNA, proteins, metabolites, and intracellular
and membranc lipids. Exosome: isolation needs Lo be oplimized carefully depending on the type of biolluid and
tissue and the retrieved exosomes need to be characterized. The main ohjective of this study was to determine the
feasibilily of a mullimodal analysis ol Atlenuated Tolal Rellectance  Fourier Translorm Inlrared (ATR-FTIR}
pectroscopy and UPLC-QQTOF-MSMS for the development of a routine quality eontrol waol of isolated exosomes
and rhe rapid characterization of their lipid profiles and foral protein confent. Using human millc as model
example, exosomes were isolated by multi-stage vltracentrifugation. After single-phase extraction, lipidomic
analysis was carried out by UPLC QqTOF-MSMS with awomated MSMS-bascd annotation using HMDB, METLIN,
LipidBlast and MSDIAL databascs. The classes with the largest number of annotated features were glycer-

ids, sphingolipids, and Ilhen, dry films of 2 pl. exosomes were directly analyzed by ATR-
FTIR. Multivariate analysis showed significant associations between ATR-FTIR specilic regions and the concen-
trations of different lipid classes. Principal companent analysis and Hierarchical Cluster Analysis of IR and lip-
idomic data showed that ATR-FTIR renders valuable qualitative descriptors of the lipid content of isolated
exosomes. Total LG-MS lipid and Lotal proteln contents could also be quantiiled by using the arca of CHs and =0
streiching bands as well as the amide [ band. As a conclusion, results obtained show that multimodal analysis of
ATRFTIR and UPTC-MS data is a useful tool for the development of spectrascopic methods. AUR-FIIR provided
both, qualitative and quantitative chemical deseriptors of isolated exosomes, eraliling a fast and direct quanti
fication of tolal protein and lipid contents.

5

phasphali

1. Introduction

contributing to different aspects of physiclogy and disease, including
intercellular communication. Besides, exosomes may have clinical ap-

Exosomes arc nanosized membrane vesicles discovered in 1983,
released by fusion of an organelle of the endocytic pathway, the multi-
vesicular body, with the plasma membrane [11. Tnitially, exosomes were
proposcd to represent cellular waste vesicles to maintain homeostasis
within the cell but nowadays it is acknowledged that exosomes are
hysiological and 1,

with 1 function:

plicarions and their usc as source for diagnostic biomarkers and as
drug-delivery vectors for therapeutic applications is a very active field of
research [21.

Isolation techniques include differential centrifugation, ultracentri-
fugation, density gradient centrifugation, ultrafiltration, immunopre-
cipitation, and size exclusion chromatography providing different levels
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of recovery, purity, and sample throughput. Due to the increasing po-
tential for the use of exosomes in clinical applications and research, there
is a need to develop analytical methods to support the technical stan-
dardization of their characterization and the quality control (QC) of their
isolation [3]. The characterization of exosome subpopulations and the
QC of exasome isolations is a complex analytical challenge due to the
diversity, heterogeneity, and complexity of their composition. Indeed,
exosomes contain specific cargos of DNA or RNA including
single-stranded DNA, double stranded-DNA, mitochondrial DNA, and
miRNA, as well as proteins, ites and and

Chemometrics and Inselligenz Laboratory Systems 217 (2021) 104401
2. Materials and methods
2.1. Reagents and materials

LC-MS grade acetonitrile (CH3CN), isopropanol (IPA), and methanal
(CH30H) were obtained from Scharlau (Barcelona, Spain); formic acid
(HCOOH) (>95%), albumin from bovine serum (>98%), BCA Kit for
Protein Determination, phosphate buffered saline (PBS) and ammonium
acetate (CHzCOONH, ) (=>98%) from Sigma-Aldrich Quimica SL (Madrid,

lipids [4], with structural and biological activity. Common techniques for
their characterization include ission electran microscopy, scan-
ning electron microscopy, cryogenic electron microscopy, and atomic
force mi py for visualization; analysis of e proteins
(i.e., tetraspanins such as CD9, CD63, and CD81) by Western blotting for
identification; nanoparticle tracking analysis, asymmetric field-flow
fractionation, resistance pulse sensing and protein quantification (e.g.,
bicinchoninic acid (BCA) assay); and the ExoView platform (NanoView
Biosciences, MA, USA) for surface marker detection.

Lipid analysis of exosomes is a relatively unexplored field of research
fostered by technical and methedological advances in high resolution
hyphenated liquid chromatography — mass spectrometry (LC-MS). Due to
their mechanisms of formation, the distribution of membrane lipids of
exosomes is expected to be associated to the composition of the plasma
membrane [5], including phespholipids, sphingolipids and cholesterol.
Despite its sensitivity and detection range, LC-MS metabolomics requires
highly skilled personal and bulky and expensive instrumentation, as well
as careful sample preparation, and complex data processing and analysis
steps, that limit its application for a routine QC of exosome isolations.

