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SUMMARY






Background

Intestinal microbiota metabolizes non-absorbable meal components, releasing
gas, which may elicit digestive sensations. On the other hand, it has been shown that
dietary interventions induce changes in the microbiota composition and metabolic
activity, but it is not known how these changes affect digestive homeostasis and
perception of digestive sensations. Based on these data, we postulated that a healthy
diet high in residues, induces an adaptation of the microbiota, towards a more effective
metabolism fermentable substrates, with beneficial effects on diet tolerance and

digestive sensations.

Aim
To determine the effect of the diet and specific dietary supplements on the
composition and metabolic function of the intestinal microbiota, intestinal gas

production and digestive sensations.

Methods

Two studies were conducted to determine the effects of the diet and specific
dietary interventions, respectively.

The first study applied a cross-over, randomised, open-label design, to
compare the effect of a high-fat/low-residue diet (Western-type diet; WD) versus low-
fat/high residue diet (fibre-enriched Mediterranean diet; FMD) on microbiota
metabolism. In 20 healthy subjects, each diet was administered for 2 weeks in random
order; each diet was preceded by a 2-week washout balanced diet.

The second study applied an open design with administration of a resistant dextrin
soluble fibre (14 g/d NUTRIOSE ® , Roquette Fréres, Lestrem, France) for 4 weeks to
healthy subjects (n = 20). During periods of 4 days immediately before, at the
beginning, at the end, and after two weeks after its administration, the participants
followed a standardized diet.

In the two studies, the following outcomes were measured: a) the number of daytime
anal gas evacuations using an event marker; b) abdominal sensations; c) volume of
gas evacuated via a rectal tube during 4 hours after a probe meal; d) colonic content
by magnetic resonance imaging; €) gut microbiota taxonomy and metabolic functions
by shotgun sequencing of fecal samples; f) urinary metabolites using untargeted

metabolomics.



Results.

The first study showed that, as compared to WD, the FMD was associated with
i) a higher number of anal gas evacuations, ii) sensation of flatulence and borborygmi,
iii) larger volume of gas collected after the probe meal, and iv) larger colonic content.
There was little difference in microbiota composition between WD and FMD, except
for the increased abundance of some butyrate producers in FMD. However, microbial
metabolism differed substantially, as shown by urinary metabolite profiles and the

abundance of microbial metabolic pathways.

In the second study, the number of daily gas evacuations increased at the
beginning of the administration of dextrin, but this effect diminished with subsequent
administration and even more after discontinuation of administration. Abdominal
sensations, particularly flatulence, followed an analogous adaptive process, with an
initial increase and subsequent decrease. However, the administration of dextrin
induced a persistent increase in colonic biomass. Dextrin induced changes in microbial
metabolism and composition with an increase in short chain fatty acids-producing

species and modulation of bile acids and biotin metabolism.

Conclusions

The intestinal microbiota adapts to the availability of fermentable substrates in
the intracolonic environment. 2. Microbiota adaptation can be induced by changes in
the type diet (Mediterranean diet versus Western diet) or by specific dietary
interventions (prebiotics). 3. Dietary interventions induce a substantial change in the
metabolic function of the microbiota with limited changes in its composition. 4. Dietary
interventions with a high residue load induce an adaptation of the microbiota towards
more effective fermentative pathways, with less gas production and better tolerance

of fermentable substrates (fewer digestive symptoms).

Future studies
These data in healthy subjects pave the path to study potential therapeutic
applications of the dietary-induced microbiota adaptation in patients with functional

digestive disorders and symptoms related to intestinal gas.
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Introduccion

La microbiota intestinal interviene en el metabolismo de la ingesta, con efectos
en la produccion de gas intestinal y en las sensaciones digestivas. Por otra parte, se
han demostrado efectos de intervenciones dietéticas sobre la microbiota, pero no se
conoce como estos cambios de la microbiota afectan su papel sobre la homeostasis
digestiva y la percepcion. Basados en estos datos, postulamos que una dieta
saludable alta en residuos induce una adaptacion de la microbiota, que le confiere
una capacidad para metabolizar los sustratos disponibles de forma més efectiva, con

efectos beneficiosos sobre la tolerancia de la dieta y las sensaciones digestivas.

Objetivo
Determinar el efecto de la dieta general y de suplementos dietéticos
especificos sobre la composicion y funcion metabdlica de la microbiota intestinal, la

produccion de gas intestinal y las sensaciones digestivas.

Material y métodos

Se realizaron dos trabajos para determinar el efecto de la dieta general y de
suplementos dietéticos especificos, respectivamente.

El primer trabajo fue un estudio unicéntrico, cruzado, aleatorio y abierto
comparando el efecto de una dieta con alto contenido de grasa y pobre en residuos
(dieta de tipo occidental), con una baja en grasa y alto contenido en fibra (dieta
mediterranea enriguecida en fibra). En 20 sujetos sanos cada dieta se administro
durante 2 semanas en orden aleatorio; cada dieta fue precedida por 2 semanas de
lavado mediante una dieta estandar.

El segundo trabajo fue un estudio abierto con administracién de una dextrina
resistente (14 g/d NUTRIOSE®, Roquette Freres, Lestrem, Francia) durante 4
semanas a sujetos sanos (n = 20). Durante periodos de 4 dias inmediatamente antes,
al inicio, al final, y tras dos semanas de su administracion, los participantes siguieron
una dieta estandarizada.

En los dos trabajos se evaluaron los siguientes parametros: a) numero de
evacuaciones diarias de gas (mediante un marcador de eventos); b) sensaciones
digestivas (mediante escalas diarias); c) volumen de gas evacuado mediante sonda

rectal durante 4 horas tras una comida; d) contenido colénico mediante resonancia



magneética; e) taxonomia y funcion metabdlica de la microbota fecal; f) metabolomica

en orina.

Resultados

En el primer trabajo se demostré que, en comparacion con la dieta de tipo
occidental, la dieta mediterranea enriquecida en fibra se asocié con un mayor nimero
de evacuaciones anales de gases, sensaciones digestivas, mayor volumen de gas
recolectado después de una comida estandar y mayor volumen de contenido colénico.
La diferencia en la composicion de la microbiota entre ambas dietas fue limitada,
excepto por una mayor abundancia de algunos productores de butirato en la dieta
mediterranea. Sin embargo, el metabolismo microbiano difirié6 sustancialmente
mostrando diferencias notables en los perfiles de metabolitos urinarios y la
abundancia de vias metabdlicas microbianas.

En el segundo trabajo, el nUmero de evacuaciones diarias de gas aumento al
comienzo de la administracion de dextrina, pero este efecto disminuyd con
administracion subsiguiente e incluso mas tras interrumpir la administracion. Las
sensaciones abdominales, particularmente la flatulencia, siguieron un proceso
adaptativo analogo, con un aumento inicial y disminucién subsiguiente. Sin embargo,
la administracién de dextrina indujo un aumento persistente en la biomasa colonica y
cambios en la composicién y metabolismo de la microbiota, con un aumento de
especies productoras de acidos grasos de cadena corta y modulacion del

metabolismo de los acidos biliares y de la biotina.

Conclusiones

La microbiota intestinal se adapta a la disponibilidad de sustratos fermentables
en el medio intracolonico (en la biomasa colonica). 2. La adaptacion de la microbiota
se puede inducir por cambios del tipo de dieta (dieta mediterranea versus dieta de
tipo occidental) o por intervenciones dietéticas especificas (prebidticos). 3. Las
intervenciones dietéticas inducen un cambio sustancial en la funcién metabdlica de la
microbiota con cambios limitados en su composicion. 4. Las intervenciones dietéticas
con aporte alto en residuos inducen una adaptacion de la microbiota hacia vias
fermentativas mas efectivas, con menor produccién de gas intestinal y mejor

tolerancia de sustratos fermentables (menos sintomas digestivos).



Estudios futuros

Estos datos en sujetos sanos permitirdn estudiar la posible aplicacion
terapéutica de la adaptacion de la microbiota inducida por intervenciones dietéticas
en pacientes con trastornos funcionales digestivos y sintomas relacionados con el gas

intestinal.



1. INTRODUCCION
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El aparato digestivo es la puerta de entrada de la alimentacion para la nutricion
del organismo. A esta funcion tradicional, en los ultimos afios se le ha asociado otra
funcion igualmente importante: el aparato digestivo proporciona un nicho ecolégico,
para albergar la mayor parte de la microbiota del organismo, que mantiene una

relacion simbidtica con el huésped.

De esta forma, la parte superior del aparato digestivo, boca, esofago, estbmago
e intestino delgado, permite la entrada de la ingesta y lleva a cabo la extracciéon de
los componentes Utiles para el organismo, por un proceso de acomodacion, digestion
y absorcion de nutrientes, agua, vitaminas y minerales. Los residuos no absorbidos
en el intestino delgado, pasan al colon, donde alimentan a la microbiota intestinal. La
microbiota, una poblacion de microorganismos tremendamente compleja, metaboliza
los residuos de la dieta y a su vez produce productos, que sirven de sustrato para
otras poblaciones de microorganismos. En estas reacciones se producen una serie
de metabolitos, que son Utiles para el organismo, y ademas se produce gas; de hecho,
estos procesos fermentativos son el origen de la mayor parte del gas del tubo
digestivo, como se vera mas adelante. De esta forma, el colon contiene una biomasa,
formada por residuos de la dieta, microorganismos, sustratos y metabolitos en una
cadena de reacciones metabdlicas. Al final de este proceso, la parte exhausta de esta
biomasa llega al recto, donde se evacua en forma de bolo fecal (Figura 1). El colon
proporciona una habitat con condiciones de humedad, temperatura y disponibilidad
de nutrientes, que favorece la proliferacion de la microbiota y la comunicacion
bidireccional entre microbiota y el organismo. De hecho, la microbiota puede
considerarse como un Organo metabdlico, que forma parte del organismo. La
comunicacion entre organismo Yy microbiota es poco conocida, pero parece

importante.
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extraccion l '
nutrientes

microbiota

residuos

Figura 1. Funciones del Aparato Digestivo. Extraccion de nutrientes en la parte superior y el
colon como 6rgano metabdlico. Adaptado de Livovski et al (1).

Para cumplir sus funciones, el aparato digestivo dispone de una organizacion
muy sofisticada, en el que participan el sistema nervioso entérico, imbricado dentro
de la propia pared del tubo digestivo, el sistema nervioso autonomo y el sistema
nervioso central conformando un eje intestino-cerebral (gut-brain axis). En los ultimos
afos, dada la importancia emergente de la microbiota, este concepto se ha ampliado,
englobando el eje microbiota-digestivo-cerebral (microbiota-gut-brain axis). Este eje
es bidireccional, de forma que controla la actividad del tubo digestivo y transmite

informacion por vias aferentes (Figura 2).

Este tipo de control complejo otorga al aparato digestivo una gran versatilidad,
con capacidad de adaptacion a una variedad de ingestas y de dietas, manteniendo
una homeostasis, tanto en el contenido de la parte alta (fundamentalmente estbmago

intestino delgado), como de la biomasa del colon y del gas intestinal.

Por otra parte, el aparato digestivo puede activar vias aferentes y ser el origen
de sensaciones digestivas. Estas sensaciones son de tipo homeostatico (saciedad,
plenitud) y tienen una dimensién heddnica, que influye en la sensacion de bienestar

digestivo, estado de animo y satisfaccion postprandial. Estas sensaciones son
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biologicamente fundamentales, porque proporcionan la motivacion y el control del

comportamiento alimentario.

sensaciones

reflejos

microbiota

Figura 2. Control de la funcion digestiva (microbiota-gut-brain axis). Adaptado de Huaman et
al (2)

En condiciones normales una respuesta adecuada del aparato digestivo a la
ingesta, produce una sensacion de satisfaccion, que lleva a consumir una dieta
saludable. Hay que tener en cuenta que el concepto de dieta saludable tiene dos
vertientes: que sea saludable para el organismo, proporcionando una cantidad y
calidad de nutrientes balanceado, y que sea saludable para la microbiota, es decir,
gue contenga una cantidad y variedad de residuos, que sirvan de sustrato y

proporcionen nutricién para los microorganismos en el colon.

En caso de alteracion del eje microbiota-digestivo-cerebral, se pueden producir
disfunciones y sintomas digestivos. Desde el punto de vista practico, esto tiene una
tremenda relevancia, ya que el 50 % de las consultas de aparato digestivo estan
relacionadas con enfermedades funcionales digestivas, o como actualmente se

denominan, disfunciones del eje digestivo-cerebral.
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Dentro del contexto de alimentacion saludable y salud digestiva hay una serie
de factores que son determinantes y que se van a revisar a continuacion, incluyendo
funcion del aparato digestivo, sensibilidad, la microbiota intestinal, gas intestinal y
efectos de la dieta e intervenciones dietéticas sobre la microbiota.

1.1 RESPUESTAS DIGESTIVAS A LA INGESTA

La actividad digestiva incluye la motilidad, la sensibilidad, y la funcién de
barrera intestinal. Normalmente todos estos procesos no se perciben de manera
consciente. Sin embargo, muchos pacientes con enfermedades funcionales
digestivas presentan sintomas, que se desencadenan con la ingesta, sugiriendo que

una alteracion de estos mecanismos pueda ser el origen de sus sintomas (3).

1.1.2. Motilidad gastrointestinal

Las funciones principales de la motilidad gastrointestinal son la propulsion a lo
largo del tubo digestivo del contenido, la mezcla con las secreciones digestivas y la
eliminacion de los residuos.

En cada region del tracto gastrointestinal las capas musculares de la pared
intestinal y su inervacién estan adaptadas y organizadas para generar unos patrones
motores especificos. Todo el tracto digestivo interacciona con el sistema nervioso
central y la comunicacién entre los diferentes tramos digestivos se produce por la
transmision sefiales a través de neuronas intrinsecas y por otra parte por arcos
reflejos mediante neuronas del sistema nervioso autbnomo. Los aspectos mas
relevantes de la motilidad gastrointestinal son la actividad fasica y el tono, que

determinan la complianza y el transito (3).

La actividad contractil fasica viene determinada por la actividad de onda lenta,
gue es variable a lo largo del tracto digestivo. La frecuencia contractil maxima en el
estbmago es de 3 por minuto, mientras que en el intestino delgado es de 12 por minuto
en el duodeno y baja a 7 por minuto en el ileon distal. En el colon hay una mezcla de
actividad de onda lenta que varia de entre 1 a 12 por minuto. Estas contracciones,
dependiendo de sus caracteristicas temporales (frecuencia y duracion) y espaciales

(velocidad de propagacién) realizan la propulsion o mezcla del contenido.



14

El tono o actividad ténica, es decir la contraccion sostenida, no esta regulado
por la actividad de ondas lentas y es importante en el estbmago, dado que permite la
acomodacion de la ingesta. El tono modifica la tension de la pared en respuesta al
llenado gastrointestinal y es un determinante de la percepcion de la distension. Un
estudio demostré que los sintomas que se generan por una distensién gastrica,
dependen de la tension de la pared gastrica, dado que la activacion de las vias
aferentes para la percepcion dependen de tensorreceptores. La respuesta del
estémago a la distension depende de su contraccion muscular, siendo més distensible
cuando esta relajado (4); por tanto, la percepcion de la distension abdominal viene
determinada por la tension de la pared gastrica, independientemente del volumen o

presion intraabdominal (3,4).

Por otro lado, la complianza es la capacidad de una regién del tubo digestivo
de adaptarse a su contenido, expresada como la relacién del cambio de presién
intraluminal con los cambios de volumen. Hay varios factores que contribuyen a la
complianza: la capacidad (o tamafio), las propiedades elasticas de la pared y la
compresion extrinseca ejercida por los érganos circundantes. La complianza
disminuye durante la contraccién y aumenta durante la relajacion y esta determinada

por la actividad muscular de las paredes del tracto gastrointestinal.

El transito se refiere al movimiento del contenido a lo largo del tracto
gastrointestinal. Las mediciones del transito se basan en la deteccién de movimientos
intraluminales de un marcador del contenido intraluminal. EIl transito depende de
varios factores, como la naturaleza fisica (sélido, liquido o gas) y quimica (pH,
osmolaridad, composicion nutricional del contenido intestinal y de la actividad motora

del tubo digestivo, que depende de si el sujeto esta en ayunas o no (3).

Las alteraciones en el tiempo de transito y en la acomodacion estan presentes
en algunos trastornos funcionales digestivos. Por ejemplo, en un 40% de pacientes
con dispepsia funcional existe una alteracion de la acomodacién gastrica, que se
asocia a sintomas, como la saciedad precoz (5) y en un 30% de ellos un

enlentecimiento del vaciamiento gastrico asociado a sintomas de distrés postprandial

(6).
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La alteracion de la motilidad gastrointestinal puede producirse por una
afectacion muscular o del sistema nervioso entérico en contexto de procesos
inflamatorios, infiltrativos, inmunes o degenerativos. Pero también se puede producir
por la alteracion de la funcion del eje cerebro-intestino. La dismotilidad se puede
producir por un exceso de estimulos por las vias aferentes (sensoriales) que estan
involucradas en la funcibn motora gastrointestinal (3,7); por ejemplo, los pacientes
con Sll tras las comidas o en situaciones de estrés tienen un aumento de la motilidad
intestinal (8). Pacientes con SlI con predominio diarrea (SllI-D) tras la ingesta tienen
un transito ileocolico mas rapido, mientras que los pacientes con Sl con predominio

estrefiimiento (SII-E) tienen un transito ilecélico mas lento (9).

1.1.2. Sensibilidad gastrointestinal

El tracto gastrointestinal estd altamente inervado por neuronas entéricas
intrinsecas y por proyecciones extrinsecas, incluidas las vias eferentes simpéticas y
parasimpaticas, asi como las aferentes viscerales. Por tanto, es un 6rgano con una
gran inervacidon capaz de activar vias de percepcion e inducir sensaciones
conscientes (10,11).

Se ha visto que lo largo del tracto gastrointestinal existen unos receptores en
la pared, que estadn conectados a unas vias sensitivas y producen una serie de
sensaciones cuando se les aplican unos estimulos. Las neuronas periféricas de este
sistema viscerosensorial se originan en los ganglios simpaticos paravertebrales, el
tronco encefélico y los ganglios aferentes periféricos. La inervacion aferente visceral
derivada de los ganglios de la raiz posterior implica la regulacion del flujo sanguineo,
las funciones secretoras y la motilidad. El nervio vago lleva a cabo una doble funcion;
a través de sefales eferentes regula las funciones motoras y a través de fibras

aferentes sensoriales.

Segun la extension del tubo digestivo a la que se le aplican estimulos, es decir
segun el numero de receptores activados por sumacién espacial en un tramo
determinado, se producira la percepcion de los estimulos.

En ocasiones hay una estimulacion excesiva de las fibras aferentes sensoriales
viscerales y eso puede causar indirectamente una dismotilidad dado que este

estimulo excesivo puede alterar la funcion motora local mediante la activacién de
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motoneuronas de los ganglios prevertebrales. Y ademas, la activacion de las vias
aferentes viscerales genera unos cambios autonémicos a nivel del sistema nervioso
central que pueden dar lugar a respuestas reflejas(3) y este mecanismo puede estar
implicado en la fisiopatologia de la dispepsia funcional (12).

Los nutrientes pueden aumentar la sensibilidad visceral mediante estimulos
mecanicos a través de los mecanorreceptores o mediante estimulos quimicos e
inducen unos reflejos intestinales que permiten modular el tono, la acomodacion, el

vaciamiento y la percepcion (13,14).

La hipersensibilidad visceral es uno de los mecanismos principales que
produce sintomas en algunos de los trastornos funcionales como la dispepsia
funcional, como se vio en un estudio, en el que en estos pacientes presentaban mayor
percepcion a la distension que los sujetos sanos (13,15) y también una
hipersensibilidad a la infusién de lipidos intraduodenales (14). La hipersensibilidad
visceral también esta presente con frecuencia en pacientes con Sll (16). La regulacion
del sistema nervioso autonomo puede verse alterada en algunas enfermedades
funcionales digestivas como el Sll y también puede generar una serie de respuestas

digestivas al estrés (17).

La funcion del eje cerebro-intestino a nivel central se ha estudiado mediante
pruebas de neuroimagen. En pacientes con Sll las respuestas sensoriales alteradas
se han relacionado con cambios en el flujo sanguineo cerebral regional (18-20) . Un
estudio analizo los efectos de los estimulos rectales sobre el flujo sanguineo cerebral
regional mediante tomografia por emision de positrones (PET) en 12 sujetos, la mitad
de ellos con Sl y se demostré que en pacientes con Sll tenian un patrén de activacion
cerebral aberrante (18). En otro estudio mediante resonancia magnética cerebral
también se vieron cambios en la activacion cerebral en respuesta a la distension rectal
(19). Otro estudio, realizado también mediate PET, demostré que la distensién del
colon se asocia con la activacion de regiones especificas del cerebro, incluido el

sistema limbico y la corteza prefrontal (20).
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1.2 GAS INTESTINAL

1.2.1 Volumen y composicion del gas intestinal

Los estudios sobre la fisiopatologia del gas intestinal despuntaron en la década
de los 60 impulsados por Michael Levitt MD (21). Con el empleo de diferentes técnicas
se sabe que el tracto gastrointestinal contiene alrededor de 100-200 ml de gas (22).
El volumen de gas intestinal total esta determinado por el balance entre la entrada y
salida de gas, que en un proceso dinamico mantiene el volumen de gas constante a
lo largo del tracto digestivo en sujetos sanos. La entrada de gas tiene lugar a partir de
la deglucién, reacciones quimicas, fermentacion bacteriana y difusion desde la
sangre, mientras que la salida de gas se produce a través de los eructos, consumo
bacteriano, absorcion hacia la sangre y la evacuacion anal (21). Como se vera mas
adelante, la ingesta de una comida, activa el metabolismo del gas, produciéndose un
incremento de gas temprano. Este incremento de gas tiene lugar antes de la
fermentacién colénica de los residuos y suele estar localizado en colon distal

sugiriendo su origen proximal y su propulsion caudal (23).

Las técnicas utilizadas inicialmente para medir el gas de manera indirecta
mediante la pletismografia, dieron resultados equivocos (24-26) Posteriormente se
hicieron mediciones del volumen de gas intestinal mediante una técnica de lavado
intestinal. Esta técnica de lavado consistia en una infusidon rapida de argén en el
yeyuno a través de una sonda nasoyeyunal, para purgar los gases intestinales, y
coleccion del gas evacuado mediante una sonda rectal. De esta forma se determing,
gue en 10 sujetos sanos el volumen total de gas intestinal fue de entre 30 a 199 mi

con un promedio de 91 ml (27).

Mediante un programa de andlisis volumétrico de imagenes mediante
tomografia computarizada (TC) helicoidal (Figura 3) se objetivaron datos parecidos.
Este tipo de analisis se validd en 9 sujetos sanos, en un estudio con infusién de un
volumen conocido de gas en el recto (entre 100-400 ml). Mediciones realizadas antes
y después de la comida, detectaron entre 100 ml y 200 ml de gas en ayunas, con un
incremento de casi el 65% tras la ingesta (Figura 4) (21,23,28,29). En otro estudio

realizado con analisis volumétrico de imagenes de TC computarizada se vio que en
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sujetos sanos habia un volumen total de unos 95 ml de gas distribuido a lo largo de
todo el tracto digestivo (30).

