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RESUMEN

Nuestro grupo ha descrito el aislamiento y la caracterizacién de tres cepas probidticas
(Lactobacillus paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 y Lactobacillus
rhamnosus CNCM 1-4036) a partir de las heces de nifios recién nacidos y alimentados
exclusivamente con leche materna. Estas cepas demostraron adherirse a la mucosa intestinal en
estudios in vitro, tener la caracteristica de ser sensibles al uso de antibidticos y resistir
condiciones gastricas de pH elevado y presencia de sales biliares.

En el presente trabajo se ha realizado un estudio multicéntrico, aleatorizado, doble ciego y
controlado por placebo con 100 individuos sanos de tres ciudades espafnolas, en donde se ha
evaluado la tolerancia, seguridad, colonizacién intestinal y efectos inmunomoduladores de
estas tres cepas probidticas. Los voluntarios se sometieron a un primer periodo de lavado de 15
dias y seguidamente fueron divididos aleatoriamente en cinco grupos para recibir diariamente
un placebo, una capsula que contenia una de las tres cepas, o bien una mezcla de
Bifidobacterium breve CNCM 1-4035 y Lactobacillus rhamnosus CNCM 1-4036 durante 30 dias.
Tras la intervencién, hubo un segundo lavado de 15 dias. Los voluntarios no consumieron
ningun producto que contuviera alguna otra cepa probidtica, ni productos fermentados,
durante la totalidad del estudio.

Los sintomas gastrointestinales, la frecuencia y la consistencia de las heces no se alteraron por
la ingesta de ninguna cepa probidtica. No se observaron cambios relevantes en la sangre ni el
suero de los voluntarios, ni eventos adversos en la totalidad del estudio. La administracion de
las cepas probidticas modificé ligeramente las poblaciones bacterianas de las heces de los
voluntarios. La persistencia intestinal ocurrié en los voluntarios que recibieron la cepa
Lactobacillus rhamnosus CNCM [-4036. La administracion de Bifidobacterium breve CNCM |-
4035 aumentd significativamente el contenido de IgA secretora en heces. Las concentraciones
séricas de IL-4 e IL-10 aumentaron, mientras IL-12 disminuyd, en los voluntarios que recibieron
probidticos. Estos resultados demuestran que el consumo de las tres cepas bacterianas es
seguro y que ejercen efectos inmunomoduladores.

Por otro lado, se ha evaluado el efecto de estas cepas en la esteatosis hepatica de ratas obesas,
y el efecto inmunomodulador de dichas cepas. Se utilizaron ratas Zucker como modelo genético
de obesidad. Las ratas Zucker recibieron una de las tres cepas, una mezcla de L. paracasei CNCM

I-4034 y B. breve CNCM 1-4035, o bien un placebo durante 30 dias.



No hubo alteraciones en la histologia intestinal de ninguno de los grupos experimentales. El
contenido de triacilglicéridos hepaticos disminuyd significativamente en las ratas Zucker obesas
que recibieron L. rhamnosus CNCM 1-4036, B. breve CNCM 1-4035 y la mezcla de B. breve CNCM
I-4035 y L. paracasei CNCM 1-4034. También, el drea correspondiente a los lipidos neutros fue
significativamente menor en los higados de todos los grupos de ratas Zucker obesas que
recibieron alguna cepa probidtica, comparado con las ratas obesas que recibieron placebo.
Cabe destacar que las ratas Zucker obesas que recibieron placebo tenian mayor contenido de
lipopolisacdrido sérico comparado con las ratas Zucker obesas que recibieron probidticos. Por lo
gue se refiere a efectos inmunomoduladores, los valores séricos de TNF-a disminuyeron en las
ratas Zucker obesas que recibieron L. rhamnosus CNCM [-4036, B. breve CNCM 1-4035 vy la
mezcla de B. breve CNCM 1-4035 y L. paracasei CNCM 1-4034, mientras que las ratas que
recibieron L. paracasei CNCM 1-4034 presentaron menores valores séricos de IL-6. En
conclusion, las cepas probidticas redujeron la esteatosis hepatica, en parte debido a Ia
disminucion sérica de lipopolisacdrido, y demostraron poseer cierto efecto antiinflamatorio en

las ratas Zucker obesas.
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INTRODUCCION

El nivel de salud de los individuos esta condicionado primordialmente por factores genéticos
y ambientales. De estos ultimos, la variable externa mas importante es la alimentacion. Una
alimentacion apropiada debe satisfacer diariamente las necesidades nutricionales individuales e
incorporar valores culturales, gastrondmicos y de satisfaccién personal. Estudios recientes en el
ambito de la nutricién humana demuestran que los desajustes alimentarios son la principal causa
del desarrollo precoz de la mayor parte de las enfermedades crénicas o degenerativas en la
sociedad actual. Por lo tanto, en nuestra mano esta la posibilidad de incorporar habitos de vida
saludable, un mejor perfil alimentario y conseguir una disminucion global de los factores de riesgo

existentes en la poblacion (Plaza-Diaz et al., 2013).

En el tratamiento de algunas patologias digestivas se ha comenzado a introducir nuevas
estrategias basadas en el uso de probidticos, “microorganismos vivos no patégenos que, ingeridos
en cantidades suficientes, modulan o actlan sobre determinadas funciones del organismo,
produciendo un efecto beneficioso, mas alld del puramente nutricional, como contribuir al
equilibrio de la microbiota intestinal del hospedador y potenciar el sistema inmunitario” (FAO,
2002). En general, éstos suelen ser bacterias lacticas del género Bifidobacterium, Lactobacillus, una

mezcla de ellas u otros microorganismos que pueden ser empleados en adultos y nifios.

Para que una bacteria pueda ser considerada “probidtica” es necesario que supere
diferentes etapas: su aislamiento, identificacion, caracterizacion y evaluacion. La identificacion de
los microorganismos es el primer paso en la seleccidn de potenciales probidticos. Las nuevas
técnicas de biologia molecular permiten discriminar, con diversos grados de éxito, bacterias
estrechamente relacionadas. Métodos moleculares adicionales, tales como la electroforesis en gel
de gradiente y la fluorescencia mediante hibridacién in situ (por sus siglas en inglés fluorescent in

situ hybridization, FISH), se emplean para identificar y caracterizar éstas nuevas bacterias.

Uno de los beneficios clinicos mejor demostrados de los probidticos es la prevencion y el
tratamiento de la diarrea aguda asociada a los antibidticos. No obstante, hay cada vez mas
evidencia de su beneficio en el tratamiento de alergias, enfermedades metabdlicas e intestinales.
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Existen varios mecanismos propuestos por los que los probidticos ejercen sus efectos beneficiosos,
ya sea por la regulacion de la permeabilidad intestinal, la mejora de la funcién barrera y el
equilibrio entre citoquinas pro y anti-inflamatorias. En la actualidad, hay un gran nimero de
estudios llevados a cabo in vitro y en animales para probar los efectos de los probidticos. Sin
embargo, el método mds fiable para evaluar los beneficios terapéuticos de cualquier cepa
probidtica es el uso de ensayos aleatorizados en humanos controlados por placebo (Fontana et al.,

2013).

Recientemente, nuestro grupo ha identificado y caracterizado tres nuevas cepas probidticas,
Lactobacillus paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 y Lactobacillus
rhamnosus CNCM 1-4036 que se aislaron de heces de nifios alimentados exclusivamente con leche
materna (Mufioz-Quezada et al., 2013). Tras una evaluacion inicial de las tres cepas en modelos in
vitro, el Instituto Pasteur (Vieites Fernandez et al., 2010) las calific6 como bacterias nuevas. El
objetivo general de este trabajo fue evaluar la seguridad, tolerancia y efectos de las 3 cepas

probidticas sobre el sistema inmunitario tanto de voluntarios sanos como de ratas obesas Zucker

(fa/fa).

Para ello los objetivos especificos fueron:

1. Evaluar la seguridad y tolerancia de las tres cepas probidticas en individuos sanos.
2. Investigar los efectos de las tres cepas sobre el sistema inmunitario de individuos sanos.

3. Determinar si la administracidn de las tres cepas probidticas modificd las poblaciones

microbianas de los voluntarios sanos.

4. Evaluar el efecto de la ingesta de las cepas probidticas sobre valores antropométricos y el

perfil lipidico en ratas obesas.

5. Determinar el efecto de la ingesta de las tres cepas probidticas sobre biomarcadores de

riesgo cardiovascular e inflamacidn de ratas obesas.

6. Determinar el efecto de la ingesta de las tres cepas probidticas sobre la esteatosis hepatica y

su efecto sobre los niveles séricos de lipopolisacdrido en ratas obesas.
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El siguiente trabajo sigue el esquema que a continuacion se detalla. En la parte de

Antecedentes se exponen tres revisiones publicadas y un trabajo original:

Fontana L, Bermudez-Brito M, Plaza-Diaz J, Mufioz-Quezada S, Gil A. Sources, isolation,

characterisation and evaluation of probiotics. Br J Nutr 2013, 109(Suppl 2):535-50.

- Bermudez-Brito M, Plaza-Diaz J, Muinoz-Quezada S, Gomez-Llorente C, Gil A. Probiotic

mechanisms of action. Ann Nutr Metab 2012, 61(2):160-74.

- Bermudez-Brito M, Plaza-Diaz J, Fontana L, Mufioz-Quezada S, Gil A. In vitro cell and tissue
models for studying host-microbe interactions: a review. Br J Nutr 2013, 109(Suppl 2):527-
34.

- Munoz-Quezada S, Bermudez-Brito M, Chenoll E, Genovés S, Gomez-Llorente C, Plaza-Diaz J,
Matencio E, Bernal MJ, Romero F, Ramén D, Gil A. Competitive inhibition of three novel
bacteria isolated from faeces of breast milk-fed infants against selected enteropathogens. Br

J Nutr 2013, 109(Suppl 2):S63-69.

En la parte de Resultados se incluyen dos publicaciones sobre los hallazgos principales de los

proyectos de investigacion realizados:

- Plaza-Diaz J, Gomez-Llorente C, Campafia-Martin L, Matencio E, Ortuiio |, Martinez-Silla R,
Gomez-Gallego C, Periago MJ, Ros G, Chenoll E, Genovés S, Casinos B, Silva A, Corella D,
Portolés O, Romero F, Ramén D, Perez de la Cruz A, Gil A, Fontana L. Safety and
immunomodulatory effects of three probiotic strains isolated from the feces of breast-fed

infants in healthy adults: SETOPROB study. Plos One 2013, 8(10):e78111.

- Plaza-Diaz J, Gomez-Llorente C, Abadia-Molina F, Saez-Lara MJ, Campafna-Martin L, Munoz-
Quezada S, Romero F, Gil A, Fontana L. Effects of Lactobacillus paracasei CNCM [-4034,
Bifidobacterium breve CNCM 1-4035 and Lactobacillus rhamnosus CNCM 1-4036 on hepatic

steatosis in Zucker rats. Plos ONE 2014, En prensa.

Finalmente, en un apartado de Anexos se recogen los trabajos publicados en relacién al

tema de probidticos y microbiota intestinal:
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Plaza-Diaz J, Gomez-Llorente C, Fontana L, Gil A. Modulation of immunity and inflammatory

gene expression by probiotics. World J Gastroenterol 2014. En prensa.

Gomez-Llorente C, Plaza-Diaz J, Aguilera M, Mufioz-Quezada S, Bermudez-Brito M, Peso-
Echarri P, Martinez-Silla R, Vasallo-Morillas MI, Campafia-Martin L, Vives-Pifiera |, Ballesta-
Martinez MJ, Gil A. Three main factors define changes in fecal microbiota associated with

feeding modality in infants. J Pediatr Gastroenterol Nutr 2013 57:461-466.
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Las superficies cutdneas y mucosas del cuerpo humano estdn expuestas a ser colonizadas
por microbios durante toda la vida del individuo (Hooper et al., 2002). A medida que estos
microbios van aumentando en numero forman ecosistemas muy diversos y complejos. En
particular, el tracto intestinal alberga la mayor comunidad, ya que es un ambiente rico en
nutrientes, con una distribucion estimada cercana a los 100 billones. De esta inmensa cantidad de
microbios, la gran mayoria reside en el colon (Whitman et al., 1998). Por ello, el intestino humano
constituye un habitat microbiano sustancial de nuestra biosfera. Al nacer, el intestino de un recién
nacido es estéril. Sin embargo, tras el nacimiento comienza a ser colonizado por bacterias de origen

materno y del medio ambiente (Plaza-Diaz y Gil, 2013).

La diversidad microbiana en nuestro planeta es enorme, ya que existen mas de 50 Phyla de
bacterias y 13 de Archea (Rappe y Giovannoni, 2003; Ronddn et al., 1999). No obstante, a pesar de
toda la diversidad microbiana existente, el intestino posee exclusivamente solo dos Phyla
mayoritarios de bacterias, Bacteroidetes y Firmicutes, y uno de Archaea, Methanobrevibacter
smithii (Backhed et al., 2005; Eckburg et al., 2005). Por esto, se presume que existen estrictos
requisitos de la comunidad microbiana intestinal para el ingreso como miembro en este ambiente

(Ley et al., 2006).

La microbiota intestinal en adultos se estima formada por entre 1000 y 1150 especies
bacterianas, sugiriendo algunos expertos que sélo 160 de estas especies constituyen el nucleo de la
microbiota que estd presente en la mayoria de los individuos. Aunque muchas de estas especies se
encuentran en la mayoria de las personas, su abundancia relativa puede variar, existiendo una gran

variabilidad individual (Plaza-Diaz y Gil, 2013).

La distribucién de la microbiota en el intestino no es homogénea, el nimero de bacterias
presentes en el intestino humano va desde 10 a 10° unidades formadoras de colonias (UFC) en el
estémago y duodeno, aumentando de 10 a 10'* UFC en el colon (O’Hara y Shanahan, 2006, Frank
et al., 2007). Existen, ademas, diferencias en la heterogeneidad longitudinal a través del tubo
digestivo y en la variacién latitudinal, debido a que el epitelio intestinal esta separado del lumen
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por una espesa y compleja capa de mucus, generando un tipo de hdbitat diferente al que pueda
existir en el lumen o en la superficie del epitelio intestinal, causando una clara diferencia de

microbiota en cada uno de estos habitats (Mufioz-Quezada, 2011).

Cada una de las funciones que posee la microbiota intestinal se afecta por factores
microbioldgicos, del hospedador, dietéticos y ambientales que explican la variabilidad
interindividual, como cambios en la fisiologia del hospedador, reactividad del sistema inmunitario y

dieta, entre otros (Plaza-Diaz y Gil, 2013) (Figura 1).

MICROBIOTA INTESTINAL

HOSPEDADOR

Cambios fenotipo
Desarrollo masa grasa
Tolerancia a la glucosa
Sensibilidad a la insulina
Inflamacién

Esteatosis

Saciedad

Eficiencia energética

CAMBIOS EN EL METABOLISMO MICROBIANO

Actividad sacarolitica
Produccién de sales biliares

CAMBIOS EN LA COMPOSICION (FILOGENIA)
Phyla: Bacteroidetes y Firmicutes

Clase: Mollicutes
Género/Especie: Bifidobacteria s-Lactobacilos

FIGURA 1. Relacidén entre microbiota intestinal y hospedador.

11



ANTECEDENTES

COMPOSICION DE LA MICROBIOTA INTESTINAL

El intestino humano es el habitat natural para una comunidad bacteriana amplia y dindmica,

pero una parte sustancial de estas poblaciones permanece aun sin conocerse.

Actinomyces Fusobacterium

<10%10°UFC/ml 105-10°UFC/ml

Aumento en el numeroy diversidad

intestino grueso Bacteroides
<10!1-1012UFC/ml
Bifidobacterium
Clostridium

FIGURA 2. Variacién en composiciéon y nimero de la microbiota a lo largo del intestino humano.

En el intestino delgado, desde el duodeno en adelante, la composicidon de la microbiota es
escasa y contiene usualmente menos de 10° UFC. En el intestino delgado proximal, se encuentran
Haemophilus, Actinomyces y algunos anaerobios y algunos lactobacilos (Mackie et al., 1999). En el
yeyuno e ileon existe un incremento continuo en el nimero (>102UFC) y variedad de la microbiota
apareciendo bifidobacterias, anaerobios facultativos (Bacteroides y Fusobacterium) y anaerobios
estrictos que estan presentes en numero creciente a partir de la valvula ileocecal (Holzapfel et al.,
1998). La microbiota en la parte distal del intestino delgado es mas densa (> 10° UFC) y se asemeja a
la del ciego, con gran cantidad de bacterias anaerobias estrictas. (Mackie et al., 1999; Kleessen et
al., 2000; Hooper et al., 2002). En el intestino grueso, se encuentran comunmente microorganismos
anaerobios facultativos (Streptococcus y Enterococcus) (Kleessen et al., 2000). Finalmente, en el
ciego destacan eubacterias, bifidobacterias, Clostridium y cocos Gram positivos (Kleessen et al.,

2000; Macfarlane et al., 2000, Eckburg et al., 2005) (Figura 2).
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La compleja comunidad bacteriana presente en el intestino humano no permanece
constante a lo largo del tiempo sino que puede variar por diversos factores entre los cuales
podemos encontrar las propias condiciones ambientales del tubo digestivo, la cantidad y variedad
de las bacterias en las diferentes regiones del mismo, la cual es determinada por una gran
diversidad de factores complejos intrinsecos y extrinsecos (Mackie et al., 1999). Existe a su vez, una
relacidn reciproca entre el hospedador y la microbiota que lo habita, ya que la microbiota puede
tener un importante impacto sobre el organismo que lo aloja y estos efectos pueden ser

beneficiosos o perjudiciales para la salud del individuo (Hooper et al., 2002).