Artenuated Total Fourier Transform Infrared (ATR-FTIR) spectros-
copy is an emerging tool in the bio-medical field for the analysis and
ct ization of biol I samples. The teck normally relies on
the fast and simple acquisition of the infrared spectrum from the -
treated sample using cost-effective instrumentation and no expensive
reagents or consumables. The spectra contain partially overlapped bands
representative of its main components, including proteins [6], lipids [7],
carbohydrates and DNA [8]. Previous results have shown that, due to its
speed, simplicity, and capability for finger-printing the major compo-
nents of complex samples, ATR-FTIR can be used to assess extraction
procedures and sample preprocessing of biofluids in metabolomices [9]. In
the field of exosome analysis, ATR-FTIR has been scarcely employed and
a very limited number of applications have been proposed, including the
quantification of the total protein content [10], the protein-to-lipid ratio
[111], the evaluation of their isolation [12,13] as well as for the investi-
gation of changes in the campositian of saliva exosomes caused by oral
cancer [14].

In this work, we aimed to assess the advantages and limitations of a
multimodal analysis of ATR-FTIR spectroscopy and UPLC-MS data for
the development of a routine QC tool of isolated exosomes. To this end,
we employed isolated exosomes from human milk (HM) as model
example and used lipidomic profiles analyzed by UPLC-QqTOF-MS, and
total protein contents determined by the BCA assay as reference meth-
odologies. To our knowledge, no study has combined ATR-FTIR and
untargeted UPLC-MS-based lipidomics for the analysis of the lipid
composition of isolated exosomes. Results obtained indicated that the
joint analysis of IR and lipidomic information could be a powerful
strategy for sensor development with potential to foster innovative cross-
disciplinary research. Besides, results confirmed the capabilities of ATR-
FTIR spectroscopy for a fast and direct determination of lipids and pro-
teins, and also that this technique can be used for a rapid evaluation and
characterization of the exosomes in terms of lipid composition, thus
supporting its use for the QC of the exosame isolation.

Spain); p n Fz-De from Cayman Chemical Company (Michi-
gan, United States); oleic acid-Dg from Avanti Polar Lipids Inc. (Alabama,
United States) and tert-butyl methyl ether (MTBE) {->99%) from Fisher
Scientific SL (Madrid, Spain). Ultra-pure water was generated employing
a Milli-Q Integral Water Purification System from Merck Millipare
(Darmstadt, Germany).

2.2, Collection of HM samples

The study was approved by the Ethics Committee for Biomedical
Research of the Health Research Institute La Fe, University and Poly-
technic Hospital La Fe (Valencia, Spain) with registry # 2019-289-1 and
all methods were performed in accordance with relevant guidelines and
regulations. Written informed consents were obtained from lactrating
mothers prior to sample collection and analysis of demographics and
clinical information.

Ten HM samples were collected from mothers of preterm infants { <32
weeks of gestation) and term infants (=37 weeks of gestation) after
establishing full enteral nutrition (i.e., stable intake of =150 ml/kg/day)
using electric breast pumps following the instructions of the hospital
staff. Milk was collected from full expression of one breast between 7 and
10 a.m. and preferably a minimum of 3 h after the last feed or extraction.
Extracted milk was stored immediately at 4 °C and within 6 h transported
to the laboratory on ice until further processing. Parameters describing
the study population are shown in Table 1. In addition, two aliquots of
pooled HM samples were provided by the Human Milk Bank of the
University and Polytechnic Hospital La Fe.

2.3. Exosome isolation

After gentle manual shaking during 30 s, 25 mL of milk were
centrifuged for removal of milk fat globules in two consecutive centri-
fugations at 3000xg for 10 min at 4 °C using an Eppendorf 5804
benchtop centrifuge with an A-4-62 rotor {Hamburg, Germany). The
upper fat layer was discarded, and the supernatant was syringe-filtered
(0.40 pm) prior to a third centrifugation step (3000xg, 10 min, 4 °C)
to pellet proteins. The supernatant was collected and ultracentrifuged
twice at 10000 rpm for 1 h, at 4 °C using a Hitachi CP100NX centrifuge
with a Beckman Coulter 50.2 Ti rotor {Indianapolis, United States) to
pellet proteins. The supernatant was syringe-filtered (0.40 pm). Then,
three ultracentrifugation steps at 30000 rpm for 2 h, at 4 “C o pellet HM
exosomes were performed. Between ultracentrifugation steps, superna-
tants were discarded, and pellets were washed with 25 mL of PBS. After
the last ultracentrifugation step, supernatants were aspirated, and the
isolated HM exosome pellets were suspended in 200 {L PBS and stored at
—80°C

Table 1
Parameters of the study population.