Figura 3. Analisis de imagenes de tomografia computarizada de volumen de gas intestinal (en
verde) en sujetos sanos en posicion supina. Reproducida de Bendezu et al (30).
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Figura 4. Volumenes de gas abdominal en varios tramos del tracto gastrointestinal en
periodos de ayuno y postprandial determinado por analisis volumétrico mediante TC.
Adaptada de Perez et al (23).
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El estudio de la composicion del gas intestinal siempre ha sido un reto y los
datos de los que disponemos siguen siendo pocos y antiguos. En un estudio que se
realizé en diez sujetos sanos en ayunas, la composicion total de gas en el tracto
gastrointestinal se evalué empleando la técnica de lavado, recogiendo el gas
evacuado mediante una sonda rectal y para analisis. Con los estudios de composicion
del gas intestinal se concluye que el 99% del gas intestinal estd compuesto por cinco
gases (N2, 02, CO2, H2 y CH4) y que existen otros gases adicionales presentes en
forma de trazas. Durante el periodo de ayunas predomina la proporcién de N2, el
contenido de O2 es insignificante y las concentraciones de H2, CH4 y CO2 son
variables. En el periodo postprandial predominan el H2, CH4 y CO2, que provienen

mayoritariamente de la fermentacion de los residuos alimentarios (21).

El gas gastrointestinal esta distribuido en 3 compartimentos: el estdmago, el
intestino delgado y el colon. En cada compartimento el volumen y la composicion del
gas viene determinada por el metabolismo del gas y la capacidad de difusién del gas
entre la luz y la sangre. Parte del gas contenido en un compartimento se propulsa al

siguiente y el gas restante se expulsa por el ano.

1.2.2 Origen del gas intestinal

El gas intestinal tiene dos origenes, por una parte un origen externo con el aire
deglutido y un origen interno con las reacciones intraluminales a lo largo de todo el
tubo digestivo (22).

Se ha demostrado que parte del gas intestinal proviene del medio ambiente
mediante varios experimentos. Se han realizado estudios en perros que han
demostrado la acumulacién de gas proximal a una obstruccion intestinal y han visto
gue la composicion de ese gas es principalmente N2 y que las cantidades de CO2,
H2 o CH4 son minimas. Ademas, se ha demostrado que una ligadura esofagica evita
esa acumulacion de gas proximal a una obstruccion intestinal (22).

Otros datos que apoyan este mecanismo, son la demostracion mediante
pruebas de imagen en neonatos, de la ausencia de gas intestinal antes del minuto de
vida y su presencia posterior tras el minuto de vida, en ausencia de una obstruccion

esofagica congénita (31,32).
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También se ha demostrado en un estudio mediante TC ultrarapida que existe
una deglucion de gas con la ingesta de bolos liquidos (una media de 17,7 ml de gas
por 10 ml de agua ingeridos) que como se ha comentado previamente, esta
compuesto mayoritariamente por N2 (33).

La luz esofagica tiene normalmente una presion negativa (subatmosférica) y
por tanto la relajacion del esfinter esofagico superior permite la entrada de aire al
esofago (34). Una vez que el aire es deglutido, gracias a la relajacion del esfinter
esofagico superior, pasa al esofago y posteriormente al estdmago. La mayor parte de
ese aire sera regurgitado y una minima parte quedara almacenado (2-3 ml por
deglucion) (12).

Los gases intraluminales difunden facilmente a través de la barrera sanguinea
intestinal y se equilibran con los gases en sangre venosa. Este proceso depende de
tres factores: la presiéon parcial de cada gas a ambos lados de la barrera intestino-
sanguinea, su difusibilidad, extension de area mucosa y tiempo de exposicion del gas
a la mucosa, que a su vez viene determinada por la velocidad de transito de gas
(34,35).

La difusibilidad de un gas a través de la mucosa del tracto gastrointestinal
depende de su solubilidad en agua. Para una diferencia de presién parcial dada, el
CO2 difunde mas rapido que el O2, H2, NH4, N2. Los gases intraluminales con una
presién parcial (concentracién) mayor a la de la sangre venosa pasaran a la
circulacion y viceversa. Dado que en el aire deglutido hay una baja proporciéon de CO2
y una alta proporcion de O2 comparado con la sangre, el CO2 difunde desde la sangre
hacia el estbmago y el O2 difunde desde la luz gastrica hacia la sangre. Dado que el
nitrégeno difunde poco a través de la mucosa gastrica, se piensa que la mayor parte

del N2 del tracto gastrointestinal proviene del aire deglutido (21).

El estbmago y el intestino delgado contienen poca cantidad de gas (entre 10-
20 ml (23). En el intestino delgado el gas estd en forma de pequefias burbujas
dispersas a lo largo de la luz intestinal (23,30). En tramos superiores del intestino
delgado el gas intestinal esta compuesto mayoritariamente por CO2, derivado de la
reaccion de los acidos gastricos y el bicarbonato, que proviene de las secreciones

biliar, pancreatica e intestinal (H+y HCO3-) (21). Posteriormente el CO2 se absorbe
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hacia la sangre a lo largo del intestino delgado y el resto pasa al colon (21,34). En el
intestino delgado la produccion de gas por la microbiota es baja en condiciones
normales, pero esta incrementada en los pacientes con una obstruccion o
pseudoobstruccion intestinal, en los que hay una alteracion de la motilidad y un

incremento en el contenido de gas intestinal (36,37).

En condiciones normales, la fermentacion bacteriana se lleva a cabo por las
reacciones metabdlicas de la microbiota en la luz del del colon y con produccion de
los otros componentes del gas intestinal, particularmente H2 y CH4. La difusion de
N2 determina la composicion de N2 en el gas evacuado y a su vez depende de la
produccién de CO2, H2, CH4 (21).

El volumen de gas coldnico es mayor que en el tracto digestivo superior y es
de unos 50 a 100 ml. Como se ha comentado previamente, un estudio que evalué el
contenido de gas mediante TC (Figura 4) en ayunas y en periodo postprandial,
demostrd que a los 99+22 minutos en periodo postprandial, aumentaba el contenido
de gas en el colon pélvico, antes de que los residuos no absorbibles de la dieta
pudieran llegar al colon distal. De este hallazgo se deduce, que, tras la ingesta, el gas
de tramos digestivos superiores es propulsado hacia el colon por un reflejo gastroileal.

Una vez en colon, el gas puede tener tres vias de eliminacién: mediante la
absorcion a través de la mucosa, mediante el consumo de gas por parte de algunas
poblaciones de la microbiota o bien por evacuacién anal (21).

Todos estos procesos se resumen en la Figura 5.
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Figura 5. Mecanismos de entrada y eliminacién del gas intestinal. Reproducida de Azpiroz et
al (21).

1.2.3 Metabolismo del gas intestinal

Como se ha comentado previamente, en el colon se encuentra la mayor
proporcién de microbiota del organismo, que fermenta los residuos de la dieta que no
se absorben en el intestino delgado y llegan al colon. EI metabolismo de los residuos
fermentables de la dieta por la microbiota, da como resultado la produccién de una
serie de metabolitos, incluyendo los gases, que a su vez serviran como sustratos de
otras poblaciones de microbiota.

Se ha comprobado que el colon contiene una biomasa de 500 a 800 ml,
dependiendo de los residuos de la dieta, con un recambio dinAmico diario de unos

100-200 ml que es el volumen fecal (30,38). La produccién de gas aumenta tras la
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ingesta, conforme van llegando los residuos fermentables al colon y la actividad
disminuye gradualmente conforme van consumiendo los sustratos en un proceso de
varias horas. Es decir, los residuos remanentes de comidas previas pueden contribuir

a la produccion de gas (21,39).

Como se ha comentado previamente, algunos microorganismos colonicos
consumen los gases intraluminales (02, CO2 y H2) y esto da lugar a la eliminacion
de parte del gas intraluminal (21). Hay 3 tipos de microorganismos que consumen
estos gases: los acetdgenos, los reductores de sulfato y los metandgenos (40). Los
microorganismos acetdgenos consumen CO2 y H2 para sintetizar acidos grasos de
cadena corta. Los microorganismos reductores de sulfato utilizan el H2 para reducir
el sulfato a sulfuro y los metanogenos utilizan el H2 para reducir el CO2 a CH4 (41).

Por tanto, la composicion de la microbiota asi como los residuos de la dieta
tienen un papel importante en el metabolismo del gas intestinal. Como se vera
posteriormente, la composicién de la microbiota es variable también a nivel
intraindividual, ya que la diversidad de los microorganismos aumenta con una dieta
rica en fibra y disminuye con una dieta baja en residuos (42—-44). Por ejemplo, tras la
administracion de una dieta rica en residuos flatulogénicos durante 3 dias aumentaron

los microorganismos metanogénicos (44).

1.2.4 Propulsién y eliminaciéon del gas intestinal

La propulsion de gas en sentido aboral determina el volumen de gas en cada
segmento del tubo digestivo, es decir, el transito de gas determina el tiempo de
residencia del gas en cada uno de los compartimentos, que a su vez determina la
absorcion intestinal y el consumo de gas (21). El transito intestinal de gas, solidos y

liquidos esta modulado por una serie de mecanismos reflejos.

El transito de gas intestinal y su tolerancia se ha medido mediante diferentes
experimentos. Entre ellos se han hecho estudios con infusion de una mezcla de gases
en yeyuno a diferentes velocidades con cuantificacion posterior del gas evacuado por

ano. En un estudio dosis respuesta en sujetos sanos se vio que con velocidades de
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infusidn por encima de 30 mL/h, se evacuaba el gas tan rapido como se infundia, sin
molestia abdominal (21).

Los nutrientes a nivel intraluminal pueden modular el transito intestinal; se ha
demostrado que los lipidos enlentecen el transito intestinal (45). Los estimulos
mecanicos también pueden modular el transito de gas; por ejemplo, la distension
rectal tiene un efecto procinético (46) Otro estudio demostré que, infundiendo bolos
de gas al colon izquierdo se generaban contracciones peristélticas, que precedian
expulsiones anales de gas (47). Sin embargo, esta actividad no se detecto en otros
estudios con infusién continua de gas en el colon, midiendo la actividad motora
mediante un bardstato a nivel rectal. Estos datos sugieren, que este tipo de actividad
fasica puede ser una respuesta a una distension focal producida por un aumento

abrupto de gas intraluminal (21).

El gas que no se absorbe ni se metaboliza, se elimina por evacuacion rectal.
La evacuacion anal de gas es el resultado de la dindmica del gas intestinal a lo largo
de todo el tracto gastrointestinal y contribuye a la homeostasis del gas col6nico (21).

Los sujetos sanos, consumiendo su dieta habitual, producen entre 10 y 20
evacuaciones anales de gas diarias (44,48) y este numero se duplica o triplica con
una dieta flatulogénica, sin que se hayan detectado diferencias por la edad o género
(21). Se evacuan alrededor de 200 mL de N2 y cantidades mas pequefias de O2 que
no dependen de la dieta (49,50). No se sabe la cantidad de N2 y O2 que proviene del
gas deglutido o de la difusion de la sangre. En sujetos con flora metanogénica, el
volumen de CH4, CO2 y H2 excretado es variable y depende de la actividad de
fermentacion en el colon. Cuando hay residuos fermentables en el colon estos
volimenes se incrementan y tras una dieta sin fibra durante 48 horas la evacuacion

de estos gases practicamente es nula (49).

Un estudio en 20 sujetos sanos demostrd, que, con su dieta habitual, durante
6 horas después del desayuno, la tasa de produccion de gas fue de 40 mL/h. Y en
estos mismos sujetos con una dieta flatulogénica, tras un desayuno alto en residuos,
la tasa de produccion fue de 120 mL/h (Figura 6) (44).
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Figura 6. Recoleccion de gas rectal en periodo postprandial. La evacuacién de gas aumenta
con una dieta flatulogénica y es similar en sujetos sanos y en los pacientes que refieren
flatulencia. Reproducida de Manichanh et al (44).

1.2.5. Sintomas digestivos relacionados con el gas intestinal

Los pacientes frecuentemente se quejan de molestias relacionadas con el gas
intestinal. Entre las molestias mas habituales se encuentran los eructos frecuentes,
mal aliento, evacuacion de gas excesiva 0 alterada, ventosidades malolientes,

hinchazén abdominal y distension abdominal visible (21).

El transito de gas normalmente es efectivo, pero cuando una cantidad
considerable de gas se retiene en el tracto gastrointestinal, los sujetos pueden referir
distension abdominal u otros sintomas digestivos. Se ha visto en estudios realizados
mediante infusion de gas, que los pacientes con Sll toleran mal el gas infundido y
refieren sobre todo distension y dolor abdominal (36,51-54). Ademas diferentes
modelos experimentales de retencién de gas, han demostrado, que la distensién
abdominal estd relacionada con el volumen de gas retenido, mientras que la
percepcion de los sintomas abdominales subjetivos depende de la distribucion
intraluminal de ese gas, de la actividad motora intestinal (55,56). Por otra parte, la
distension abdominal objetiva depende de la capacidad de acomodacién abdominal,

controlada por una coordinacion abdomino-freno-toracica (57,58).
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En la practica clinica se presentan dos molestias gastrointestinales frecuentes,
gue se asocian a un aumento de gas abdominal: la hinchazén, que es la sensacion
de un aumento de presion abdominal, y por otro lado, la distension abdominal visible
con un aumento objetivo del perimetro abdominal (59). Para averiguar la fisiopatologia
de estos sintomas se han realizado estudios con pletismografia de inductaciay TC,
gue han demostrado un aumento claro del perimetro abdominal con los episodios de

hinchazén y distensién abdominal (28,60—-63).

Un estudio demostrd, que los pacientes con dismotilidad intestinal presentaban
un aumento del perimetro abdominal, asociado a un aumento de volumen de gas
intraluminal y un desplazamiento cefalico del diafragma (Figura 7). Sin embargo, en
los pacientes con un trastorno funcional, comparando imagenes obtenidas en
condiciones basales y durante un episodio de distension abdominal, se observé que
apenas aumentaba el volumen de gas, pero presentaban distension abdominal

visible, que se producia por un descenso diafragmético (Figura 8) (28).
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Figura 7. Reconstruccion tridimensional de imagenes de TC abdominal en un paciente con
dismotilidad intestinal. A destacar el incremento de contenido de gas (en azul) asociado a
una protusién de la pared abdominal anterior y ascenso del diafragma. Reproducida de
Accarino et al (28).
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Figura 8. Reconstruccion tridimensional de imagenes de TC abdominal en un paciente con
un trastorno funcional digestivo. A destacar la protusién de la pared abdominal anterior y el
descenso diafragmatico durante un episodio de distension abdominal a pesar de un
incremento pequefio en el contenido de gas.

Estudios posteriores (30,64) realizados mediante andlisis volumétricos de
tomografia computarizada, no han detectado una alteraciéon en el volumen o en la

distribucién del gas en pacientes con SlI.

Por otra parte. estudios realizados con pletismografia de impedancia y
barostato rectal en pacientes con Sll, han demostrado, que los pacientes que
presentan hipersensibilidad rectal referian hinchazon, a pesar de no objetivarse una
distension abdominal visible, lo que sugiere, que los mecanismos fisiopatoldgicos de

la hinchazon y distensién son diferentes y por tanto su manejo también lo sera (60).

Otro sintoma digestivo relacionado con el gas intestinal es la flatulencia,
definida como evacuacion excesiva de gas por ano. En una minoria de pacientes la
flatulencia se debe a una malabsorcion de carbohidratos, como por ejemplo la
malabsorcién de lactosa. Otra causa todavia mas rara, es la deglucién de gas
excesiva; se ha descrito algun caso, en el que se ha evaluado la composicion del gas
en las ventosidades y se ha visto que mayoritariamente estaba compuesto por N2
(65).
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Un estudio realizado en 30 pacientes, que referian un exceso de evacuacion
de gas, demostré que, en algunos pacientes la percepcion subjetiva no se confirma
con datos objetivos y que el numero de evacuaciones diarias, medidas mediante un
marcador de eventos, estaba en rango normal (44). Ademas, se demostrd, que el
volumen de gas recogido tras una comida de prueba en pacientes con flatulencia es
similar al de los sujetos sanos (Figura 4) (44). La flatulencia en muchas ocasiones va
acompafada de otros sintomas digestivos, particularmente sensacion de hinchazon

abdominal.

También se ha visto que los pacientes con sintomas gastrointestinales tienen
un aumento de la percepcién colonica y rectal, es decir, una hipersensibilidad visceral
(3,66) y una menor tolerancia del gas que llega al recto.

Cada una las molestias digestivas relacionadas con el gas, tiene una
patofisiologia y manejo diferente. Por este motivo se ha desarrollado un cuestionario
de sintomas especifico para evaluar los sintomas relacionados con el gas intestinal
(67). En concreto el cuestionario desarrollado por Chassany et al. Esta disponible en
3 idiomas y evalla 7 sintomas (17 items) y su impacto en 12 dominios (26 items) en

sujetos sanos y en pacientes con sindrome de intestino irritable.
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1.3 MICROBIOTA INTESTINAL

El cuerpo humano alberga una gran comunidad de microorganismos. El
microbioma intestinal es un ecosistema diverso que estd comprendido por millones
de microorganismos (bacterias, arqueas, hongos, virus incluyendo los bacteri6fagos).
La mayor proporcion de ellos reside en el colon, que proporciona un nicho adecuado
para esta poblacion de organismos simbidticos (3): cada mililitro de intestino grueso
alberga aproximadamente 10! microbios, mientras que el intestino delgado alberga
108 organismos (68,69).

La composicidon de la microbiota intestinal varia significativamente entre sujetos
e inter-individualmente y esta variabilidad refleja la diferencia relativa en cuanto a
abundancia de 4 filas dominantes: Bacteroidetes, Firmicutes, Proteobacteria y
Actinobacteria. Ademas también se han visto diferencias interindividuales en cuanto
a las funciones microbianas. Hay varios factores que dan forma al microbioma

intestinal, siendo la dieta uno de los mas importantes (Figura 9) (70,71).

La composicion de la microbiota varia a lo largo del tracto gastrointestinal.
Varios factores ambientales determinan la composicion de las bacterias en los
diferentes nichos, incluyendo el potencial de oxidacion-reduccion, los gradientes
guimicos y de nutrientes, la actividad inmunitaria del huésped y la capa de moco. En
el colon se encentra la poblacién mas alta, quizas debido a una mayor disponibilidad
de nutrientes y un transito mas lento. Por el contrario, en el intestino delgado, con
distinto entorno quimico y transito relativamente rapido, hay una menor abundancia y
diversidad de microbiota (21,72).

Los residuos de comida no absorbidos por el intestino delgado, llegan al colon
y sirven de sustrato para la microbiota. La microbiota cumple una serie de funciones
importantes para el organismo, comportandose como otro Organo. Entre estas
funciones biolégicas se encuentran: el desarrollo del sistema inmune; el desarrollo del
sistema nervioso central y comportamiento; la regulacion de la actividad metabdlica,
el balance energético y el crecimiento. La microbiota metaboliza los sustratos de la
dieta que no han sido digeridos y se generan una serie de metabolitos, que sirven de

mensajeros y que pueden activar receptores intestinales o pueden pasar la barrera
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intestinal-sanguinea y actuar en diferentes sitios modulando los diferentes procesos
fisiologicos (3). Por otra parte, el huésped también puede influir sobre la microbiota, y
eso conlleva una comunicacion dinamica bidireccional entre el huésped y la

microbiota. Sin embargo, se conoce poco acerca de estas vias de comunicacion.

El ecosistema de la microbiota intestinal suele ser estable a lo largo del tiempo.
Una comunidad microbiana desfavorable estable puede contribuir a enfermedades
cronicas. La resiliencia es una propiedad clave del estado de la comunidad microbiana
y se define como la cantidad de estrés o perturbacion, que una comunidad microbiana
puede tolerar, antes de cambiar a un estado diferente. Un ejemplo es el efecto de la
antibioterapia, que puede alterar la composicion microbiana, que a corto plazo se
puede revertir. Sin embargo, a largo plazo o en periodos vulnerables, como en la
infancia temprana o en periodo periparto, esos cambios no son tan reversibles y
pueden asociarse con ciertas patologias, como por ejemplo la enfermedad
inflamatoria intestinal, asma, diabetes tipo 1 y obesidad (72-75). En un estudio la
administracion de 2 tandas cortas de ciprofloxacino, provocé una pérdida de
diversidad y un cambio en la composicion de la comunidad en 3-4 dias tras iniciarse
el tratamiento. Una semana tras finalizar el tratamiento, la composicion regresaba a
su estado inicial, pero a veces de manera incompleta (73). Varios factores pueden
influir en la variabilidad y resiliencia de la microbiota intestinal, como la edad, el sexo,
la genética, el area geogréafica, la dieta, el ejercicio, las medicaciones, el consumo de

alcohol y tabaco y el estrés (70,75-79).

La colonizacién de la microbiota intestinal ocurre durante los primeros afios de
vida y la mayoria de las adquisiciones microbianas comienzan en el momento del
nacimiento, cuando el intestino del bebé se coloniza con microbios de la vagina de la
madre (75)o con las bacterias de la piel de la madre en caso de ceséarea; la microbiota
intestinal de los nifios nacidos por cesarea tiene un parecido menor con el de sus
madres (71,75,76).
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Figura 9. Desarrollo de la microbiota intestinal humana y los efectos de las exposiciones
ambientales. Reproducida de Albenberg et al (71).

El modo de alimentacién también influye: la alimentacion con férmula se
relaciona con una menor abundancia de bifidobacterias en relaciéon con la que se
encuentra en los lactantes naturales (76). La composicion de la microbiota intestinal
en los gemelos monocigoticos es mas similar entre si que en los gemelos dicigoéticos,
lo que sugiere un papel de los genes del huésped en la seleccion de ciertos taxones

microbianos (70).

La composicion de la microbiota intestinal varia significativamente con la
geografia, debido a un efecto combinado de factores culturales, dietéticos y
ambientales (Figura 10) (72). La composicion de la microbiota de las personas que
viven en entornos occidentales urbanos, como los Estados Unidos y Europa, es
distinta y menos diversa, que la de las personas que viven en entornos no
occidentales y rurales, como las zonas rurales de Malawi, el Amazonas o Burkina
Faso (71,78,79). En el estudio de Filippo et al. se vio que los nifios de Burkina Faso
presentaban un aumento de Bacteroidetes y una disminucién en Firmicutes de
manera significativa (P < 0,001), con la presencia de bacterias del género Prevotella
y Xylanibacter, que intervienen en hidrdlisis de celulosa y xilano y que estan ausentes
en los nifilos europeos. Ademas, se encontraron una mayor cantidad de acidos grasos
de cadena corta y menor cantidad de Enterobacteriaceae (Shigella y Escherichia) en
los nifios de Burkina Faso (71,79). La dieta occidental es baja en carbohidratos
complejos accesibles a la microbiota (presentes en las fibras), cuya fermentacién

produce acidos grasos de cadena corta (80).
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Los acidos grasos de cadena corta pueden ayudar a atenuar la inflamacion,
servir como fuente de energia para las células epiteliales y mejorar el transito
gastrointestinal. Por lo tanto, una dieta occidental puede asociarse a un mayor riesgo
de alteraciones inflamatorias y metabdlicas. ElI microbioma en las culturas
occidentales expresa mas enzimas que degradan los aminoacidos y los azucares
simples, que reflejan la dieta occidental rica en proteinas y carbohidratos simples,
mientras que el microbioma intestinal asociado con las culturas rurales expresa mas

enzimas capaces de degradar el almidon (78).

Ademas de los antibidticos, hay otras medicaciones, que se asocian a cambios
de la composicion de la microbiota (IBPs, laxantes, metformina, estatinas,

benzodiazepinas, antidepresivos, AINE y antihistaminicos entre otros) (81).
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33

Por lo general, en investigacion se ha utilizado la recogida de muestras fecales
para el estudio de la microbiota, pero estas muestras no reflejan la composicion de la
microbiota en segmentos coldnicos mas proximales y de hecho difieren de muestras

obtenidas mediante biopsias intestinales (82,83).