FUNCIONES DE LA MICROBIOTA INTESTINAL

Después de enumerar cada uno de los grupos de bacterias presentes en el intestino
humano, podemos suponer que esta compleja comunidad bacteriana pueda tener algunas
funciones en la mucosa intestinal del hospedador. Las bacterias forman una barrera de defensa
natural que puede desarrollar actividades metabdlicas que tienen por objetivo mantener la energia
y mejorar la absorcién de ciertos nutrientes, ejercer efectos tréficos importantes sobre la
estructura y funcidon inmunitaria del epitelio intestinal, asi como proteger al hospedador frente a la

colonizacién por otros microbios (Guarner y Magaleda, 2003; O'Hara y Shanahan, 2006) (Figura 3).

La influencia de las bacterias en la fisiologia intestinal ha sido demostrada en estudios con
animales libres de gérmenes y de colonizacidn. En 1995, Usemaki et al. demostraron que la
reconstitucion de ratones libres de gérmenes con microbiota intestinal externa era suficiente para
recuperar la funciéon inmunitaria de la mucosa intestinal (Umesaki et al., 1995). De hecho, la
colonizacién de ratones libres de gérmenes con una sola especie, Bacteroides thetaiotaomicron,
afectaba la expresidon de varios genes que controlaban funciones como la absorcién de nutrientes,
el metabolismo, la angiogénesis, la funcién de barrera mucosa y el desarrollo del sistema nervioso

entérico (Xu y Gordon, 2003).

13



ANTECEDENTES

FUNCIONES PROTECTORAS FUNCIONES ESTRUCTURALES FUNCIONES METABOLICAS
Desplazamiento de patégenos Fortificacion de barrera Ahorro de energia

Competencia por nutrientes  Induccidn de IgA Sintesis de vitaminas y

absorcion de iones
Competencia por receptores  Endurecimiento apical de las

tight junctions Control de la diferenciacion de
células epiteliales intestinales
y proliferacion

Produccion de factores anti-
microbianos. (bacteriocinas, Desarrollo del sistema inmune
Acidos lacticos)

lgA Metabolismo de carcindgenos
Bacterias
/ comensales

Mg Vitamina K

Ca?*, Fe’* Folatos
AGCC

FIGURA 3. Funciones de la microbiota Intestinal. Adaptado de O’Hara AM and Shanahan F, 2006. AGCC: acidos grasos

de cadena corta.

Por otra parte, los fragmentos de las bacterias comensales influencian el normal desarrollo
del sistema inmunitario de la mucosa (Mazmanian et al., 2005; Rakoff-Nahoum et al., 2004),
ademas de afectar profundamente al desarrollo de los componentes humorales de dicho sistema
(Weinstein y Cebra, 1991), modulando células T y T helper tipo 1 y 2 (Cebra, 1999; O' Hara y
Shanahan, 2006). El microbioma, definido como la coleccién completa de microbios (bacterias,
hongos, virus, etc.) que existen de forma natural dentro de un nicho biolégico particular, tiene una
actividad metabdlica que es adaptable y a la vez renovable (Bocci, 1992). A través de la produccion
de acidos grasos de cadena corta (AGCC), bacterias residentes influyen positivamente en la
diferenciacion de células del epitelio intestinal y en su proliferacién, pudiendo mediar otros efectos
metabdlicos (Figura 3). Toda esta compleja actividad metabdlica recupera valiosa energia y
sustratos absorbibles para el hospedador, al mismo tiempo que entrega energia y nutrientes para el

crecimiento y la proliferacion bacteriana (O’Hara y Shanahan, 2006).
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FUENTES, AISLAMIENTO, CARACTERIZACION Y EVALUACION DE BACTERIAS PROBIOTICAS

En la busqueda de microorganismos que poseen propiedades probidticas, es necesario
centrarse en un procedimiento muy claramente definido. Este comienza con la investigacion de
diversas fuentes en las que se pueden encontrar tales bacterias, luego una etapa de caracterizacién
en la que se evallan la tolerancia a las condiciones gastrointestinales (tanto gastricas como
intestinales), la capacidad de adherirse a la mucosa gastrointestinal y la competicidon frente a
bacterias patdgenas (Collins et al., 1998, Ouwehand et al., 2002, Mufioz-Quezada et al., 2013).
Finalmente, existe una etapa de evaluacién que tiene como propdsito investigar el efecto y/o

beneficio en estudios experimentales y clinicos.

Las distintas etapas tienen como principios imprescindibles que las cepas halladas puedan:

- Haber demostrado efectos beneficiosos en el hospedador.

- Ser no patogénico, no téxico y no presentar ningun efecto adverso significativo.

- Ser capaz de sobrevivir a condiciones gastrointestinales en estudios in vitro e in vivo.

- Estar presente en un producto en cantidad adecuada de células viables para proporcionar
beneficios en la salud.

- Ser compatible con la matriz del producto, procesamiento y condiciones de almacenamiento

para mantener las condiciones deseadas (Collado et al., 2010).

Cada una de las etapas mencionadas es detallada a continuacién.

FUENTES

Los lacteos y los productos derivados de los lacteos son una buena fuente de probidticos
(Liong et al., 2011). En este contexto, las LAB (bacterias del acido lactico, por sus siglas en inglés
lactic acid bacteria), bifidobacterias y otros microorganismos obtenidos a partir de leche
fermentada han sido utilizados durante siglos. Un ejemplo de ello es la fermentacion espontanea
de la leche realizada durante varias generaciones en regiones de Mongolia y Africa por conferir

efectos beneficiosos a quien las ingiriera (Yu et al.,, 2011). En general, la gran parte de los
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microorganismos aislados a partir de los productos fermentados pertenecen al género Lactobacillus
(Vizoso-Pinto et al., 2006; Lim e Im, 2009; Won et al., 2011), pero existen excepciones como el caso
de una cepa de Weisella, aislada de alimentos fermentados nigerianos y seleccionada

posteriormente como probidtico (Ayeni et al., 2011).

Dentro de las leches tradicionales fermentadas que contienen diversas especies bacterianas
no es raro encontrarse con bacterias candidatas que podrian ser consideradas probidticos. Asi, se
aislaron 148 cepas de LAB de una leche tradicional de yak llamada "Kurut", que se fermenta de
forma natural en regiones de China, siendo L. delbrueckii subsp. bulgaricus y Streptococcus
thermophilus las poblaciones microbianas predominantes (Sun et al.,, 2010). Hay que destacar
ademds que levaduras y cepas de Lactobacillus con propiedades probidticas han sido aisladas
también de granos de kéfir, leche Masai y koumiss (un fermentado de bebida de leche) (Lopitz-
Otsoa et al., 2006; Romanin et al., 2010; Patrignani et al., 2006; Ya et al., 2008). Dentro de los
productos lacteos fermentados, el queso es un producto lacteo con gran potencial como fuente de
microorganismos probidticos para el intestino humano. Cepas de L. plantarum han sido aisladas de
guesos italianos, argentinos y bulgaros (Zago et al.,, 2011; Ugarte et al., 2006; Georgieva et al.,

2008).

Una fuente importante de probidticos es la leche materna. Desde el descubrimiento de que
la leche materna no es estéril, incluso cuando se extraia asépticamente, se planted la posibilidad de
gue pudiera ser un inoculo bacteriano (West et al.,, 1979). La presencia de bacterias en la leche
materna habia sido considerada siempre como consecuencia de una contaminacién previa (piel).
Sin embargo, los lactobacilos presentes en la leche humana son genotipicamente diferentes de los
aislados de la piel (Martin et al., 2009; O’Hara y Shanahan, 2006). Las cepas de LAB que se
encuentran presentes en la leche materna se observan también en las heces de los lactantes
alimentados con ella (Martin et al., 2003). Por todo ello, la leche materna constituye una
interesante fuente de LAB y bifidobacterias, tomando en consideracién a estas cepas para incluirlas

en férmulas infantiles y alimentos destinados a infantes (Arboleya et al., 2012).

Hay que agregar también que recién nacidos alimentados con leche materna tienen menos
alergias e infecciones gastrointestinales que los que han recibido formulas, por lo que la microbiota
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intestinal de los nifios que reciben leche materna podria ser considerada "mas sana" (Solis et al.,

2010).

La leche materna humana contiene una variada gama de bacterias, encontrandose de
manera predominante estafilococos, estreptococos, micrococos, lactobacilos, enterococos,
lactococos y bifidobacterias (O’Hara y Shanahan, 2006; Martin et al., 2003; Solis et al., 2010;
Gueimonde et al., 2007; Martin et al., 2004; Pérez-Cano et al., 2010) y su ingesta favorece el
predominio de las bifidobacterias y lactobacilos en la microbiota intestinal infantil. Varios autores
han sefialado que los lactobacilos aislados de la leche materna son una alternativa eficiente para el
tratamiento de la mastitis infecciosa durante la lactancia comparados con los antibidticos
comunmente prescritos (Arroyo et al.,, 2010; Jiménez et al., 2008). Por otra parte, se ha descrito
gue dos cepas de Lactobacillus aisladas de la leche materna humana mejoraban la respuesta
inmunitaria a través de la activacion de las células natural killer y la expansion de células T

reguladoras (Pérez-Cano et al., 2010).

Otra fuente importante de probidticos es el tracto gastrointestinal (TGIl) humano. Mas de
500 especies diferentes de bacterias residen en el intestino humano adulto. De hecho, muchas de
las cepas de probidticos utilizadas en la actualidad han sido aislados a partir de esta fuente, tales
como L. gasseriy L. reuteri (Ryan et al., 2008). Ademas, se ha descrito que L. fermentum, aislado a
partir de muestras de biopsia de mucosa de colon humano, posee actividad antimicrobiana frente a
patégenos transmitidos por los alimentos. Cepas probidticas tales como B. longum (Srutkova et al,.
2011) y L. acidophilus RY2 (Lin et al., 2009), han sido aisladas de muestras de heces de adultos
sanos y lactantes, respectivamente. En concordancia con la lactancia materna, varios estudios han
descrito también el aislamiento de probidticos de las heces de estos lactantes (Martin et al., 2006;
Acharya y Shah, 2002; Mufioz-Quezada et al., 2013). En la figura 4 se muestran los diferentes pasos

necesarios para la caracterizacién de cepas probidticas (Varma et al., 2010).
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FIGURA 4. Diagrama de flujo que describe los diferentes pasos a seguir para que una cepa bacteriana pueda ser

considerada como un nuevo probidtico. rRNA, ARN ribosomal. (Fontana et al., 2013).

El aislamiento de probidticos no se limita necesariamente al TGl humano. El TGl de varias
especies de animales, como cerdos, ratas e incluso aves de corral, es una buena fuente de
probidticos (Petrof, 2009). Recientemente, se aislé L. johnsonii CRL 1647 del intestino de la abeja

Apis mellifera L., demostrando un efecto beneficioso sobre las colonias de éstas abejas (Audisio y
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Benitez-Ahrendts, 2011). También se han obtenido cepas probidticas del TGl de peces marinos y de
agua dulce, tales como Carassius auratus gibelio (Chu et al., 2011), la trucha arco iris (Pérez-

Sanchez et al. 2011) y el camarén (Hill et al., 2009).

Aunque la gran mayoria de las cepas probidticas se han obtenido a partir de productos
lacteos, fermentados lacteos y del TGI, hay estudios que muestran que las cepas probidticas
también se encuentran en sustratos fermentados no lacteos (Rivera-Espinoza y Gallardo-Navarro,
2010). Por ejemplo, en experimentos in vitro se ha demostrado que ciertas cepas bacterianas
aisladas de la carne (L. sakei, L. curvatus y Staphylococcus carnosus) y de frutas (L. paracasei y L.
plantarum), pueden expresar propiedades funcionales y metabdlicas similares a las de las bacterias

intestinales humanas (Haller et al., 2001).

AISLAMIENTO

Hoy dia se acepta que los enfoques basados en métodos de cultivo proporcionan una
imagen incompleta de la diversidad microbiana. Los nichos ecoldgicos presentan una compleja
interrelacion entre las diferentes especies de microbios, que no se pueden imitar utilizando
métodos de cultivo tradicionales. Enfoques moleculares que omiten el paso de cultivo se han vuelto
populares como método para identificar la diversidad microbiana de diferentes fuentes. Estos

métodos suministran informacién importante sobre los ecosistemas microbianos.

El primer paso en el estudio de un ecosistema es el aislamiento de sus miembros (Fontana
et al., 2013). En el aislamiento de bacterias probidticas es importante mantener la muestra en
condiciones adecuadas antes de proceder a incubarla en medios selectivos. La gran mayoria de los
probidticos son anaerdbicos o anaerdbicos facultativos. Por ello, la muestra recogida debe ser
inmediatamente puesta en condiciones de anaerobiosis y procesada lo antes posible. Se
recomienda que una vez obtenida, no se superen las 3 horas. Las muestran deben ser
homogeneizadas rdpidamente y luego diluidas para proceder a cultivarlas en medios selectivos

(Munoz-Quezada et al., 2013).
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Se han desarrollado varios medios de cultivo para el aislamiento selectivo de bifidobacterias
y lactobacilos (Hartemink y Rombouts, 1999; Hartemink et al., 1996; Beerens, 1990; Dave y Shah,
1995; Munoa y Pares, 1988; Nebra y Blanch, 1999; Silvi et al., 1996; Rogosa et al., 1951; Downes e
Ito, 2001; MacFaddin, 1985). Rogosa et al. desarrollaron un medio selectivo para el aislamiento y
recuento de lactobacilos y bifidobacterias, tanto orales como fecales, que contiene una base de
agar Columbia suplementado con acido propidnico. El pH acido de este medio es facilmente
tolerado por lactobacilos y bifidobacterias, pero, ademads, inhibe el crecimiento de otros
organismos presentes en las heces humanas, tales como especies de Bacteroides y Eubacterium.
Las placas de agar son incubadas a 37 °C durante un rango de 48 a 72 horas en un ambiente
anaerdbico para el crecimiento de bifidobacterias y otras especies. Otra alternativa es una
atmosfera rica en CO, para favorecer el crecimiento de lactobacilos. Posteriormente, las colonias se

aislan y transfieren a un medio liquido o a una nueva placa de agar.

IDENTIFICACION

La identificacién de microbios aislados desde el TGl o de alimentos es la primera etapa en la

seleccion de potenciales probiéticos.

Para el caso de muchos ecosistemas, sélo un pequeno porcentaje de los microbios pueden
crecer en los medios de cultivo utilizados hoy dia (Amann et al., 1995). La clasificacién taxondmica
podria ser definida como el proceso de catalogacion de la biodiversidad basado en un enfoque con
muchas fases (Vandamme et al, 1996), que implica métodos genotipicos y fenotipicos.
Histéricamente, los métodos fenotipicos se han utilizado para identificar a las bacterias. La
taxonomia durante muchas décadas se basé en el tipo de fermentaciéon que se producia por las
bacterias, determinado por cudl era el azucar fermentado y los productos posteriormente

generados. Por este motivo, los probidticos han sido principalmente clasificados como LAB.

Hoy en dia, el andlisis de la subunidad ribosomal 16S se ha convertido en el método de
eleccion para su correcta identificaciéon. Durante las Ultimas dos décadas, los microbidlogos han
utilizado este fragmento conservado para la clasificacién filogenética (Woese, 1987; Winker y
Woese, 1991). También la relacién entre los organismos se estima a través de la comparacion de
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sus secuencias en las bases de datos disponibles, DDBJ (DNA Data Bank of Japan), ENA (European

Nucleotide Archive) y GenBank (National Institutes of Health (NIH) genetic sequence database).

El andlisis de la subunidad 16S se ha sido combinado con otros métodos para identificar
comunidades bacterianas del intestino y fuentes ecoldgicas. Dentro de estas técnicas podemos
nombrar la reaccién en cadena de la polimerasa (PCR), la electroforesis en gel de agarosa, FISH o la
digestion con enzimas de restriccion del fragmento amplificado correspondiente a la subunidad 16S
(terminal restriction fragment length polymorphism, T-RFLP). Sin embargo, el fragmento obtenido
es extremadamente pequeiio, alrededor de 1500 pares de bases (pb) en comparacién con el
genoma bacteriano completo de 30.000 a 40.000 pb. Por lo tanto, es necesario obtener
informacién complementaria para poder diferenciar cepas de una misma especie. La regién
intergénica (16S-23S) exhibe una gran variacion que ha permitido diferenciar entre distintas
especies de procariotas (Leblond-Bourget et al., 1996). Finalmente, el andlisis del genoma
bacteriano es la herramienta mas utilizada en la actualidad para identificar cualquier tipo de

microorganismos.