Parameters Medlan (15t-3rd quartile)

Mother's age [years]
Birth Weight [5]
Gestatlonal age [weeks]
HM intele [ml/kg)
Infint's age [daye]

351033 42)

1775 (1325 3078)
JML6(30L0 38 L6}
153 (150 170)

14(8 49)
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2.4. Exosome characterization

Exosome size distibution and quantification of vesicles were
analyzed using the ExoView platform {(NanoView Biosciences, MA, USA).
Isolated exosomes were diluted 1:25 » 10° in 0.22 pm pre-filtered PBS
and then incubated on ExaView Human Tetraspanin chips prior to
counter-staining with CD9, CD63, and CD81 fluorescent antibodies.
Protein concentration was determined following the BCA Kit for Protein
Determination (Sigma-Aldrich Quimica SL) assay based on the reduction
of alkaline Cu(Il) to Cu(l) by proteins in a concentration-dependent
manner. BCA is a specific chromogenic reagent for Cu(l), forming a
complex with an absorbance maximum at 562 nm.

2.5. ATR-FTIR spectroscopy

Infrared spectra in the 4000 to 400 cin ' range were acquired using
an Alpha 1l {(Bruker Optics GmbH, Ettlingen, Germany) spectrometer
equipped with a platinum-ATR with monolithic diamond measurement
interface element (single reflection), a CenterGlow™ IR-source and a
temperature stabilized DTGS detector with no purging system required.
OPUS 8.5 software (Bruker Optics GmbH) was used to control the in-
strument. 2 uL of the exosome suspension were dropped onto the ATR
ciystal using a micropipette and then dried at room temperature for 20 5
using an intermittent air stream. Spectra were collected by co-adding 32
scans with a resolution of 4cm * using a previously recorded spectrum of
air with the same instrumental conditions as background, with an
acquisition time of 20 5. Between samples, the ATR interface was cleaned
using a cotton swab and Hp0, IPA, and CHzOH uniil recovery of the
baseline signal. Spectral acquisition order was randomized but sample
and spectral replicates of each exoseme isolation were acquired in a row
to avoid unnecessary freeze and thaw cycles that might affect their
composition. All spectra were subjected to two initial quality tests. First,
o guarantee that there was a significant amount of sample dried onto the
ATR crystal, a minimum absorbance intensity threshold of 75 mAU was
established for the amide I band. Secondly, to ensure that the contribu-
tion of water vapor to the spectra was negligible, a cut-off value of 10 was
set for the ratio between the absorbance of the amide I band at
1642 cm ' and the root mean square value of the mean centered
absorbance in the 1820-1800 cm ! interval.

2.6. Lipid extraction and LC-MS analysis

Lipids and other polar metabolites were extracted from exosomes
using a single-phase extraction procedure [15] [] [17]. 45 ul of isolated
HM exosomes suspension in PBS were mixed with 5 uL of IS solution
containing oleic acid-Ds and prostaglandin Fz.-Ds, 80 pM and 39 M
respectively. After 2 min of sonication, 175 L of methanol followed by
175 pL of MTBE were added followed by mixing on a Vortex® mixer
during 30 s for protein precipitation and compound extraction and son-
ication during 2 min to assist the release of metabolites from exosomes
during extraction. After centrifugation at 4000 g for 15 min at 4 °C,
100 pL of supernatant containing the extracted lipids and metabolites
were dried using a miVac centrifugal vacuum concentrator (Genevac
LTD, Ipswich, UK) and dissolved in 100 gL of initial mobile phase (98% of
mobile phase A (5:1:4 IPA:CHsOH:H20 5 mM CHsCOONH,, 0.1% v/v
HCOOH) and 2% mobile phase B {99:1 IPA:HO 5 mM CH3COONH,,
0.1% v/v HCOOH)). A pooled QC sample was prepared by mixing 5 yL of
each sample extract. In addition, a calibration blank (i.e., water instead of
isolated exosomes) and a procedural blank (i.e., PBS supernatant from
the last step of exosome isolation) were prepared, both containing IS.