1.4 DIETA'Y SENSACIONES DIGESTIVAS

1.4.1. Sensaciones digestivas

Como se ha expuesto previamente, la ingesta de una comida supone un
estimulo al tracto gastrointestinal y generard un conjunto de respuestas. Antes de la
ingesta, una serie de factores, como por ejemplo el apetito y la fase cefalica de la
digestion determinan la experiencia previa a la comida. Algunas caracteristicas de la
comida, en particular el olor y la apariencia, juegan un papel importante. Se ha visto
gue hay dos sensaciones principales durante la experiencia de la ingesta:

hambre/saciedad (sensaciones homeostéticas) y palatabilidad (84).

Tras la ingesta de una comida, se producen unos cambios fisiol6gicos,
relacionados con el proceso de digestion, y una experiencia sensorial, que incluye
sensaciones digestivas como la saciedad y la plenitud, que estan implicadas en el
control homeostatico del consumo de alimentos (85,86). La experiencia postprandial
también tiene una dimension hedodnica, que influye en el bienestar digestivo y en el
estado de animo. De hecho, pendiendo de varios factores, las sensaciones digestivas
tras la ingesta, como la saciedad y plenitud, pueden estar asociadas a bienestar
digestivo y sensaciéon placentera, o por el contrario, a insatisfaccién y deterioro del
estado de animo (87,88). Un estudio realizado en 42 sujetos sanos demostro, que
una sensacion de saciedad/plenitud inducida experimentalmente por distension
gastrica o por infusion de nutrientes duodenales, se asocié con una disminucion del

bienestar digestivo y molestias abdominales (87).
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Otro estudio ha demostrado, que las respuestas a la ingesta estan
relacionadas con la conectividad cerebral en redes funcionales y que las imagenes
cerebrales pueden proporcionar biomarcadores objetivos de las sensaciones
inducidas por la ingestion de alimentos. En dicho estudio se realizé una resonancia
magnética cerebral funcional en 38 sujetos sanos en condiciones de ayuno y tras la
ingesta de una comida de prueba, y se vio que la conectividad talamo-cortical
aumentd con la ingestion de comida, mientras que la conectividad insular-cortical
disminuy6. Ademas, los cambios méas grandes inducidos por las comidas
(aumento/disminucién) en conexiones talamicas especificas se asociaron con
cambios mas pequefios en la saciedad/plenitud. Por el contrario, una mayor
disminucién en la conectividad de la corteza cingulada anterior insular se asocié con

mayor saciedad, plenitud y bienestar digestivo (88).

Otro estudio demostro, que la educacion modifica la receptividad de los sujetos

e influye en las respuestas heddnicas y homeostaticas postprandiales (89).

La palatabilidad de la comida influye en las sensaciones posprandiales y tiene
una relacion directa con la respuesta heddnica (bienestar/estado de animo), pero una
relacién inversa con las sensaciones homeostéticas (saciedad), es decir, las comidas
mas sabrosas inducen menos plenitud pero mas satisfaccion, y viceversa. Esto se
comprobd en un estudio cruzado aleatorizado realizado en 22 sujetos sanos, en el
gue se compararon las respuestas postprandiales tras una comida de prueba
convencional (puré de patata y queso seguida de crema de vainilla, ambas con el
mismo color, textura y servidas a la misma temperatura) versus una comida de prueba
no convencional (mezcla de ambas cremas); ambas comidas tenian una composicién
y caracteristicas fisicas idénticas (color, textura, consistencia, temperatura) pero
diferente palatabilidad. En comparacion con la comida convencional apetecible, la
comida no convencional con un sabor desagradable indujo a una sensacion de
saciedad significativamente mayor y menor efecto sobe el bienestar digestivo (menos

satisfaccion postprandial) y el estado de animo (90).

Por otra parte, la composicion de las comidas influye en las sensaciones
postprandiales independientemente de la palatabilidad: una comida baja en grasas

de igual palatabilidad a una comida rica en grasas, indujo mas bienestar digestivo y
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mejor estado de animo (91). Las respuestas homeostaticas (saciedad, plenitud) y
hedonicas (satisfaccidn) a comidas de igual palatabilidad, es decir, igualmente
agradables, son disociables. En tres grupos de hombres sanos se estudiaron tres
tipos de comidas con niveles equivalentes de palatabilidad: una comida liquida, una
comida sdlida-liquida baja en calorias y una comida sélida-liquida alta en calorias. La
comida liquida indujo una respuesta homeostatica importante con un aumento de
saciedad y plenitud e inhibicion del deseo de comer un alimento de eleccion; en
cambio, su impacto en la sensacién de bienestar digestivo y satisfaccion no fue
significativo. Por otra parte, la comida sdlida-liquida alta en calorias, con mayor
volumen y contenido calérico, indujo una saciedad y plenitud mucho menor, pero un
nivel de satisfacciébn méas alto respecto a la comida liquida. La comida mixta baja en
calorias tuvo efectos menos prominentes con una satisfaccion significativamente

menor respecto a la comida alta en calorias (92).

Varios compuestos en sangre, como la glucosa y los lipidos derivados de la
comida u diferentes hormonas que se liberan con la ingesta, se modifican con la
ingestion de alimentos. y estan relacionados con las sensaciones homeostaticas y
hedonicas (93,94).

1.4.2 Residuos en la dieta

Una gran proporcion de pacientes con trastornos funcionales digestivos
atribuyen sus sintomas a determinados alimentos. El enfoque terapéutico de estos
trastornos ha sido aliviar los sintomas gastrointestinales, mediante tratamientos
farmacoldgicos y no farmacoldgicos. Aunque el enfoque mas tradicional ha implicado
el uso de medicamentos, éstos no acaban de ser efectivos para aliviar los sintomas.
De este modo se han intentado aplicar otros enfoques alternativos, incluyendo las

intervenciones dietéticas (95).

Hay una evidencia cada vez mayor, de que los factores dietéticos pueden tener
un papel importante en la etiologia y fisiopatologia de los sintomas en pacientes con
trastornos funcionales digestivos, como la dispepsia funcional y el sindrome de
intestino irritable (96). Esto se puede deber a la accién directa de los componentes de

la dieta sobre sobre receptores de la mucosa, que pueden estar sensibilizados a estos
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estimulos, o a la liberacibn de hormonas intestinales, cambios en la morfologia
epitelial, generacion de respuestas inmunes 0 una alteraciéon en la sefializacion
cerebro-intestino (97). Los alimentos que contienen trigo y carbohidratos pueden
desencadenar sintomas como dolor y distension abdominal. Algunos pacientes con
dispepsia funcional reportan sintomas tras ingesta de leche y productos lacteos.
Algunos pacientes con Sll refieren sintomas en respuesta a los productos que
contienen trigo, a pesar de serologia celiaca negativa y morfologia del intestino
delgado normal, un fenédmeno que se ha denominado sensibilidad al gluten no celiaca.
Por todo esto se ha propuesto que la restriccién de determinados alimentos, como la
fibra, gluten, carbohidratos de cadena corta, entre otros, podrian producir beneficio

en estos pacientes (95,96).

La fibra dietética se define como hidratos de carbono no digeribles, es decir
gue no pueden ser hidrolizados ni absorbidos en los tramos digestivos superiores,
gue constan de =3 unidades monoméricas y se encuentran inherentemente en los
alimentos, aunque tambien existen fibras aisladas o sintéticas (98). Hay varios tipos
de fibras dietéticas, por una parte, la fibra soluble, que incluye pectina, gomas y
mucilagos, y por otra parte, la fibra insoluble, que incluye a la celulosa y ligninas.
También se puede clasificar en funcion de la longitud de los carbohidratos (cadena
larga o corta) y su capacidad de fermentacion (99). Aunque inicialmente se pensaba
gue la solubilidad de la fibra determinaba el efecto fisiologico, estudios mas recientes
sugieren gque otras propiedades de la fibra como la fermentabilidad o la viscosidad

son también pardmetros importantes (100).

La fibra se somete a una fermentacion parcial o total en la parte distal del
intestino delgado y el colon por parte de la poblacion microbiana que utiliza esa fibra
como sustrato y eso conlleva la produccion de varios metabolitos como los acidos
grasos de cadena corta y gas, que como se ha descrito anteriormente, pueden
repercutir en la funcion y las sensaciones digestivas. La produccion de acidos grasos
de cadena corta provoca una disminucién del pH colénico y eso favorece el
crecimiento de lactobacilos y bifidobacterias(99). Por otra parte, la fermentacion de la
fibra puede exacerbar sintomas, como la distension abdominal, la flatulencia, el

estrefiimiento y la diarrea (39,44,98,99,101). Sin embargo, también se ha empleado
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la fibra para el tratamiento de patologias gastrointestinales como la diarrea o
estrefiimiento (102,103) .

Se ha demostrado que las poblaciones que consumen mas fibra dietética
tienen menos enfermedades cronicas. Segun el comité de expertos de la
Organizacion de las Naciones Unidas para la Alimentacion y la Agricultura (FAO) y la
Organizacion Mundial de la Salud (OMS), se recomienda una ingesta de 25 gramos
de fibra dietética al dia. Sin embargo, la ingesta habitual de fibra dietética en los
Estados Unidos de solo 15 g/dia (100).

Como se ha escrito anteriormente sintomas digestivos como la flatulencia
funcional mejoran con intervenciones dietéticas, en concreto con una dieta baja en
residuos. La disminucion en la produccién de gas con una dieta baja en residuos
puede mejorar los sintomas de los pacientes, a pesar de que la produccién basal de
gas es normal (44,101). Un estudio comparé el efecto de una dieta de prueba baja en
residuos con una dieta de equilibrada en 30 pacientes, que se quejaban de flatulencia
y otros sintomas abdominales. La dieta baja en residuos redujo significativamente el
numero de evacuaciones de gas, la flatulencia y la distension abdominal, mejorando

el bienestar digestivo (101).

Las comidas que aportan pocos residuos son basicamente proteicas, como
carne, pescado o huevos, y algunos carbohidratos como el pan sin gluten, el arroz y
el pan de arroz. Las comidas que aportan mas residuos, y que se ha visto que pueden
aumentar la produccién de gas intestinal, son las legumbres, las coles de Bruselas, la
cebolla, el apio, las zanahorias, las pasas, los platanos, la fibra fermentable y los
almidones como el trigo y la patata. Las frutas, los vegetales y sobre todo las
legumbres contienen oligosacaridos no digeribles como la estaquiosa o la rafinosa,

gue son facilmente fermentadas por las bacterias colénicas (104,105).
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1.4.3. Prebi6ticos

El concepto de prebidtico se definid por primera vez por Glenn Gibson y Marcel
Roberfroid en 1995 como un ‘“ingrediente alimenticio no digerible, que afecta
beneficiosamente al huésped, estimulando selectivamente el crecimiento y/o la
actividad de una o un numero limitado de bacterias que ya residen en el
colon”(106,107). Su definicion se ha ido actualizando en el tiempo y en 2004, la
definicion de prebidticos se modificd a “ingredientes fermentados selectivamente que
permiten cambios especificos, tanto en la composicion como en la actividad de la
microflora gastrointestinal, que confiere beneficios sobre el bienestar y la salud del
huésped”(108). Segun esta definicion se requerian tres criterios para ser considerado
un prebiotico: la capacidad de resistir la digestion del huésped (por ejemplo, acidez
gastrica, hidrolisis por enzimas y absorcion gastrointestinal); que son fermentados por
microorganismos intestinales; y que estimulan selectivamente el crecimiento y/o
actividad de bacterias intestinales asociadas a la salud y el bienestar. La definicion de
prebidtico se volvio a modificar en 2008, 2010 y 2015. La ultima version, actualizada
por la Asociacion Cientifica Internacional de Probidticos y Prebiodticos (ISAPP) en
2017, define un prebidtico como un sustrato, que es utilizado selectivamente por los
microorganismos del huésped, que confiere un beneficio para la salud. El término
'sustrato’ fue elegido por su significado de una sustancia sobre o de la cual un
organismo obtiene su alimento (por ejemplo, a través de la descomposicion
fermentativa del sustrato). Este término se alinea con la palabra "utilizado" e implica
"para el crecimiento a través de la nutricién”, por lo que excluye microorganismos

viables y agentes antimicrobianos como prebioticos (109).

En el colon los prebidticos estimulan el crecimiento de bacterias fermentativas
(bifidobacterias y lactobacilos) con efectos beneficiosos, mediante la generacion de
acidos grasos de cadena corta (SCFA), como el acetato, propionato y butirato, que
producen un descenso del pH (109). Esto regula el desarrollo de ciertas comunidades,
gue pueden generar efectos perjudiciales (por ejemplo, algunas especies de
Bacteroides, Fusobacterium y Clostridium spp). Ademas, los SCFA pueden modular
ciertos aspectos de la actividad metabdlica, incluida la funciéon de los coloncitos, la
homeostasis intestinal, la ganancia de energia, el sistema inmunitario, los lipidos en
sangre, el apetito y la fisiologia renal (110-112). Las bifidobacterias no producen

butirato, pero estimulan el crecimiento de bacterias productoras de este SCFA en el
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colon, como son las eubacterias. Por tanto, los objetivos de los prebidticos se
extienden mas alla de la estimulacion de las bifidobacterias y los lactobacilos, y se
reconoce que los beneficios para la salud pueden derivarse de los efectos sobre otros
taxones beneficiosos, incluidos (entre otros) Roseburia, Eubacterium o

Faecalibacterium spp.

Existen varios carbohidratos fermentables que tienen un efecto prebidtico, pero
los prebiodticos dietéticos mas extensamente documentados son los oligosacéaridos no
digeribles como los fructooligosacaridos (FOS) y galactooligosacéaridos (GOS)
(107,109,113). En general los prebidticos se pueden clasificar en fructanos (incluye la
inulina y fructooligosacaridos), galactooligosacéridos, oligosacaridos derivados del
almidon y la glucosa, oligosacarido péptico (POS) y otros compuestos, que no se

clasifican como carbohidratos, pero que tienen efecto prebidtico.

Entre las primeras sustancias reconocidas por su capacidad para influir en la
salud gastrointestinal fueron los oligosacéridos presentes en la leche humana (HMO)
gue son particularmente importantes para el desarrollo de la microbiota intestinal y los
sistemas metabdlico e inmunoldgico del recién nacido (114).

Ciertas fibras fermentables solubles son candidatas a prebi6ticos, y algunos
otros tipos de fibra dietética pueden ser prebidticos, siempre que sean utilizados
selectivamente por la microbiota del huésped y promuevan la salud (113). Por otra
parte, los polifenoles vegetales constituyen una clase de compuestos que también
pueden cumplir los criterios de los prebiodticos. Se estima que entre el 90% y el 95%
de los polifenoles de la dieta no se absorben en el intestino delgado y, por lo tanto,
llegan al colon, donde sufren una amplia biotransformacion por la microbiota col6nica

y se generan unos metabolitos con beneficios para la salud (115,116).

Los sustratos que afectan la composicion de la microbiota a través de
mecanismos, que no involucran la utilizacibn selectiva por parte de los
microorganismos del huésped, no son prebidticos. Estos sustratos incluirian a los
antibidticos, minerales, vitaminas y bacteriéfagos, que no son sustratos de
crecimiento, aunque su ingesta podria alterar la microbiota y la actividad metabdlica
(109). La siguiente figura (Figura 11) muestra los que han sido considerados

prebidticos segun la evidencia de la que se dispone.
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Figura 11. Distinguir lo que se considera un prebidtico con la definicion propuesta.
Reproducida de Gibson et al (109).
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La mayoria de los prebidticos actuales se administran por via oral, pero
también pueden ser administrados directamente en otros sitios del cuerpo
colonizados por microbios, como el tracto vaginal y la piel.

Los efectos de los prebidticos en la salud estan evolucionando, pero
actualmente incluyen beneficios para el tracto gastrointestinal (por ejemplo, inhibicién
de patodgenos, estimulacion inmunologica), cardio metabolismo (por ejemplo,
reduccién de los niveles de lipidos en sangre, efectos sobre la resistencia a la
insulina), salud mental (por ejemplo, metabolitos que influyen en la funcién cerebral,
la energia y la cognicién) y los huesos (por ejemplo, la biodisponibilidad de minerales),
entre otros (109,113,117).

Como se ha comentado previamente, los pacientes con trastornos funcionales
digestivos refieren sintomas que asocian al gas intestinal. En estas condiciones, el
aumento de la produccién de gas, debido a la fermentacién de residuos, puede
empeorar sus sintomas. Sin embargo, la ingesta de algunos prebidticos, no aumenta
los sintomas caracteristicos de hinchazén y flatulencia entre otros (118), debido a que
promueven la proliferacion de una microbiota mas eficaz. Por ejemplo, las
bifidobacterias son capaces de fermentar residuos mediante vias metabdlicas con

menor liberacion de gases. Ademas, los prebidticos también pueden estimular el
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crecimiento de microorganismos consumidores de gases y por tanto favorecer una
reduccion de la produccion de gas (48,118,119). Se ha demostrado, que la
administracion oral de un galactooligosacarido con propiedades prebioticas,
incrementa el volumen de gas producido en el intestino, pero que disminuye a niveles
basales tras 3 semanas de su administracion. El incremento inicial se debe a la
fermentacion del prebidtico con produccion de gas y la disminucidén subsiguiente se

debe a la adaptacion de la microbiota (48).

1.4.4 Probiéticos

El concepto de probiéticos fue introducido a la comunidad cientifica por Elie
Metchnikoff (premio Nobel de Medicina y Fisiologia en 1908 por el descubrimiento de
la fagocitosis). En 1907 publicé un informe, que relacionaba la longevidad de los
balgaros con el consumo de productos lacteos fermentados, que contenian
lactobacilos viables. Esta observacion sugiridé que ciertos microbios, cuando se
ingieren, podrian ser beneficiosos para la salud humana. Desde entonces, los

probidticos se han comercializado y consumido ampliamente (120).

La definicién de probidticos actual proviene de una actualizacion que se realizé
en 2001 por la Organizacion de las Naciones Unidas para la Agricultura y la
Alimentacion (FAO) y la OMS. De acuerdo con esta definicion, los probidticos son
microorganismos Vvivos, que confieren beneficios para la salud del huésped cuando
se administran en las cantidades adecuadas. Desde entonces, esta definicion se ha
convertido en la version mas ampliamente adoptada y aceptada (117,121,122).

Los mecanismos de accion de los probioticos, incluyen efectos sobre la
composicion y funcion metabdlica global del microbioma intestinal (Figura 12). Los
probidticos producen agentes antimicrobianos o compuestos metabdlicos, que
suprimen el crecimiento de otros microorganismos, como por ejemplo la produccion
de B-defensina e IgA, bacteriocinas o &cidos grasos, como el acido linoleico
conjugado, que compiten por receptores y sitios de unidn con otros microorganismos

en la mucosa intestinal (120,123,124).
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Ademas, los probidticos pueden modular la inmunidad intestinal y alterar la
capacidad de respuesta del epitelio intestinal y las células inmunes a los microbios en
la luz intestinal (125). Esta inmunomodulacion puede ser mediada por la secrecién de
citocinas, a través de vias de sefalizacion como el factor nuclear Kappa B (NFkB) y
la protein quinasa activada por mitégeno (MAPK), que también pueden afectar la
proliferacion y diferenciacion de células inmunitarias (como las células T) o células

epiteliales.

Los probidticos ademas pueden fortalecer la barrera intestinal, al mantener las
uniones estrechas e inducir la produccién de mucina y pueden modular la motilidad
intestinal y la nocicepcién, a través de la regulacién de la expresion del receptor del
dolor y la secrecion de neurotransmisores (120).
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Figura 12. Mecanismos de accion de los probiéticos en el tracto gastrointestinal humano.

Reproducida de Hemarajata et al (120).

Algunos probiéticos de uso comuin en la actualidad, son especies Gram-
positivas, como Lactobacillus y Bifidobacterium (125), asi como algunos Gram-

negativos, mas notablemente, Escherichia coli (126).
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En 2018 se realiz6 un metaanalisis, en el que se incluyeron 53 ensayos clinicos
con probidticos y se observo que las combinaciones particulares de probidticos, o
especies y cepas especificas, tienen efectos beneficiosos sobre los sintomas globales
del Sl y el dolor abdominal, pero no fue posible sacar conclusiones definitivas sobre
su eficacia. Cinco ensayos de disefio similar usaron rifaximina en pacientes con Sll

sin estrefiimiento, que mostré mayor eficacia que el placebo (117).
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Los datos revisados ponen de relieve las interacciones entre dieta, microbiota
intestinal, produccion de gas y sensaciones digestivas. La microbiota interviene en el
metabolismo de la ingesta, con efectos en la produccion de gas intestinal y en las
sensaciones digestivas. Por otra parte, se han demostrado efectos de intervenciones
dietéticas sobre la microbiota, pero no se conoce como estos cambios de la microbiota
afectan su papel sobre la homeostasis digestiva y la percepcion. Basados en estos
datos postulamos la siguiente hipotesis general: el cambio que la dieta saludable alta
en residuos induce sobre la microbiota (la adaptacién de la microbiota a la dieta) le
confiere una capacidad para metabolizar los sustratos disponibles en su entorno (en
la biomasa colonica) de forma mas efectiva (optimizar su metabolismo) con efectos

beneficiosos sobre la tolerancia de la dieta y las sensaciones digestivas.
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Objetivo general
Determinar el efecto de intervenciones dietéticas con aporte alto de residuos
(sustratos fermentables y no absorbibles en el intestino delgado) sobre la microbiota

intestinal.

Objetivos especificos
1. Determinar el efecto de la dieta general y de suplementos dietéticos
especificos.
2. Determinar el efecto de intervenciones dietéticas sobre la composicién y
funcién metabdlica de la microbiota.
3. Determinar el efecto de la adaptacion microbiana sobre la produccion de gas

intestinal y la tolerancia de sustratos fermentables (sensaciones digestivas).
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Abstract: Our aim was to determine the effect of diet on gut microbiota, digestive function and
sensations, using an integrated clinical, metagenomics and metabolomics approach. We conducted a
cross-over, randomised study on the effects of a Western-type diet versus a fibre-enriched Mediter-
ranean diet. In 20 healthy men, each diet was administered for 2 weeks preceded by a 2-week
washout diet. The following outcomes were recorded: (a) number of anal gas evacuations; (b)
digestive sensations; (c) volume of gas evacuated after a probe meal; (d) colonic content by magnetic
resonance imaging; (e) gut microbiota taxonomy and metabolic functions by shotgun sequencing of
faecal samples; (f) urinary metabolites using untargeted metabolomics. As compared to a Western
diet, the Mediterranean diet was associated with (i) higher number of anal gas evacuations, (ii)
sensation of flatulence and borborygmi, (iii) larger volume of gas after the meal and (iv) larger
colonic content. Despite the relatively little difference in microbiota composition between both
diets, microbial metabolism differed substantially, as shown by urinary metabolite profiles and the
abundance of microbial metabolic pathways. The effects of the diet were less evident in individuals
with robust microbiotas (higher beta-diversity). To conclude, healthy individuals tolerate dietary
changes with minor microbial modifications at the composition level but with remarkable variation
in microbial metabolism.

Keywords: Western-type diet; Mediterranean-type diet; gut microbiota; metagenomics; metabolomics;
digestive sensations; intestinal gas

1. Introduction

Previous studies in our and other laboratories have shown that diet influences both
the gut microbiota’s metabolic activity and composition [1]. The amount of intestinal gas
production can evaluate intestinal microbiota’s metabolic activity as an indirect parameter
associated with abdominal symptoms. Recently developed shotgun sequencing technolo-
gies and bioinformatic analysis of sequences can assess the microbial composition and the
gut microbiota’s metabolic potential in DNA extracts from faecal samples [2]. Moreover,
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untargeted urine metabolomics has emerged as a valuable tool to detect subtle metabolic
changes related to the gut microbiota metabolism, which can be influenced by the diet [3].