CARACTERIZACION

Los géneros Lactobacillus y Bifidobacterium son los mas importantes cuando nos referimos
al término "probidtico"”, en cuanto a especies documentadas. Cuando éstas son ingeridas en un
nuimero suficiente deben superar el TGl y persistir durante algun tiempo para poder ejercer sus
efectos beneficiosos. En la parte introductoria del tema se definieron los principios que debian
poseer las cepas candidatas para ser consideradas como probidticas. Para ello, las bacterias debian
ser administradas vivas, aunque algunos autores han demostrado que los efectos beneficiosos

también pueden existir cuando las cepas se administran muertas (de los Reyes Gavilan et al., 2011).

La capacidad de tolerar un pH extremadamente acido (1,5 - 3,0), las enzimas gastricas, las
sales biliares y otras enzimas intestinales presentes en el TGl son las distintas barreras que deben
superar las cepas administradas para llegar en cantidad suficiente para ejercer sus efectos (Masco
et al., 2007). Varios ensayos in vitro han sido disefiados para imitar estas condiciones a las que son
sometidas las cepas que se consideran potenciales probidticos.
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Resistencia a pH acido y sales biliares: La tolerancia a un medio acido es uno de los criterios
generales para la seleccidn de posibles cepas probidticas, con la idea de garantizar su viabilidad y
funcionalidad (FAO, 2002). Sistemas in vitro, en los que se incluyen incubaciones controladas con
jugos gastricos reales y/o simuladas (pH 2,0 a 4,0 y 70-180 min), se han utilizado preferentemente
en la evaluacion de nuevas cepas probidticas (Sanz, 2006). También se han desarrollado modelos
complejos que simulan el transito gastrointestinal (Masco et al., 2007; Mainville et al., 2005). Por
otra parte, se han realizado incubaciones de 1 a 4 h en medios enzimaticos y/o quimicos en
intervalos de pH de 1,5 a 3,0. Las sales biliares facilitan la digestion de compuestos lipofilicos, pero
también se comportan como agentes antimicrobianos por influir en el establecimiento de la
microbiota intestinal. Las concentraciones fisioldgicas de sales biliares en la bilis humana van desde
0,3 a 0,5% (Dunne et al., 2001; Zavaglia et al., 1998). Los ensayos in vitro con sales biliares se llevan

a cabo con bilis bovina de concentraciones entre 0,3 y 0,7% durante 60-180 min.

Los probidticos muestran resistencia variable tanto a los medios dcidos como a los que
presentan sales biliares, siendo ésta caracteristica dependiente de la cepa. Existen en la literatura
controversias sobre la supervivencia de las bifidobacterias; hay estudios que han descrito que son
muy sensibles a valores acidos de pH. Algunas especies presentan tasas de supervivencia nula a pH
2,0 durante 90 min (Sanz, 2006; Charteris et al., 1998), menos de 1% a pH 3,0 durante 2 h
(Takahashi et al., 2004) y un aumento de supervivencia cuando el pH varia desde 3,0 a 5,0 durante
3 h (Matsumoto et al., 2004). En cambio, algunos autores destacan que los porcentajes mas altos
de tasas de supervivencia se han descrito para las bifidobacterias (Matto et al., 2006; Chenoll et al.,
2011; Munoz et al., 2011; Li et al., 2010). Para las cepas de Lactobacillus se han demostrado altas
resistencias a pH acidos. Un estudio en el que se evaluaron 20 cepas de Lactobacillus demostré una
tasa de supervivencia que variaba de 2 a 100% con un pH de 3,0 durante 1 h. Sobre las sales
biliares, las tasas de supervivencia de las bifidobacterias varia desde 1 a 70% en concentraciones de
0,3% de sales durante 90 min (Mainville et al., 2005). Para el caso de los lactobacilos, se han
probado dos cepas de L. plantarum que han tenido una supervivencia mayor al 50% con una

concentracion de sales biliares desde 0,3 a 1% durante 2 a 3 h (Bosch et al., 2012).
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Por los datos expuestos anteriormente, se observa que las bacterias desarrollan cierta
adaptacién cuando se les somete a condiciones de estrés, tales como medios ricos y/o pobres en

nutrientes, distintos pH acidos y porcentajes de sales biliares (Mills et al., 2011).

Adherencia a células epiteliales intestinales: La adherencia a las células epiteliales
intestinales y también al mucus es una caracteristica importante de los probidticos para promover
el tiempo de residencia en el intestino, la exclusidon de algunos patégenos y las interacciones que

pueden ocurrir con el hospedador y con el sistema inmunitario.

En los ultimos 25 afios, la linea celular Caco-2 ha sido la mds usada para determinar la
capacidad de adhesion de las cepas probioticas (Dicks y Botes, 2010). Las células Caco-2 forman una
monocapa homogénea, que se asemeja a la de los enterocitos maduros humanos en el intestino
delgado (Lenaerts et al., 2007); ademas forman criptas, estructuras tipicas de la monocapa epitelial

(Huang et al., 2009).

Existe otro tipo de linea celular de colon, la HT-29 que también muestra caracteristicas
tipicas de diferenciacidon de enterocitos y se ha utilizado en ensayos de adhesion in vitro (Gopal et
al., 2001). Los resultados obtenidos en los estudios de adhesiéon en modelos in vitro, lineas celulares
y/o su combinacidn son muy variados (Laparra y Sanz, 2009). De hecho, lactobacilos, bifidobacterias
y bacterias patdgenas exhiben diferencias en la adhesién al mucus, células Caco-2, Caco-2 mas
mucus, HT-29-MTX y Caco-2/HT-29-MTX. Asi por ejemplo, para L. rhamnosus GG se han obtenido
capacidades de adhesion en los sistemas antes mencionados de 10,21%, 5,17%, 3,19%, 0,84% y
0,85%, respectivamente. Muchos estudios in vitro evalian la adhesion de potenciales bacterias
probidticas y las interacciones con patdgenos en la interfaz del epitelio intestinal, obteniendo

resultados que dependen fundamentalmente de la técnica y cepa utilizada (lzquierdo et al., 2008).

Las diferencias existentes entre las condiciones experimentales utilizadas para la tolerancia
en medio dacido, (medios acidificados usando 4acido clorhidrico o lactico, con y sin enzimas),
resistencia a sales biliares (dosis y origen de las sales biliares) y adhesion (mucus, lineas celulares,
células mas mucus) generan un problema a la hora de comparar los diferentes estudios vy

resultados. Ademas, es importante destacar que cada una de las etapas descritas tiene siempre la
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cualidad de ser cepa-especifica, variando entre diferentes especies y géneros. Asi, los estudios
clinicos posteriores son la herramienta definitiva para establecer la verdadera funcionalidad de la

cepa estudiada (Fontana et al., 2013).

Actividad antimicrobiana: Los probidticos, por definicion, cuando son administrados en
cantidades adecuadas ejercen efectos beneficiosos para el hospedador. Uno de los mas

importantes es la actividad antimicrobiana frente a patégenos (Laparra y Sanz, 2009).

Las infecciones intestinales estdn mediadas por la adhesidén de las bacterias patégenas a la
superficie de las mucosas, lo que produce un cambio en la microbiota intestinal presente. Las
bacterias probidticas pueden tener un rol protector a través de diversos mecanismos que incluyen
la produccion de sustancias antimicrobianas, la competencia con los propios patégenos por
nutrientes, la adhesion a sitios de unidn que impiden la posterior infeccién de los mismos vy la

estimulacion del sistema inmunitario (Collado et al., 2007).

Ferreira et al. evaluaron la capacidad de 7 cepas de L. gasseri para adherirse a la mucosa
intestinal frente a los patédgenos Cronobacter sakazakii (ATCC 29544) y Clostridium difficile (ATCC
1296). Estas cepas probidticas produjeron una disminucién en la adhesidon de estos patdgenos

(Ferreira et al., 2011).

La capacidad de las cepas probiéticas de inhibir el crecimiento de patégenos en medios de
cultivo sélido y liquido y la posterior modulacion mediante la produccién de citoquinas y factores
de crecimiento en lineas celulares, ha sido documentada usando modelos in vitro para la evaluacion
de sus efectos bioldgicos. Hay que afiadir que también se han realizado estudios de actividad

antimicrobiana de probidticos en modelos animales.

Finalmente, varias cepas de lactobacilos y bifidobacterias han demostrado la inhibicion del
crecimiento de Escherichia coli (Gopal et al., 2001; Todoroki et al., 2001; Chu et al., 2005; Tsai et al.,
2008; Candela et al., 2008), Salmonella typhimurium, Shigella flexneri (Jankowska et al., 2008; Tien
et al., 2006; Cho et al., 2009) y Clostridium difficile (Pillai y Nelson, 2008).
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SEGURIDAD

Hasta el afo 2002, fecha en que se cred la Autoridad Europea de Seguridad Alimentaria
(EFSA por sus siglas en inglés, European Food Safety Authority), no existia ninguna guia formal que
detallara la seguridad en productos alimentarios que contuvieran microbios. En 2007, el Comité
Cientifico sobre Nutriciéon Animal propuso las normas "qualified presumption of safety" (QRS), sobre
presuncién de seguridad en productos alimentarios que tuvieran algun microbio. Las LAB se
convirtieron en uno de los primeros grupos sometidos a estas normas, que se basan en cuatro

etapas que deben cumplirse obligatoriamente:

- Definicién de la taxonomia del microbio.

- Entrega de informacidon referente a literatura cientifica, historia de uso, aplicaciones
industriales y datos en intervenciones animales y humanas para proporcionar el status de
presuncion de seguridad.

- Exclusién de la patogenicidad.

- Definicidn de su uso final.

Los factores que se deben considerar para evaluar la seguridad de los probidticos incluyen:
historia de aislamiento y clasificacidn taxondmica del probidtico potencial, controles de fabricacién
gue eliminen la contaminacién (incluida la contaminacién cruzada entre lotes) de probidticos con
microbios u otras sustancias, evaluacidon de la existencia de asociacidon de los probidticos con
infeccion y toxicidad a nivel de cepa y determinacién del estado fisiolégico de la poblacién
consumidora del producto, con especial consideraciéon en bebés recién nacidos y pacientes en

estado critico (dosis administrada y método de administracion).

Si se superan todas estas cuestiones, los probidticos son considerados generalmente como
"seguros", pero ésta hipdtesis no puede ser asumida en términos absolutos, pues los analisis para
asegurar la seguridad deben ser cada vez mas especificos en alimentos y suplementos dietéticos

gue contengan alguna cepa y que sean administrados a la poblacién general.
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Una vez superadas las distintas etapas de aislamiento, identificacion, caracterizacion vy
seguridad de la cepa se procede a la produccidn industrial. En ella hay dos aspectos fundamentales.
En primer lugar, el microorganismo necesita ser cultivado en un medio adecuado que permita el
crecimiento en grandes cantidades; y, en segundo lugar, se debe asegurar la viabilidad de las cepas
durante la fabricacién. Ambos aspectos son importantes y la produccién se convierte en una fase
clave para un posible probiético que debe superar el crecimiento y los procesos a los que sera

sometido (Fontana et al., 2013).

EVALUACION

Estudios in vitro: Numerosos estudios han utilizado lineas celulares animales y humanas
como modelos de intestino (Cenci¢ y Langerholc, 2010), tales como células Caco-2, HT-29, IEC-6,
IEC-18 y T84, por nombrar algunas. En la mayoria de estos modelos experimentales in vitro, las
células epiteliales son cultivadas en una monocapa, no pudiendo reproducir las particularidades del
epitelio funcional. Para superar este problema, los investigadores han tratado de entender los
mecanismos que explican las interacciones dindmicas entre el epitelio intestinal, las bacterias y el
sistema inmunitario y han concluido que la mejor manera de aunar todo esto es utilizando co-
cultivos de células dendriticas y epiteliales de intestino con probidticos (Borchers et al., 2009), asi
como modelos en 3 dimensiones (Cenci¢ y Langerholc, 2010). Los modelos en 3 dimensiones se
generan usando una linea celular epitelial intestinal de origen no-carcinogénico que se cultiva en
una membrana microporosa, permitiendo la polarizacion de las células intestinales. Por debajo de
la membrana microporosa (lado basolateral), las células epiteliales forman otra capa con células
inmunitarias (macréfagos y células dendriticas), imitando el tejido linfoide de la mucosa. La
microbiota intestinal es anadida a la parte apical de la membrana para estudiar sus efectos. Estos
tres componentes (epitelios, células inmunitarias y microbiota) son los factores mds importantes en

el intestino; por tanto, estos modelos tratan de imitar la situacidon que realmente ocurre in vivo.

EVALUACION CLINICA

Muchos estudios clinicos han tratado de evaluar una gran variedad de probidticos en
diversas condiciones fisiolégicas y patolégicas. Sin embargo, muchos de estos estudios han sido
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cuestionados debido al pequeno numero de pacientes utilizados o a la falta de un grupo de control.
De hecho, la EFSA emite dictamenes cientificos sobre la validez de las alegaciones de salud
relacionadas con cepas probidticas. Un alto porcentaje de las alegaciones son rechazadas por la
EFSA porque la relacion de causa y efecto no esta claramente establecida entre el consumo del
probidtico y los efectos beneficiosos que se suponia que tenia. El método mas fiable para evaluar
los beneficios terapéuticos de cualquier cepa probidtica es el uso de ensayos aleatorizados,
controlados con placebo, los cuales se revisan a continuacion dividiéndolos por estado fisioldgico y

patologia.

Embarazo y lactancia: Asemi et al. evaluaron los efectos del consumo diario de un yogur
gue contenia cepas probidticas sobre parametros inflamatorios en mujeres embarazadas. Las
mujeres consumieron 200 g de yogur probidtico con L. acidophilus La5 y B. animalis BB12, 6 200 g
de yogur convencional al dia durante 9 semanas. El yogur probidtico disminuyd de manera
significativa la expresidn de la proteina C-reactiva, pero no tuvo ningun efecto sobre los niveles del
factor de necrosis tumoral alfa (TNF-a) en las mujeres embarazadas. Ademads, tuvo lugar un
aumento de los niveles de glutation reductasa en las embarazadas sin afectar a ningun otro indice
de estrés oxidativo (Asemi et al, 2012). Dugoua et al. describieron que Lactobacillus y
Bifidobacterium no presentaron ninglin efecto sobre la incidencia de cesarea, peso al nacer y/o

edad gestacional (Dugoua et al., 2009).

Alergia: Vliagoftis et al. evaluaron la evidencia clinica para el uso de los probiéticos como
alternativa terapéutica en la rinitis alérgica y el asma. La revisién incluyé 12 estudios clinicos
aleatorizados. Un total de 9 ensayos mostraron una mejora de la rinitis alérgica debido a la
utilizacion de probidticos. Dentro de ellos, todos los ensayos relativos a rinitis alérgica persistente
demostraron reduccion en los sintomas y cantidad de medicacién administrada comparado con el
placebo. Por otra parte, en los ensayos donde se evaluaba la rinitis alérgica estacional, se observé
mejoria clinica. Los 9 estudios en los que se describieron diversas mediciones inmunolégicas de
alergia no mostraron ningln efecto significativo debido al probiético, al igual que los estudios sobre
el efecto de la administracion de probidticos en el tratamiento del asma. Tomados en conjunto,

estos resultados sugieren que los probidticos podrian tener un efecto beneficioso en la rinitis
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alérgica en dos aspectos: la reduccién de algunos sintomas severos y de la medicacién utilizada

(Vliagoftis et al. 2008).

En el estudio en el que se analizé el efecto simbidtico, entre un probidtico y un prebidtico,
en la prevencién de la enfermedad atdpica, Kuitunen et al. evaluaron a nifios de 1.223 madres
embarazadas con un alto riesgo de alergia (por lo menos uno de los padres con asma diagnosticado,
rinitis alérgica o eczema atépico). Cada mujer recibié dos veces al dia una combinacién probidtica
de L. rhamnosus GG, L. rhamnosus LC705, B. breve BB99 y Propionibacterium freudenreichii ssp
shermanii JS o un placebo durante 4 semanas antes del parto. Sus recién nacidos recibieron los
mismos probidticos, agregando también 0,8 g de un galacto-oligosacarido o placebo una vez al dia
desde el nacimiento hasta los 6 meses de edad. Después, se realizd un seguimiento de los nifos
hasta los 2 afios de edad por si desarrollaban cualquier enfermedad alérgica. En las muestras de
sangre y heces se evaluaron los valores hematoldgicos, calprotectina, a-1-antitripsina, TNF-a e IgA.
A los 6 meses, el grupo de nifios que recibid el probidtico mostrd una disminucidn significativa de
los valores de hemoglobina comparado con el grupo placebo. Ademads, se encontré una correlacion
negativa entre los valores de hemoglobina a los 6 meses de edad y la expresion de calprotectina
fecal a los 3 meses de edad. Los valores hematoldgicos fueron similares en ambos grupos a los 2

afios de edad (Kuitunen et al., 2009).