Lipidomic analysis was carried out employing a 1290 Infinity HPLC
system from Agilent Technologies (CA, USA) equipped with a UPLC BEH
C18 column (50 » 2.1 mim, 1.7 um, Waters, Wexford, Ireland). A binary
mobile phase gradient was employed starting at 98% of mobile phase A
(5:1:4 IPA:CHaOH:H20 5 mM CH3COONH,, 0.1% v/v HCOOH) during
0.5 min followed by a linear gradient from 2 to 20% of mobile phase B
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(99:1 IPA:H20 5 mM CHaCOONH., 0.1% v/v HCOOH) during 3.5 min
and from 20 to 95% v/v of mobile phase B in 4 min; 95% v/v of mobile
phase B was maintained during 1 min; return to initial conditions was
achieved in 0.25 min and were maintained for a total run time of 13 min.
Column and autosampler were kept at 55 and 4 °C, respectively, the
injection volume was 2 uL, and the flow rate was set to 400 pLmin 1. An
Agilent 6550 Spectrometer iFunnel quadrupole time-of-flight (QTOF) MS
system working in the ESI+ and ESI- modes was used for MS detection.
Full scan MS dara in the range between 70 and 1500 m/z were acquired at
a scan frequency of 5 Hz using the following parameters: gas T, 200 °C;
drying gas, 14 Lmin ’; nebulizer, 37 psi; sheath gas T, 350 °C; sheath gas
flow, 11 L min . Mass reference standards were introduced into the
source for on-the-fly automatic MS spectra recalibration during analysis
via a reference sprayer valve using the 149.02332 (phthalic anhydride),
121.050873 (purine), and 922.009798 (HP-0921) m/z in ESI+, and
119.036 (purine) and 980.0163 (HP-0921, [M-H + CH3COOH]) m/z in
ESI-, as references. ESI+ and ESI- analysis were carried out in indepen-
dent batches and between them, the instrument was cleaned and cali-
brated according to manufacturer guidelines. QCs were used to monitor
the instrument performance and correct within-batch effects [18,19]. A
sel of 9 QCs were injected at the beginning of each batch for system
conditioning and MS/MS data acquisition. MS/MS specira were acquired
using the auto MS/MS method with the following inclusion m/z pre-
cursor ranges: 70-200, 200-350, 350-500, 500-650, 650-800, 800-950,
950-1100, 1100-1200, and from 70 to 1200 using, in all replicates, a
rate of 5 spectra/s in the extended dynamic range mode (2 GHz), a
collislon energy set to 20V, an automated selection of five precursor fons
per cycle and an exclusion window of 0.15 min after two consecutive
selections of the same precursor. During the remaining batch sequence, a
QC replicate was injected after every 5 study samples. Sample extracts
were analyzed in random order. Three blank extracts were injected at the
beginning and end of each batch for identifying unreliable, background,
and carry-over featires as described elsewhere [20].

2.7, MS dar pre processing and metabolite annotation

Peak table generation was carried out using XCMS software [21]. The
centWave method was used for peak detection with the following pa-
rameters: mass accuracy, 20 ppm; peak width, (3,15) snthresh, 12;
prefilter, (5,3000). A minimum difference in m/z of 7.5 mDa was selected
for overlapping peaks. Intensity weighted m/z values of each feature
were calculated using the wMean function. Peak limits used for integra-
tion were found through descent on the Mexican hat filtered data.
Grouping before and after RT correction was carried out using the nearest
method and 9 s as riCheck argument. Finally, missing data points were
filled by reintegrating the raw data files in the regions of the missing
peaks using the fillPeaks method. The CAMERA package [22] was used
for the identification of pseudospectra based on peak shape analysis,
isotopic information and intensity correlation across samples [22]. Each
dataset was processed with the following CAMERA functions: xsAnnotate,
groupFWHM, groupCorr and findAdducts using standard ar-
guments. Identification and elimination of uninformative fearures was
carried for ESI+ and ESI- darta sets independently.

Metabolite annotation {Level 1D: 2, putatively annotated compounds
without marching to data for chemical standards acquired under the
same experimental conditions) was carried out by matching experi-
mentally acquired MS/MS spectra with the experimental HMDE, MET-
LIN, and MSDIAL MS$/MS databases in accordance with the
Metabolomics Standards Inidative (MSI) reporting standards [17,24].
Metabolite annotation using LipidBlast [25] was carried out using Lip-
iDex [26] with 0.01 Da tolerances in both MS (precursor) and MS*
(fragment) data and the ‘LipidBlast Acetate’ library.

Within batch effect was removed using the non-paramerric QC-Sup-
ported vector regression (SVR) correction approach employing a Radial
Basis Function kernel [18,19]. The selection of the tolerance threshold
(), the penalty term applied ta margin slack values () and the kernel
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width (y) was earried out using a pre-selection of C and optimization of &

and y using a gr
mean square error of cross validation (RMSECV) as target function. C was
selected for each LC-MS feature as the median value of the intensities
obscrved in QC replicates. The e scarch range was scleeted based on the
expected instrumental precision (4-10% of the median value of the in-
tensities observed for the whole set of QC replicates). The 7 search in-
terval selected was [1, 10°]. Variables with more than 2 missing values in
QCs, those with RSD(QC) = 20% after QC-SVRC, and for those for which

the ratio between the median peak area values in QCs and blanks was

search, leave-one-out cross validation and the root

lower than 6 were classified as unveliable and removed from further
analysis,

2.8, Software

UPLC-TOFMS data acquisition and manual integration was carried
out employing Massl lunter Worlstation {version B.07.00) from Agilent.
Raw data was converted into mzXML format using ProteoWizard (http://
proteowizard.sourceforge.net /), Peak detection, integration, deconvolu-
tion, alignment and psendospectra identification were carried out using
XCMS and CAMERA in R 3.6.1. Metabolite annotation and data analysis
were carried out in MATLAB 2017b (Mathworks Inc., Natick, MA, USA)
using in-housc written scripts and the PLS Toolbox 8.7 (Ligenvector
Research Inc., Wenatchee, USAJ as described elsewhere [17]

Statistical troscopy (SIIY) [27] was employed for the joint
analysis of the lipidomic and spectroscopic data acquired from the set of
isolated cxosome samples. SHY involwed the estimation of the covariance
berween signal intensities measured by the mwo techniques across the scr
of samples, The SHY plot represents the correlations of IR absorbunces at
each wavenumber with the UPLC-MS intensities of each annotated lipicl
‘l'o facilitate the cxtraction of information, a corrclation threshold was
applied. A lipid class was not represented if ~50% of the correlations of

its metabolites failed to reject the null hypothesis considering a 97.5%
confidence level (rtest, unequal variances).