On the other hand, a series of studies have shown that a meal produces a digestive
response that also involves conscious sensations such as satiety/fullness (homeostatic
sensations) and digestive well-being/mood (hedonic sensations). Homeostatic and hedonic
sensations are dissociable; hence, postprandial satiety may have either a positive or a
negative hedonic dimension (postprandial satisfaction or dissatisfaction), depending on
a series of conditioning factors. We hypothesised that the diet influences gastrointestinal
physiology, intestinal microbiota and the responses to a comfort meal. Therefore, we aimed
at comparing the effects of two diets (Western-type and Mediterranean-type diets) on
gastrointestinal physiology, microbiota composition and functionality and the responses
to a comfort meal. To this purpose, we used an integrated clinical metagenomics, and
metabolomics approach.

2. Material and Methods
2.1. Study Design

Our study was a single-centre, cross-over, randomised, open-label study comparing
the effect of a high-fat, low-residue diet (Western-type diet; WD) versus a low-fat, high-
residue diet (fibre-enriched Mediterranean diet; FMD). Each diet was administered for
2 weeks consecutively in randomised order, and each period was preceded by 2 weeks
of a balanced diet; the total duration of the study was 8 weeks. Outcomes were mea-
sured during the last 2 days of each diet period (Figure 1). The research was conducted
according to the Declaration of Helsinki. The protocol for the study had been previously
approved by the Institutional Review Board of the University Hospital Vall d’Hebron,
(Comite d’Etica d’Investigaci6 Clinica, Vall d’'Hebron Insititut de Recerca; protocol num-
ber PR(AG)338/2016 approved 28 October 2016) and all participants provided written
informed consent. The protocol was registered with ClinicalTrials.Gov [NCT03783221].

WD / FMD randomized
Intervention: diet standard test standard test
Outcome measures:
- symptom questionnaire xx =
- daytime gas evacuations L2 “
- gas collection test X X
- response to comfort meal X X
- colonic content x %
- stool sampling x X
- urine collection X x

Figure 1. Experimental design. Cross-over, randomised study; 20 participants were included and 18 adhered to study

instructions and were included for analysis.

2.2. Participants

Twenty healthy volunteers without gastrointestinal symptoms or history of gastroin-
testinal disorders participated in the study. For the sake of homogeneity, only men were
recruited. All participants were instructed to fill out a clinical questionnaire based on
Rome IV criteria to rule out functional gastrointestinal disorders (no symptom > 2 on
a 0-10 scale) and confirm normal bowel habits. This questionnaire has been previously
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shown to discriminate patients from healthy subjects [1,4-8]. Antibiotic, prebiotic or
probiotic consumption during the previous 2 months was an exclusion criterium, and if
necessary, the study entry was postponed to match this requirement.

2.3. Intervention

The high-residue FMD contained 19% fat, 62% carbohydrates and 16% proteins with
54.2 g fibre. The high-fat WD contained 51% fat, 27% carbohydrates and 21% proteins with
4.7 g fibre. The washout diet (23% fat, 55% carbohydrates, 22% proteins) was administered
two weeks before the high-residue and the high-fat diets. Participants were given detailed
diet plans (see Supplementary Material: Detailed Diets), and each week, they came to
the clinical study unit to pick up the specific foodstuffs in precise serving portions to be
consumed. They were instructed to mark in the daily diet plan the items not completely
consumed (about half of the indicated portion or not at all). Based on the fibre and fat
content in each item, adherence to the diets was calculated and expressed as % of fibre
consumed of the amount indicated in the FMD and % of fat consumed of that indicated in
the WD. Participants were instructed to avoid dietary beverages, and a maximum of 10 g
alcohol per day was allowed, but intake of water and other beverages was not monitored.
All the participants were asked to avoid during the study the ingestion of any fermented
dairy products (yoghurts with living strains or probiotics containing products) and any
tablet, pill or food supplement containing pre- or probiotics (Figure 1). Dietary instructions
were reinforced at each visit to assure adherence to the study. Participants fulfilled daily
questionnaires specifying the items consumed in less than 50% of the amount indicated in
the diet.

2.4. Outcomes

During the last 2 days on WD and FMD (evaluation periods), the following outcomes
were measured.

2.4.1. Daily Symptom Questionnaire and Bowel Habit

During the last 2 days of each evaluation period, the participants were instructed
to fill out daily questionnaires (Figure 1) that included the following parameters: (a)
subjective sensations of flatulence (defined as anal gas evacuation), abdominal bloating
(pressure/fullness), abdominal distension (sensation of girth increment), borborygmi and
abdominal discomfort/pain using 0-10 analog scales; (b) digestive well-being using a
10-point scale graded from +5 (extremely pleasant sensation/satisfaction) to —5 (extremely
unpleasant sensation/dissatisfaction) and mood on similar scale graded from +5 (very
positive) to —5 (very negative); (c) the number of bowel movements; (d) stool form using
the Bristol stool form scale; and (e) stool weight. Participants were provided with a balance
(digital weighing scale BT-32013, El Corte Ingles, Madrid, Spain) and received instructions
to measure stool weight and to fill out the scales by the end of the day. This questionnaire
has been previously used and was shown sensitive to detect effects of dietary interventions
in different populations [1,4,8-12].

2.4.2. Number of Anal Gas Evacuations

During the last 2 days of each evaluation period, the number of anal gas evacuations
was measured using an event marker (Hand Tally Counter No 101, Digi Sport Instruments,
Shangqiu, China). Participants were instructed to carry the event marker during the day
and register each passage of anal gas (Figure 1). This method has been previously used
with reproducible and consistent results [1,4]; furthermore, studies measuring the number
of gas evacuations by an event marker and continuously recording anal gas evacuations
have shown an excellent correlation (R > 0.95; p < 0.05) [13-16].
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2.4.3. Intestinal Gas Production

On the last day of each evaluation period, intestinal gas production after a probe
meal was measured (Figure 1). Participants reported to the laboratory in the morning after
an overnight fast and consumed a probe meal consisting of 300 g stewed beans (Fabada
Asturiana, Litoral, Barcelona, Spain) and 200 mL water (426 Kcal, 25 g fat, 19 g protein, 24 g
carbohydrates, 16 g fibre). Based on preliminary studies, participants were instructed to
consume the meal in 12 min at a comfortable eating rate.

As previously described, the volume of gas evacuated per anus was measured for 4 h
after the probe meal [1,17,18]. In brief, gas was collected using a rectal balloon catheter
(20 F Foley catheter, Bard, Barcelona, Spain) connected via a gas-tight line to a barostat, and
the volume was continuously recorded. The intrarectal balloon was inflated with 5 mL of
water to prevent anal gas leaks.

2.4.4. Response to a Comfort Meal

On the first day of each evaluation period, the biological response to a comfort meal
(sensations and digestive function) was tested (Figure 1). The comfort meal consisted of a
freshly cooked, warm sandwich (58 g bread with 12 g butter, 38 g ham and 38 g cheese)
and 200 mL orange juice (300 mL total volume, total caloric content of 425 Kcal; 17 g lipids,
47 g carbohydrates, 18 g proteins). Participants were instructed to consume the meal in
12 min at a comfortable eating rate.

Digestive sensations were measured using graded scales, as follows. Two 10 cm scales
graded from 0 (not at all) to 10 (very much) were used to measure abdominal fullness and
discomfort/pain; four additional 10 cm scales graded from +5 to —5 were used to measure
hunger/satiety (from extremely hungry to completely sated), digestive well-being (from ex-
tremely pleasant sensation/satisfaction to extremely unpleasant sensation/dissatisfaction)
and mood (from very positive to very negative). Subjects received standard instructions on
how to fill out the scales. The scales were scored before ingestion and at 0 min, 30 min and
60 min after ingestion. The method has been previously described in detail [19,20].

Antral and gallbladder emptying were measured by ultrasonography, as previously
described in detail [8-10,12,21]. In brief, ultrasound images of the gastric antrum and the
gallbladder were obtained using a Chison ultrasound scanner (ECO1; Chison, Wuxi, China)
with an abdominal 3.5 Hz probe (C3A; Chison, Wuxi, China); images were obtained with
the subjects seated and leaning slightly backwards in a chair. Gastric images between
antral contractions were obtained in triplicate before, and at 0 min, 30 min and 60 min
after the meal; using the superior mesenteric vein and the aorta as landmarks, the outer
profile and the cross-sectional area of the antrum were measured using the built-in caliper
and measurement tool. The longitudinal axis of the gallbladder was measured before and
60 min after the meal.

2.4.5. Colonic Content Measurement

During each evaluation period, colonic content was measured using magnetic reso-
nance imaging (MRI) of the abdomen (without contrast administration) (Figure 1). Ab-
dominal MRI scans were obtained using a 1.5 T MR imaging system (Aera; Siemens
Healthcare, Erlangen, Germany). Analysis of the images was made using an original
software developed for this purpose [22] (see Supplementary Material).

2.4.6. Microbiota Composition

On the first day of each evaluation period, faecal samples were collected, homogenised
and immediately frozen by the participants in their home freezers at —20 °C (Figure 1).
Samples were brought to the laboratory in a freezer pack, where they were stored at —80 °C.

Genomic DNA extraction. A frozen aliquot (250 mg) of each sample was suspended in
250 puL of guanidine thiocyanate, 0.1 M Tris (pH 7.5), 40 uL of 10% N-lauroyl sarcosine and
500 uL 5% N-lauroyl sarcosine. DNA was extracted by mechanical disruption of microbial
cells with beads, and recovery of nucleic acids from clear lysates was achieved by alcohol
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precipitation, as previously described [23]. An equivalent of 1 mg of each sample was used
for DNA quantification using a NanoDrop Spectrophotometer (ND-1000, Nucliber, Madrid,
Spain).

Metagenomic analysis. After shotgun sequencing of DNA extracts, quality control
of metagenomic samples was assessed by FastQC software (v0.11.9). Then, in silico sepa-
ration of bacterial reads from contaminant reads was performed using the latest version
of Kneaddata (v0.7.4) and Trimmomatic (v0.39) to discard low-quality sequences. The
minimum length was computed as 50% of the length of the input reads. Sequencing reads
were mapped by using Bowtie2 (v2.4.2) [23] against the reference databases “Homo sapiens
hg37 and human contamination Bowtie2” (v0.1) to remove contaminations.

Taxonomic and functional analysis of microbial strains was performed using
MetaPhlAn 2.0 (v2.9.14) and HUMAnNN 2.0 (v2.9.0), respectively [24,25]. Taxonomic identi-
fication relies on clade-specific marker genes included in the “v296_ChocoPhlAn_201901"
database. For functional analysis through HUMANN 2.0 pipeline, reference protein
database UniRef was used to profile the abundance of microbial gene families and metabolic
pathways. Gene family and pathway abundances were re-normalised and expressed in
units of copies per million.

Diversity estimators and similarity of the microbial communities between the samples
was calculated by UniFrac method [26] and Phyloseq [27] package. Microbiome [28]
package was also used in the analysis of sequencing data, including ordination analysis.
Samples were clustered based on the Bray-Curtis dissimilarity metric to determine the
stability of the microbiota of each participant. Participants whose samples at the two study
periods (WD and FMD) clustered together were considered to have a robust microbiota.

2.4.7. Metabolomic Analysis

On the last day of each evaluation period, the participants collected morning urine
samples and immediately brought them to the laboratory. The samples were frozen for
further analysis (Figure 1).

Urine samples processing and UPLC-QTOF-MS analyses. As the pooling of 24 h
volume urine was not feasible, creatinine was measured to allow diuresis standardisation.
The urinary excretion of creatinine was determined as reported elsewhere [29]. Urine
samples (500 pL) were centrifuged at 14,000 g for 5 min in a microcentrifuge at 4 °C.
The supernatant was filtered through a 0.22 um filter (Millipore, Billerica, MA, USA) and
analysed (1 uL) by UPLC-ESI-QTOF-MS. In a second batch of experiments, urine sam-
ples were treated with glucuronidase and sulfatase as reported elsewhere [29] to remove
glucuronide and sulphate moieties from the molecules (Supplementary Material). This
approach was followed when authentic standards of glucuronide and sulphate conjugates
were not commercially available, but standards for free forms were available.

Urine samples (with and without enzymatic treatment) were analysed by UPLC-ESI-
QTOE-MS, as previously reported [30]. Briefly, the equipment consisted of an Agilent
1290 Infinity series LC system coupled to a 6550 I-Funnel Accurate-Mass QTOF (Agilent
Technologies, Waldrom, Germany) with a dual electrospray ionisation interface (ESI-Jet
Stream Technology, Waldbroon, Germany) for simultaneous spraying of a mass reference
solution that enabled continuous calibration of detected m/z ratios (Supplementary Ma-
terial). Feature extraction was carried out on Agilent Profinder B.06.00, a stand-alone
feature extraction program for LC-MS-based profiling analyses (Supplementary Material).
Determining compounds by molecular features (MFs) was carried out using a pre-filter to
take peaks with a height greater or equal to 10,000 counts, allowing only -H and -HCOO as
negative ions species and +H as positive ions (Supplementary Material).

Reagents. Propionyl-L-carnitine, deoxycholic acid, chenodeoxycholic acid, ursodeoxy-
cholic acid, hyodeoxycholic acid, D-sphingosine, p-tyramine, 5-hydroxindole, L-aspartyl-L-
phenylalanine, 3,4-dihydroxy-phenylpropionic acid, cortolone, trimethylamine-N-oxide
(TMAO), formic acid, acetonitrile (ACN) and methanol (MeOH) were purchased from
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Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA), as well as f-glucuronidase
(>100,000 units/mL) and sulfatase (>10,000 units/g) from Helix pomatia.

2.5. Statistical Analysis

Sample size calculation. In a previous study, the number of daily anal gas evacuations
during the administration of a low-residue diet decreased from 18 =+ 2 evacuations before
the diet to 11 & 2 evacuations after 10 days of administration. Based on these data, it was
estimated that a sample size of 20 subjects (paired) would detect a change in the daily
number of anal gas evacuated (primary outcome) with 90% power and a 5% significance
threshold.

Owerall comparisons of physiological parameters. The means (+SE) of the variables mea-
sured were calculated. The Kolmogorov—-Smirnov test was used to check the normality of
the data distribution. Parametric normally distributed data were compared by Student’s
t-test for paired data; otherwise, the Wilcoxon signed-rank test was used. Comparison of
gas volumes evacuated after the probe meal was performed after logarithmic conversion.

Responses to the comfort meal. Temporal responses to the ingestion of the comfort meal
and the effect of the diet were analysed using a repeated measures ANCOVA (dependent
variable: post-prandial sensations scores; between and within subject factors: diet and
time, respectively; covariate: pre-meal scores). This analysis was computed on IBM SPSS
Statistics for Windows, Version 25.0. (IBM Corp., Armonk, NY, USA).

Metagenomic data. After the assignment of reads to species and strain level, DESeq2
differential abundance testing for sequencing data [31] was performed. p,q; values lower
than 0.05 and log?2 fold-change greater than 1.5 were considered to determine statistical
differences in taxonomic and gene data according to the intervention (WD or FMD) or
the stability of the microbiota (robust or non-robust). Statistically significant clades, gene
families and metabolic pathways were associated with clinical parameters and metabolic
profiles of participants through hierarchical all-against-all association testing (HAIIA)
(huttenhower.sph.harvard.edu/halla last accessed on 19 November 2020) [32]. Pairwise
Pearson coefficients were calculated considering g-values and a Bonferroni false discovery
rate of 0.05. Moreover, multi-omic data integration using the DIABLO biomarker discovery
pipeline [33] was used to determine characteristic fermentation profiles. All statistical tests
were computed on R v3.5.0.

Metabolomic data. The final files were exported into the Mass Profiler Professional
(MPP) 2.0 software package (Agilent, Santa Clara, CA, USA) for statistical analysis. Stu-
dent’s t-test unpaired analyses were applied with a significance level of p < 0.05 with
Bonferroni Holm Family-wise Error Rate (FWER) multiple testing corrections and a fold-
change cut-off of 2.0-fold. Unidentified compounds were aligned across the different
samples based on their retention times’ tolerance and the mass spectral similarity. The
MassHunter MSC (Molecular Structure Correlator) program was used to correlate accu-
rate mass MS/MS fragment ions for a compound of interest with one or more proposed
molecular structures for that compound (Supplementary Material).

3. Results
3.1. Demographics and Study Flow

Twenty healthy men (age range, 18-38 years old; 19.2-25.5 kg/m? body mass index
range) were included in the study; 18 of them adhered to study instructions, completed the
protocol and were included for analysis. Analysis of the daily questionnaires specifying
food consumption showed that 16 of the 18 participants consumed over 90% of the amount
of fibre indicated in the FMD; the other two consumed 88% and 75% of the fibre indicated,
respectively, but showed no differences in the gas evacuation pattern (see below) as com-
pared to the rest. On the WD, 17 participants consumed over 90% and one consumed 88%
of the amount of fat indicated.
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3.2. Clinical Parameters: Sensations and Bowel Habit

Both diets were well tolerated with a sensation of digestive well-being and positive
mood. The FMD was associated with significantly higher scores of sensation of flatulence
and borborygmi than the WD without differences in the rest of the sensations reported
(Figure 2A). As compared to the WD, the FMD was associated with more stool output
and softer stool consistency, without differences in the number of daily bowel movements
(Figure 2B).

3.3. Number of Anal Gas Evacuations
Participants marked significantly more anal gas evacuations per day on the FMD than
on the WD (Figure 2B).

3.4. Volume of Gas Evacuated after the Probe Meal

The volume of gas evacuated during 4 h after the probe meal was more significant on
the FMD than on the WD (Figure 2B).
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Figure 2. (A) Sensations measured by daily questionnaires during the last 2 days of the evaluation periods (1 = 18). Data
are average of 2 consecutive days. (B) Physiological parameters measured during the last 2 days of the evaluation periods.
Values of number of daytime anal gas evacuations, number of bowel movements, Bristol stool form scale and faecal weight
are average of 2 consecutive days; volume of gas evacuated during 4 h after a probe meal, and colonic content measured

only once (1 =

18).

3.5. Responses to the Comfort Meal

Ingestion of the comfort meal induced satiety, mild fullness and digestive well-being
without discomfort or changes in mood. No differences in the responses to ingestion
were detected when the meal was consumed during the WB or the FMD periods. Meal
ingestion produced a significant increase in the antral cross-section (reflecting gastric
filling), followed by a gradual decrease during the postprandial period (reflecting gastric
emptying). Concomitantly, meal ingestion produced a significant reduction in gallbladder
longitudinal axis, reflecting gallbladder emptying. No differences in the gastric and
gallbladder responses to the meal consumed during the WD and FMD were detected (data
not shown).

3.6. Colonic Content
The total volume of colonic content was significantly higher on the FMD than on the

WD (Figure 2B), and the difference was related to a higher faecal content (727 + 49 mL vs.

452 + 21 mL, respectively; p < 0.001). To note, the difference in faecal content was consistent
in all colonic compartments. The total colonic gas content was similar on the FMD and the
WD diet (129 + 13 vs. 120 + 15, respectively; p = 0.307). However, the distribution of gas
within the lumen was different. On the FMD diet, gas accumulated in the proximal colon
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(ascending plus transverse colon, 82 + 9 mL vs. 50 + 6 mL on the WD, p = 0.007) and the
content was less in the distal colon (descending plus pelvic colon, 51 + 6 mL vs. 73 + 11 mL
on the WD; p = 0.035).

3.7. Microbiome Metagenomic Analysis

A general taxonomic analysis was first performed to characterise microbial communi-
ties. In addition, the alpha diversity, measuring the variability of species within a sample,
was determined. Mean values of the Chaol index for WD and FMD intervention groups
were similar (89.8 and 90.1, respectively). Other alpha diversity metrics were also calcu-
lated, including Shannon, Simpson and Inverse Simpson indices, showing no significant
differences but slightly higher dispersion for FMD samples (Supplementary Figure S1).

Principal coordinates analysis (PCoA) of complete microbial taxa in samples obtained
after WD or FMD showed no major differences in the global taxonomic profiles of partici-
pants (Supplementary Figure S2). However, some samples were grouped. This fact could
be attributed to individual factors other than the intervention and highlight the importance
of inter-individual variability. A complementary canonical correspondence analysis (CCA)
of samples at the genus level was also performed (Supplementary Figure S3). Similarly,
differences in sample distribution could not be attributed to the type of diet and corrobo-
rate the effect of inter-individual variability. It should be noted that several samples were
differentiated depending on the abundance of Roseburia, Prevotella and Bacteroides genus,
regardless of dietary intervention.

Taxonomic analysis at the species level was performed. Cladogram calculated from
phylogenetic distances reveals the presence of Anaerostipes hadrus (Supplementary Figure S4),
which showed high abundances after FMD (Figure 3A). In fact, Agathobaculum and Anaerostipes
genus, as well as Agathobaculum butyriciproducens and Anaerostipes hadrus species, showed
significantly higher (p < 0.05) abundances, assessed by DESeq2 differential abundance
testing, after FMD intervention (Figure 3A). These results indicate that FMD modulated
the growth of specific taxa, showing no major effects on the core microbiota.
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Figure 3. (A) Taxonomic clades more abundant in samples after Fibre-Enriched Mediterranean-
Type Diet (FMD) intervention. Agathobaculum and Anaerostipes genus as well as Agathobaculum
butyriciproducens and Anaerostipes hadrus species showed significantly higher (p < 0.05) abun-
dances, assessed by DESeq?2 differential abundance testing, in FMD samples. (B) Differential profiles
obtained for Western-Type Diet (WD) and FMD samples through multi-omic data integration of
metabolic profiles and metabolic pathways determined by shotgun sequencing using DIABLO
biomarker discovery pipeline. (C) Variable importance coefficients obtained in DIABLO pipeline
for metabolites and microbial pathways in WD and FMD interventions. TMAQ: Trimethylamine
N-oxide. PWY-7222: guanosine deoxyribonucleotides de novo biosynthesis. PWY-3841: folate
transformations. PWY-7221: guanosine ribonucleotides de novo biosynthesis. PWY-4242: pantothen-
ate and coenzyme A biosynthesis. PWY-7219: adenosine ribonucleotides de novo biosynthesis.
PWY-6700: queuosine biosynthesis. PWY-5659: GDP-mannose biosynthesis. Glycolysis-1: gly-
colysis (from glucose 6-phosphate). PWY-7228: superpathway of guanosine nucleotides de novo
biosynthesis. PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis. DTDPRHAMSYN-PWY:
dTDP-L-rthamnose biosynthesis. PWY-5484: glycolysis II (from fructose 6-phosphate). PWY-6609:
adenine and adenosine salvage. PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis.
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide biosynthesis. ARGSYNBSUB-PWY:
L-arginine biosynthesis. PWY-6385: peptidoglycan biosynthesis. PWY-6122: 5-aminoimidazole
ribonucleotide biosynthesis. PWY-5030: L-histidine degradation. PWY-7282: 4-amino-2-methyl-5-
phosphomethylpyrimidine biosynthesis. CALVIN-PWY: Calvin—Benson-Bassham cycle. PWY-7456:
mannan degradation. PWY-6936: seleno-amino acid biosynthesis. PWY-6703: preQ0 biosynthesis.
COA-PWY: coenzyme A biosynthesis. NONOXIPENT-PWY: pentose phosphate pathway. PWY-7199:
pyrimidine deoxyribonucleosides salvage. VALSYN-PWY: L-valine biosynthesis. P163-PWY: L-lysine
fermentation to acetate and butanoate. PWY-6163: chorismate biosynthesis from 3-dehydroquinate.
FASYN-INITIAL-PWY: superpathway of fatty acid biosynthesis initiation. The following codes
include multiple metabolic pathways for different microorganisms: Calvin-PWY (Bacteroides caccae
and B. uniformis), Glycolysis-1 (B. uniformis, B. vulgatus and B. caccae), PWY-3841 (B. uniformis and B.
vulgatus), PWY-4242 (B. uniformis and B. vulgatus), PWY-5484 (B. uniformis and B. vulgatus), PWY-6277
(B. uniformis and B. vulgatus), PWY-6609 (B. vulgatus and B. caccae), PWY-7199 (B. uniformis and B.
vulgatus), PWY-7219 (B. uniformis and Anaerostipes hadrus), PWY-7221 (B. uniformis and A. hadrus). (D)
Hierarchical all-against-all association testing (HAIIA) describing the effect of taxonomic clades and
metabolic pathways more abundant after FMD on several clinical parameters, considering pairwise
Pearson correlation coefficients adjusted by false discovery rate (FDR < 0.25). Red and blue cells indicate
positive and negative correlations, respectively. Colour intensity is in proportion to magnitude.
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No statistically significant differences were found between gene families present in
samples from WD and FMD interventions. Moreover, no carry-over effect was observed
when analysing data according to randomisation order (Supplementary Figure S5). How-
ever, beta diversity values calculated from the expression values of metabolic pathways
were higher in FMD than in WD samples (Supplementary Figure S6). A total of 27 metabolic
pathways showed significantly higher expression after FMD intervention.