Olivares et al. realizaron un estudio doble ciego, controlado por placebo en 44 ninos
alérgicos, distribuidos aleatoriamente en dos grupos: un grupo de yogur y un grupo de probidtico.
Se recogieron muestras de sangre y heces. El consumo del producto probidtico indujo una
disminucion significativa en el nivel de IgE en el plasma y un aumento en las células reguladoras T
CD4+/CD25+. La disminucion de IgE sérica se acompaiié de un aumento significativo de IgA en la
mucosa. No se detectaron cambios en otras células implicadas en las reacciones alérgicas. El
consumo del producto probidtico también produjo cambios significativos en la respuesta innata,

con un aumento significativo de las células natural killer (Olivares et al. 2006).

No hay evidencias que sugieran que los probidticos puedan ser un tratamiento efectivo para
el eczema en los nifios, pues la administracién del probidtico ha llevado a la produccién de eventos
adversos (infecciones e isquemia intestinal), sin mostrar ningun beneficio en comparacién con el
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placebo (Boyle et al,, 2009). Un meta-analisis de seis estudios clinicos de prevencion y cuatro de
tratamiento, doble ciegos, aleatorizados y controlados por placebo en nifios entre 0 y 13 afios de
edad indicé que el uso de probidticos para la prevenciéon de la dermatitis atdpica pediatrica es
favorable, pero no para el tratamiento (Lee et al. 2008). Un analisis adicional en el que se excluyo el
Unico estudio con un protocolo postnatal reveld un menor riesgo relativo, que en términos de

tratamiento no mostrd ninguna diferencia estadistica.

Enfermedades relacionadas con el intestino: Olivares et al. investigaron el efecto de un
producto fermentado que contenia dos cepas probidticas, L. gasseri CECT5714 y L. coryniformis
CECT5711, sobre varios parametros sanguineos y fecales relacionados con la funcién intestinal de
voluntarios sanos. Un total de 30 voluntarios sanos fueron divididos aleatoriamente en dos grupos,
uno tomo un yogur estandar y el otro las cepas antes mencionadas administradas via oral. El grupo
gue recibidé los probidticos no tuvo ningun evento adverso significativo y, ademas, las cepas
administradas pudieron aislarse de las heces de los voluntarios. De hecho, la concentracion en las
heces de LAB aumentd en el grupo probidtico. Adicionalmente, la administracion oral de los
probidticos mejord algunos parametros intestinales, como la produccion de AGCC, humedad fecal,

frecuencia y volumen de las heces (Olivares et al., 2006).

Diarrea infecciosa: Una revision Cochrane sobre la eficacia de los probidticos en el
tratamiento de la diarrea infecciosa, que incluyé tanto nifios como adultos, evalio 63 estudios con
un total de 8014 participantes. No se atribuyeron eventos adversos relacionados a la
administracion de los probidticos y su uso disminuyd la duracién de la diarrea. Sin embargo, el
efecto fue muy variable en los estudios analizados. Los autores concluyeron que su uso es seguroy
ejerce efectos beneficiosos en disminuir la duracién de los episodios de diarrea y la frecuencia de

las diarreas infecciosas agudas junto con una buena hidratacion (Allen et al., 2010).

Diarrea asociada al uso de antibidticos: Un meta-analisis realizado por Johnston et al.
valoré los resultados obtenidos en los estudios clinicos, paralelos, aleatorizados y controlados por
placebo realizados que investigaban sobre la diarrea asociada al uso de antibidticos en nifios de 0 a
18 afios (Johnston et al., 2011). El tratamiento con probidticos fue comparado frente al tratamiento
con placebo, profilaxis alternativa y/o no tratamiento y la incidencia de diarrea secundaria al uso de
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antibidticos. Los estudios incluian el tratamiento con Bacillus spp., Bifidobacterium spp.,
Lactobacillus spp., Lactococcus spp., Leuconostoc cremoris, Saccharomyces spp. y Streptococcus
spp., de manera individual y/o combinada. A pesar de la gran heterogeneidad de las cepas
probidticas utilizadas, la dosis y la duracién y la calidad de los estudios, la evidencia global sugiere
un efecto protector de los probidticos en la prevencidon de las diarreas asociadas al uso de

antibioticos.

Diarrea persistente: Los resultados cientificos que sugieren que los probidticos puedan ser
efectivos en tratar la diarrea persistente en nifios son escasos. Bernaola Aponte et al. revisaron
cuatro estudios clinicos aleatorizados comparando una cepa especifica de probidticos frente a
placebo en niflos con diarrea persistente. En cuatro estudios, con un total de 464 participantes, el
tratamiento con probidticos redujo la duracién de la diarrea persistente en dos de los estudios. De
manera similar, la frecuencia de las deposiciones, disminuyd en el grupo de probidticos en dos de
los estudios. En otro estudio, se informd de una disminucién en los dias de hospitalizacién, sin

encontrarse eventos adversos (Bernaola Aponte et al., 2010).

Enterocolitis necrotizante: Alfaleh et al. valoraron el empleo de probidticos en el
tratamiento de la enterocolitis necrotizante (ENC) en 16 estudios aleatorizados y cuasi estudios
clinicos en un meta-analisis que involucrd a 2842 nifios prematuros de menos de 37 semanas de
gestacién y/o menos de 2500 g de peso al nacer. Dentro de los estudios examinados existia una
gran variabilidad en los criterios de inclusion (peso al nacer y edad gestacional), riesgo inicial de
desarrollo de ENC para los grupos control, tiempo, dosis, formulacidon de probidticos y regimenes
de alimentacion. La administracién enteral de probidticos redujo significativamente la incidencia de
la ENC severa (etapa Il o posterior) y la mortalidad. No hubo evidencia de una reduccién
significativa de sepsis nosocomial. Ademas, no se encontrd evidencia de infeccidn sistémica con el
uso de probidticos en este estudio. Los autores concluyeron que la administracién enteral con
probidticos previene la ENC severa, aunque son necesarios mas estudios para asegurar la eficacia
del uso de probidticos en caso extremos como nifios con bajo peso al nacer, donde es de suma
importancia establecer claramente la eficiencia de la formulacién y la dosis a utilizar. Braga et al.
evaluaron el efecto de la administracién de una combinaciéon de L. casei y B. breve en nifios
prematuros con bajo peso al nacer que desarrollarian ENC. El uso de la combinacion tuvo un efecto
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beneficioso en la incidencia de ENC en la etapa Il o posterior. Ademas, se asocié con una mejora en
la motilidad intestinal en el tiempo necesario para alcanzar la alimentacién enteral completa (Braga

etal., 2011).

Colitis ulcerosa: Se ha descrito que el tratamiento con probidticos es efectivo en la remisién
de la colitis ulcerosa (CU) (Sang et al.,, 2010). 13 estudios clinicos aleatorizados revisaron el
tratamiento de la CU con probidticos. Comparado con el grupo placebo, se demostrd que la tasa de
remision de la CU para el grupo de pacientes que recibieron probiéticos fue 2,0% (95% IC 1,35-
2,96). Durante el curso del tratamiento, los pacientes que recibieron probidticos durante al menos
12 meses tuvieron una tasa de remisién de CU de 1,36% (95% IC 1,07-1,73), la incidencia de CU en
el grupo probidticos fue 0,69% (95% IC 1,01-2,47), comparados con el grupo placebo. Para el grupo
de CU de gravedad media a moderada la tasa de recurrencia fue 0,25% (95% IC 0,12-0,51). Dentro
de los grupos tratados con probidticos, el que recibié B. bifidum mostrd una tasa de recurrencia de

0,25% (95% IC 0,12-0,50), comparados ambos con el grupo placebo.

La inflamacién de la bolsa ileal (IBl) es la complicacién mas importante después de la
anastomosis ileo-anal en pacientes con CU. Mimura et al. describieron que una dosis diaria de 6 g
de la mezcla probidtica VSL#3 fue eficaz en la remisidn de IBl en pacientes tratados durante 1 afo.
La remisidon se mantuvo durante 1 afio en el 85% de los pacientes del grupo de VSL#3, comparado
con el 6% del grupo de placebo (Mimura et al., 2004). En un trabajo mas reciente, pacientes en
remisidn con IBIl inducida por tratamiento con antibiéticos fueron reclutados para recibir VSL#3 o
placebo durante el mantenimiento de la remisidén (Kiihbacher et al., 2006). Se obtuvieron biopsias
antes y dos meses después del inicio de la administracion de VSL#3 y del placebo. La terapia con
VSL#3 aumento el niumero total de células bacterianas intestinales, la riqueza y la diversidad de la
microbiota bacteriana, especialmente la anaerobia, mientras que la microbiota de hongos fue
reprimida. En contraste, los pacientes que recibieron el placebo recayeron mas con una marcada

reduccion en la diversidad de la microbiota.

Enfermedad de Crohn: Doherty et al. revisaron en 2010 los estudios clinicos que
comparaban el uso de antibidticos y/o probidticos con placebo en la prevencién de la recurrencia

clinica de la enfermedad de Crohn (Doherty et al., 2010). Estudiaron un total de siete estudios que
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incluian 2 estudios con antibidticos frente a placebo y 5 frente a probiodticos y placebo. La
administracion de probidticos no se asocidé con ninguna diferencia significativa en el riesgo de

recurrencia de la enfermedad de Crohn cuando se compard con el placebo.

Sindrome de intestino irritable: El sindrome de intestino irritable (Sll) es una condicion
cronica que afecta de un 3 a 25% de la poblacion y para la cual no existe disponible ningun
tratamiento especifico, tan solo sintomatico. Cuando se descubrid que la microbiota intestinal
normal se alteraba en el Sll, se empezé a considerar el uso de probidticos en la mitigacion de los
sintomas. McFarland y Dublin revisaron 20 estudios clinicos que incluyeron un total de 1404 sujetos
con SlI. El uso de probidticos se asocié con una mejora en los sintomas globales de SIl y un menor
dolor abdominal comparados con el placebo (McFarland y Dublin, 2008). Gawronska et al.
investigaron la eficacia de L. rhamnosus GG para el tratamiento de la dispepsia funcional, Sll y/o
dolor abdominal en nifos. Los autores encontraron que L. rhamnosus GG reducia la frecuencia de
dolor en nifios con Sl (Gawronska et al., 2007). En contraste con los resultados anteriores,
Bausserman y Michail encontraron que la administracién de L. rhamnosus GG a 50 pacientes de
entre 6 y 20 afios con Sl durante 6 semanas no disminuyd el dolor abdominal cuando se compard
con un placebo. No hubo diferencias significativas en otros sintomas gastrointestinales,

exceptuando la percepcién de la distension abdominal (Bausserman y Michail, 2005).

Se ha observado que el tratamiento del SlI con lisados de Enterococcus faecalis y E. coli ha
sido efectivo y superior al placebo en la reducciéon de los sintomas tipicos, tales como dolor
abdominal y distensidon (Enck et al., 2008). En 297 pacientes con Sll tratados durante 8 semanas
con éstos lisados en un estudio clinico, doble ciego y aleatorizado, los pacientes que respondieron
al tratamiento tuvieron al menos un 50% menos de sintomas globales y de dolor abdominal. La tasa
de éxito en los voluntarios tratados con probidticos, en los sintomas globales fue de 102/149
(68,5%) comparado con el placebo de 56/148 (37,8%; P< 0,001). En la mejora del dolor abdominal
el grupo probidtico produjo un 72,5% (108/149) y el placebo un 44,6% (66/148). El analisis de
Kaplan-Meier reveld que el promedio de respuesta del grupo tratado con los lisados fue de 4 a 5

semanas frente a las mas de 8 semanas del placebo.
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Enfermedad hepdtica crénica: Los pacientes con enfermedad hepatica cronica
generalmente tienen una microbiota intestinal desequilibrada que afecta directamente al
desarrollo y empeoramiento de la enfermedad. Liu et al. efectuaron un estudio clinico aleatorizado,
controlado por placebo. Los pacientes en el grupo tratado una leche fermentada durante 14 dias
que contenia Bacillus bifidus, L. acidophilus, L. bulgaricus y S. thermophilus. Después de la
intervencion, el grupo con la leche fermentada tuvo un menor recuento de E. coli y menor
desequilibrio en la microbiota intestinal que el grupo con placebo. Ademas, hubo una mejoria de
los sintomas de la enfermedad, como ingesta de alimento, apetito, distensién abdominal y fluido
ascitico (Liu et al., 2010). Por otra parte, Aller et al. demostraron que la ingesta de un comprimido
con 500 millones de bacterias de L. bulgaricus y S. thermophilus mejoraba los niveles de
aminotransferasa hepdatica en pacientes con enfermedad de higado graso no alcohdlico (Aller et al.,

2011).

Pancreatitis aguda: Zhang et al. revisaron todos los estudios clinicos aleatorizados
importantes que estudiaban el efecto de probidticos, prebidticos (ingrediente alimentarios no
digerible, que mejoran la salud humana por la estimulaciéon selectiva del crecimiento y/o actividad
de las bacterias existentes en el colon) y la combinaciéon de ambos (simbiéticos) en pacientes con
pancreatitis aguda. Se incluyeron un total de siete estudios clinicos aleatorizados con 559
pacientes. Ninguno de los tratamientos mostré influencia en la incidencia de infecciones
postoperatorias, infeccion pancreatica, fallo orgdnico multiple y sindrome de respuesta sistémica
inflamatoria. Tampoco hubo diferencias significativas en la duracién de la terapia con antibidticos y
la mortalidad. Sin embargo, el tratamiento se asocié con una menor estancia hospitalaria (Zhang et

al., 2010).

Sharma et al. (2011) investigaron el papel de los probidticos en la permeabilidad del
intestino y de la endotoxemia en pacientes con pancreatitis aguda, aunque dicho estudio no tuvo
fuerza, ya que tuvo que terminar de manera prematura, por la gravedad de los pacientes incluidos.
Los pacientes fueron asignados aleatoriamente para recibir un placebo o una mezcla de L

acidophilus, B. longus, B. bifidum, B. infantalis y 25 mg de fructo-oligosacaridos.
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MECANISMOS DE ACCION DE LOS PROBIOTICOS

La defensa del hospedador a los microorganismos patégenos, mediada por la microbiota
intestinal, requiere una fina interpretacidon del microambiente presente, ya que debe distinguir
entre organismos comensales y patédgenos ocasionales, y diferenciar las respuestas para ambos
casos. Los epitelios de las mucosas, en particular el epitelio intestinal, representan la primera linea
de defensa frente a la colonizacién por patdgenos. Los enterocitos superficiales sirven como
sensores aferentes en el microambiente luminal, secretando péptidos antibacterianos, IgA y
guimioquinas que alertan y dirigen la respuesta inmunitaria al sitio de la infeccidn. Las células M
qgue recubren los foliculos linfoides transportan los antigenos luminales a las células dendriticas
subyacentes y a otras células presentadoras de antigenos. Finalmente, las células dendriticas
intestinales juegan un rol esencial de sensores inmunitarios y pueden directamente monitorizar el
contenido intestinal, ya sea por la entrada o la extension de las dendritas entre los enterocitos
superficiales sin alterar las uniones estrechas. Ademas, pueden ingerir y mantener vivas las
bacterias comensales, y viajar a los ganglios linfaticos mesentéricos, donde se induce una respuesta

inmunitaria local frente a las bacterias comensales.

La fina distincidn entre bacterias patdgenas y comensales estd mediada por el sistema de
receptores de reconocimiento de patrones antigénicos (PRR), que incluyen la familia de receptores
toll-like (TLR) y los receptores NOD-l/ike (NLR). La microbiota controla también la proliferacién y
diferenciacion de las células epiteliales, y modula la maduracién y la actividad de la respuesta
inmunitaria innata y adaptativa. Un deterioro en la composicién de la microbiota puede ser
remediada por la utilizacidon de prebidticos, actuando a través de diversos mecanismos, como por
ejemplo la induccion de un sistema de equilibrio en la composicién de la microbiota del intestino
y/o un efecto directo a través de la activacién o bloqueo de receptores celulares. Los prebidticos
pueden mejorar el equilibrio inmunoldgico en los recién nacidos, generando una menor incidencia
de infecciones tempranas en la vida, ademas de correlacionarse con una mejoria de la microbiota
intestinal claramente establecida por un aumento de los niveles de bifidobacterias. El consumo de
un probidtico, en combinacién con un prebidtico adecuado (simbidtico), puede dar lugar a efectos
sinérgicos, mejorando la supervivencia del probidtico, aportando un sustrato facilmente disponible

para la fermentaciéon y aumento del contenido de bifidobacterias autéctonas. En definitiva, los
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probidticos y prebidticos ofrecen una estrategia atractiva para reducir los cambios desfavorables

del intestino manteniendo una microbiota intestinal mas "sana", que puede ayudar a la funcién

intestinal (Plaza-Diaz y Gil, 2013).
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FIGURA 5. Mecanismos de accién de probidticos. (Bermudez-Brito et al., 2012).