MATLAB seripts used datascts gencrared and analyzed during the
current study are available in the Zenodo cepository (zenodo.org/depo-
sit/5148582).

3. Results
3.1. Charucteristics of isolated HM exosomes

Fig. 1 (left) shows captured 1IM exosomes based on the expression of
the ubiquitous tetraspanin mackers CD9, CD63, and CD81 from the
analysis of a representative HM exosome isolate. The marker colocali-
zation analysis (see Tig. 1, right} shows the distribution of different tet-
raspanings across the membrancs of the extracted 1M cxosomes. Most of
the isolated 1M exosomes expressed CD9 and CD81 while only a small

Chemumeries and Inieiligent Loboratory Sysiems 217 (2021) 104401

expressed all three retraspanins. The employed multistep vlera-
gation protocol allowed the extraction of HM exosomes with a
median size of 61 (3 interquartile range, IQR) nm and a median number
of 8 x 10" particles mL (3 x 10" IQR), as determined by the ExoView
platform. Protein concentrations in HM cxosomes isolates determined by
the BCA assay ranged between 2 and 6 g L™, Regarding the lipidomic
profiles recorded from HM exosomes, Fig, 2 summarizes the main classes
of the 377 features annotated in the UPLC-MS data sct (208 in 181+ and
169 in LS1-) after data pre-processing and clean-up. The classes with the
largest numbers of annotated features were glyeerophospholipids (50%)

[glycerophasphachalines  (50), glyceroph hanolamines (35),
glycerophosphoglycerophosphoglyeerols  (3),  glycerophosphoserines
(22), glyeeraphosphoi 13, yl PCs (15), | PEs

(24), and phospharidylinositols (11)], sphingolipids (31%) [phos-
phoshingolipids (71), ceramides (22), glycosphingolipids (6), hex-
osylceramides (17), Gle Geramides (2)], and glycerolipids (17%)
[triradylglycerols (64)].

Fig. 3 shows ATR-ETIR spectea and the first and second derivative
spectra in the 3450-800 em ™! range of dry residues from 2 pL of exo-
somes isolated from four different 1IM samples. The figure also shows the
spectra of a blank extract with PBS bands at 1125, 1069, 978, and
851 em L. Despite the overlap berween the exosome signal and PBS
bards in the 1125-850 ¢m™' region, the use of the first or second de-
rivative spectra enabled the resolution of overlapping spectral bands in
the exosome cxtracts at slightly different wavenumbers (note thar the
minimum in a second derivative spectrum corresponds to the band apex
in the raw ATR-FTIR spectrum). Spectral contributions from proteins
including the amide [ 11, and LI were detected in exosome spectra. The
amide I band governed by the stretching vibrations of GO (70-85%)
and C N groups (10 20%) of the protein peptide backbone was deteeted
in the 1600-1700 em™" range. The amide T band arising from in-plane
N-H bending (40-60%), and C-N (18-40%) and €-C (10%) stretching
vibrations was detected in the 1510-1580 cm * region. The amide 111
band at 12501350 em ™ is a complex band arising from a combination
of several coordinate displacements. The broad, intense band at
3285 em™! was associated to N H stretching vibrations of peptide pro
tein groups.

Besides, spectral contributions from carbohydrates, phosphate bands
from phospholipids, DNA and RNA, and lipids were observed (sce
Table 2). Among themn, intense bands were observed in the lipid fre-
quency domains including the ClL; and €ll; symmetric and antisym-
metric strerching (3000-2800 cm . The characeeristic GO stretching
band at 1745 cm™ ' has been associated to the ester groups of glycer
aphospholipids (e, 1y glycerophosphoethanol
amines), glycerolipids (e.g., triradylglycerols), and cholesterol esters,
among other lipid classes.

The differences observed in the intensiry of protein and lipid bands
indicate changes in the protein and lipid composition across exosome

B CDY enly
CD9+/CD81+

B CD9+/CD83+

= CD9+/CD81+/CDE3+

Fig. 1. Telraspanin fluorescent siaining (lelt) and marker colocalization analysis (right}). Note: CD-9 caplure,
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Fig. 3. ATR-FTIR raw (top), first derivative (midcle) and second derivative (botiom) spectra in the 3420-2780 cm ™" (left) and 1800-800 em™ range (right) of dry
residues obtained from 2 pL of the set of exosome extracts in PBS using  spectrum of zir 2s background. Note: black line corresponds to 2 PBS blank spectrum; Colored.

lines: specira of isolated exosomes from HM samples.