3.8. Metabolomic Analysis

Multivariate analyses revealed a differential pattern in the metabolome of urine
samples from individuals who consumed FMD compared to WD (Figure 3B). A total of
309 and 279 metabolites were significantly increased (>2-fold) after consuming the FMD
and WD, respectively (Supplementary Figure S7). However, many of these significant
metabolites did not yield an accurate mass-based putative identification when searched
against several databases and online libraries. For this reason, we first selected all the
metabolites with a predictive score above 95%. Secondly, from this initial list of metabolites,
despite the coincidence of the exact molecular formula, we removed all the tentative
identifications provided by the software that were somewhat irrelevant or non-related
with the dietary intervention (i.e., common dietary-derived molecules such as caffeine and
others, atmospheric pollutants, pharmaceutical drugs, pesticides, etc.). Following these
criteria, 11 metabolic entities were selected for further validation (six of them significantly
increased after FMD, and the other five, significantly increased after WD) (Supplementary
Table S1).

After normalising diuresis and comparing with available standards, the follow-
ing metabolites were confirmed to be significantly increased after FMD: deoxycholate
glucuronide (2.1-fold), 5-hydroxyindole (2-fold), L-aspartyl-L-phenylalanine (2.4-fold)
and TMAO (1.5-fold). The metabolites propionyl-L-carnitine (2.2.-fold), cortolone 3-
glucuronide (2-fold), p-tyramine 3-sulphate (2.4-fold) and 18-acetoxy-PGF2u-11-acetate
methyl ester (2-fold) were confirmed to be significantly increased after consuming the WD
(Supplementary Table S1). No standards were available for the conjugated metabolites
(mainly glucuronide or sulphate derivatives). In this case, the confirmation was indirectly
inferred after detecting the free form (commercially available) upon glucuronidase/sulfatase
treatment. This was the case of deoxycholic acid, cortolone, p-tyramine and PGF2«. In
the entity with exact mass 467.2641, two possible metabolites were tentatively identified
by the libraries, i.e., 18-acetoxy-PGF2a-11-acetate methyl ester and 3-x-androstanediol
glucuronide. After enzymatic treatment, the prostaglandin F2oc (PGF2x) was confirmed
after comparing it with its authentic standard. However, the tentatively identified precur-
sor was not either glucuronidated or sulphated. In this case, we confirmed that the assay
conditions used in the enzymatic treatment (incubation time, pH and temperature) were
enough to release the unconjugated PGF2a. Therefore, it is reasonable to tentatively accept
the metabolite 18-acetoxy-PGF2«-11-acetate methyl ester, taking into account the predictive
score and the confirmation of the released PGF2x. However, we acknowledge we could not
unequivocally assign the exact mass 467.2641 to 18-acetoxy-PGF2ux-11-acetate methyl ester.
No confirmation was possible for the exact mass 242.2122 (tentatively: N-phenylacetic
aspartic acid, carboxy acetyl D-phenylalanine, or N-feruloylglycine) due to the lack of stan-
dards. Similarly, the entity with exact mass 242.2122 that increased 16-fold after consuming
WD, and tentatively identified as sphingosine, as well as the entity 381.0800 that increased
2.7-fold after FMD, tentatively 3,4-dihydroxyphenyl propionic acid glucuronide, were not
confirmed after comparison with their corresponding standards.

3.9. Multi-Omic Analysis

To correlate all data generated and better characterise different metabolic and metage-
nomic profiles obtained after WD and FMD, multi-omic methods were employed. Specifi-
cally, metabolite levels and metabolic pathways determined by shotgun sequencing were
integrated using the DIABLO biomarker discovery pipeline. This modelling technique re-
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vealed different profiles for most WD and FMD samples (Figure 3B). It should be considered
that data integration methods allow determining complex patterns in biological samples
that could not be inferred using conventional techniques such as PCA, as previously
discussed (Supplementary Figure S8). Variable importance coefficients were calculated
for each metabolic pathway (Figure 3C) and metabolite (Figure 3D) to interpret these
profiles. As a consequence, it was found that metabolic profiles were characterised by
the expression of the following pathways in FMD samples: pentose phosphate pathway,
pyrimidine deoxyribonucleosides salvage, L-valine biosynthesis, L-lysine fermentation to
acetate and butanoate, chorismate biosynthesis from 3-dehydroquinate and superpathway
of fatty acid biosynthesis initiation (Figure 3C). In addition, cortolone 3-glucuronide and
L-aspartyl phenylalanine were the most characteristic compounds from WD and FMD
metabolite analysis, respectively, showing significantly (p < 0.05) higher abundances after
these interventions.

HAIIA testing was performed to investigate potential associations between microbial
metabolism and clinical symptoms. This model described the effect of the most relevant
taxonomic clades and metabolic pathways found after FMD on clinical parameters, consid-
ering pairwise Pearson correlation coefficients adjusted by false discovery rate (FDR < 0.25)
(Figure 3D). A positive association was found between Agathobaculum butyriciproducens and
faecal weight. A similar association was determined for several pathways from Eubacterium
eligens CAG 72, involved in carbohydrate and amino acid metabolism, and faecal weight
and stool movements. Finally, a positive influence on gas production was observed for
Anaerostipes hadrus and different pathways involved in ribonucleotide, carbohydrate and
amino acid metabolism.

3.10. Robust and Non-Robust Microbiotas

Dietary intervention exerted a relevant effect on specific metabolic pathways, although
changes were less evident in some participants. The characteristics of those metagenomes
that remained stable were investigated. For this purpose, metagenomic samples were
clustered using the Bray—Curtis dissimilarity metric of metabolic pathway abundances
to determine which participants were grouped. In some cases, samples from the same
participant corresponding to WD and FMD interventions were discriminated from the rest
of the individuals, highlighting a robust microbiota that was scarcely affected by dietary
interventions. As shown in Figure 4A, the dietary intervention exerted less impact in
participants 1, 2, 4, 7, 14, 15 and 20 than in the remainder.

PCA of participants’ clinical parameters, showing a robust and non-robust microbiota,
indicated no significant differences in the complete set of clinical symptoms according to
the stability of the microbiota (Supplementary Figure S9). The absence of global clinical
patterns that could be attributed to the stability of the microbiota is also observed when
only WD and FMD groups are considered (Supplementary Figures S10 and S11). This fact
can be attributed to the lack of significant differences between participants and the presence
of high inter-individual variability, as previously explained (Supplementary Figure S8).
No relevant relationships between the stability of the microbiota and clinical symptoms
could be inferred. However, participants showing higher body height and weight also
showed a significantly higher (p < 0.05) stability of the microbiota after WD and FMD
interventions (Supplementary Figure S12). The increase in intracolonic faecal content
during the FMD diet tended to be lower in robust (146 + 69 mL) than in non-robust
individuals (307 + 73 mL, n.s.). Change in anal gas evacuations during FMD was also less
prominent in robust (1 £ 4) than in non-robust individuals (10 & 3, n.s.). Beta-diversity
indicators calculated on gene families and metabolic pathways were slightly higher in
robust microbiotas (Supplementary Figures 513 and S14).
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Figure 4. (A) Clustering of metagenomic samples of metabolic pathway abundances using. Bray-Curtis dissimilarity
method was used to determine which participants were grouped. Several samples from the same participant corresponding
to Western-Type Diet (WD) and Fibre-Enriched Mediterranean-Type Diet (FMD) interventions were discriminated from the
rest of the individuals, highlighting a robust microbiota was not significantly affected by dietary interventions. (B) Differen-
tial profiles for robust and non-robust microbiotas through multi-omic data integration of metabolic profiles and metabolic
pathways determined by shotgun sequencing using the DIABLO biomarker discovery pipeline. (C) Variable importance
coefficients obtained in DIABLO pipeline for metabolites and metabolic pathways in robust and non-robust microbiotas.
TMAO: Trimethylamine N-oxide. HISTSYN-PWY: L-histidine biosynthesis. HISDEG-PWY: L-histidine degradation. PWY-
5667: CDP-diacylglycerol biosynthesis. P163-PWY: L-lysine fermentation to acetate and butanoate. NONOXIPENT-PWY:
pentose phosphate pathway. PWY-6700: queuosine biosynthesis. PWY-7219: adenosine ribonucleotides de novo biosynthe-
sis. PWY-5030: L-histidine degradation. PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis. DTDPRHAMSYN-PWY:
dTDP-L-rhamnose biosynthesis. RHAMCAT-PWY: L-thamnose degradation. PANTO-PWY: phosphopantothenate biosyn-
thesis. PWY-7357: thiamin formation from pyrithiamine and oxythiamine. PWY66—400: glycolysis VI. COA-PWY: coenzyme
A biosynthesis. PWY-7221: guanosine ribonucleotides de novo biosynthesis. Glycolysis-1: glycolysis (from glucose 6-
phosphate). PWY-6897: thiamin salvage. PWY-5484: glycolysis (from fructose 6-phosphate). PWY 6277: superpathway of
5-aminoimidazole ribonucleotide biosynthesis. PWY-7111: pyruvate fermentation to isobutanol. PWY-7323: superpathway
of GDP-mannose-derived O-antigen building blocks biosynthesis. PWY-1042: glycolysis. PANTOSYN-PWY: pantothenate
and coenzyme A biosynthesis. CALVIN-PWY: Calvin-Benson-Bassham cycle. PWY-5103: L-isoleucine biosynthesis. PWY0-
1586: peptidoglycan maturation. PWY-5659: GDP-mannose biosynthesis. ICMET2-PWY: N10-formyl-tetrahydrofolate
biosynthesis. NAGLIPASYN-PWY: lipid IVA biosynthesis. PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis.
ANAGLYCOLYSIS-PWY: glycolysis (from glucose). PWY-6125: superpathway of guanosine nucleotides de novo biosyn-
thesis. PWY-7222: guanosine deoxyribonucleotides de novo biosynthesis. PWY-7199: pyrimidine deoxyribonucleosides
salvage. The following codes include multiple metabolic pathways for different microorganisms: CALVIN-PWY (Bacteroides
caccae and B. uniformis), RHAMCAT-PWY (B. vulgatus and B. caccae), PWY-1042 (B. uniformis and B. vulgatus), PWY-7357 (B.
uniformis and B. caccae), PWY-7111 (B. uniformis, B. vulgatus and B. caccae). Hierarchical all-against-all association testing
(HAIIA) describing the effect of microbial gene families from a robust (D) and non-robust (E) microbiota on several clinical
parameters, considering pairwise Pearson correlation coefficients adjusted by false discovery rate (FDR < 0.25). Red and
blue cells indicate positive and negative correlations, respectively. Colour intensity is in proportion to magnitude.

DESeq? differential abundance, testing for sequencing data, was then applied to eluci-
date characteristic metabolic patterns of robust and non-robust microbiotas. Statistically
significant differences (p < 0.05) between 8319 gene families were associated with specific
microbial species present in individuals, showing a robust and non-robust microbiota
(Supplementary Table S2). A total of 7628 gene families showed significantly higher abun-
dances in robust microbiotas. Most of these gene families corresponded to Bacteroides genus,
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including Bacteroides uniformis and Bacteroides uniformis CAG 3 strain, as well as Bacteroides
vulgatus and Bacteroides vulgatus CAG 6. Different gene families from Bacteroides caccae,
Bacteroides ovatus and Bacteroides xylanisolvens were also characteristic of this microbiota
type. Distinctive gene families from robust microbiotas also included gene families from
Parabacteroides distasonis, Parabacteroides merdae and Ruminococcus bromii. On the other hand,
non-robust microbiotas were also characterised by a lower number of gene families from
these species, as well as Gemmiger formicilis and Bacteroides thetaiotaomicron. Although most
gene families present in robust and non-robust microbiotas belonged to the same species,
the biological functions of these genes were different. Up to 1322 gene families with known
associated functions were found in robust microbiotas, including peptidyl-prolyl cis-trans
isomerases, ABC transporters, outer membrane receptors, transcriptional regulators, gly-
cosidases, transposases and recombinases. In contrast, 134 genes with different associated
functions were determined in non-robust microbiotas involving beta-lactamases, kinases,
L-aspartate oxidases, oligopeptide transporter and sodium/alanine symporters.

Similarly, 250 statistically significant (p < 0.05) metabolic pathways, expressed in
individuals showing a robust and non-robust microbiota, were found (Supplementary
Table S3). Robust microbiotas showed 164 distinct metabolic pathways mainly from
Bacteroides species in agreement with gene family data, as well as Flavonifractor plautii and
Prevotella copri. Non-robust microbiotas were characterised by 86 metabolic pathways from
Bacteroides, Gemmiger formicilis, Parabacteroides distasonis, Blautia obeum and Blautia wexlerae.
Among the most represented pathways of robust microbiotas, the Calvin-Benson-Bassham
cycle, pyruvate fermentation to isobutanol and GDP-mannose biosynthesis were not highly
represented in non-robust microbiotas. On the other hand, dTDP-L-rhamnose biosynthesis
and phosphopantothenate biosynthesis were characteristic of non-robust microbiotas.

A multi-omic integration model was applied to metabolite and metabolic pathways
data, obtaining two different profiles for robust and non-robust microbiotas (Figure 4B).
These profiles were mainly defined by a series of metabolic pathways that were more
characteristic of non-robust microbiotas, including pantothenate and coenzyme A biosyn-
thesis, L-isoleucine biosynthesis, peptidoglycan maturation, N10-formyl-tetrahydrofolate
biosynthesis, lipid IVA biosynthesis, superpathway of guanosine nucleotides de novo
biosynthesis, guanosine deoxyribonucleotides de novo biosynthesis and pyrimidine de-
oxyribonucleosides salvage (Figure 4C). Concerning the metabolite profiles, the production
of cortolone 3-glucuronide and 5-hydroxy-indole was more accentuated in robust micro-
biotas (Figure 4D).

HAIIA model revealed the negative association between several gene families from
Bacteroides uniformis and Bacteroides uniformis CAG strain and Bristol index and body
weight in robust microbiotas (Figure 4E). Some of these gene families also contributed to
improving well-being, including 4-alpha-glucanotransferase and a transcriptional regula-
tor from LytTR family. On the contrary, several gene families from these microorganisms
were strongly associated with discomfort and abdominal pain in non-robust microbiotas
(Figure 4E). These results may indicate that participants showing non-robust microbio-
tas could be more prone to suffer abdominal pain, probably due to those changes in
metagenomes induced by diet.

4. Discussion

Our study shows that diet influences the content of biomass in the colon, faecal output,
microbiota metabolic activity, gas production by fermentative processes and perception of
digestive sensations, with some effects on microbiota composition.

The healthy participants in this study tolerated well both diet plans. The FMD with
higher content in residues increased colonic biomass, as evidenced by luminal content
measurements in the unprepared colon using MRI. The turn-over of colonic biomass also
increased, as shown by the increase in faecal output. Higher residues in the diet increased
intestinal gas production with increased anal gas evacuation. Remarkably, intestinal gas
evacuation measurements can be used as a non-invasive surrogate marker of microbiota
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metabolic activity. Interestingly, anal gas evacuation matched the production rate and
prevented intraluminal pooling of gas. Previous studies have shown that intestinal gas
is under tight homeostatic control [34]. Still, despite the stability of total gas content, the
distribution of intraluminal gas changed, probably due to regional changes in microbiota
activity with higher fermentation rates in the proximal colon on the high-residue diet.
Changes in the volume of biomass and gas metabolism were associated with digestive
sensations, particularly abdominal bloating and distension, without impacting digestive
well-being and mood. Previous studies showed that ingestion of a comfort meal induces
homeostatic sensations (satiety, fullness) with a positive hedonic dimension involving
digestive well-being and mood, fat being one of the meal components related to the
hedonic response. Contrary to our hypothesis, as compared to the WD, fat restriction on
the FMD did not increase the rewarding response to the fat-rich comfort meal.

Taxonomic profiles of microbial communities in faecal samples were similar at the
end of WD or FMD, suggesting little influence of the diet on the core members of the gut
microbiota of each individual. Interestingly, the abundance of butyrate producers such as
A. butyriciproducens and A. hadrus was significantly higher after FMD than WD. This finding
is functionally relevant considering the fundamental role of butyrate producers in colonic
homeostasis [35]. Associations were found between abundance of butyrate producers,
faecal weight and gas volume evacuated after the probe meal.

In contrast, the impact of diet on gut microbial metabolism was remarkable, and the
two diet plans shifted microbial metabolism towards clearly distinctive patterns. Microbial
metabolic pathways in faecal samples and urinary metabolite profiles were significantly
different at the end of the intervention periods. First, the beta-diversity of microbial
metabolic pathways was higher after FMD than WD, suggesting that several metabolic
pathways were only detectable after FMD. Furthermore, a total of 27 metabolic pathways
showed significantly higher expression after FMD intervention. Thus, our findings suggest
that dietary substrates reaching the colon have an important impact on microbial metabolic
functions without notable changes in core community members. The metabolic potential
of the community members rapidly adapts to changes in substrate availability. In healthy
subjects, the hidden metabolic potential of the microbiome can be rapidly recovered with
appropriate foods. However, this might not be the case in individuals with long-term
dietary restrictions.

Increased urinary compounds after WD included carnitine and tyramine metabolites,
which might be related to the ingestion of meat and cheese, and cortisol and prostaglandin
metabolites, reflecting the enhanced systemic inflammatory background that has been
reported after high-fat meals [36,37]. After FMD, increased urinary levels of TMAO
might be explained by the ingestion of some plant foods rich in choline, such as legumes,
on the days before urine sampling [38]. The excretion of deoxycholate-glucuronide in
urine increased after the FMD, which certainly contained less fat and cholesterol than
the WD. People on Mediterranean diet tend to have lower blood cholesterol levels than
people on WD, and we speculate that enhanced microbial glucuronidation of bile acids
would be an additional mechanism to explain lower blood cholesterol in subjects on
FMD. Glucuronidation is a major detoxification pathway for bile acids [39], since the
resulting glucuronide products are soluble and more easily excreted in urine than the initial
molecules.

Of interest, some individuals harboured gut metagenomes that were less influenced
by the dietary plans, and variation in microbial pathways was less evident than in the
other participants. Based on this stratification rule, we compared robust versus non-
robust microbiotas. Robust microbiotas had higher diversity than the others and were
enriched in metabolic pathways associated with species from Bacteroides, Parabacteroides
and Ruminococcus genera. Urinary metabolite profiles also differed between robust and
non-robust microbiotas. Finally, individuals harbouring a robust microbiota experienced
less change in faecal contents and anal gas evacuations during FMD. However, we cannot
ascertain to what extent the stability of the microbiota was related to preconditioning
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factors, because previous diet, lifestyle and physical activity, which may be determinant of
microbiome remodelling, were not checked.

We wish to acknowledge that this proof-of-concept study included a relatively small
sample; to enhance the homogeneity of the study group, only healthy men were studied,
and sex could affect the results. Nevertheless, the outcomes suggest that the method
is scientifically valid and could also be applied to specific categories of subjects with
symptoms, who may respond differently from healthy subjects.

5. Conclusions

The FMD, a diet rich in fruits, vegetables and legumes, increased the volume of
colonic biomass by 60% and the relative abundance of specific butyrate-producing taxa,
pointing out a remarkable expansion of the microbial load of fermentative species within
the colon [40], without major changes in the core microbiota composition. This was also
manifested by an increase in intestinal gas production, higher abundance of a number
of microbial metabolic pathways and a distinct urinary pattern of microbial metabolites
after the plant-rich diet, which was well tolerated in healthy individuals. We conclude that
dietary variations may induce subtle changes in the relative abundance of microbial taxa
but have a strong influence on microbial metabolism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13082638/s1, Summary of WD and FMD diets, Supplementary Material, Figure S1:
Canonical correspondence analysis (CCA) at genus level of samples obtained after Western-type Diet
(WD) or Fiber-enriched Mediterranean-type Diet (FMD) interventions. CA: correspondence analysis.
Some samples were grouped similar to principal coordinate analysis (PCoA) (See Supplementary
Material Figure S2). Differences in sample distribution might be due to additional factors other than
diet, highlighting the importance of inter-individual variability. The percentage of variance explained
by each CA is indicated in the axis, Figure S2: Cladogram calculated from phylogenetic distances
of microbial species found in metagenomic samples from participants. Among species analysed,
Anaerostipes hadrus showed high abundances after Fiber-enriched Mediterranean-type Diet (FMD)
(for further details, see Figure 1), Figure S3: Carry-over effects observed for propionyl-L-carnitine (A)
and Cortolone 3-glucuronide (B) levels in samples obtained after Western-type Diet (WD) or Fiber-
enriched Mediterranean-type Diet (FMD) intervention at 1st or 2nd period, Figure S4: Beta-diversity
analysis of metabolic pathways determined in samples obtained after Western-type Diet (WD) or
Fiber-enriched Mediterranean-type Diet (FMD) interventions. The Bray-Curtis method was selected
for the calculation. A total of 27 metabolic pathways showed significantly higher expresion after FMD
intervention, Figure S5: Principal coordinates analysis (PCoA) of taxa present in samples obtained
after Western-type Diet (WD) or Fiber-enriched Mediterranean-type Diet (FMD) interventions. No
significant differences can be observed in the global taxonomic profiles of participants according to
the diet. PC: principal coordinate. The percentage of variance explained by each PC is indicated in
the axis, Figure S6: Venn diagrams (A, B) and three-dimension Principal Component Analyses (PCA)
(C, D) showing those metabolites significantly increased (>2-fold) after WD (orange colour) and after
FMD (blue colour) in UPLC-QTOF-MS positive (A, C) and negative (B, D) detection modes, Figure S7:
Beta-diversity analysis of gene families (A, B) and metabolic pathways (C, D) determined in samples
from participants showing a robust and non-robust microbiota after Western-type Diet (WD) or
Fibre-enriched Mediterranean-type Diet (FMD) interventions (for further details, see Figure 2). The
Bray-Curtis method was selected for the calculation. Beta-diversity values were slightly higher in
robust microbiotas that did not suffer any relevant change after WD (A, C), Figure S8: Comparison
of different alpha-diversity indicators (Shannon, Simpson and Inverse Simpson) of the relative
abundance of taxa determined after Western-type Diet (WD) or Fiber-enriched Mediterranean-type
Diet (FMD) interventions, Figure S9: Principal components analysis (PCA) of clinical parameters
of participants after Western-type Diet (WD) or Fiber-enriched Mediterranean-type Diet (FMD)
interventions. As it can be seen, no relevant differences in clinical symptoms can be observed
according to the type of diets administered. Dim: dimension (principal component), BMI: Body
mass index. The percentage of variance explained by each Dim is indicated in the axis, Figure S10:
Principal components analysis (PCA) of clinical parameters of participants showing a robust and
non-robust microbiota (for further details, see Figure 2). No relevant differences in clinical symptoms
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can be observed according to the stability of the microbiota. Dim: dimension (principal component),
BMI: Body mass index. The percentage of variance explained by each Dim is indicated in the axis,
Figure S11: Principal components analysis (PCA) of clinical parameters of participants showing a
robust and non-robust microbiota after Western-type Diet (WD) intervention (for further details, see
Figure 2). No relevant differences in clinical symptoms can be observed according to the stability
of the microbiota. Dim: dimension (principal component), BMI: Body mass index. The percentage
of variance explained by each Dim is indicated in the axis, Figure S12: Principal components
analysis (PCA) of clinical parameters of participants showing a robust and non-robust microbiota
after Mediterranean-type Diet (FMD) intervention (for further details, see Figure 2). No relevant
differences in clinical symptoms can be observed according to the stability of the microbiota. Dim:
dimension (principal component), BMI: Body mass index. The percentage of variance explained by
each Dim is indicated in the axis, Figure 513: Influence of height and body weight on the stability
of the microbiota (for further details, see Figure 2). Participants showing higher height and body
weight also showed higher microbiota stability after Western-type Diet (WD) and Fiber-enriched
Mediterranean-type Diet (FMD) interventions, Figure S14: Beta-diversity analysis of gene families
(A) metabolic pathways (B) determined in samples from participants showing a robust and non-
robust microbiota (for further details, see Figure 2). The Bray-Curtis method was selected for the
calculation. Beta-diversity values were slightly higher in robust microbiotas that did not suffer any
relevant change after Western-type Diet (WD) and Fiber-enriched Mediterranean-type Diet (FMD)
interventions, Table S1: Metabolites significantly different in urine after consumption of FMD and
WD, Table S2: Characteristic microbial gene families present in individuals showing a robust and
non-robust microbiota (see Figure 2), Table S3: Distinctive microbial metabolic pathways expressed
in individuals showing a robust and non-robust microbiota (see Figure 2).
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Abstract: Previous studies have shown that a resistant dextrin soluble fibre has prebiotic properties
with related health benefits on blood glucose management and satiety. Our aim was to demonstrate
the effects of continuous administration of resistant dextrin on intestinal gas production, digestive
sensations, and gut microbiota metabolism and composition. Healthy subjects (1 = 20) were given
resistant dextrin (14 g/d NUTRIOSE®, Roquette Freres, Lestrem, France) for four weeks. Outcomes
were measured before, at the beginning, end, and two weeks after administration: anal evacuations
of gas during daytime; digestive perception, girth, and gas production in response to a standard meal;
sensory and digestive responses to a comfort meal; volume of colonic biomass by magnetic resonance;
taxonomy and metabolic functions of fecal microbiota by shotgun sequencing; metabolomics in urine.
Dextrin administration produced an initial increase in intestinal gas production and gas-related
sensations, followed by a subsequent decrease, which magnified after discontinuation. Dextrin
enlarged the volume of colonic biomass, inducing changes in microbial metabolism and composition
with an increase in short chain fatty acids-producing species and modulation of bile acids and biotin
metabolism. These data indicate that consumption of a soluble fibre induces an adaptative response
of gut microbiota towards fermentative pathways with lower gas production.