Los principales mecanismos de accidon de los probidticos incluyen: la mejora de la barrera
epitelial, el aumento de la adhesién a la mucosa intestinal, la inhibicion concomitante del patégeno

mediante la adhesidn, la exclusion competitiva de los microorganismos patdgenos, la produccion

de sustancias anti-microbianas y la modulacién del sistema inmunitario (Figura 5).
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MEJORA DE LA BARRERA EPITELIAL

El epitelio intestinal esta en contacto permanente con el contenido luminal y con Ia
microbiota (dindmica y variable). La barrera intestinal es un mecanismo de defensa importante
utilizado para mantener la integridad epitelial y para proteger al organismo del medio ambiente.
Las defensas de la barrera intestinal comprenden la capa mucosa, péptidos antimicrobianos, IgA
secretora y el complejo de adhesion para la unidn epitelial (Ohland y Macnaughton, 2010). Cuando
la funcién de barrera se pierde, los antigenos bacterianos y derivados de los alimentos pueden
llegar a la submucosa e inducir respuestas inflamatorias, resultando en la aparicion de desérdenes
intestinales como el SIl (Hooper et al., 2001; Hooper et al., 2003; Sartor, 2006). El consumo de
bacterias no patdgenas puede contribuir a la funcién de barrera intestinal, siendo los probidticos las
bacterias mds estudiadas por su participacion en el mantenimiento de esta barrera. Sin embargo,
los mecanismos por los que los probidticos mejoran la barrera intestinal no se entienden

completamente.

Varios estudios sugieren que el aumento de la expresiéon de genes implicados en la
sefializacion de las uniones estrechas entre las células epiteliales es un posible mecanismo para
reforzar la integridad de la barrera intestinal (Anderson et al., 2010). Por ejemplo, los lactobacilos
regulan varios genes que codifican proteinas de adhesidn, tales como E-cadherina y B-catenina, en
un modelo de barrera con células T84. Ademas, la incubacion de células intestinales con
lactobacilos influye diferencialmente en la fosforilacion de proteinas de adhesién y en la
abundancia de las isoformas de la proteina quinasa C (PQC), tales como PQCS, que afecta

positivamente la funcién de barrera del epitelio (Hummel et al., 2012).

Datos recientes han indicado que los probidticos pueden iniciar la reparacién de la funcién
de barrera dafiada. Asi, por ejemplo, Escherichia coli Nissle 1917 (EcN1917) no sélo previene la
disrupcion de la barrera mucosa producida por E. coli enteropatégena, sino que restaura la
integridad de la mucosa en células T84 y Caco-2. Este efecto estd mediado por la mejora en la
expresion y la redistribucion de las proteinas de adhesion de las uniones estrechas (Zyrek et al.,
2007; Stetinova et al., 2010). Lactobacillus casei DN-114001 y VSL#3 son capaces de mantener la
funcion de barrera intestinal por mecanismos similares (Parassol et al., 2005; Otte et al., 2004).
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En la prevencion del daino epitelial inducido por citoquinas, caracteristico en la enfermedad
inflamatoria intestinal (Sartor, 2006), el uso de probidticos es eficaz, ya que contribuyen a la
funcién de barrera de la mucosa. Dos péptidos secretados por L. rhamnosus GG, designadas p40 y
p75, han demostrado recientemente prevenir la apoptosis celular inducida por citoquinas a través
de la activacion de la proteina quinasa B y por inhibicién de la proteina quinasa pro-apoptdtica p38

activada por mitégenos (Yan et al., 2002; Yan et al., 2007).

Las mucinas (MUC) son los principales constituyentes del moco epitelial y han sido durante
mucho tiempo relacionadas con la salud y con el desarrollo de enfermedades. Los probidticos
pueden promover la secrecion mucosa, como un mecanismo que mejora la funcién de barreray la
exclusién de agentes patdgenos. Varias especies de lactobacilos aumentan la expresion de mucinas
en lineas celulares de intestino humano. Sin embargo, este efecto protector depende de la
adhesién de los lactobacilos a la monocapa de células, algo que probablemente no se produce in
vivo (Mack et al., 2003; Mattar et al., 2002). Por el contrario, hay datos que demuestran que un
extracto celular de L. acidophilus es suficiente para aumentar la expresion de MUC2 en células HT29
independientemente del proceso de fijacion (Kim et al., 2008). Estudios in vivo, menos consistentes
ya que sélo se han realizado unos pocos, muestran resultados controvertidos. Ratones que
recibieron diariamente VSL#3 durante 14 dias no presentaron ningun cambio en la expresidon de
mucinas (Gaudier et al., 2005). Por el contrario, ratas que recibieron VSL#3 en una dosis similar a la
anterior durante 7 dias tuvieron una expresion de MUC2 60 veces superior. La secrecion de
mucinas también aumentd (Caballero-Franco et al. 2007). Por consiguiente, la producciéon de moco
puede incrementarse mediante el uso de probidticos in vivo, pero son necesarios mas estudios para

obtener conclusiones sélidas.

AUMENTO DE LA ADHESION A LA MUCOSA INTESTINAL

La adhesidn a la mucosa intestinal estd considerada como un requisito fundamental para la
colonizacién y para la interaccion entre las cepas probidticas y el hospedador (Juntunen et al.,
2001; Beachey et al., 1981; Schiffrin et al., 1997). La adhesién también es importante en la
modulacion del sistema inmunitario y en el antagonismo frente a patégenos (Schiffrin et al., 1997;

Perdigon et al., 2002; Hirano et al., 2003). Para que las LAB se unan a la superficie es necesaria la

37



ANTECEDENTES

interaccion las células epiteliales intestinales (CEl) y el moco epitelial. Las CEl secretan mucinas que
evitan la adhesién de bacterias patdgenas (Collado et al., 2005; Gonzalez-Rodriguez et al., 2012).
Ademas, en las CEl existen lipidos, proteinas libres, inmunoglobulinas y sales (Neutra, 1987). La
interaccion especifica existente entre las proteinas de superficie de las bacterias probidticas con las
CEl puede ser la principal causa en la exclusion competitiva de los probiéticos frente a distintos

patégenos (Ouwehand et al., 2002; Haller et al., 2001; Van Tassell et al., 2011).

El proceso de adhesion estd mediado por proteinas, aunque hay otros factores implicados
como el acido lipoteicoico (Vélez et al., 2007). El ejemplo mas estudiado de adhesinas bacterianas
es el de proteinas unidas al moco epitelial producidas por L. reuteri (Buck et al., 2005; Hynonen et
al., 2002). Bajo ciertas circunstancias, las proteinas pueden desempeiiar un papel facilitando la
colonizacidn del intestino humano a través de la degradacion de la matriz extracelular de las células
(Candela et al., 2007; Candela et al., 2009; Candela et al., 2007; Guglielmetti et al., 2008; Sanchez et
al., 2010). Probidticos tales como L. plantarum consiguen la induccion de las mucinas MUC2 y
MUC3 para inhibir la adhesién de E. coli enteropatdgena, proporcionando proteccién frente a la

invasion de patdégenos (Hirano et al., 2003; Voltan et al., 2007; Kim et al., 2010).

Del mismo modo, Collado et al. (2006) evaluaron la adhesion de cepas de B. longum y B.
catenulatum al moco intestinal humano y compararon los resultados obtenidos frente a cepas
controles sensibles a los acidos. Los resultados obtenidos mostraron que las cepas que tenian
capacidad de resistencia al medio acido poseian ademds una alta capacidad de adhesién a la
mucosa intestinal. Esta caracteristica en la adhesiéon no siempre es mejorada con la adquisicion de
la resistencia al medio dacido. En general, la inducciéon de resistencia a un medio acido en
bifidobacterias puede ser una estrategia de seleccién para cepas con mayor estabilidad y mejores

propiedades probidticas (Collado et al., 2006; Bermudez-Brito et al., 2012).

Los probidticos pueden también modificar las mucinas intestinales para impedir la unién de
patégenos (Kim et al.,, 2010). El componente bacteriano encargado de la adhesion de cepas de L.
acidophilus es una proteasa resistente asociada a la superficie bacteriana (Chauviere et al., 1992;

Coconier et al, 1992; Greene y Klaenhammer, 1994). De manera singular, el componente
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bacteriano también se degrada en un péptido antimicrobiano con propiedades frente a patégenos

gue son beneficiosas para el hospedador (Gopal et al., 2001).

Las cepas probidticas ademds pueden inducir la liberacién de defensinas por las células
epiteliales. Estos péptidos/proteinas pequefios estabilizan la funcion de barrera del intestino (Furrie
et al., 2005). Los estudios realizados indican que en respuesta al ataque por bacterias patégenas, la
primera linea de defensa quimica es el aumento en la produccion de proteinas antimicrobianas
(PAM), tales como a y B-defensinas, catelicidinas, lectinas tipo-C y ribonucleasas (Ayabe et al.,
2000; O'neil et al., 1999; Takahashi et al., 2001; Ogushi et al., 2001; Ganz, 2003; Gallo y Hooper,
2012). Muchas PAM son enzimas que matan bacterias por un ataque enzimatico en las estructuras
de la pared celular. Las enzimas expresadas por las células de Paneth atacan las membranas
bacterianas. La lisozima hidroliza el enlace glicosidico del peptidoglicano de la pared (Miiller et al.,
2005) y la fosfolipasa A,y los fosfolipidos de la membrana (Koprivnjak et al., 2002). Las defensinas
constituyen una familia importante de los péptidos de membrana en los vertebrados. La interaccién
es no-especifica y principalmente por unidn a los grupos fosfolipidos anidnicos de la superficie de la
membrana, a través de interacciones electrostaticas. Esta interaccion crea poros en la membrana
bacteriana que alteran la integridad y promueven la lisis de los microorganismos (Kagan et al.,
1990). Las catelicidinas son generalmente catidnicas, péptidos en hélice a que se unen a las
membranas bacterianas por interacciones electrostaticas y, como las defensinas, inducen la

disrupcion de la membrana (Bals y Wilson, 2003).

En el proceso de adhesién microbiana de las LAB se incluyen fuerzas pasivas, interacciones
electrostaticas, interacciones hidrofdbicas, fuerzas estéricas, acidos lipoteicoicos y estructuras
especificas, tales como apéndices externos cubiertos por lectinas. Una amplia variedad de
moléculas que median la adhesion de bacterias patdgenas han sido caracterizadas. Sin embargo, el
conocimiento de qué factores median la adhesién de Lactobacillus es muy limitado (Abbot et al,,

2007; Westerlund y Korhonen, 1993; Sun et al., 2012).
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EXCLUSION COMPETITIVA DE MICROORGANISMOS PATOGENOS

Greenberg fue el primero en describir el término "exclusién competitiva", cuando se refirié
al escenario en que especies de bacterias competian por sitios de union frente a otras especies
(Greenberg, 1969). Los mecanismos usados por las especies para la exclusién y/o la reduccion en el
crecimiento de otras especies es variable e incluye: creacién de un microambiente hostil,
disminucion de los sitios de unién disponibles, produccién y secrecion de sustancias
antimicrobianas, asi como la disminucién de los nutrientes esenciales para el crecimiento (Rolfe,

1991).

Las propiedades de adhesion especificas se deben a la interaccidn entre las proteinas de
superficie y las mucinas. Lactobacilos y bifidobacterias inhiben un amplio rango de patégenos, en
los que se pueden incluir E. coli, Salmonella, Helicobacter pylori, Listeria monocytogenes y Rotavirus
(Chenoll et al., 2011; Sgouras et al., 2004; Todoriki et al., 2001; Chu et al., 2005; Tsai et al., 2008;
Muiioz et al., 2011; Nakamura et al., 2012). La exclusién se produce debido a diversos mecanismos
y propiedades de los probidticos para inhibir la adhesién de patdgenos, que incluyen la produccién
de PAM vy la estimulacion de CEl. La exclusién competitiva por bacterias intestinales se basa en la
interaccidon bacteria-bacteria mediada por la competencia por los nutrientes disponibles y la
adhesién a los sitios de la mucosa. Para obtener ventaja, las bacterias pueden modificar el
ambiente para que sea menos adecuado para sus competidores. La produccion de PAM es un

ejemplo de la modificacidn del ambiente (Schiffrin et al., 2002).

Algunos lactobacilos y bifidobacterias comparten caracteristicas en la unién de hidratos de
carbono con algunos enteropatégenos (Nesser et al., 2000; Fujiwara et al., 2001), lo que hace
posible que las cepas compitan con patdgenos especificos por los sitios de uniéon (Mukai et al.,
2002). En general, las cepas probidticas son capaces de inhibir la uniéon de bacterias patégenas por
medio del impedimento estérico en los receptores de patégenos de los enterocitos (Coconier et al.,
1993). El efecto de las bacterias probidticas en la exclusion competitiva de patdgenos se ha
demostrado usando modelos de mucosa humana in vitro (Hirano et al., 2003; Tuomola et al., 1999),
ademds de modelos a base de mucosas animales (Hirn et al., 1992; Genovese et al., 2000). Hirano
et al. demostraron que L. rhamnosus, una cepa con mucha capacidad de adhesién, es apta para

40



ANTECEDENTES

inhibir la internalizaciéon de E. coli enterohemorragica en una linea celular intestinal humana

C2BBel (Hirano et al., 2003).

PRODUCCION DE SUSTANCIAS ANTIMICROBIANAS

Unos de los mecanismos propuestos por el cual los probidticos ejercen beneficios en la
salud, es la formacion de compuestos de bajo peso molecular, tales como acidos organicos y PAM

conocidos como bacteriocinas.

Los acidos organicos son considerados el principal componente antimicrobiano capaz de
inhibir la actividad de los patdgenos; en particular los acidos acético y lactico tienen un efecto
inhibitorio frente a bacterias Gram negativo (Alakomi et al., 2000; De Keersmaecker et al., 2006;
Makras et al., 2006). La forma no disociada de los acidos organicos entra en la bacteria y se disocia
dentro del citoplasma, ocurriendo una disminucién del pH o una acumulacién intracelular de las
formas ionizadas de los acidos orgdnicos que pueden conducir a la muerte del patdgeno
(Ouwehand, 1998; Russel y Diez-Gonzalez, 1998). Las bacterias intestinales producen una gran
variedad de acidos grasos que promueven la salud. De hecho, ciertas cepas de bifidobacterias
intestinales y lactobacilos han demostrado producir acido linoleico conjugado (ALC), potente
agente anticancerigeno (O'Shea et al., 2012; Macouzet et al.,, 2009). Recientemente, se ha
demostrado la capacidad de modular la composicién de los acidos grasos del higado y del tejido
adiposo del hospedador tras la administracién oral de bifidobacterias y lactobacilos productoras de
ALC en ratones (O'Shea et al.,, 2012, Lee et al., 2007). Por ultimo, las bacterias probidticas son
capaces de producir derivados de las sales biliares, que tienen actividad antimicrobiana en
comparacion con las sales biliares sintetizados por el organismo. Sin embargo, queda por dilucidar
como los probidticos se protegen a si mismos de los distintos metabolitos con actividad microbiana

qgue producen (Oelschlaeger, 2010).

Con respecto a la produccion de bacteriocinas, hay que destacar que varios estudios han
puesto de manifiesto que la produccion de las mismas confiere a las cepas productoras una ventaja
competitiva dentro de entornos microbianos complejos, como consecuencia de su actividad
antimicrobiana asociada. La produccién de bacteriocinas puede permitir el establecimiento del
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microorganismo y aumentar la prevalencia de las cepas productoras, asi como permitir la inhibicién

directa en la proliferacién de patdgenos dentro del TGl (O'Shea et al., 2012).

Muchas LAB generan bacteriocinas con actividad sélo contra bacterias estrechamente
relacionadas, pero existen algunas que incluso son activas frente a patdgenos transmitidos por los
alimentos (Nielsen et al., 2010). Los mecanismos comunes de accidn de las bacteriocinas incluyen la
destruccion mediante la formacién de poros y/o inhibicion de la sintesis de la pared celular (Hassan
et al., 2012). Por ejemplo, la nisina forma un complejo con el ultimo precursor de la pared celular,
el lipido dos, inhibiendo de este modo la biosintesis de la pared celular y posteriormente formando

un poro en la membrana bacteriana (Bierbaum y Sahl, 2009).

Algunos compuestos antibacterianos especificos han sido descritos para cepas de
bifidobacterias y, dentro de ellos, sélo una bacteriocina (bifidocina B), producida por B. bifidum
NCFB 1454, es activa frente a bacterias Gram positivas (Makras et al., 2006; Yildirim et al., 1999).
Liévin et al. describieron una gran actividad de eliminacidn de dos cepas de Bifidobacterium contra
varias bacterias patdgenas, como Salmonella enterica ser. typhimurium SL1344 y E. coli C1845.
Dicha actividad, fue atribuida a la produccién de una molécula lipofilica de bajo peso molecular

(Liévin et al., 2000; Gibson y Wang, 1994).