Table 2
Assignments of main bands observed in the ATR-FTIR spectra of HM exosomes.

the features annotated as a glycerophospholipid, sphingolipid, or glye-
erolipid. Results depicted in Fig. 4 show statistically significant associa-

Wavenumber Spectral assignment

(em )

3285 N Hstretching (proteins)

2059 CHj asymmetric stretching (lipids, proteins)

2021 CH; antl-symmetric stretching {lipids)

2872 CHj symmetric stretehing (lipids and proteins)

2851 CH; symmetric stretching (lipids)

1745 Seturated ester € O stretch (Jipids, cholesterol, phosphalipids,
cholesterol esters)

1646 Amide | (proteins)

1537 Amide Il (proteins)

1448 CH; bending of lipidic acy] chains (lipids, proteins}

1402 €OO— symmetric stretch (fatty acids, aminoacids)

1314 Amide 1l {proteins)

1236 PO, antisymmetric stretch (phospholipids, nueleic acids)

1156 woc i ly id:
€ O stretching from alcohol groups (glycogen, lipids)

1080 PO, symmetde stretch (phospholipids, mucleie acids)

isolations. Moreover, the marked differences in band shapes in the amide
Tand I region could also indicate changes in the higher order structure of
proteins.

3.2, Multimodal qualirative analysis of ATR-FTIR spectra and lipidomic
profiles

SHY [27] was employed to get further insight into the correlation
among IR bands and UPLC-MS lipid profile. SHY enables the co-analysis
of multi-source (i.e., lipidomic and spectroscopic) data sets by estimating
the covariance between signal intensities measured by two techniques
across the set of isolated exosome samples. Accordingly, SHY involved
the calculation of a series of linear models between the ATR-FTIR
absorbance for each vibrational feature and the intensities of each of

tions {p-value<0.025) between specific overlapping regions of the raw
(Fig. 4, left) and second derivative (Fig. 4, right) ATR-FTIR spectra and
the different lipid classes. This result supports the potential of SHY to
explore associations between lipidomic profiles and sy pic data
and revealed relationships between the distribution of specific annotated
lipid classes and the IR spectra of exosomes.

Principal component analysis (PCA) and Hierarchical Cluster Analysis
(HCA) were used to identify samples with similar lipidomic profiles,
using autoscaling as data prep ing, the Pearson ion coeffi-
cient as distance meastre, and the Ward's algorithm for clustering. Fig. 5a
(left) shows the scores plot of the 2 PCs model explaining 82% of the total
variance in the lipidomic UPLC-MS data set. Samples were clustered
mainly along PCl in three groups including samples #7, 11, and 12
(cluster 1); #4, 5, and 9 {cluster 2); and # 1, 2, 3, 6, 8, and 10 (cluster 3).
PC2 enabled the discrimination of sample 7 from 11 to 12 in cluster 1.
Fig. 5a (center) depicts the scores plot of the 2 PCs model explaining 57%
of the total variance in the autoscaled second-derivative ATR-FTIR data,
where the samples were labeled according to the clusters selected in the
lipidomic data set. Using the distances among samples as similarity
criteria, results showed a similar trend: samples included in cluster 1
differ from those included in cluster 3 and were more similar to those
included in cluster 2. The similarity between the trends observed in both
scores plots was assessed by the Mantel test (28] which evaluated the
statistical significance of the correlation between the two pairwise
Euclidean distance matrices. An empirical p-value was estimated using a
permutation test where a reference null distribution is obtained by
repeatedly random shuffling the objects (here, n = 10%). After each
permutation, the correlation between the obtained two palrwise
Euclidean distance matrices is calculated, and the p-value is estimated as
the proportion of permuted estimates for which the absolute correlation
value was equal to or greater than the correlation estimate caleulated
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using the original ordering. Results obtained depicted in Fig. 5a (right) the sum of absolute values in the ATR-FTIR second derivative spectra
(p-value<0.005) indicated a statistically significant correlation berween associated to the three classes of lipids in the three selected HCA clusters

the distribution of samples in the PCA scores spaces.

showed a similar pattern as those found using LC-MS data.

Fig, 5b shows the distribution of glycerophospholipids, sphingolipids,

and glyeerolipids in the RT-m/z space, as well as the boxplots repre- 3.3, Quantification of proteins and lipids by ATR-FTIR speciroscopy
senting the distributions of sum of intensities of the three classes of lipids

in the three selected HCA clusters. Cluster 1 showed lower concentrations The absorbance in the 1724-1591 cm * region showed a statistically
of the three lipid classes than samples included in clusters 2 and 3. Be- significant correlation with the protein content determined in the iso-
sides, although clusters 2 and 3 showed similar levels of glycer- lated exosomes by the BCA assay (A=(-0.46 + 0.34)+{1.09 + 0.06)

ophospholipids, cluster 3 showed significantly higher relative levels of [protein](g/L), R® = 0.79, p-value=10 5, in agreement with previous
sphingolipids. Results also indicated a lower ratio of glycer- reports [11,29] (see Fig. 6, top left). This result suggests the use of an
ophospholipids/sphingolipids in cluster 3, being cluster 2 the group of  external calibration using a model protein (e.g., albumin) for a fast

exosomes isolates with the highest ratio of glycerophospholipids/sphin- quantification of total protein content in exosomes. As shown in Fig. 6
golipids. Fig. 5¢ (top) shows the second derivative spectral regions witha  (top, right), the exosome protein contents determined using the area of
statistically significant correlation with the levels of >50% of the UPLC- the amide I band of an external calibration line and a serial dilution of
MS features annotated as glycerophospholipids, sphingolipids, or glyc- albumin standards showed a statistically significant correlation with

erolipids in the sample set. The boxplots representing the distributions of  protein concentrations determined by BCA (slope = (0.80 + 0.05),