Keywords: prebiotic; gut microbiota; metagenomics; metabolomics; digestive sensations; intestinal
gas; resistant dextrin

1. Introduction

Abnormal gas evacuation associated to gas-related symptoms, such as borborygmi,
abdominal bloating, distension, and pain, are a frequent complaint in clinical practice.
However, the relation of intestinal gas to symptoms is not well understood. Intestinal gas
is produced by-and-large by the microbiota fermentation of meal components that escape
small bowel absorption and reach the colon [1]. Hence, two factors determine intestinal gas
metabolism: the substrates available from the diet and microbiota metabolic activity [2,3].

Prebiotics have been defined as substrates selectively utilized by host microorgan-
isms that confer a health benefit [4]. However, microbiota metabolism of fermentable
substrates may release gas, which may induce symptoms in susceptible individuals with
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increased sensitivity of the gut, such as patients with functional digestive disorders [1,2].
Studies in vitro have shown that a resistant dextrin soluble fibre is selectively consumed
by Clostridium cluster XIVa and Roseburia genus and beneficially modifies microbiota
metabolism [5]. Clinical studies confirmed the positive modulation of gut microbiota [6,7],
and further showed that it is well-tolerated and exerts health benefits related to gut health,
sustained energy, blood glucose management and satiety [8-10]. However, the effect of
resistant dextrin on intestinal gas metabolism, a potential mechanism of digestive com-
plaints, has not been investigated. We hypothesized that administration of resistant dextrin,
induces an adaptation in gut microbiota metabolic activity and composition, and modulates
the homeostasis of intestinal gas. Our objective was to identify the effects of continuous
administration of resistant dextrin on intestinal gas production, digestive sensations, and
gut microbiota metabolism and composition. Hence, we designed a pilot study to measure
the effects of dextrin at initial administration, late administration, and post administration.

2. Materials and Methods
2.1. Study Design and Ethical Aspects

A proof-of-concept study testing the effect of a prebiotic fibre in healthy subjects in
an open-label, single-arm design was performed in a tertiary referral center. The study
consisted of a pre-administration phase (2 wk), an administration phase (4 wk) and a post-
administration phase (2 wk). During 4-day evaluation periods (a) before administration,
(b) initial administration phase, (c) late administration phase, and (d) end of the post-
administration phase, the diet was standardized, and the study outcomes were measured
(Figure 1). A commercial prebiotic fibre was used for its known health benefits proven
by previous studies [8-10]. The study plan, hypothesis, and aims were independently
drafted by FA, and discussed to reach a consensus with the rest of investigators. The study
protocol was revised by the Institutional Review Board of the University Hospital Vall
d’Hebron, (Comite d’Etica d’Investigaci6 Clinica, Vall d’"Hebron Institut de Recerca; proto-
col PR-AG 420-2018 approved 30 November 2018) and registered with ClinicalTrials.gov
(NCT04164914). The research was conducted according to the Declaration of Helsinki. The
participants were informed and signed a consent form to participate in the study. The
execution of the experiments was performed by CB under the direct supervision of FA.
Specific analyses were independently performed by the physiology (FA), metabolomic
(JCE), and microbiota laboratories (AM), respectively, and later jointly interpreted by all
investigators. This work is part of the doctoral thesis of CB directed by FA, Universitat
Autonoma de Barcelona.

2.2. Participants

Healthy male individuals (1 = 20) were recruited. Candidates completed a question-
naire to confirm the absence of digestive symptoms (symptoms scoring above 2 on scales
graded from 0 to 10 were exclusion criteria), and hence, disorders of the digestive function
were excluded using established criteria (Rome IV). Previous studies showed the power of
the questionnaire to segregate patients and healthy individuals [2,11-15]. Candidates hav-
ing consumed antibiotics, probiotics, or prebiotics 2 months previously were not included
in the study.

2.3. Intervention

A prebiotic resistant dextrin (14 g/d NUTRIOSE® FB06 soluble fibre, Roquette Fréres,
Lestrem, France) was administered in the morning (powder dissolved in water) during the
4 wk administration phase. This particular brand of resistant dextrin was chosen based on
previous studies showing its modulatory effects on intestinal microbiota [5-7], as well as
potential health benefits [8-10].
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Figure 1. Experimental design and procedures. Open label, single arm, proof-of-concept study on the
effect of a prebiotic fibre in healthy men. The study consisted of a pre-administration phase (14 d), an
administration phase (28 d) and a post-administration phase (14 d). During 4-day evaluation periods
at the end of the pre-administration phase (blue), early administration phase (red), late administration
phase (orange) and end of the post-administration phase (green) the diet was standardized and the
study outcomes were measured.

2.4. Diet

During the evaluation periods (4 days pre-administration, initial administration, late
administration, and end of the post-administration phase), participants were put on a diet
low in fibre (estimated to provide 7 g of fibre per day) complemented with one portion per
day (adjusted to contain 12 g of fibre) of a specific foodstuff, so that the total fibre load of
the standard diet was 19 g per day. The diet low in fibre was restricted to: (a) fowl, meat,
eggs and fish; (b) bread, pasta and rice; (c) green salad; (d) apples, pears, berries, tangerine
and strained orange juice; and (e) dairy products [11]. The fibre-containing complements
were Brussels sprouts, artichoke, peas, chickpeas, beans, lentils, whole crackers, prunes,
peach, or banana. During the rest of the study (out of the evaluation periods) participants
were instructed to follow their habitual diet. During the entire study period, participants
were instructed to avoid any product containing prebiotics, probiotics, and fermented dairy
products (Figure 1). Adherence to the diet was reinforced at each visit.

2.5. Outcomes
2.5.1. Evacuations of Gas Per Anus (Primary Outcome)

Participants were instructed to measure the number anal gas evacuations during
daytime the last 2 days of the periods of evaluation by means of a hand tally counter
(No. 101, Digi Sport Instruments, Shanggiu, China) (Figure 1). The results obtained by this
technique have been shown to be consistent and reproducible [2,11]. Furthermore, data
registered by the event marker closely correlate with quantitative measurements of the
volume of gas evacuated per anus [16-19].

2.5.2. Daily Symptom Questionnaire

Parameters related to digestive function were collected by questionnaires to be filled
at the end of the last 2 days of the periods of evaluation. (Figure 1). Abdominal sensa-
tions were measured using analogue scales, as follows; scales graded from 0 (not at all)
to 10 (very intense) were used to measure: (a) flatulence (sensation of gas evacuation
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per anus), (b) discomfort/pain, (c) distension (subjective sensation of increase in girth),
(d) borborygmi (abdominal rumbling), and (e) bloating (sensation of fullness or pressure);
scales graded from +5 (very positive sensation) to —5 (very negative sensation) were used
to measure well-being (sensation of digestive pleasant/unpleasant sensation) and mood.
The questionnaires also included items on bowel habit (number of evacuations, and stool
consistency evaluated by the Bristol scale), and weight of stools measured by a digital
balance (BT- 32013, El Corte Ingles, Madrid, Spain). Previous studies showed the sensitivity
of this questionnaire to detect differences in the responses to dietary interventions under
various conditions [2,11,15,20].

2.5.3. Effects Induced by a Pleasant Meal

On the third day of the periods of evaluation at the end of the pre-administration
phase, early administration phase and late administration phase, a comfort meal (warm
ham and cheese sandwich plus orange juice containing 425 Kcal with 47 g carbohydrates,
18 g proteins 17 g fat) was administered (Figure 1). Digestive sensations (hunger/satiety,
abdominal fullness, discomfort/pain, desire of choice eating, digestive well-being, and
mood) were measured using graded scales before ingestion, and at 0 min, 30 min and
60 min after ingestion. Emptying of the stomach and gallbladder was measured using an
ultrasonographic technique (Supplementary Material).

2.5.4. Intestinal Gas Production

On the fourth day of the periods of evaluation at the end of the pre-administration
phase, early administration phase and late administration phase a gas production test was
performed (Figure 1). After fasting overnight, participants reported to the research unit
and were instructed to eat a probe meal. The probe meal consisted of 96 g oatmeal cook-
ies (Digestive Avena, Fontaneda, Madrid, Spain) and 200 mL coffee with milk (540 Kcal;
63.5 g carbohydrates, 24.2 g lipids, 13.2 g proteins, 8.4 g fibre). During 4 h in the post-
prandial period, the gas volume collected via a rectal tube (20 F Foley catheter, Bard,
Barcelona, Spain) was continuously measured using a computerized barostat, as previously
described [2,21,22]. Changes in girth at the level of the umbilicus were measured at the be-
ginning and at the end of the test using a sliding belt with 1 mm marks [23]. The sensitivity
and reproducibility of this technique have been previously shown [13,24-27].

2.5.5. Colonic Content Measurement

On the fourth day of the periods of evaluation at the end of the pre-administration
phase, early administration phase and late administration phase, the volume of content
within the colon was measured (Figure 1). Magnetic resonance imaging (MRI) of the
abdomen was performed (1.5-T; Aera, Siemens Healthcare, Erlangen, Germany) without
administration of contrast, and original software was used to measure the volume of colonic
content, as previously described [28].

2.5.6. Microbiota Composition and Functionality

On the third day of the periods of evaluation at the end of the pre-administration
phase, early administration phase, late administration phase and post-administration
phase, participants were instructed to collect faecal samples, which were immediately
homogenized and frozen at —20 °C (Figure 1). Using a freezer pack, the samples were
transported to the research unit, and were then stored for later analysis at —80 °C. Total
DNA extracted was submitted to an external BaseClear sequencing service. Paired-end
sequence reads (2 x 150 bp) showing an average minimum of 25 million reads per sample
were generated using the Illumina NovaSeq system under accreditation according to the
scope of BaseClear B.V. Sequencing experiments yielded 7.5 G output/sample. Reads
were demultiplexed to generate FASTQ read sequence files using bcl2fastq2 (v2.18). Initial
quality assessment was based on data passing the Illumina Chastity filtering. Subsequently,
reads containing PhiX control signal were removed using an in-house filtering protocol. In
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addition, reads containing (partial) adapters were clipped (up to a minimum read length
of 50 bp). The second quality assessment was based on the remaining reads using the
FASTQC quality control tool version (v0.11.9).

Contaminant reads and low-quality sequences were separated in silico from microbial
reads using Kneaddata (v0.7.4) and Trimmomatic (v0.39) software. For this purpose, the
minimum length of output reads was computed as 50 percent of the length of the input
reads considering a sliding window of 4:20. Bowtie2 (v2.4.2) was used to map metagenomic
reads [29] against the databases of reference “Homo sapiens hg37 and human contamination
Bowtie2” (v0.1) in order to remove host contamination.

Functional and taxonomic analysis of microbial communities at the species level was
performed using the latest version available of MetaPhlAn 3.0 (v3.0.4) and HUMAnN
3.0 (v3.0.0), respectively [30,31]. In this sense, the latest versions of reference databases
were selected: ChocoPhlAn (version “mpa_v30_ChocoPhlAn _ 201901”) database con-
taining clade-specific marker genes for taxonomic identification and UniRef90 (version
“uniref90_201901") protein database to determine the abundance of microbial gene families
and metabolic pathways. The abundances of gene families and metabolic pathways were
re-normalized and expressed in units of copies per million. Alpha and beta diversity
estimators were calculated. Only those clades showing at least 0.1% abundance in 50% of
samples were considered, to filter rare taxa. Similarly, only genes showing at least 1 million
reads present in at least 50% samples were selected when performing functional analysis.
An additional beta-diversity analysis of microbial communities was performed following
the Bray—Curtis dissimilarity method [32] implemented in the Phyloseq R package [33].
Ordination plots describing the distribution of microbial communities across individuals
were generated using the Microbiome R package [34].

Statistical differences in taxonomic clades abundances between samples taken at
different intervention times, as well as microbial gene families and metabolic pathways
expression, were calculated using MaAsLin2 [35]. This package was developed specifically
for a multivariable association between phenotypes and microbial metaomic features.
Species showing p,4; values (corrected by Benjamini-Hochberg method) lower than 0.05
were considered to select only relevant differences. All statistical tests and models were
performed on R (v4.1.1).

The raw sequences data were deposited in the Sequence Read Archive (SRA) of the
NCBI (https:/ /www.ncbinlm.nih.gov/sra, accessed on 25 October 2022) under bioproject
code PRJNA892265.

2.5.7. Metabolomic Analysis

On the third day of the periods of evaluation at the end of the pre-administration
phase, early administration phase, late administration phase and post-administration phase,
morning urine samples were collected by the participants, and immediately transported to
the research unit, where they were stored at —80 °C for later analysis (Figure 1).

2.6. Reagents

L-valine, 5-aminovaleric acid, N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA), trime
thylchlorosilane (TMCS), tert-butyl methyl ether (MTBE), N-(5-methyl-3-oxohexyl)alanine, glu-
coheptonic acid, homovanillic acid, dimethoxy benzoic acid, pipecolic acid, diaminopelargonic
acid, imidazol lactate, glyceric acid, rhamnose, D-xylose, 3-hydroxyvaleric acid, sorbitol, man-
nitol, arabitol, short-chain fatty acids (SCFAs; acetic, propionic, isobutyric, butyric, isovaleric,
and valeric acids), ursodeoxycholic acid, chenodeoxycholic acid, deoxycholic acid, cholic acid,
acetonitrile (ACN), formic acid, and methanol (MeOH) were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

2.7. Untargeted Urine Metabolomics Analysis by UPLC-QTOF-MS

Enzymatically hydrolyzed and non-hydrolyzed urine samples were analyzed by
UPLC-ESI-QTOF-MS, as previously reported [3]. As reported elsewhere, creatinine was
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measured to allow diuresis standardization [36]. The equipment consisted of an Agilent
1290 Infinity series LC system coupled to a 6550 I-Funnel Accurate-Mass QTOF (Agilent
Technologies, Waldbrom, Germany) with a dual electrospray ionization interface (ESI-Jet
Stream Technology, Waldbroon, Germany) for simultaneous spraying of a mass reference so-
lution that enabled continuous calibration of detected m/z ratios (Supplementary Material).
Feature extraction was carried out on the Agilent Profinder B.06.00 software, a stand-alone
feature extraction program for LC-MS-based profiling analyses (Supplementary Material).
Determining compounds by molecular features (MFs) was carried out using a pre-filter
to take peaks with a height greater than or equal to 10,000 counts, allowing only -H and
-HCOO as negative ions species and +H as positive ions (Supplementary Material). Bile
acids were analyzed in urine samples (with and without enzymatic treatment) using the
same LC system, with some modifications (Supplementary Material).

2.8. Urine and Fecal Metabolomics Analysis by GC-MS

Non-hydrolyzed urine samples (1 mL) were centrifuged (14,000 x g for 10 min) and
dried overnight at 25 °C with a speed vacuum. Then, the samples were dissolved in
30 uL of pyridine and converted to trimethylsilyl derivatives by adding 30 uL of BSTFA,
containing 1% TMCS. The chemical reaction was performed by heating at 100 °C for 15 min.
Then, 1 uL of this reaction mixture was injected into the gas chromatograph. Silylated
samples were analyzed using an HP 8890 gas chromatograph interfaced with an HP 5977B
mass selective detector (Agilent) (Supplementary Material). The data were processed and
quantified with the Mass Hunter software from Agilent. Compound identification was
performed by comparing with the chromatographic retention characteristics and mass
spectra of available authentic standards, the reported mass spectra, and the mass spectral
library of the GC-MS data system (NIST 2010). The sum of extracted ion chromatograms of
the ions associated with a compound was used for quantification.

Short chain fatty acids (SCFAs) were extracted from fecal samples (100 mg) with 1 mL
of MTBE, using vortex for 3 min, and centrifugation at 10,000 rpm and 4 °C for 10 min.
Finally, 1 uL of the upper organic phase was injected into the gas chromatograph. The
samples were analyzed using the same HP 8890 gas chromatograph and following the
methodology previously described by [37]. The data were processed and quantified as
described above.

2.9. Ancillary Study

Interventions testing 40 g or more of dietary fibres have shown changes in gut mi-
crobiome composition and functionality relevant for health outcomes, such as improving
glycemic homeostasis in Type 2 diabetes or immune status in healthy volunteers. Tolerance
is a potential drawback for this type of interventions [38,39]. To evaluate dose-related
effects in the initial and late responses of the main outcome, 10 participants underwent a
second study with the administration of resistant dextrin at triple dose (42 g/d NUTRIOSE®
soluble fibre) for 18 days. As in the main study, the diet was standardized during the 4-day
evaluation periods pre-administration, initial administration, and late administration phase,
while during the rest of the study participants consumed their habitual diet (see Section 2.4
above). Following the same procedures as in the main study, during the last 2 days of the
periods of evaluation, anal gas evacuations (number during daytime) and perception of
abdominal sensations were measured (see Section 2.5 above).

2.10. Statistical Analysis
2.10.1. Sample Size Calculation

Estimation of the sample size was based on previous data [40], indicating that 20 subjects
would be required to detect changes in the primary outcome of the main study (number of
gas evacuations per anus during daytime) with 90% power and a 5% significance threshold.
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2.10.2. General Statistics

Mean values (£SE) of the parameters evaluated were calculated. The normality of the
data distribution was evaluated using the Kolmogorov-Smirnov test. The Student’s ¢-test
was used to compare parametric data normally distributed; otherwise, paired data were
analyzed by the Wilcoxon signed-rank test, and unpaired data by the Mann-Whitney U
test. Linear regression analysis was applied to evaluate association of parameters.

2.10.3. Metabolomic Data

For statistical analysis, the final files were exported into the Mass Profiler Professional
(MPP) 2.0 software package (Agilent, Santa Clara, CA, USA). The Shapiro-Wilk test was
used to assess data normality. Data are expressed as the mean + standard deviation
(SD). Statistical comparisons were performed between the three phases of the study (four
evaluation points) by the two-tailed paired Student’s t-test or Wilcoxon signed-rank test
in normal and non-normal distributed data, respectively, with Bonferroni Holm family-
wise error rate multiple testing corrections and a fold-change cut-off of 2-fold. Bristol
and BMI values were used as possible covariates. A list of compounds that significantly
differed between groups was generated. Both supervised methods (partial Least-squares
discriminant analysis; PLS-DA), suitable for classification, and unsupervised methods
(principal component analysis (PCA), clustering), appropriate for pattern identification,
were used to visualize statistical results, using the final list of statistically significant MFs.
When available, correlations between the change of specific SCEAs and polyols pair (final
vs. initial) were performed using the Spearman’s or Pearson’s correlation coefficient test.
Unidentified compounds were aligned across the samples based on their tolerance retention
times and mass spectral similarity. The MassHunter MSC (Molecular Structure Correlator)
program correlated accurate mass MS/MS fragment ions for a compound of interest with
one or more proposed molecular structures for that compound (Supplementary Material).
Statistically significant differences were considered at p < 0.05.

3. Results
3.1. Demographic Data

Twenty subjects (healthy men between 1941 years and body mass index between
20-27 kg/m?) were recruited, completed the study, and were analyzed.

3.2. Evacuations of Gas per Anus

Before the administration phase, participants recorded a mean of 13 & 2 evacuations of
gas per day using the marker. At the beginning of the dextrin administration (14 g/d), the
number of anal gas evacuations increased by 30 + 13 % (initial phase), but the difference
with pre-administration was not statistically significant (p = 0.126) (Figure 2). After four
weeks of administration (late phase), the number of gas evacuations decreased back to
the pre-administration level (p = 0.189 vs. initial phase), and two weeks after the end of
administration (post-administration phase) the number of evacuations further reduced and
became significantly smaller than at initial administration (p = 0.004 vs. initial phase).

The effect of dextrin on the number of evacuations of gas became clearer in the
ancillary study when a higher dose of dextrin (42 g/d) was tested: the number of daytime
anal gas evacuations significantly increased during the initial administration phase (by
172 4+ 65%; p = 0.001 vs. pre-administration); at the late administration phase (days 17
and 18) the number significantly declined back to the pre-administration level (p = 0.048 vs.
initial administration; and p = 0.151 vs. pre-administration) (Figure 2). In the 10 subjects
who underwent both tests, the initial increase and the later decay in the number of gas
evacuations were higher with the high dose than with the low dose in the main study
(p = 0.040 and p = 0.064, respectively).
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DEXTRIN 14 g/d DEXTRIN 42 g/d
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Figure 2. Number of daytime anal gas evacuations, during the last 2 days of the evaluation periods.
Data are average of 2 consecutive days.

3.3. Digestive Perceptions and Bowel Habit

Before dextrin administration, participants recorded (on the daily questionnaires)
some degree of flatulence and borborygmi, associated with digestive well-being, positive
mood and minimal scores of abdominal bloating, distension, and discomfort (Figure 3).
Dextrin at initial administration increased the sensation of flatulence (by 35 4= 15%; p = 0.040
vs. pre-administration), but the sensation decreased during treatment and even further
during the post-administration phase (p = 0.013 vs. early administration phase). A similar
tendency was observed in the borborygmi scores, but without statistical significance.
Dextrin administration did not induce abdominal symptoms and did not affect digestive
well-being and positive mood reported by the participants during the pre-administration
phase. Before administration, participants reported normal bowel habit, which was not
affected by dextrin administration, except for a small, non-relevant reduction in stool
consistency by the end of treatment (p = 0.049 vs. early phase), which reverted after
administration (Supplementary Figure S1).