PROBIOTICOS Y SISTEMA INMUNITARIO

Los TLRs son proteinas transmembrana expresadas en diversas células, tanto inmunitarias
como no, entre las que se encuentran las células B, células natural killer, células dendriticas,
macrofagos, fibroblastos, células epiteliales y células endoteliales. En los mamiferos, la familia de
TLRs incluye 11 proteinas (TLR1-TLR11). En los seres humanos, TLR1, TLR2, TLR4, TLR5, TLR6 y TLR10
se encuentran en la membrana plasmatica asociados principalmente a la respuesta de patrones
moleculares asociados a patdégenos (PAMP). Los receptores TLR3, TLR7, TLR8 y TLR9 se encuentran
en la superficie de los endosomas, respondiendo a los PAMP de virus y bacterias (Figura 6) (Gomez-

Llorente et al., 2010).
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La via de sefializacion de los TLRs, a excepcion del receptor TLR3, implica el reclutamiento de
MyD88 (proteina de respuesta primaria de diferenciacién mieloide), que activa las vias de MAPK
(mitogen-activated protein kinase) y la del factor nuclear (NF)-kappa beta (kB) (Lebeer et al., 2010;
Kawai y Akira, 2010; Wells, 2011). El receptor TLR3 utiliza el TRIF (adaptador que contiene el
dominio TIR —receptor toll/interleuquina (IL)-1— que induce interferén B), lo que lleva a la
expresion de interferén tipo | (Wells, 2011). La seifalizacién mediada por TLRs ha demostrado
controlar la maduracién de las células dendriticas induciendo la sobreexpresion de varios
marcadores de maduracidn, tales como CD80, CD83 y CD86, asi como el receptor de quimioquinas
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FIGURA 6. Interaccién de los probidticos con el sistema inmunitario en el intestino (Bermudez-Brito et al., 2012).

Por otra parte, los microorganismos comensales y los probidticos pueden crear un estado de
tolerancia general mediado por la accién de TLRs en las células dendriticas. La sefializacion del

receptor TLR9 es esencial en la intervencion de la accidn antiinflamatoria producida por los
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probidticos. Sin embargo, otros estudios han implicado a otros TLRs, tales como TLR3 y TLR7, en la

tolerancia inducida por bacterias comensales y probidticas (Gomez-Llorente et al., 2010).

Después de la activacion producida por los microorganismos comensales y probidticos, las
células dendriticas inician una respuesta adecuada, como la diferenciacion de células Thg a Treg, que
tiene un efecto inhibidor sobre las respuestas inflamatorias Thl, Th2y Th17. Estd bien establecido
gue los probidticos pueden suprimir la inflamacion intestinal a través de la regulacién a la baja de la
expresion de TLRs, la secrecion de metabolitos que pueden inhibir al TNF-a y la inhibicidn de la

sefializacion de NF-kp en los enterocitos (Gémez-Llorente et al., 2011).

El receptor TLR2 reconoce al peptidoglicano, principal componente de las bacterias Gram
positivas, entre las que se incluyen los géneros Lactobacillus. Varios estudios han demostrado que
TLR2 es necesario para que algunas cepas de Lactobacillus puedan ejercer sus efectos
inmunomoduladores. Vinderola et al. (2005) demostraron que L. casei CRL 431 interactua con las
CEl a través de TLR2, y que esta interaccidn induce un incremento en el nimero de receptores CD-
206 y TLR2, principalmente en las células implicadas en la respuesta inmunitaria innata. Ademas,
los componentes de la pared celular de los lactobacilos pueden potenciar la sefal de unién de TLR2
en combinaciéon con TLR6. Los anclajes de la membrana diacilados de lipoproteinas y acidos
lipoteicoicos se unen a TLR2 y TLR6, promoviendo asi la dimerizacién y activacion mediada por
MyDa88, de la via candnica de NF-kf (Wells, 2011). La estimulacion de TLR2 aumenta la produccion
de citoquinas y su activacién tiene un papel importante en la mejora de la resistencia transepitelial

a las bacterias invasoras (Vizoso Pinto et al., 2009).

En este sentido, Shida et al. mostraron que L. casei induce altos niveles de IL-12, tanto en
macrofagos normales como en deficientes de TLR2, y que el peptidoglicano induce bajos niveles de
IL-12 en macréfagos normales e incluso mas bajos en los deficientes de TLR2. Por lo tanto, los
autores sugirieron que el peptidoglicano intacto de los lactobacilos en realidad actua via TLR2
inhibiendo la produccién de IL-12. Aunque, el reconocimiento por TLR2 es esencial, sélo del 12 al
48% de la produccién de IL-12 en los macréfagos deficientes de TLR2 fue inhibida por el
peptidoglicano, lo que sugiere que otros mecanismos independientes de TLR2 pueden estar
implicados (Shida et al., 2009).
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Igualmente, se ha demostrado que cepas de L. rhamnosus GG y L. plantarum BFE 1685
aumentan la expresion de TLR2 en experimentos con células intestinales humanas. Mas
recientemente, L. casei CRL431 ha demostrado ejercer efectos similares en ratones sanos y ratones
infectados con S. enterica serovar typhimurium (Abreu et al., 2005; Castillo et al., 2011). La
administracion de probidticos a ratones sanos produjo un aumento en la expresion de TLR2, TLR4 y

TLR9 y mejora la secrecién de TNF-a, IFN-y e IL-10 en las placas de Peyer (Castillo et al., 2011).

TLR2 también tiene un papel importante en el reconocimiento de las bifidobacterias. Hoarau
et al. han descrito que el producto de fermentacién por B. breve C50 puede inducir la maduraciéon y
produccién de IL-10, asi como prolongar la supervivencia de las células dendriticas via TLR2 (Hoarau
et al., 2006). Del mismo modo, Zeuthen et al. sefialaron que células dendriticas sin el gen TLR2
producen mas IL-2 y menos IL-10 en respuesta a bifidobacterias, concluyendo que los efectos

inmuno-inhibitorios dependen de TLR2 (Zeuthen et al., 2008).

Con respecto al receptor de TLR4 se ha observado que tiene un papel en la defensa del
hospedador frente a las infecciones in vivo de Salmonella. En ratones sanos, L. casei CRL 431 activa
este receptor y es capaz de utilizarlo como mecanismo de supervivencia frente a bacterias
patégenas (Castillo et al, 2011). La activacion de TLR4 induce mediadores pro-inflamatorios, un
aumento en la expresidon de TLR2 y una reduccién en su propia expresidon, que cursa con un
reclutamiento de células inflamatorias y con el inicio de una respuesta apropiada en el bazo

(Castillo et al., 2011; Weiss et al., 2004; Totemeyer et al., 2003).

Asimismo, cepas de L. rhamnosus GG, L. delbrueckii subsp. bulgaricus inactivadas por calor
pueden disminuir la expresidon de TLR4, de manera similar a la del lipopolisacdrido (LPS), en células
dendriticas derivadas de monocitos humanos tras 12 h de incubacién. Estas cepas probidticas
pueden alterar la respuesta inmunitaria a nivel post-transcripcional por modificacion de la

expresion del microARN (Giahi et al., 2012).

Otro TLR relevante es el TLR9, que reconoce ADN bacteriano CpG. Fragmentos de ADN no
metilado que contiene CpG son liberados por probidticos in vivo teniendo un efecto anti-
inflamatorio potencial, a través de la senalizacion de TLR9 en la superficie. Se sabe que las especies
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de Lactobacillus difieren en su composicion G+C. Por lo tanto, la capacidad de distintas especies de
estimular TLR9 puede ser diferente (Wells, 2011; Hemmi et al., 2000). La estimulacion de TLR9 a
través de las superficies apical y basolateral activa diferentes vias de sefalizacién intracelular en
células epiteliales polarizadas. Mientras el TLR9 basolateral activa la degradacion de IkBa vy la
activacion de la via de NF-xB, el TLR9 apical induce una acumulacién citoplasmatica de Ik
ubiquitinada e inhibe a NF-xf3 (Lee et al., 2006). Cepas de B. breve (NumRes 204), L. rhamnosus
(NumRes 1) y L. casei (DN-114001) inducen distintos niveles de produccién de citoquinas en células
inmunitarias primarias de humanos y ratones. Se ha demostrado que la cepa de B. breve genera
niveles mucho mds bajos de IFN-y que L. rhamnosus y L. casei. Por otra parte, la cepa de B. breve y
lactobacilos estimulan citoquinas de manera independiente de TLR9 y disminuyen la inflamacidn

por efectos inhibitorios de TLR2 (Plantiga et al., 2011).

NLRs Y PROBIOTICOS

Existe otra familia de receptores, los NLRs. Se encuentran localizados en el citoplasma y son
importantes en los tejidos donde TLRs se expresan en niveles muy bajos. Los miembros mas
caracterizados son NOD1 y NOD2, pero actualmente hay mas de 20 NLRs (Hakansson y Molin,
2011). NOD1 se expresa de forma ubicua. NOD2 se expresa en macréfagos, células de Paneth,
células dendriticas, células intestinales, células de pulmén y células epiteliales orales, y en bajos
niveles en células T. El receptor NOD1 puede detectar restos de peptidoglicano, asociado
principalmente a la identificacién de bacterias Gram positivas; y NOD2 puede detectar motivos
dipeptidicos de dcido muramico, lo que permite el reconocimiento de un amplio rango de bacterias
(Biswas et al., 2012). Después del reconocimiento de su agonista, tanto NOD1 como NOD2 se
oligomerizan para reclutar y activar la proteina adaptadora RICK, una protein-quinasa que regula la
apoptosis mediada por CD95, esencial en la activacion de MAPK y NF-xB, aumentando la
transcripciéon y produccién de mediadores inflamatorios, entre ellos citoquinas, quimioatractantes,

ciclooxigenasa-2 (COX-2) y la enzima oxido nitrico sintasa inducible (Chen et al., 2009).

Hay algunos estudios que demuestran el efecto de los probidticos en los NLRs. Fernandez et
al. sefalaron recientemente que la capacidad protectora de L. salivarius Ls33 se correlaciona con la
produccion local de IL-10, que fue neutralizada en ratones deficientes de NOD2. De hecho, estos
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autores establecen que el efecto anti-inflamatorio de Ls33 estd mediado por NOD2 (Fernandez et

al., 2011).

Otra importante via activada por los NLRs implica la escisién de pro-IL-1B y pro-IL-18 en sus
formas maduras y activas. Los NLRs participan en la formacidn del inflamasoma, lo que conduce a la
activacion de la caspasa-1. Existen tres inflamasomas principales: NLRP1, NLRP3 y NLRC4. El NLRP3
detecta LPS, muramildipéptidos, ARN bacteriano y viral (Chen et al., 2009). Existen dos pasos
fundamentales para la completa activacion del inflamasoma NLRP3, uno necesario para inducir la
transcripciéon del ARN mensajero de NLRP3 y otro en el que se reconozcan los PAMP para la

completa expresién de NLRP3 (Bauernfeind et al., 2009; Bauernfeind et al., 2010).

Se ha sugerido que NLRP3 tiene un papel importante en la regulacidon de la inflamacion
intestinal en adultos, como en el caso de la enfermedad de Crohn (Hirota et al., 2011). A su vez, una
alteracion en la expresion de NLRP3 resulta en una interrupcién en la homeostasis inmunitaria
asociada a enfermedades auto-inflamatorias en humanos (Anderson et al., 2008). Debido a que el
nivel de expresién de NLRP3 es bajo en las células inmunitarias, la induccidon de la expresion de
NLRP3 es un primer paso para la activacion apropiada del NLRP3 con el fin de responder al estimulo
producido por los PAMP (Bauernfeind et al., 2009; Bauernfeind et al., 2010; Meylan et al., 2006;
Martinon et al., 2009).
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MODELOS EXPERIMENTALES PARA EL ESTUDIO DE PROBIOTICOS

La barrera entre el lumen intestinal y el tejido conectivo del hospedador estd formada por
las CEl. Sin embargo, estudios recientes han demostrado que también se encuentran involucrados
en procesos inmunolégicos que discriminan entre patdgenos y bacterias comensales. Ademas las
CEl secretan una amplia gama de PAM, mencionados anteriormente. Las CEl interactian con células
presentadoras de antigenos, siendo la mayoria de ellas células dendriticas y macréfagos asociados a
tejido linfoide. Este tipo de células es capaz de polarizar células T naive y producir inmunotolerancia

0 una respuesta inflamatoria.

La interaccion entre CEl, células dendriticas, macrofagos, bacterias comensales y/o
patégenos estimula una secreciéon diferencial de citoquinas dependiendo de la situacidn presente.
La presencia de bacterias comensales y probidticas hace que las CEl liberen IL-10; en cambio, la
existencia de bacterias patdgenas genera citoquinas pro-inflamatorias (IL-8 y TNF-a). Si pensamos
en las situaciones descritas anteriormente (interaccion entre las distintas células), el resultado
global podria estar determinado por citoquinas secretadas por las CEl y células dendriticas, que
estimularian a su vez a células inmaduras y macréfagos, aumentando los niveles de tales citoquinas
en respuesta (Thl, Th2, Th17 o Tr) a la situacion del medio. Estudiar en su conjunto tal compleja
red de células y citoquinas secretadas es dificil de imitar in vitro. Por ello, los modelos
experimentales que se han desarrollado implican CEl y células dendriticas generadas a partir de
monocitos o segmentos de intestino de rata o humano (Uematsu et al., 2008; Ng et al., 2011; Smits
et al.,, 2005), y células T aisladas de células mononucleares de sangre periférica (Smits et al., 2005).
Dichos modelos pueden incluir sélo un tipo de células, o bien mas de uno (co-cultivo de varios tipos
de células en un esfuerzo por imitar el tejido intestinal), o un cultivo de explantes intestinales (Jarry
et al, 2011). Usualmente, los modelos permiten determinar la diferencia de secrecién de
citoquinas, o distinguir entre diferentes porciones de células T y dendriticas, usando fenotipos de
superficies celulares y/o factores de transcripcién que son especificos para cada tipo celular (Figura

7).
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FIGURA 7. Modelos experimentales para el estudio de las interacciones entre el hospedador y los microbios

(Bermudez-Brito et al., 2013).

En apartados anteriores hemos descrito modelos celulares con CEl para el estudio de
probidticos. Profundizaremos en este apartado en los modelos con células dendriticas, macroéfagos,

explantes, organoides y animales.

CELULAS DENDRITICAS

Las células dendriticas pueden diferenciarse al menos en cuatro lineas que abarcan las
células de Langerhans, células dendriticas mieloides (CDM), células dendriticas linfoides y células
dendriticas plasmocitoides (Wu y Liu, 2007). Estas células juegan un papel critico en la organizacién
de la respuesta inmunitaria adaptativa que se produce por tolerancia e inmunidad (Cools et al.,

2007; Quah y O'neill, 2005; Steinman et al., 2003). Las células dendriticas inmaduras residen en
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tejidos periféricos, tales como la mucosa intestinal, y monitorizan el microambiente presente en
busca de PAMP. Posteriormente, liberan quimioquinas y citoquinas que amplifican la respuesta

inmunitaria (Banchereau y Steinman, 1998; Sabatté et al., 2007).

Los probidticos ejercen efectos estimulantes diferentes en células dendriticas in vitro,
desarrollando niveles de produccién muy variables de citoquinas, y funciones efectoras diferentes
(Christensen et al., 2002; Zeuthen et al., 2008; Fink et al., 2007). Algunas cepas modulan la
produccién de citoquinas en células dendriticas in vitro e inducen respuesta antiinflamatorias,
mientras otras inducen una respuesta pro-inflamatoria (Evrard et al., 2011). Este efecto
dependiente de la cepa resulta de la interaccidn especifica entre la bacteria y el PAMP. Braat. et al.
(2004) propusieron que L. rhamnosus modula la funcién de las células dendriticas para inducir una
nueva forma de respuesta de células T menos reactiva, un mecanismo por el que se podrian
explicar los efectos beneficiosos observados por la administracion de probidticos en algunas
enfermedades clinicas. El analisis de células dendriticas inmaduras derivadas de médula dsea
muestra que todas las cepas aumentan la expresion del marcador de superficie CD86, que es
indicativo de la maduracién de las células dendriticas. Sin embargo, las distintas cepas varian en la
intensidad de la expresidn inducida de CD86. Ninguna cepa indujo apreciablemente los niveles de
IL-10 e IL-12 en células dendriticas inmaduras derivadas de médula ésea, mientras que la expresion

de TNF-a fue inducida en particular por L. paracasei y L. fermentum (D'Arienzo et al., 2009).

Mohamadzadeh et al. (2005) investigaron tres especies de Lactobacillus y encontraron que
modularon el fenotipo y la funcion de CDM humanas. Las CDM expuestas a Lactobacillus
aumentaban la expresion de antigenos de leucocitos, CD83, CD40, CD80 y CD86 vy altos niveles de
secrecion de IL-12 e IL-18, pero no de IL-10. La IL-12 fue persistente en las CDM expuestas a las tres
especies de Lactobacillus en presencia de LPS de E. coli, mientras la induccién de IL-10 por LPS

estuvo inhibida. La activacién de CDM con lactobacilos produjo un cambio de células T CD4"y CD8

a Thl y polarizacién de Tc1, como evidencié la secrecién de IFN-y, pero no de IL-4 o IL-13.

L. reuteriy L. casei, pero no L. plantarum, dieron lugar a que las células dendriticas derivadas
de monocitos desarrollaran células Tre. Las células T.g producen niveles elevados de IL-10 y son
capaces de inhibir la proliferacion de células Th. Lactobacillus reuteri y L. casei se unen a la
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molécula de adhesion intercelular denominada DCSIGN. Se observd que anticuerpos que bloquean

DCSIGN inhiben la induccién de las células Tg causada por estas bacterias probidticas.