Protein content {BCA) ~ Area of Amide | band 5 Proteln content: BCA vs Albumin model
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=7 4000 3000 2000 1000 35 A
2 ’”ﬁf E 0
- 44 t 4
34 #°0 . E° 40
[ sy 2 2
- 2ir 25 2
= ol < 22,7
rE e = 2 e
2 . H ‘o
s ~Bg 815! il
: 2 o e N e}
2 b B 4l 1l ~ = Linear model
<, il e AAlBile = = 5%CI
ost LeL0,’ - - 95%CI
P
. . . P . A .
1 2 3 4 5 8 0 1 2 3 4 5 ]
Protein conc. (BCA, g/L) Protein conc. (BCA, g/L)
Lipid UPLC-MS y vs IR CO stretchLipld UPLC-MS vs IR CHs-Area
0.025 4 T— -
B 35
ooz |\ s
- 0 TR TR0 K = 4000 3000 2000 1000 - .
x = <8
= =26 -
o 0015 " -
il 5
o © 2
o a
£ oo <15
P 2}
1
0.008
0.5
0
5 10 15
¥ liplds (MS) x107

Fig. 6. Correlation between the protein content determined by the BCA assays and the amide [ area in the set of isolated exosomes (top, left) and the protein content
determined by BCA assays and the protein concentration determined using an external calibration line from a serial dilution of albumin solutions and amide [ area
(top, right). Correlation between the lipid content determined as the sum of intensities of LC-MS annotaied features and the C=0 (bottom, left) and CH (bottom, right)

spectral area in the set of isolated exosomes.
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R* = 0.79, pvalue<10 °).

The use of ATR-FTIR spectra for estimating the lipid content of exo-
somes was also explored. Using the sum of UPLC-MS intensities of an-
notated lipids as surrogate of the total lipid content in samples, the IR
spectral intensity between 1790 and 1733 em ! in the first derivative
spectra associated with the C=0 stretching band (1740 ecm ') corre-
lated with the lipid content (A=(-0.002 + 0.0054+(1.02 £ 0.05)
10 P[LCMS intensity](AU), R = 0.75, p-value<10 %) (see Fig. 6,
bottom-lefr). Similarly, the IR spectral area in the 3000-2800 cm * range
also correlated with the lipid content (A=(0.43 = 0.09}+(1.44 + 0.09)
10 S[LEMS intensity](AU), R® = 0.70, p-value<10 ®) (see Fig. 6, bot-
tome-right).

The repeatability of ATR-FTIR determinations {s a relevant parameter
for assessing its usefulness for quantitative applications. To address this
concern, the RSD% observed for each wavenumber in the 3710-
2717 cm * and 1840-800 em * rangeswas calculated for each sample. In
this study, the set of 12 exosome samples were analyzed by replicate
(n = 3), also acquiring 3 spectra/replicate. The distribution of RSD%
median values obtained for each sample varied in the 3.3-11.4 RSD%
range {mean value = 5 + 1, median value = 5.4). Although these figures
show acceptable reproducibility, automation of the dry-film generation
for monitoring of exosome isolation would likely result in higher preci-
sion and sample thraughput levels [30].

4. Discussion
We used a standard multi-step ultracentrifugation procedure for the
isolation of HM exosomes from twelve HM samples. The detection of
ubiquitous tetraspaning confirmed that the isclated particles are HM
ather th: h lated contaminants. As the results from
the ExoView platform, isolated exosomes showed varying particle
counts, which was in good agreement with varylng protein concentra-
tions determined by the BCA assay. This reinforces the importance of
quick and reproducible approaches for characterizing exosomes for
routine QC. The use of a LC-MS-based lipidomic approach allowed to gain
derailed insight into the composition of HM isolated exosomes (Fig. 2).
The observed distribution of lipid classes agreed with the expected lipid
composition of exosomes. Although their lipid profiles can be linked 0
their cellular origin, are bilayered ipids comprising
‘mainly plasma membrane lipids e.g., phospholipids, sphingolipids, and
cholesterol) [5] enriched with bicactive cargo captured from the cytosol
during the formation of the intraluminal vesicles. Previous results have
observed that, compared to the cell of origin, exosome membranes are