The effect of dextrin on digestive sensations was magnified in the ancillary study
testing a higher dose of dextrin (42 g/d) with an increase in the abdominal sensations and
a drop in the sensation of digestive well-being at initial administration, which subsided
by the end of the administration (Figure 2), and no changes in the normal bowel habit
(Supplementary Figure S2).

3.4. Response to the Comfort Meal

Dextrin administration did not disturb the normal responses to the comfort meal
(homeostatic and hedonic sensations, gastric and gall bladder emptying) either at the initial
or at the late administration phase (Supplementary Material).

3.5. Gas Production Test

The meal was well tolerated by all participants without discomfort. In the pre-
administration test, 205 &= 37 mL of gas were collected during the 4-h postprandial period.
Dextrin administration did not induce significant changes in the gas volume collected after
the meal, but a tendency towards an early increase (243 &= 41 mL during initial administra-
tion; p = 0.339 vs. pre-administration) and later decay during the administration period
was observed (237 £ 49 mL during late administration; p = 0.919 vs. initial administration).
Meal ingestion did not induce significant changes in girth in the pre-administration, initial,
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or late administration tests, but postprandial girth by the end of treatment was smaller

than pre-administration (Figure 4).
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Figure 3. Digestive and hedonic sensations measured by daily questionnaires during the last 2 days

of the evaluation periods. Data are average of 2 consecutive days.
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Figure 4. Effect of probe meal on girth. No significant changes were detected, but postprandial girth
by the end of treatment (late administration) was smaller than pre-administration.
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3.6. Colonic Volume

Total colonic volume increased from 634 £ 52 mL before dextrin administration to
730 £ 57 mL at the beginning of administration (p < 0.001), and solid content increased
from 494 4 47 mL to 576 £ 52 mL (p < 0.001). The increase in volume persisted during the
administration phase (726 + 56 total volume and 552 & 44 mL solid content by the end of
administration; p = 0.007 and p = 0.035 vs. pre-administration, respectively). The increase
in volume was larger in the proximal colon (solid content in ascending plus transverse
colon was 286 4 24 mL pre-administration vs. 345 £ 28 mL at initial and 342 4= 25 mL at
late administration; p < 0.003 for both) than in the distal colon (solid content in descending
plus pelvic colon was 205 + 29 mL pre-administration vs. 231 + 30 mL at initial and
210 =+ 24 mL at late administration; p > 0.05 for both).

3.7. Metagenomic Study

Changes in the metagenomic profiles of participants at different periods of the inter-
vention (basal, initial, late, and post-administration) were determined at both taxonomic
and functional level. Concerning taxonomic analysis, alpha diversity estimators measuring
the variability of species within a sample were first calculated. The global Chaol index,
indicating of the number of species represented by only one individual in the sample, was
96.4 + 6.8. Specific Chaol indices for each intervention time were also calculated including
basal (97.1 & 6.5), initial (95.9 £ 7.5), late (95.9 & 7.2) and post-intervention (96.9 £ 6.5)
periods showing no major differences. Other alpha diversity estimators, such as Shannon,
Simpson, and inverse Simpson indices, were calculated to characterize microbial diversity
(Figure 5A). These coefficients reflected similar patterns in the core microbiota, confirming
the results from the different analyses (Figure 5B). Although there were no relevant changes
in microbial diversity within samples, a great dispersion was observed considering different
intervention times. Finally, based on Bray—Curtis distances, beta diversity estimators were
calculated (Figure 6). These parameters reflect differences in microbial diversity between
samples. As can be seen, the number of microbial taxonomic clades slightly increased
during the post-intervention period (Figure 6A).

Diversity distances calculated by the Unifrac method were used to cluster metagenomes
(Supplementary Figure S3A). Some samples corresponding to the same intervention period
were grouped together although most metagenomes were grouped with samples from
different periods. This may be attributed to the high variability between the microbiota of
each individual, exerting a great influence on the global metagenomic profile, similar to the
one exerted by the prebiotic supplementation itself. Nevertheless, according to dissimilarity
indices, the gut microbiota composition was homogenous and no statistically significant
changes (p < 0.05) assessed by the PERMANOVA method could be determined in the core
microbiota depending on the intervention period.

Regarding the functional analysis of metagenomes, gene count was determined for all
intervention periods: basal (mean 88927; median 87225), initial (mean 84990; median 80854),
final (mean 84366; median 86796) and post-intervention (mean 84620; median 77421).
No statistically significant differences (p < 0.05) were found in the gene count of these
groups. Beta-diversity was calculated using the Bray—Curtis method to measure differences
in the expression of gene families and metabolic pathways (Figure 6B,C). No relevant
differences were found in beta-diversity values of the global profiles of microbial gene
families (Figure 6B) and metabolic routes expressed (Figure 6C). Moreover, metagenomic
gene data were homogenous and no statistically significant differences (p < 0.05) in gene
families and metabolic pathways according to the intervention time could be found by the
PERMANOVA test. Similar to the taxonomic analysis, cluster analysis of functional profiles
of metagenomes (Supplementary Figure S3B,C) highlighted the role of interindividual
variability in sample distribution.
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Figure 5. (A) Comparison of different alpha-diversity indicators (Shannon, Simpson and Inverse
Simpson) of the relative abundance of taxa determined at different intervention periods: basal,
initial intervention (initial), late intervention (final) and post-intervention (post). (B) Relationship
between different alpha-diversity estimators: Shannon, Simpson and Inverse Simpson indices. These
coefficients reflected similar patterns in the core microbiota.

A principal coordinates analysis (PCoA) of complete microbial taxa present in the mi-
crobiota of each participant was computed to study further study individual differences in
metagenomic profiles (Supplementary Figure S4). No characteristic patterns could be found
in the global microbiota for different intervention periods when considering taxonomic
(Supplementary Figure S4A) or functional profiles (Supplementary Figure S4B,C). This fact
could be attributed to the high interindividual variability of the gut microbiota profiles.
However, statistically significant changes in specific taxonomic profiles and metabolic func-
tions after dextrin administration, were determined (Tables 1 and 2). Concerning taxonomic
clades stimulated by prebiotic administration (Table 1), an unclassified Firmicutes class
and Oscillibacter sp. CAG 241 strain showed the highest abundances at initial dextrin inter-
vention period. Similarly, Tanerellaceae family, Parabacteroides, and Parabacteroides distasonis
showed the highest abundances at late dextrin intervention. Interestingly, a wide variety
of taxa showed the highest abundances during the post-intervention period, including
Anaerostipes hadrus, Bifidobacterium longum, Blautia obeum, Dorea longicatena, Eubacterium
eligens, Lachnospira pectinoschiza, Roseburia, and Ruminococcus species. A graphical repre-
sentation of major differences in the abundances of microbial species modulated in the
intervention is provided in Figure 7.
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Figure 6. Beta-diversity analysis of taxonomic profiles (A), gene families (B) and metabolic pathways
(C) found in the microbiota of participants at different intervention periods: basal, initial intervention
(initial), late intervention (final) and post-intervention (post). Bray-Curtis method was selected for

the calculation.
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Table 1. Microbial taxa modulated by dextrin administration. Mean abundances and standard devia-
tions (SD) of taxonomic clades are compared at basal level, initial, late and post-intervention periods.

Basal Initial Intervention Late Intervention Post-Intervention

Level Taxa Mean SD Mean SD Mean SD Mean SD
Taxonomic clades showing highest abundances during initial intervention period

Class Firmicutes unclassified 1.11 1.20 2.67 5.78 2.07 297 1.57 1.73

Strain Oscillibacter sp. CAG 241 0.45 0.55 0.95 1.73 0.78 1.94 0.61 091
Taxonomic clades showing highest abundances during late intervention period

Family Tannerellaceae 2.10 191 6.86 8.80 7.66 10.07 2.55 4.44
Genus Parabacteroides 2.10 1.91 6.86 8.80 7.66 10.07 2.55 4.44
Species Parabacteroides distasonis 1.36 1.44 4.74 6.29 5.79 8.16 1.88 4.36

Taxonomic clades showing highest abundances during post-intervention period

Phylum Firmicutes 39.15 13.15 35.28 12.68 37.83 16.66 45.63 18.63
Class Clostridia 33.13 11.76 28.20 10.91 31.65 14.61 39.75 17.17
Order Clostridiales 33.13 11.76 28.20 10.91 31.65 14.61 39.75 17.17
Order Eggerthellales 0.31 0.28 0.34 0.30 0.41 0.54 0.44 0.56
Family Eggerthellaceae 0.31 0.28 0.34 0.30 0.41 0.54 0.44 0.56
Family Eubacteriaceae 3.42 2.57 3.05 2.75 2.63 1.89 4.60 4.29
Family Ruminococcaceae 11.30 3.58 10.52 4.59 10.79 527 13.52 7.40
Genus Anaerostipes 0.36 0.51 0.27 0.39 0.46 0.94 0.62 0.98
Genus Eubacterium 3.42 2.57 3.05 2.75 2.63 1.89 4.60 4.29
Genus Lachnospira 0.49 0.66 0.50 0.69 0.90 1.78 1.23 2.32
Genus Roseburia 3.29 3.46 2.46 2.14 3.31 4.03 4.89 6.67
Genus Ruminococcacene 1.25 3.40 173 3.49 1.27 262 2.34 485

unclassified

Genus Ruminococcus 2.96 3.02 3.15 3.58 3.26 2.63 4.01 4.43
Species Anaerostipes hadrus 0.36 0.51 0.27 0.39 0.46 0.94 0.62 0.98
Species Bifidobacterium longum 0.60 1.05 0.51 0.74 0.61 1.34 0.69 1.62
Species Blautia obeum 0.19 0.21 0.11 0.06 0.17 0.12 0.26 0.25
Species Dorea longicatena 0.82 1.08 0.49 0.47 0.48 0.29 0.94 1.44
Species Eubacterium eligens 1.26 1.33 1.03 1.39 0.97 0.79 2.39 2.47
Species Lachnospira pectinoschiza 0.49 0.66 0.50 0.69 0.90 1.78 1.23 2.32
Species Roseburia faecis 0.93 119 1.02 1.31 191 3.67 3.14 5.24
Species Roseburia inulinivorans 0.98 1.07 0.60 0.68 0.69 0.73 1.12 2.01
Species Ruminococcus bromii 1.47 2.08 2.16 2.84 1.95 1.98 2.63 3.33

Table 2. Number of microbial gene families and metabolic pathways showing the highest abundances
during initial, late and post-intervention periods. These gene families and metabolic pathways
modulated by dextrin administration are summarized by bacterial species.

Initial Intervention Late Intervention Post-Intervention
Microbial Gene Families Modulated by NUTRIOSE® Administration

Bacterial Species n Bacterial Species n Bacterial Species n
Bacteroides uniformis 106 Parabacteroides distasonis 1837 Ruminococcus torques 622
Firmicutes bacterium CAG 83 86 Eubacterium rectale 860 Ruminococcus bromii 617
Fusicatenibacter saccharivorans 65 Fusicatenibacter saccharivorans 572 Roseburia inulinivorans 261
Parabacteroides distasonis 63 Bacteroides uniformis 395 Blautia obeum 201
Eubacterium rectale 57 Bacteroides uniformis CAG 3 112 Roseburia faecis 198
Parabacteroides merdae 53 Ruminococcus torques 112 Eubacterium eligens 142
Roseburia hominis 44 Roseburia inulinivorans 90 Dorea longicatena 134
Dorea longicatena 41 Roseburia hominis 73 Coprococcus comes 123

Blautia obeum 37 Blautia obeum 44 Fusicatenibacter saccharivorans 114
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Table 2. Cont.
Initial Intervention Late Intervention Post-Intervention
Microbial Gene Families Modulated by NUTRIOSE® Administration

Bacterial Species n Bacterial Species n Bacterial Species n
Coprococcus comes 29 Ruminococcus bromii 44 Firmicutes bacterium CAG 83 111
Roseburia inulinivorans 29 Dorea longicatena 42 Eubacterium rectale 97
Ruminococcus bromii 27 Coprococcus comes 27 Eubacterium eligens CAG 72 77
Firmicutes bacterium CAG 110 26 Parabacteroides merdae 22 Eubacterium hallii 67
Ruminococcus torques 22 Roseburia faecis 17 Roseburia hominis 61
Eubacterium ramulus 18 Eubacterium hallii 16 Bacteroides uniformis 43
Roseburia intestinalis 14 Coprococcus catus 14 Anaerostipes hadrus 41
Eubacterium hallii 11 Firmicutes bacterium CAG 83 9 Coprococcus catus 27
Coprococcus catus 9 Eubacterium eligens 6 Eubacterium ramulus 27
Eubacterium ventriosum 6 Eubacterium ramulus 5 Firmicutes bacterium CAG 110 20
Anaerostipes hadrus 5 Eubacterium siraeum 5 Eubacterium siraeum 16
Bacteroides uniformis CAG 3 5 Anaerostipes hadrus 3 Eubacterium ventriosum 15
Bifidobacterium longum 5 Bifidobacterium longum 3 Parabacteroides distasonis 13
Eubacterium siraeum 4 Eubacterium eligens CAG 72 2 Roseburia intestinalis 12
Roseburia faecis 2 Eubacterium ventriosum 2 Bifidobacterium longum 5
Eubacterium eligens 1 Ruminococcus bicirculans 2 Roseburia inulinivorans CAG 15 4
Total 765 Coprococcus comes CAG 19 1 Ruminococcus bicirculans 4

Total 4315 Dorea longicatena CAG 42 3

3

2

1

Eubacterium hallii CAG 12

Total 3061
Microbial metabolic pathways modulated by NUTRIOSE® administration
Roseburia hominis 35 Parabacteroides distasonis 65 Roseburia faecis 52
Firmicutes bacterium CAG 110 1 Bacteroides uniformis 58 Blautia obeum 50
Parabacteroides merdae 1 Bacteroides uniformis CAG 3 51 Eubacterium eligens CAG 72 39
Total 37 Fusicatenibacter saccharivorans 48 Anaerostipes hadrus 36
Eubacterium rectale 41 Eubacterium eligens 23
Firmicutes bacterium CAG 83 3 Ruminococcus bromii 21
Bifidobacterium longum 1 Ruminococcus torques 11
Bifidobacterium longum CAG 69 1 Dorea longicatena 6
Ruminococcus bicirculans 1 Dorea longicatena CAG 42 6
Total 269 Roseburia inulinivorans 5
Coprococcus comes 3
Roseburia inulinivorans CAG 15 2
Coprococcus catus 1
Eubacterium hallii 1
Eubacterium siraeum 1
Lachnospira pectinoschiza 1
Total 258

On the other hand, up to 8141 microbial gene families and 564 metabolic pathways
were modulated by dextrin administration (Table 2). Most gene families showing the
highest abundances at late intervention were found for P. distasonis, in agreement with
taxonomic data (Table 1). Similarly, R. bromii, R. torques, R. inulinovorans, B. obleum, R. faecis,
E. eligens, and D. longicatena exhibited many genes and metabolic pathways showing the
highest abundances during the post-intervention period. In this sense, a broad range
of metabolic functions were modulated by dextrin during initial and post-intervention
periods, comprising ribonucleotide, amino acid, and carbohydrate metabolism.
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Figure 7. Graphical representation of the abundances of microbial species modulated by dextrin
administration. Mean abundances of taxonomic species are illustrated at basal level, initial, late and
post-intervention periods.

3.8. Untargeted Urine Metabolomics

Multivariate analyses revealed that the concentration of 14 metabolites increased,
and that of 12 metabolites decreased, measured in the positive ionization mode, after
consuming dextrin, while 13 metabolites increased their concentration in the negative
ionization mode after the administration phase (Supplementary Figure S5A). Of the total
urine metabolites that significantly changed in the administration phase (n = 39), only a
few of them yielded an accurate mass-based-putative identification when searched against
several databases and online libraries. Finally, seven tentative urine metabolites were
selected for further validation, considering a predictive score above 95% and a plausible
biological implication in this dietary intervention, i.e., L-valine, N-(5-Methyl-3-oxohexyl)
alanine, glucoheptonic acid, homovanillic acid, pipecolic acid, diaminopelargonic acid, and
imidazole lactate. After validation with authentic standards and diuresis normalization,
only the metabolite 7,8-diaminopelargonic acid was confirmed to be decreased by 1.6-fold
after dextrin consumption.

The number of metabolites that significantly changed after GC-MS analysis (at least 2-
fold) in the three phases of the study was low. Only four metabolites significantly changed
after the administration phase (Supplementary Figure S5B), although we searched for
all the metabolites that significantly changed in the three phases and yielded an accu-
rate mass-based-putative identification. Finally, seven metabolites were validated using
authentic standards, i.e., glyceric acid and L-thamnose (pre-administration phase), 3-
hydroxyisovaleric acid (3-HVA), D-xylose, sorbitol and mannitol (administration phase),
and arabitol (post-administration phase).

3.9. Targeted Analysis of Bile Acids and SCFAs

Since glucuronidated bile acids were not commercially available, their validation
was achieved after detecting the corresponding free forms (commercially available) upon
glucuronidase/sulfatase treatment. The primary bile acid cholate glucuronide increased
2.9-fold (p = 0.003) in the pre-administration phase. In contrast, the primary bile acid
chenodeoxycholate glucuronide decreased 1.4-fold (p = 0.01), and the secondary bile acids,
ursodeoxycholate glucuronide and deoxycholate glucuronide, decreased 1.4- and 2.2-fold
(p = 0.04 and p = 0.02), respectively, upon dextrin consumption (Figure 8).
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Figure 8. Extracted ion chromatograms of a volunteer showing a representative decrease in urine
bile acids after consuming dextrin (late vs. initial); (1) deoxycholic acid, (2) ursodeoxycholic acid, and
(3) chenodeoxycholic acid.

Fecal SCFAs showed good signals except for some specific samples where SCFAs were
detected but not quantified. Figure 9 shows a representative chromatogram of a volunteer
before and after consuming dextrin for four weeks. High inter-individual variability
was observed, which prevented significant fecal SCFA changes after the administration
phase. Besides, the sex of volunteers (all males), Bristol, and BMI values (values were
quite homogeneous) were not identified as possible perturbing covariates involved in
the variability of SCFA values. There were no significant correlations between SCFA and
clinical parameters.
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Figure 9. Representative chromatograms of fecal SCFAs before (Initial) and after (Late) consum-
ing dextrin for 4 weeks. (1) Acetate; (2) Propionate; (3) Isobutyrate; (4) Butyrate; (5) Isovalerate;
(6) Valerate.

4. Discussion

Our study demonstrates the capability of the microbiota to regulate intestinal gas
homeostasis in response to continuous administration of resistant dextrin soluble fibre. The
effects of dextrin on the microbiome were monitored online by measuring intestinal gas
production, and the adaptive compositional and metabolic remodeling by an integrated
metagenomics and metabolomics approach. The relevance of these results is related to the
potential role of intestinal gas in abdominal symptoms.

At initial administration, dextrin increased gas production, something plausible be-
cause resistant dextrin is fermented by intestinal microbiota releasing gas. However, by
four weeks of administration, gas production reverted back to pre-administration levels,
expressing the adaptation of the gut microbiota metabolism towards fermentative path-
ways with lower gas production. Interestingly, the effect persisted and scaled up after
discontinuation of administration. This adaptative effect outlasting the administration
phase has been also observed with other prebiotics [40,41]. The effects of dextrin on gas
production (initial increase and later decay) were dose-dependent: the tendency observed
with the low dose in the main study, became statistically significant with the high dose in
the ancillary study. Manual counting of the number anal gas evacuations closely corre-
lates with direct measurements of the volume of gas evacuated [16-19], and in previous
studies the effects of dietary interventions on gas metabolism were equally evidenced
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with both techniques [2,40]. However, in the present study, the effects of dextrin were
clearer counting the number of daytime evacuations over the two-day observation periods,
particularly with the high dose, than measuring the volume of gas evacuated during the
4-h postprandial period in the gas production tests, conceivably due to the low dextrin
dose. At initial administration, dextrin dose-dependently induced gas-related sensations,
particularly flatulence, which reverted in parallel to the decay in gas production during
subsequent administration and post-administration phase. Dextrin did not interfere with
normal gastrointestinal function (bowel habit, and gastric and gallbladder responses to
meal ingestion), but these data do not refute that, as with other fibres, it may have an effect
in the case of dysfunction.

The persistent increase in solid colonic content, which was more prominent in the
proximal colon, reflects the effects of dextrin on colonic biomass and microbiota. Concerning
the microbial community analysis, the metagenomic profiles of each participant reveal
relevant changes at taxonomic and functional levels, that can be attributed to the prebiotic
effect of dextrin. The alpha diversity estimators described here, were similar to those
obtained in other reports in fecal metagenomes [42]. The concomitant increase of 3-HVA
and decrease of 7,8-diaminopelargonic acid observed upon dextrin supplementation, could
be related to the metabolism of biotin (vitamin B7), a cofactor for essential enzymes in many
processes, such as fatty acid biosynthesis, gluconeogenesis, and amino acid metabolism [43].

Primary bile acids, synthetized by the liver, are transformed by the gut microbiota to
yield secondary bile acids. Secondary bile acids, particularly deoxycholic acid, accumulate
in the bile acid pool of individuals on a “Western diet”. Deoxycholic acid is known to
activate several cell-signaling pathways associated with disease phenotypes, and increased
deoxycholic acid levels in feces, serum, and bile have been reported in patients with
colonic cancer and with cholesterol gallstones [44]. Hence, the significant decrease in
deoxycholic acid after dextrin administration observed in the present study may have
beneficial implications.

Regarding SCFAs, while some participants showed a consistent increase in the fecal
content for almost all SCFAs after dextrin consumption, others showed an opposite be-
havior. Increase of fecal SCFA concentrations after fibre intervention has been reported
in many studies; however, a recent systematic review and meta-analysis described a sub-
stantial variability in the reporting of SCFA results, especially in the case of fecal acetate
and butyrate [45]. A prebiotic treatment with 16 g/d inulin, similar to the dextrin load in
the present study, did not significantly modify fecal SCFA content in obese subjects [46].
However, a higher daily dose of inulin (24 g/d) was reported to increase serum acetate,
but not butyrate or propionate in overweight-obese individuals [47]. Our results also
agree with [48], who found time- and sex-dependent differences in fecal SCFAs content
in 20 healthy volunteers that consumed a soluble fibre (a partially hydrolyzed guar gum,
15 g/d for three weeks, followed by a washout period for three weeks) [48]. These authors
observed that men experienced more significant and earlier SCFAs changes during fibre
consumption. Remarkably, no SCFAs changes were observed after three weeks of inter-
vention (i.e., acetate increased only after one week, and butyrate and propionate after one
and two weeks). These data might explain our results and indicate an adaptation and(or)
dynamic flow of SCFAs homeostasis, resulting in better use of SCFAs as an energy source
and giving rise to other simpler metabolites.

With regard to microbial community analysis, metagenomic profiles of each participant
reveal relevant changes at taxonomic and functional levels that can be attributed to the
prebiotic effect in the intervention. Microbial species modulated by resistant dextrin,
including Anaerostipes, Eubacterium, and Ruminococcus species, showed higher abundances
in the microbiota of participants showing more favorable values of clinical symptoms. It
should be noted that these species comprise some of the major SCFAs producers in human
gut. It has been suggested that individuals suffering from disorders involving frequent
gastrointestinal symptoms may also show a dysbiosis within the microbiota characterized
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by reduced abundances of some of these genera [49]. Similarly, the contributions of the
Eubacterium genus to gut health have been widely studied [50,51].