Weiss et al. (2011) demostraron que los lactobacilos pueden ser divididos en dos grupos de
bacterias que tienen efectos contrarios y que las bifidobacterias exhiben efectos uniformes. En
conclusion, las LAB inician "interacciones" por una via de maduracién de las células dendriticas.
Estas cepas de LAB pueden representar herramientas Utiles para modular el equilibrio de citoquinas
e impulsar potentes respuestas inmunitarias tipo-1 y/o prevenir la desregulacion inmunitaria

asociada con polarizaciones especificas de células T (Fink et al., 2007).

MACROFAGOS

Los lactobacilos han demostrado activar monocitos y macréfagos, que juegan un papel
significativo en la presentacién de antigenos, la activacion de la inmunidad por anticuerpos
especificos y la estimulacién de IgA. En particular, éstas células son esenciales en la respuesta
inmunitaria de tipo 1 (con células efectoras citotdxicas) o respuestas de tipo 2 (caracterizadas por la
produccién de anticuerpos). La respuesta de tipo 2 se relaciona con la secrecion de IL-4, IL-5, IL-9 e
IL-13, que promueve la induccidon de IgE y de respuestas alérgicas. Por incubacién de suspensiones
bacterianas con células THP-1 tipo macréfagos, Drago et al. (2010) analizaron cuatro cepas de L.
salivarius (LDRO723, CRL1528, BNL1059 y RGS1746) por su habilidad en la modulacion de las
citoquinas pro y anti-inflamatorias. LDR0723 y CRL1528 produjeron un incremento persistente en la
producciéon de IL-12 e IFN-y y disminuyeron la liberacién de IL-4 e IL-5. En cambio, BNL1059 vy
RGS1746 favorecieron la respuesta Th2, produciendo una disminucién de la proporcién Th1/Th2
con respecto a células no estimuladas. Ivec et al. (2007) mostraron que las bacterias probidticas, sin
importar si fueran lactobacilos o bifidobacterias, tenian la habilidad de disminuir la infeccidn viral
mediante un estado antiviral en los macréfagos, a través de la produccidon de éxido nitrico y de

citoquinas inflamatorias, tales como IL-6 e IFN-y.
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EXPLANTES DE TEJIDO Y PROBIOTICOS

El nimero de estudios en los que se utilizan explantes y probidticos es muy limitado. La gran
mayoria de ellos se centra en el estudio de enfermedades intestinales, particularmente de la
enfermedad de Crohn. Utilizando un modelo de cultivo con mucosa intestinal y cepas bacterianas
seleccionadas, Carol et al. (2006) observaron una disminucién en la actividad de linfocitos Ty de la
secrecion de TNF-a en la mucosa inflamada de pacientes con la enfermedad de Crohn. L. casei
puede restaurar la homeostasis inmunitaria en la mucosa ileal inflamada de esos pacientes,
favoreciendo la apoptosis de linfocitos T. Ademads, Carol et al. (2006) también sefialaron que ciertos
lactobacilos, tales como L. casei DN-11 401 y L. bulgaricus LB10, podueden disminuir la respuesta
inflamatoria cuando se exponen a la mucosa inflamada en el modelo celular (Carol et al., 2006;
Borruel et al., 2002; Borruel et al., 2003). Estos autores concluyeron que los probidticos interactuan
con células inmunocompetentes, a través de la interfaz de la mucosa y la modulacion local en la
produccién de citoquinas pro-inflamatorias. Recientemente, Mencarelli et al. (2011) cultivaron
explantes de grasa abdominal de cinco pacientes con enfermedad de Crohn y cinco pacientes con
cancer de colon con VSL#3. Estos autores encontraron que la exposicién de los tejidos a VSL#3,

condicionaba la liberacidn de leptina.

Dicho grupo traté también explantes de colon de ratdén con proteinas purificadas de L.
rhamnosus GG en ausencia o presencia de TNF-a (Mencarelli et al., 2011). Dos proteinas purificadas
denominadas p75 y p40 activaron la proteina quinasa B, inhibiendo la apoptosis de células
epiteliales inducida por citoquinas y promoviendo el crecimiento celular en explantes celulares de
colon de ratdn. Adicionalmente, el dafio epitelial del colon inducido por TNF-a se redujo de manera
significativa. Estos hallazgos sugieren que los componentes bacterianos de los probidticos pueden
ser utiles en la prevencion de las enfermedades gastrointestinal mediadas por citoquinas (Yan y

Polk, 2007).

ORGANOIDES

Intentos para conseguir la arquitectura del tejido intestinal in vitro incluyen la disgregacién
de subunidades del intestino de ratas adultas, denominados actualmente como "organoides", para
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extraer células madre adultas y generar de manera espontanea tejido intestinal de cuerpos
embrioides (Howell y Wells, 2011). Recientemente, se ha descrito que células madres
pluripotenciales (CMP) humanas son capaces de diferenciarse directamente en tejido intestinal in

vitro (Spence et al., 2011).

Las CMP ofrecen oportunidades prometedoras para generar tejido intestinal que pueda
aprovecharse en enfermedades intestinales (Howell y Wells, 2011). Por ejemplo, CMP humanas se
han diferenciado en un cultivo en monocapa de hepatocitos de higado y células endocrinas
pancreaticas (Cai et al., 2007; D'Amour et al., 2005; Song et al., 2009; Zhang et al., 2009), con
eficacia terapéutica en modelos animales de enfermedad hepatica (Zhang et al., 2009; Basma et al.,
2009; Touboul et al., 2009) y diabetes (Kroon et al., 2008). Varios autores han diferenciado CMP de
ratones y humanas hasta conseguir tejido intestinal. Las estructuras en tres dimensiones
resultantes consisten en epitelios tipo columna polarizados que siguen un modelo estructural de
vellosidad intestinal y de cripta, con zonas de proliferacién que expresan marcadores de células
madres intestinales. Los epitelios contienen un numero normal de células madre Lgr5 positivas,
células de Paneth y del dominio que forman la cripta, y lineas celulares diferenciados (enterocitos y
células enteroendocrinas) en el dominio de la vellosidad intestinal (Koo et al., 2011). Este tejido

intestinal es funcional, pudiendo secretar mucinas (Spence et al., 2011; McCracken et al., 2011).

El modelo de los organoides se basa en el uso de factores de crecimiento y Matrigel®, es un
sistema de cultivo bien establecido que mantiene caracteristicas in vivo, tales como la cinética de
auto-renovacion (Sato et al.,, 2011). Sin embargo, a pesar de tener muchas ventajas, este sistema
tiene ciertas limitaciones. Por ejemplo, los organoides intestinales tienen muchos menos
componentes que el intestino in vivo y dentro de ellos no podemos encontrar el sistema nervioso
entérico y el sistema vascular, linfatico e inmunitario. Mientras la mayoria de los tipos celulares son
generados en proporciones similares a los hallados in vivo, la arquitectura de los organoides no es
regular, variando las criptas de un organoide a otro (McCracken et al., 2011). A pesar de las
desventajas detalladas, el sistema posee una utilidad extraordinaria para entender y reproducir el

desarrollo, homeostasis y enfermedad del intestino humano.
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PROBIOTICOS Y ANIMALES

Los efectos inmunomoduladores de los probidticos han sido demostrados en modelos
experimentales de alergia, enfermedades autoinmunes y enfermedades inflamatorias intestinales
(Borchers et al., 2009). La administraciéon de probidticos ha demostrado efectos protectores en la
colitis espontanea e inducida quimicamente, a través de la regulacion negativa en la produccién de
citoquinas inflamatorias y/o la inducciéon de mecanismos de regulacion de una manera especifica
para cada cepa. En modelos animales (de sensibilizacion a alérgenos, de asma vy rinitis alérgica en
raton), la administracion oral de probidticos causé una disminucion en la producciéon de IgE a través
de la modulacién en la produccién sistémica de citoquinas. Algunos probidticos han disminuido la
hipersensibilidad de las vias respiratorias y la inflamacidn a través de la induccidén de la mecanismos
de regulacién (Fontana et al., 2013). Como hemos descrito, los probidticos pueden modular tanto la
microbiota intestinal como el sistema inmunitario asociado a las mucosas y, por tanto, al sistema
inmunitario sistémico. Se ha observado que la administracién con L. acidophilus y L. casei aumenta
la eficacia del dahi (yogur griego) en la supresién de la diabetes inducida por estreptotozina en
ratas, previniendo la dislipidemia e inhibiendo la peroxidacién lipidica y la formacion de nitritos
(Yadav et al., 2008). En ratones ob/ob, obesos y diabéticos, la administracion de la mezcla
probidtica VSL#3 disminuyd los niveles de lipidos hepdticos y la actividad de la alanina-
aminotransferasa, lo que indica un efecto protector frente a la esteatohepatitis asociada a la
obesidad (Li et al., 2003). Estos beneficios se asociaron a una normalizacién de la B-oxidacién y a la
reduccion de la actividad del factor proinflamatorio NF-kB y de la expresidon de la proteina
desacoplante-2 (UCP-2). Asimismo, en el modelo de obesidad, resistencia insulinica y esteatosis
hepatica provocada por una dieta elevada en grasa también se ha demostrado la eficacia de VSL#3,

siendo el efecto mediado por las células NKT (Ma et al., 2008).

En el presente estudio, hemos utilizado ratas con una mutacidn del receptor de la leptina
Leprf“ descrito en 1961 en un stock de ratas de Lois y Theodroe Zucker, estableciéndose como
modelo genético de obesidad en 1991. Dichas ratas reciben el nombre de ratas Zucker y se trata de
un modelo de obesidad muy bien caracterizado, pues presenta las complicaciones metabdlicas

tipicas del obeso humano: resistencia insulinica, dislipidemia y diabetes tipo 2.
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Abstract

Numerous in vitro and in vivo studies conducted using different probiotic micro-organisms have demonstrated their ability to interfere
with the growth and virulence of a varety of enteropathogens. The reported beneficial effects of the use of probictics to complement
antibictic therapy or prevent diarrhoea or gastrointestinal infection in infants have increased in recent years. In the present study, we
demonstrated the capacity of supernatants obtained from three novel probiotics (Zactobacillus paracasei CNCM 1-4034, Bifidobacterium
breve CNCM 1-4035 and Lactobacillus rhamnosus CNCM 1-4036) isolated from the faeces of breastfed infants to inhibit the growth of entero-
toxigenic and enteropathogenic (EPEC) bacteria, such as Escherichia coli, Salmonella and Shigella. To assess their potential antimicrobial
activity, the 17 and 24h cellfree supernatants broth concentrates (10X) having 1, 2 or 4% of the three probiotics were incubated with
EPEC bacteria strains. After 17h of co-culture, the supernatants were able to inhibit the growth of E. coli, Salmonella and Shigella up to 40,
55 and 81%, respectively. However, the inhibitory capacity of some supernatants was maintained or completely lost when the supernatants
(pH 3-0) were neutralised (pH 6-5). Overall, these results demonstrated that L paracasei CNCM 1-4034, B. breve CNCM 1-4035 and
L. rhamnosus CNCM 1-4036 produce compounds that exhibited strain-specific inhibition of enterobacteria and have the potential to be
used as probiotics in functional foods.

Key words: Bacterial competition; Bifidobacterium breve; enteropathogens; Lactobacillus paracasei; Lactobacillus rhamnosus;
probiotics.

Probiotics are defined as living micro-organisms that confer a those transmitted through faecal—oral contact, such as Salmonella
health benefit to the host when administered in adequate and Shigella, respectively, constitute an important public health
amounts™. One of the most frequent health claims for pro- problem, especially in developing countries with substandard
biotics concerns the putative reduction and prevention of infec- hygiene and unsafe water supplies. Antibiotics represent the
tious disease in the gastrointestinal tract. The regular intake of first line of treatment, but the use of antibiotics causes an imbal-
probiotic micro-organisms has been demonstrated to prevent ance in the complex ecosystem of the human gastrointestinal
several infectious diseases, allergic disorders, diarrhoea and tract. Thus, therapeutic alternatives to prevent or complement
inflammatory diseases, such as inflammatory bowel disease™®. antibiotic therapy are currently being assessed. In this respect,
Bacteria are present in the food, water and environment, pro- the use of probiotics is a promising tool to prevent EPEC
moting gastrointestinal tract susceptibility to different types of infections.
infection, which produce a variety of illnesses in human subjects Several studies have demonstrated antimicrobial activity
worldwide. Escherichia coli strains possess variable mechanisms by lactobacilli and bifidobacteria against gastrointestinal
of pathogenesis, while enterotoxigenic (ETEC) strains produce microbial pathogens®. The mechanism underlying these
enterotoxin and enteropathogenic (EPEC) strains that adhere effects of probiotics are largely unknown but are likely to
to epithelial cells; the latter type of infection remains a formid- be multifactorial, including the reduction of luminal pH, com-
able cause of diarthoeal illnesses. Zoonotic pathogens and petition for nutritional sources, inhibition of adhesion to

Abbreviations: EPEC, enteropathogenic; ETEC, enterotoxigenic.
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epithelial cells, stimulation of the host immune system and
the production of organic acids, bacteriocin or bacteriocin-like
substances®.

Some probiotics produce metabolites that inhibit the growth
of bacteria and fungi(s’s) and have been used to prevent intesti-
nal pathogenic infections, such as those caused by Salmonella,
Shigella, E. coli, Listeria and Helicobacter pylori 71D Due
to their reported health benefits and the large number of
novel probiotic strains, they have become attractive candidates
for incorporation into functional foods and food products.

Among all probiotic bacteria, those isolated from the faeces
of exclusively breastfed infants are of special interest due
to lactic acid bacteria predominance, and these strains also
seem to provide protection against enteric and systemic
disorders caused by bacterial pathogensoz’ 12,

Recently, we reported the selection and characterisation
of three probiotic strains (Lactobacillus paracasei CNCM
1-4034, Bifidobacterium breve CNCM 1-4035 and Lactobacillus
rhammosus CNCM 1-4036) isolated from the faeces of breastfed
infants“® We demonstrated that these strains exhibited
probiotic potential, survival in gastrointestinal conditions and
adhesion to intestinal cells, and they were also innocuous to
human health. Their safety status has been confirmed by sen-
sitivity to antibiotics, toxicology, the absence of undesirable
metabolites and acute ingestion studies in immunocompetent
and immunosuppressed mice. Furthermore, antimicrobial
activity against human rotavirus and Listeria monocytogenes
has also been described for these probiotics.

The aim of the present study was to demonstrate the ability
of L. paracasei CNCM 1-4034, B. breve CNCM 1-4035 and
L. rbammnosus CNCM 1-4036 to inhibit the growth of E. coli
ETEC, E. coli EPEC, Salmonella and Shigella.

Materials and methods
Lactic acid bacteria strains from exclusively breastfed infants

Three novel strains of lactic acid bacteria were isolated from the
faeces of breastfed infants, and strains that demonstrated
adhesion to intestinal epithelial cells and resistance to gastro-
intestinal conditions were identified and denominated
as L. paracasei CNCM 1-4034, B. breve CNCM 1-4035 and
L. rbammosus CNCM 1-4036, according to a previously described
protocolal). Briefly, twelve healthy, exclusively breastfed infants,
aged 1 month, were selected forthe study at the Clinic Hospital of
the University of Granada. The present study was conducted
according to the guidelines laid down in the Declaration
of Helsinki, and all procedures involving human subjects were
approved by the Ethical Committee of the University of
Granada. Written informed consent was obtained from the
parents after a careful explanation of the nature of the study.

Isolation of supernatants from lactic acid bacteria strains

To obtain probiotic bacteria supernatants with 1X or 10X con-
centrations, the bacterial strains were grown anaerobically for
17 or 24 h at 37°C in Man, Rogosa and Sharpe (lactobacilli) or
Man, Rogosa and Sharpe plus cysteine (bifidobacteria) media,
respectively.
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The supernatants were obtained by centrifugation at 12000 g
for 10min and were then neutralised to pH 6'5 using NaOH
(1M). To obtain the 10X supernatant, the neutralised 1X super-
natant was concentrated by freeze-drying. The supernatants
were sterilised by filtration through 0:22 um pore-sized filters
and stored at — 20°C until further use.

Escherichia coli ETEC, Escherichia coli EPEC, Salmonella and
Shigella strains and growth conditions

E. coli ETEC, E. coli EPEC, Salmonella typhimurium, Salmo-
nella typhi and Shigella sonmei strains were obtained from
the Spanish Type Culture Collection (CECT). We chose the
following strains:

E. coli ETEC: CECT 501 and CECT 515; E. coli EPEC: CECT 727
and CECT 729; S. typhimurium CECT 443 and CECT 4594; S. typhi:
CECT 725; and . sonnei: CECT 457, CECT 4887" and CECT 413.

The E. coli and Salmonella strains were grown in tryptone
soy broth and incubated aerobically for 24h at 37°C. The
Shigella strains were grown in nutrient broth and incubated
aerobically for 24h at 37°C.