Chemometrics and Intelligen: Laborarory Syscems 217 (2021) 104401

including characteristic frequencies associated to phosphate groups such
as vC-O-PO5 (1060-1070 em ') and vPO; sym. {1093 em ') [11].
Glycerolipids are also a structurally heterogeneous group of lipids
composed of mono-, di-, and tri-substituted glycerols that have at least
one hydrophobic chain linked to a glycerol backbone in an ester or ether
linkage [31]. Spectral regions associated with this lipid class included
bands at 2938-2930, 2866-2858, and 2841-2825 cm ' linked to CHy
and CHy symmetric and antisymmetric vibrational modes, as well as the
regions 1772-1735 (C=0 stretching), 1226-1141, 1053-881 em 1 (C-0
stretching from aleohols), and 739-698 cm . The partial overlap be-
tween the spectral regions associated to each of the lipid classes agreed
with their structural similarity, and included bands from the acyl chains,
and the glycerol and phospholipid headgroups.

Furthermore, we could show that ATR-FTIR can be used for quanti-
fication. Specific lipid bands in exosomes, namely the 3000-2800 cm
range (CH stretching vibrations) and the 1790-1733 em ! (C=0
strerching) showed a linear correlation with lipid contents determined by
LC-MS (Fig. 6). We could also show that the same ATR-FTIR spectrum can
be used for quantitation of total proteins in HM exosomes. With a simple
external calibration line from serial dilutions of an albumin solution,
protein concentrations determined by ATR-FTIR were found to be com-
parable to reference values from the BCA assay (Fig. 6). Differences
observed between concentrations obtained by both techniques might be
linked to the different detection principles. The amide I band is sensitive
to changes in the protein structure and hence, the use of a model protein
to be used as reference might bias results. On the other hand, the accu-
tacy of the BCA assay is limited by the presence of sample reducing
agents, and by the presence of cysteine, tyrosine, and tryptophan resi-
dues. Besides, the presence of reducing sugars, lipids, and phospholipids
in the sample can also affect the accuracy of the BCA. Importantly, this is
the first literature report on the simultaneous quantitative analysis of
prateins and lipids, and qualitative lipid analysis using ATR-FTIR spectra
of exosomes. In the ATR system used, the sample is deposited onto the
ATR element and an IR beam is directed through an internal reflection
element (IRE). Then, the evanescent wave interacts with the sample in
direct contact with the IRE providing a penetration depth in the 1-3 pm
range. Therefore, the repeatability of the ATR spectral acquisition de-
pends on the distribution of the sample on top of the ATR surface, which
in turn depends on the process of dry-film generation. Here, samples
were manually deposited and air-dried, achieving RSD% from replicate
measurements of 5 + 1, which is within the general acceptance criteria of
15% [32].

often enriched with phosph olamines,

idylserine, phosphati
idylcholis hingolipids, and chol I Besides, reported
triradylglycerols could be indicative of the co-isolation of extracellular
lipids during the exosome isolation, present at high concentrations in
HM.
ATR-FTIR spectra showed spectral contributions from proteins, car-
bohydrates, phosphate bands from phospholipids, DNA and RNA, and
lipids (see Fig. 2 and Table 2). Moreover, the joint analysis of LC-Ms
lipidomic profiles and ATR-FTIR data (Figs. 4 and 5) showed that
several spectral features were associated with different lipid classes
present in HM exosomes, even though the level of detail provided by this
technique is lower. However, we observed specific patterns in the ATR-
FTIR spectra that were indicating the presence of the three major lipid
classes (i.e., glycerophospholipids, sphingolipids, and glycerolipids)
identified by LC-MS. Glycerophospholipids are glycerol-based phospho-
lipids and spectral regions associated with =50% of glycer-
ophospholipids included the 1100-1045 cm ' region where the
characteristic frequencies of the P-O-C asymmetric and symmetric
stretching bands of the phosphate group can be observed. Sphingolipids
are a complex family of compounds sharing a sphingoid base backbone.
They were linearly correlated with ATR-FTIR absorption in the CHy and
CHa symmetric and antisymmetric regions (2963-2814 an 1, c=0
stretching region (1776-1708 cm '), and in the 1180-995 cm ! region

5. Conel

Results obtained indicated that the joint analysis of IR and lipidomic
information could be a powerful strategy for sensor development with
potential to foster innovative cross-disciplinary research. Results show
that ATR-FTIR speciroscopy provides both, qualitative and quantitative
chemical descriptors of isolated exosomes through changes in bands
associated to specific functional groups. ATR-FTIR spectroscopy enables
a fast, direct quantification of total protein and lipid contents and,

i usly, provides biochemical information useful for a routine
control of changes in the relative composition of isolated exosomes in
very small sample volumes {2 pL). Thus, the use of ATR-FTIR could be
considered as a cost-effective alternative, to the use of standard colori-
metric assays (e.g., BCA) for QC of exasome isolations. Also, whereas
ATR-FTIR cannot replace the level of detailed information provided by
MS in terms of specificity or sensitivity, the spectral information could be
used to rapidly assess repeatability or reproducibility among exosome
isolations, providing at the same time information on differences in their
lipid contents.
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