On the other hand, SCFAs such as acetate, propionate, and butyrate produced by
gut microbiota exert numerous benefits on human health. These positive effects include
anti-inflammatory activity. In addition, it has been reported that butyrate mediates the
differentiation of colonic regulatory T cells while propionate promotes the generation of
peripheral regulatory T cells [52]. This biological activity is strongly influenced by the
ingestion of complex dietary carbohydrates. In this sense, resistant dextrin promoted the
growth of Anaerostipes, Eubacterium, Parabacteroides, Roseburia, and Ruminococcus species,
which are key bacteria to generate short-chain fatty acids, such as acetate, propionate, or
butyrate, according to previous studies [50,52-54]; and confirmed the results of a previous
study showing the increase of the (Para) bacteroides group by dextrin [55].

5. Limitations

We wish to acknowledge several limitations of the study. First, this pilot, proof-
of-concept study was designed to demonstrate time-dependent variations of microbiota
metabolism in response to dextrin administration, by comparing the responses at differ-
ent time points; no placebo-control was included, but the high dextrin dose tested in the
ancillary study provided a dose-control, showing differences with the low dose tested in
the main study, even with simultaneous consumption of fiber from other sources. For
this exploratory study, a relatively small sample size was included, and given the gender-
differences in the responses to food ingestion [56], only men were included for the sake
of homogeneity. The sample size was calculated based on the primary outcome, and was
insufficient regarding some secondary or exploratory outcomes, which exhibited a high
interindividual variability, such as fecal SCFAs content. The results of this pilot study
justify and warrant larger, placebo-controlled studies including both genders. Previous
studies [40], as well as the ancillary observation, indicate that the adaptation of the mi-
crobiota to dietary interventions is fast, but it would also be interesting to investigate the
effects of consuming dextrin over an extended period of time, particularly in patients with
digestive symptoms.

6. Conclusions and Inference

Administration of a resistant dextrin soluble fibre, induced an adaptation of intesti-
nal microbiota and intestinal gas homeostasis, that outlasts the administration phase.
Targeted and untargeted metabolomic analyses suggested that consumption of dextrin
could enhance short-chain fatty acid production, supported by the increase of some SCFA-
producing species. Our results also suggested a slight effect on bile acids and biotin
metabolism after dextrin administration. Metagenomic analysis of fecal microbiota re-
vealed the modulatory effect of resistant dextrin on several SCFA-producing bacteria. In
this sense, anti-inflammatory butyrate-producing species, such as Eubacterium eligens, might
be involved in the potential dextrin-induced benefits. Similarly, resistant dextrin modulated
a broad range of bacterial metabolic functions involving ribonucleotide, amino acid, and
carbohydrate metabolism.

The adaptation of microbiota metabolism and composition after the four-week dextrin
consumption was associated with a shift towards fermentative pathways with reduced
gas production. Based on our data in healthy subjects, we cannot ascertain whether
this adaptation may have beneficial effects in patients with functional gastrointestinal
disorders, characterized by intestinal hypersensitivity and impaired tolerance of intestinal
gas. However, other prebiotics, that induce a similar adaptation, have been shown, after a
transient worsening at initial administration, to later produce a significant improvement of
gas-related symptoms from pre-treatment, persisting after treatment discontinuation [41].
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Todas las intervenciones dietéticas se toleraron bien con sensacion de
bienestar digestivo y estado de animo positivo. En comparacion con la dieta de tipo
occidental (WD), la dieta mediterrdnea enriquecida en fibra (FMD) se asocio con
mayor indice de flatulencia y borborigmos, mayor volumen fecal con menor
consistencia, mayor numero de evacuaciones de gas, mayor volumen de gas
evacuado tras la comida y mayor volumen de contenido coldnico. Esta udltima
diferencia se debi6 a un mayor contenido fecal (727+49 mL vs 452+21 mL,
respectivamente; p<0.001), que fue consistente en todos los compartimentos del
colon. El contenido total de gas fue similar en las dos dietas (129+13 vs 120+15,
respectivamente; p=0.307), sin embargo, la distribucién de gas en el colon fue distinta:
en la dieta mediterranea el gas se acumulé preferentemente en el colon proximal
(ascendente y transverso; 82+9 mL vs 50+6 mL con la dieta occidental; p=0.007) y
fue menor en el colon distal (descendente y pélvico; 51+6 mL vs 73+11 mL con la
dieta occidental; p=0.035).

En cuanto al analisis metagendmico, el analisis de coordenadas principales
(PCoA) no permitio establecer diferencias en la taxonomia global entre las microbiotas
del grupo que consumié una dieta mediterranea y el de dieta de tipo occidental. El
analisis taxonémico a nivel de especie reveld que las especies Anaerostipes hadrus
y Agathobaculum butyriciproducens eran mas abundantes en el grupo FMD,
demostrando que la dieta enriquecida en fibra es capaz de modular la poblacién de
taxones especificos sin generar grandes cambios en la microbiota. En relacién con
las funciones de la microbiota, 27 rutas metabdlicos aumentaron su presencia en

individuos con dieta FMD.

El analisis metabolomico demostro diferentes patrones en el metaboloma de la
orina en los individuos que consumian los dos tipos de dieta. El analisis no dirigido
pemitio identificar un total de 309 y 279 metabolitos, que aumentaban
significativamente con las dietas FMD y WD, respectivamente. De esta lista inicial de
metabolitos, se seleccionaron 11 para hacer una validacion experimental posterior y
se confirmd que los metabolitos desoxicolato glucurénido, 5-hidroxindol, L-aspartil-L-
fenilalanina y oOxido de trimetilamonio aumentaron significativamente con la dieta

FMD, mientras que los metabolitos propionil-L-carnitina, cortolona 3-glucuronido, p-
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tiramina 3-sulfato y 18-acetoxi-PGF2a-11-acetato metil ester aumentaron

significativamente con la dieta WD.

Para correlacionar los diferentes perfiles metagendémicos y metabolémicos se
emplearon diferentes métodos multibmicos, comprobando que los perfiles
metabdlicos en el grupo FMD se caracterizaban por diferencias en las siguientes
rutas: ruta de las pentosas fosfato, pirimidina desoxiribonucleosido, biosintesis de L-
valina, fermentacion de L-lisina a acetato y butanoato, biosintesis de corismato y
biosintesis de acidos grasos.

Respecto a los diferentes grupos microbianos, se detectd una asociacion
positiva entre Agathobaculum butyriciproducens y algunas rutas metabdlicas de
Eubacterium eligens CAG 72 con el peso de las heces. También se detecté una

influencia positiva de Anaerostipes hadrus en la produccion de gas.

Las dietas tuvieron un impacto menor (menos diferencia con los cambios de
dieta) en la microbiota de los individuos 1, 2, 4, 7, 14, 15 y 20 que en el resto de
participantes en el estudio. A estas microbiotas las denominamos microbiotas
robustas, que son aquellas que se ven escasamente afectadas por la intervencion
dietética. No se pudo establecer ninguna relacion entre la estabilidad de la microbiota
y los sintomas clinicos. Sin embargo, se observo que los individuos con un peso
corporal mayor tenian microbiotas méas robustas, independientemente del tipo de
dieta. Ademas, comprobamos que habia 7.628 familias de genes con una abundancia
relativa mayor en las microbiotas robustas. La mayoria de estos genes pertenecian a
diferentes especies del género Bacteroides. Por otra parte, las microbiotas poco
robustas se caracterizaron por un menor nimero de familias de genes de este género.
Se realizé también un andlisis multiomico para asociar rutas metabdlicas con perfiles
microbianos robustos y no robustos, comprobando que las rutas metabdlicas que se
asociaban con microbiotas no robustas eran, entre otras, biosintesis de pantotenato
y coenzima A, biosintesis de L-isoleucina y maduracion del peptidoglicano.
Finalmente, es destacable que nuestros resultados parecen indicar que los individuos
con microbiotas poco robustas son mas propensos a sufrir molestias abdominales,

probablemente debido a los cambios microbianos inducidos por la dieta.
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Antes de la fase de administracion de dextrina, los participantes registraron una
media de 13 + 2 evacuaciones de gas por dia. El nUmero de evacuaciones aumento
al inicio de la administracion de dextrina (14 g/d) en un 30 £ 13 % (fase inicial), pero
la diferencia con la fase pre-administracion no fue estadisticamente significativa (p =
0,126). Después de cuatro semanas de administracion (fase tardia), el nUmero de
evacuaciones de gas disminuyo de nuevo al nivel previo a la administracion (p = 0,189
frente a la fase inicial), y dos semanas después del final de la administracién (fase
post-administracion) el nimero de las evacuaciones se redujo ain mas y alcanzaron
una diferencia estadisticamente significativa respecto a la administracion inicial (p =
0,004 frente a la fase inicial). El efecto de la dextrina en el nUmero de evacuaciones
de gas se hizo mas evidente en un estudio ancilar con una dosis mas alta de dextrina
(42 g/d): el numero de evacuaciones anales de gas durante el dia aumento
significativamente durante la fase de administracion inicial (en 172 + 65%, p = 0,001
vs pre-administracion) y en la fase de administracion tardia el nimero disminuyo
significativamente hasta el nivel anterior a la administracién (p = 0,048 frente a la
administracion inicial; y p = 0,151 frente a la administracion previa).

En analogia con los efectos de la dieta mediterranea enriquecida en fibra, la
administracion inicial de dextrina aumenté la sensacién de flatulencia (en un 35 + 15
%; p = 0,040 vs pre-administracion), pero la sensacion disminuyd durante el
tratamiento e incluso mas durante la fase post-administracion (p = 0,013 vs. fase de
administracion inicial). La administracion de dextrina no produjo mas sintomas
digestivos y no afectd al bienestar digestivo y al estado de &nimo positivo, que se
evidencié en la fase de pre-administracion. El efecto de la dextrina sobre las
sensaciones digestivas se manifesté de forma mas evidente con una dosis mayor de
dextrina (42 g/dia), que detectdé un aumento de las sensaciones digestivas y una
disminucion del bienestar digestivo en la fase de administracion inicial, y estos efectos
desaparecieron en la fase final de administracion, volviendo a niveles pre-

administracion.

En la prueba de produccién de gas, la comida fue bien tolerada por todos los
participantes. En la fase de pre-administracion, se recolectaron 205 = 37 mL de gas
durante el periodo postprandial de 4 h. La administracién inicial de dextrina no indujo

cambios significativos en el volumen de gas recolectado después de la comida, pero
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si una tendencia hacia un aumento temprano (243 + 41 ml durante la administracion
inicial; p = 0,339 vs pre-administracion) y una disminucion posterior (237 = 49 ml

durante la administracion tardia; p = 0,919 vs administracion inicial).

El efecto de la administracion de dextrina sobre el contenido del colon fue
similar al efecto observado tras consumir la dieta mediterranea enriquecida en fibra.
El volumen coldnico total aument6 de 634 + 52 ml antes de la administracion de
dextrina a 730 £ 57 ml al inicio de la administracién (p < 0,001), y el contenido de
sélidos aumento6 de 494 + 47 ml a 576 £ 52 ml (p < 0,001). El aumento de volumen
persistié durante la fase de administracion (726 + 56 de volumen total y 552 + 44 mi
de contenido sélido al final de la administracion; p = 0,007 y p = 0,035 vs pre-
administracion, respectivamente). EI aumento de volumen fue mayor en el colon

proximal que en el colon distal.

En cuanto al analisis metagenémico el andlisis de coordenadas principales
(PCoA) no se pudieron encontrar patrones caracteristicos en la microbiota global para
diferentes periodos de intervencion de dextrina al considerar perfiles taxonémicos o
funcionales. Este hecho podria atribuirse a la alta variabilidad interindividual de los
perfiles de microbiota intestinal. Sin embargo, se determinaron cambios
estadisticamente significativos en perfiles taxondémicos especificos y funciones
metabdlicas después de la administracion de dextrina (Tablas 1y 2). Con respecto a
los clados taxondémicos estimulados por la administracion de prebiéticos (Tabla 1),
una clase Firmicutes no clasificada y la cepa CAG 241 de Oscillibacter sp. fueron méas

abundantes en el periodo inicial de la administracién de dextrina.

De manera similar, la familia Tanerellaceae, Parabacteroides vy
Parabacteroides distasonis se mostraron mas abundantes en la administracion tardia
de dextrina. Curiosamente, una amplia variedad de taxones mostré las mayores
abundancias durante el periodo posterior a la intervencién, incluidas las especies
Anaerostipes hadrus, Bifidobacterium longum, Blautia obeum, Dorea longicatena,

Eubacterium eligens, Lachnospira pectinoschiza, Roseburia y Ruminococcus.

El analisis metabolémico revel6 que la concentracidon de 14 metabolitos

aumentd y la de 12 metabolitos disminuyd, medidos en el modo de ionizacién positiva,
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después de consumir dextrina, mientras que 13 metabolitos aumentaron su
concentracion en el modo de ionizacibn negativa después de la fase de
administracion. Finalmente, se validaron siete metabolitos utilizando estandares
auténticos, es decir, 4cido glicérico y L-ramnosa (fase previa a la administracion),
acido 3-hidroxiisovalérico (3-HVA), D-xilosa, sorbitol y manitol (fase de
administracion) y arabitol (fase posterior a la administracion). El acido biliar primario
glucurénido de colato aument6 2,9 veces (p = 0,003) en la fase pre-administracion.
Por el contrario, el &cido biliar quenodesoxicolato glucurénido disminuy6 1,4 veces (p
=0,01), y los acidos biliares secundarios, glucurénido ursodesoxicolato y glucurénido
desoxicolato, disminuyeron 1,4y 2,2 veces (p = 0,04 y p = 0,02), respectivamente con

el consumo de dextrina.

Los acidos grasos de cadena corta (SCFA) se detectaron adecuadamente,
aunque en algunas muestras no pudieron ser cuantificados. Se observé una alta
variabilidad interindividual, lo que impidié que se detectaran cambios significativos en
los SCFA fecales con la administracion de dextrina. Tampoco se detectaron
correlaciones significativas entre los 4cidos grasos de cadena corta y los parametros

clinicos/fisiolégicos.
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Los trabajos que componen esta tesis doctoral demuestran que la dieta o
intervenciones dietéticas inducen una adaptacion de la microbiota intestinal, con

repercusion sobre el metabolismo del gas intestinal y las sensaciones digestivas.

El primer trabajo muestra, que la dieta influye sobre el contenido de la biomasa
del colon, el volumen de evacuacion fecal, la actividad de la microbiota intestinal, la
produccién de gas por procesos fermentativos y la percepcion de sensaciones

digestivas, pero tiene un efecto limitado sobre la composicion de la microbiota.

La dieta mediterranea con un contenido mas alto en residuos, aumento la
biomasa en el colon y también la velocidad de recambio de la biomasa, como muestra
el mayor volumen fecal. Ademas, con mayor contenido de residuos en la dieta,
aumenté la produccion de gas intestinal y el gas evacuado, lo que previno un aumento
del contenido de gas intraluminal. Sin embargo, a pesar de que la cantidad total de
gas se mantuvo estable, se observaron diferencias en la distribucion del gas
intraluminal, probablemente debidas a efectos especificos de la dieta sobre la
actividad de la microbiota en distintos compartimentos del colon, con mayor actividad
fermentativa en el colon proximal con la dieta alta en residuos. Los cambios en el
volumen de biomasa y del metabolismo de gas, se asociaron con sensaciones
digestivas, particularmente con sensacion de plenitud y distension abdominal, sin
afectar la sensacion de bienestar digestivo y estado de animo.

Los perfiles taxonémicos de las comunidades de microorganismos en muestras
fecales fueron similares con la dieta occidental y la mediterranea, lo que sugiere que
la dieta tiene una influencia limitada en la composicién de la microbiota intestinal. La
mayor abundancia de productores de butirato con la dieta mediterranea es
funcionalmente relevante y se relacion6 con cambios en el peso fecal y el volumen de
gas evacuado tras la ingesta.

En contraste con el efecto relativamente menor de la dieta sobre la
composicién de la microbiota intestinal, el impacto sobre el metabolismo microbiano
intestinal fue remarcable, y los dos planes dietéticos desplazaron el metabolismo
microbiano (vias metabdlicas microbianos en muestras fecales y perfiles de
metabolitos en orina) hacia patrones claramente distintos con mayor diversidad beta

de las vias metabdlicas con la dieta mediterranea que con la dieta occidental.
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En algunos individuos, la microbiota fue mas robusta y presentaron menos
cambios en las vias metabdlicas microbianas que en individuos con microbiotas mas
influenciables. Las microbiotas robustas presentaron mayor diversidad que las no
robustas y mayor riqueza de vias metabdlicas relacionadas con especies concretas y
se asociaron con menos efectos sobre el contenido fecal y la evacuacion anal de gas.

En resumen, la dieta tiene un efecto discreto sobre la composicion de la
microbiota intestinal, pero tiene gran una influencia sobre el metabolismo microbiano

con implicaciones fisiologicas significativas.

El segundo trabajo proporciona una informaciébn concordante y
complementaria. Mientras que el primer trabajo evalua el efecto de un cambio
dietético profundo (dieta occidental versus mediterranea), el segundo trabajo
demuestra, que una intervencion dietética sencilla, la administracion de un prebiético,
produce efectos analogos en la microbiota intestinal con repercusiones en el
metablismo del gas intestinal y sobre las sensaciones digestivas.

Durante la administracion inicial de un prebidtico, en concreto una dextrina
resistente, aumento la produccion de gas, algo plausible porque la dextrina resistente
es fermentada por la microbiota intestinal liberando gas. Sin embargo, tras 4 semanas
de administracioén, la produccion de gas volvié a los niveles de la fase previa a la
administracion, reflejando la adaptacion del metabolismo de la microbiota intestinal
hacia vias fermentativas con menor produccion de gas. Es interesante que el efecto
persistid y e incluso e amplificé tras interrumpir la administracion. También se
demostr6 como el efecto de la dextrina sobre la produccion de gas es dosis
dependiente. La tendencia observada en el estudio principal con una dosis baja de
dextrina se volvio estadisticamente significativa con una dosis mas alta.

En la administracion inicial, la dextrina indujo sensaciones relacionadas con el
gas intestinal de manera dosis-dependiente, en particular flatulencia, que se revirtié
en paralelo con la disminucion de la produccion de gas durante la administracion

subsecuente y la fase post-administracion.

De forma analoga a la dieta mediterranea alta en residuos, la dextrina influyo
sobre la biomasa y la microbiota del colon, con un aumento persistente en el contenido
sélido del colon, que fue mas prominente en el colon proximal. En cuanto al analisis

de la comunidad microbiana, los perfiles metagenémicos de cada participante
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revelaron cambios relevantes a nivel taxonomico y funcional, que pueden atribuirse al
efecto prebidtico de la dextrina.

Los analisis metabolémicos dirigidos y no dirigidos sugirieron que el consumo
de dextrina podria mejorar la produccion de &acidos grasos de cadena corta, con
aumento de algunas especies microbionas productoras de SCFA. La administracion
de dextrina también mostré un ligero efecto sobre los acidos biliares y el metabolismo
de la biotina. El analisis metagenémico de la microbiota fecal revel6 el efecto
modulador de la dextrina resistente en varias bacterias productoras de SCFA. En este
sentido, las especies productoras de butirato, como Eubacterium eligens, podrian
estar involucradas en los posibles beneficios inducidos por la dextrina. De manera
similar, la dextrina resistente modul6 una amplia gama de funciones metabdlicas
bacterianas que involucran el metabolismo de ribonucle6tidos, aminoacidos y
carbohidratos.

En resumen, el consumo de dextrina durante cuatro semanas, se asocio con
una adaptacion de la microbiota intestinal, que de forma similar a la dieta mediterranea
rica en residuos fermentables, varié su funcidbn metabdlica hacia vias fermentativas
con menor produccion de gas, con repercusion favorables sobre la percepcion de
sensaciones digesivas. Es decir, las intervenciones dietéticas con aportacion de
sustratos fermentables por la microbiota intestinal y con efectos potencialmente
beneficiosios para el organismo, al inicio de la administracion pueden producir
molestias digestivas, relacionadas con un aumento de la produccion de gas intestinal,
pero estos efectos revierten con la administracion continuada, por una adaptacion del

metabolismo de la microbiota intestinal.
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La microbiota intestinal se adapta a la disponibilidad de sustratos fermentables en el

medio intracoldnico (en la biomasa colonica).

La adaptacion de la microbiota se puede inducir por cambios del tipo de dieta (dieta
mediterrdnea versus dieta de tipo occidental) o por intervenciones dietéticas

especificas (prebioticos).

Las intervenciones dietéticas inducen un cambio sustancial en la funcién metabodlica

de la microbiota con cambios limitados en su composicion.

La intervenciones dietéticas con aporte alto en residuos inducen una adaptacion de
la microbiota hacia vias fermentativas mas efectivas, con menor produccioén de gas

intestinal y mejor tolerancia de sustratos fermentables (menos sintomas digestivos).
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Los resultados de estos trabajos indican, que tanto una dieta rica en residuos
como algunos productos fermentables con funcion prebiética, tienen efectos
beneficiosos sobre la microbiota intestinal. Como se visto, estas intervenciones
dietéticas a medio plazo producen una adaptacion de la microbiota, con un cambio en
las vias metabdlicas utilizadas para la fermentacion de sustratos, que resultan en una
menor produccion de gas y disminucion de los sintomas relacionados con el gas

intestinal.

En los estudios piloto realizados, se aplicaron intervenciones relativamente
cortas y los resultados justifican la realizacion de estudios futuros, para determinar los

efectos a largo plazo de estas intervenciones.

Por otra parte, un dato interesante derivado estos trabajos, es que una vez
alcanzada la adaptacion de la microbiota, los efectos de estas intervenciones
dietéticas persisten después de interrumpir la administracion. Desde el punto de vista
practico esto tiene efectos positivos, ya que esto permitiria hacer intervenciones
periodicas, sin necesidad de una tratamiento ininterrumpido. En estudios futuros
habria que determinar cuanto dura la persistencia de los efectos, con la hipétesis que

la persistencia estara en funcién del aporte y de la duracion de la intervencion.

Nuestros datos en sujetos sanos, indican el potencial de estas intervenciones
en la poblacién general para contribuir a los efectos de una dieta saludable. Un
aspecto crucial dentro de nuestro campo de interés, seria determinar si esta la
adaptacion de la microbiota, inducida por este tipo de intervenciones dietéticas, puede
tener efectos beneficiosos en pacientes con trastornos gastrointestinales funcionales,
caracterizados por hipersensibilidad intestinal y una mala tolerancia al gas intestinal.
El problema de las intervenciones con aportacion de sustratos fermentables
precisamente en estos pacientes, es que inicialmente empeoran los sintomas, debido
al aumento inicial de la produccién de gas por la fermentacién de los sustratos
administrados, lo que muchas veces es causa del rechazo e interrupcion del

tratamiento.

Los resultados de los trabajos realizados justifican la realizacion de estudios

combinando inicialmente dietas bajas en residuos con prebiéticos. Las dietas bajas
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en residuos disminuyen la produccion de gas y mejoran los sintomas en los pacientes
con enfermedades digestivas funcionales, aunque a la larga producen un deterioro de
la microbiota. La combinacion de la dieta con un suplemento prebidtico, podria
conseguir una mejor tolerancia inicial de la intervencion, evitando los efectos de la
dieta baja en residuos sobre la microbiota. Una vez inducida la adaptacion de la
microbiota por el prebidtico, se podria introducir una dieta saludable rica en residuos,
manteniendo el beneficio sintomético. Esto seria una estrategia muy favorable, ya que
las dietas restrictivas en estos pacientes son dificiles de mantener a largo plazo.
Ademas, habria que investigar en los pacientes la persistencia de los efectos después
de interrumpir el tratamiento. Esto abriria la puerta para plantear tratamientos

intermitentes, manteniendo una dieta habitual no restrictiva.
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