Activity of lactic acid bacteria supernatants against
pathogens

These assays were performed in polystyrene ninety-six-well
(volume, 200 ul/well) plates (Maxisorp). Tryptone soy (E. coli
and Salmonella) or nutrient (Shigella) broth was inoculated
with a 5% (v/v) concentrated microbial cell solution and
grown overnight (E. coli and Salmonella). The supernatants,
with or without neutralisation, were added to a final concen-
tration (v/v) of 1 and 4% (E. coli, Salmonella and Shigella) or
just neutralised to 2 and 4% (Shigella). The ability of each strain
to inhibit the pathogenic strains was evaluated by monitoring
bacterial growth at 37°C in tryptone soy or nutrient medium in
ninety-six-well plates according to the methods of Chenoll
et al "%, Bacterial growth was analysed at 620 nm using a Multis-
kan microplate reader (Thermo Fisher Scientific). In each case, the
percentage of resistance was calculated by comparing the final
optical densities at 620 nm obtained with different concentrations
of supernatants with those of the corresponding control samples.

Statistical analysis

Results are expressed as mean and standard deviation. The
differences between the mean values for the different treat-
ments with lactic acid bacteria supernatants were analysed
using one-way ANOVA. The least significant difference test
was used for a posteriori ¢ paired comparison of the mean
values. The statistical analysis was performed using Stat-
graphics plus (version 5.1) software (Manugistics).

Results
Pathogen inhibition assays

The L. paracasei CNCM 1-4034 supernatants were specific in
their effects against the pathogenic strains. The not neutralised
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17h supernatant when used at 1 and 4% concentrations
inhibited the growth of §. zyphi CECT 725 by 23 and 41%,
respectively. However, when it was neutralised, the inhibitory
capacity was lost. The not neutralised 24h supernatant used
at 1 and 4% concentrations inhibited the growth of S. zyphi
CECT 725 by 25 and 23 %, respectively; when this supernatant
was neutralised, growth was inhibited by 24 and 23 %, respec-
tvely (Fig. 1(c)). These results suggest that compounds of
different nature might be present in the supernatant,

When both not neutralised supernatants were used at 4%
concentration, the 17h supernatant inhibited the growth of
S. typhimurinm CECT 443 and the 24 h supernatant inhibited
the growth of S. fyphimurium CECT 4594 by 29 and 39%,
respectively (Fig. 1(a) and (b)). The neutralised supernatants
inhibited the growth of S. sonnei CECT 413 by 81% (17h)
and 82:109% (24 h) when utilised at 4% concentration and by
32:5% (17h) when utilised at 2% concentration (Fig, 4.
Similar results were observed against S, sonnei CECT 4887,
as the supernatants used at 4% concentration showed 92%
(17h) and 205 % (24 h) inhibition, and those used at 2% con-
centration showed 9-99% (24 h) inhibition (Fig. 4(b)). Only the
17 h supernatant was effective against S. sonnei CECT 457, as
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growth was inhibited by 6-3 and 25:9% when utilised at 2 and
4% concentrations, respectively (Fig. 4(c)).

When used at 1 and 4% concentrations, the not neutralised
17h B. breye CNCM 14035 supernatant was able to inhibit the
growth of . zyphi CECT 725 by 37 and 46%, respectively, and
by 25 and 29%, respectively, when the supernatants were
neutralised. Similar results were obtained with the 24h super-
natants at 1 and 4% concentrations, as these showed 34 and
48% inhibition, respectively, when the supernatants were
not neutralised and 34 and 15% inhibition, respectively,
when the supernatants were neutralised (Fig. 2(c)). The super-
natants did not inhibit the growth of E. coli EPEC CECT 727
and E. coli EPEC CECT 729 (Fig. 2(a) and (b)). However, the
neutralised supernatants did inhibit the growth of S. sonnei
CECT 457 by 194 % (24h) when utilised at 4 % concentration
and by 25:8% (24h) when utilised at 2% concentration
(Fig. 4(5). The neutralised supernatants were not able to inhi-
bit S, sonnei CECT 48877 and S, sonnei CECT 413 (Fig, 4(e)
and (d), respectively).

The L rhamnosus CNCM 14036 not neutralised 17 and 24h
supernatants inhibited the growth of S, zyphi CECT 725 by 55
and 29 %, respectively, but this inhibition was completely lost
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Fig. 1. Effect of 17 and 24h supernatants of Laclobacitius paracasei CNCM 1-4034 on growth of Saimonelia typhimurium (a) CECT 4694, (b} CECT 443 and (c)
Saimonetia typhi CECT 726. Values were significantly different: * P< 0-06; ** P< 0-01. [, Control; W, not neutralised; [J, neutralised.
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Fig. 2. Effect of supernatant of Bifidobacierium breve CNCIM 14035 on growth of Escherichia coli enteropathogenic (a) CECT 729, (b) CECT 727 and
({c) Saimonetia typhi CECT 726. Values were significantly different: * P<0-06; ** P< 0-01. [, Control; W, not neutralised; [, neutralised.

when the supernatants were neutralised (Fig. 3(a)). Similar
results were observed against E. colf ETEC CECT 501, with
40 and 25% inhibition, and these 17 and 24h supernatants
also inhibited the growth of E. coli ETEC CECT 515 by 29
and 31%, respectively (Fig. 3(b) and (d)). The growth of
E. coli EPEC CECT 729 was only affected by the 17h super-
natants used at 4% concentration (27% inhibition, Fig. 3(c).
The neutralised supernatants did inhibit the growth of
S. sonnei CECT 413 by 81% (17h) and 82% (24h) when
utilised at 4% concentration, and 16:3% (24 h) inhibition was
observed when utilised at 2% concentration (Fig. 4(g)). The
supernatants were slightly effective against S. somnei CECT
48877, with minor inhibitory percentages of 29:1% (24h)
when utilised at 4% concentration (Fig. 4(h)), and against
S. sonnei CECT 457, showing 338% (24h) inhibition when
the supernatant was utilised at 4% concentration and 16%
(24h) inhibition when utilised at 2% concentration (Fig. 4(D).

Discussion

Probiotics display important characteristics that benefit human
health. Although knowledge of the potential mechanisms
underlying the effects of probiotics against enteropathogens
is largely unknown, these mechanisms are likely multifactor-
ial. Important mechanisms that have been shown to underlie
these antagonistic effects include the reduction of luminal
pH, competition for adhesion sites and nutritional sources,
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secretion of antimicrobial substances, toxin inactivation and
immune stimulation®, Several previous reports have indi-
cated that lactic acids, organic acids, bacteriocins, proteases,
peroxides and exopolysaccharides exert antibacterial and
antifungal effects®¥, In addition, three novel probiotics
(L. paracasei CNCM 14034, B. breve CNCM 14035 and
L rhamnosus CNCM 14036) were previously demonstrated
to resist low pH and high bile salt concentrations and to
adhere 1o the colon™. Moreover, a safety evaluation of
these probiotics, including their antibiotic resistance patterns,
an assessment of certain metabolic activities (p-lactate pro-
duction, bile salt deconjugation and amine biogen production)
and in vivo acute ingestion profiles (immunosuppressed
and immunocompetent mice), was also performed. Taken
together, these previous results demonstrated that these pro-
biotics were able to inhibit some strains of L. monocytogenes
and the infection of human cells with rotavirus i vizro “*,
The results of the present study demonstrated that super-
natants from cultures of the three novel probiotics L. paracasei
CNCM 14034, B. breve CNCM 14035 and L. rbamnosus CNCM
14036 inhibited the growth of EPEC bacteria in a strain-
specific manner. Tsai ez al® showed a similar effect of
three Lactobacilius strains against E. colf ETEC during a 20h
incubation, and similar results have also been obtained
using organic acids®®'?, For Bifidobacterium suains, the
production of different compounds with inhibitory capacity
against enteropathogen strains has also been described®$=27,
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Fig. 3. Effect of supematant of Laciobacilius rhamnosus CNCM 1-4036 on growth of (a) Saimonelia typhi CECT 725, (b) Escherichia coli ETEC CECT 501,
(c) E. coli EPEC CECT 729 and E. colf ETEC CECT £16. ** Value was significantly different (P<0-01). @, Control; m, not neutralised; 1, neutralised.

The L. paracasei CNCM 14034 17 h supernatants showed a
differential effect against S. #yphi CECT 725, as inhibition was
observed when the supernatants were not neutralised, but
these effects were lost upon neutralisation. A similar finding
demonstrated that when both Zaciobacilius supernatants
were used against S. yphimurium CECT 4594, S. typhimurium
CECT 443 and E. coli EPEC CECT 729, only the supernatant
that was not neutralised was able to inhibit the growth of
EPEC bacteria when utilised at 4% concentration. These
results are consistent with those described in the study by
Mauch ez a7, who found that the activity of the compounds
produced by Lactobacilius brevis PS1 was higher at low pH
values, i.e. pH 5, and that this effect was partially diminished
after proteolytic treatment, indicating the production of
organic acid and proteinaceous compounds™. In another
study, the total loss of antimicrobial activity at pH 7 suggested
that organic acids were involved®, Atlow pH values, organic
acids exist in non-dissociated forms, which facilitate their
penetration into the hydrophobic cell membranes of bacteria.
Several reports have also shown that the major groups of
inhibitory compounds produced by the probiotics inchide
lactic acid, volatile acids and bacteriocing®1321-2%,

The B. breve CNCM 14035 supernatants showed a strain-
specific effect on S. gyphi CECT 725, as growth was inhibited in
all cases. The nature of compounds produced by bifidobacteria
differs from organicacid™®; these substances, which are present
in the supernatant, are highly effective against S. zyphimurinm
and E. coli, and this effect has been attributed to the production
of low-molecular-weight lipophilic molecules™.,
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Some authors have attributed the production of organic
acid to antimicrobial mechanisms®*?”, In addition, Fukuda
et al®? found that the acetate produced by bifidobacteria
improves intestinal defence against E. coli EHEC.

L. vhamnosus CNCM 14036 inhibited the growth of entero-
pathogens by 10—50% when supernatants that were not neu-
wralised were used; however, these effects were diminished
upon neutralisation. De Keersmaecker ez al@® proposed
that the production of lactic acid may be responsible for the
antimicrobial effect of L rhamnosus against S. typhimurivm.
However, we cannot disregard the possibility that this inhibi-
tory effect was due to the added production of organic acids
and bacteriocing that remain active in an acidic pH.

The extent of the culture incubation may also serve to con-
centrate the inhibitory substances, which suggests that the
concentration of the supernatant after fewer hours of culture
may not be high enough to inhibit the growth of enteropatho-
gens. For example, L. paracasei CNCM 14034 24h super-
natants exhibited an inhibitory effect against S, zyphi CECT
725, which was not affected by neutralisation; however, a
different result was observed with the 17 h supernatants.

The antimicrobial activity of probiotics against a wide range
of pathogenic micro-organisms has been observed. S. sonnei
is an enteroinvasive pathogen that induces the inflammatory
destruction of the intestinal epithelium, leading to acute
recto-colitis and lethal complications(m‘ Some authors have
demonstrated the inhibition of S. sonnei using Lactobacillus
supernatants that were not neutralised %%, Zhang et al. @8
described the inhibition of S sonnei using five different
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Fig. 4. Effect of 17 and 24 h neutralised supernatants of Lactobaciiius paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 and Lactobacilius rhamnosus

CNCM 1-4036 on growth of Shigelia sonnei (a, d, g) CECT 413, (b, e, h) CECT 4887 and (c,

* P<0-01; *** P<0-001. @, Control; M, 2%; O, 4 %.

supernatants from Laciobacillus strains, although this capacity
was completely lost when the supernatants were neutralised.
These results suggest that the action of organicacids is important
and that bacteriocins are not involved in the antimicrobial
activity of probiotics. However, different results were obtained
with the strains tested in the present study, as the highest
percentages of growth inhibition with L. paracasei CNCM
14034 and L. rbammnosus CNCM 14036 against S. sonnei CECT
413 (>80%) were obtained with neutralised supernatants,
which indicates that substances other than organic acids were
involved. B. breve CNCM 14035 did not inhibit S. sonnei CECT
48877 and S. sonnei CECT 413, Low percentages of inhibition
(< 25 %) were observed against S. sonnei CECT 457, and other
studies have demonstrated similar results for bifidobacteria
strains®?,

A mixture of organic acids and proteinaceous compounds
may affect the growth of EPEC bacteria in a strain-specific
manner. Furthermore, due to the reduction in pH, this
antimicrobial activity may be attributed to the presence of
non-dissociated forms of acids. However, neutralised super-
natants were shown to both inhibit and stimulate the growth
of enteropathogens in a strain-specific manner, although the
role of additional substances is possible. Taken together, the
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f, i) CECT 467. Values were significantly different: * P=<0-05,

present results demonstrated that the inhibitory effects of pro-
biotic supernatants were highly strain specific, and similar
results have been previously described by other authors®>??,
In conclusion, in the present study, we showed that super-
natants harvested at different culture times from three novel
probiotic straing can inhibit the growth of selected strains of
E. coli, Salmonella and Shigella. These results suggest that
these probiotic strains may produce substances that are
either permissive or harmful to enteropathogens, depending
on the neutralisation, concentration and culture time of the
supernatants. These compounds could be organic acid and/
or bacteriocing and are strain specific. Reactome analysis are
ongoing to determine the nature of these substances.
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ESTUDIO EN HUMANOS

DECLARACION DE PRINCIPIOS ETICOS

Todos los pacientes que participaron en el estudio firmaron un formulario de
consentimiento informado. El estudio siguid las normas establecidas en la declaracién de Helsinki y
fue aprobado por los comités de evaluacidén ética de las universidades de Granada, Murcia y

Valencia.

SUJETOS DE ESTUDIO

Los criterios de inclusién fueron: hombre o mujer, edad entre 18 y 50 afos, defecaciones
normales, pardmetros sanguineos dentro del rango normal o que no se consideraran clinicamente

significativos, IMC entre 18,0y 29,9 kg/m>.

Los criterios de exclusién fueron: embarazo y lactancia, parametros sanguineos fuera del
rango normal considerado como clinicamente significativo, una historia de enfermedad metabdlica
o gastrointestinal, alergias a alimentos, uso reciente de antibidticos o medicamentos laxantes,

diarrea, estrefiimiento, diabetes mellitus, tabaquismo y presion arterial mayor a 140/90 mmHg.

PROBIOTICOS

Se utilizaron las cepas probidticas Lactobacillus paracasei CNCM 1-4034, Bifidobacterium
breve CNCM 1-4035 y Lactobacillus rhamnosus CNCM [-4036 descritas anteriormente por nuestro
grupo (Mufioz-Quezada et al., 2013). Estas cepas se sometieron a ensayos de actividad enzimatica 'y
utilizacion de carbohidratos y fueron depositadas en la Collection Nationale de Cultures de

Microorganismes (CNCM) del Instituto Pasteur (Mufioz-Quezada et al., 2013).
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DISENO EXPERIMENTAL

Se ha realizado un estudio multicéntrico, aleatorizado, doble ciego y controlado por

placebo, registrdndose en www.clinicaltrials.gov como NCT01479543. La asignacién al azar fue

simple y no sujeta a ningun tipo de restriccion, tales como bloqueo o tamafio de bloque. Ciento tres
voluntarios sanos fueron reclutados en tres ciudades de Espafia (Granada, Murcia y Valencia). A
cada ciudad se le asignaron 35 cddigos tomados de una tabla de aleatorizacion. Seis cédigos fueron
asignados a cada tratamiento en cada ciudad. Se utilizé una secuencia de asignacién al azar (Rios,
1967). Los sobres que contenian los cédigos fueron asignados a cada participante del estudio.
Finalmente, los voluntarios fueron reclutados, asignados aleatoriamente y de forma ciega por
Carolina Gomez-Llorente (Granada), Gaspar Ros (Murcia) y Dolores Corella (Valencia). En la figura 8

se representa un diagrama de flujo del disefio experimental del estudio.

Los voluntarios se sometieron a un periodo de lavado de 15 dias (t;). Tras este periodo se
dividieron de forma aleatoria y ciega en 5 grupos que recibieron diariamente un placebo, una
capsula que contenia 9x10° UFC de una de las 3 cepas, o una capsula que contenia 9x10° UFC de
una mezcla de B. breve CNCM 1-4035 y L. rhamnosus CNCM 1-4036, durante 30 dias (t;). El placebo
contenia 67% de leche de vaca en polvo, 32,5% de sacarosa, y 0,56% de vitamina C. El periodo de
intervencion de 30 dias fue seguido por un segundo lavado de otros 15 dias (t3). Los voluntarios no

consumieron ningun producto fermentado durante todo el estudio.

Los voluntarios fueron reclutados entre julio y octubre de 2011. El primer lavado fue en
octubre de 2011. La intervencidn termind en noviembre de 2011, y el segundo lavado en diciembre
de 2011. Todas las determinaciones acabaron en diciembre de 2012. Las muestras de sangre fueron
tomadas en el instante t; y t,. La sangre se centrifugd para separar el suero de las células. Las
muestras de heces fueron tomadas en los tiempos t, t; y t3. Los datos de referencia de todos los

voluntarios aparecen en Plaza Diaz et al., 2013 (Anexos).
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Candidatos disponiblas
(n=153)
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Intervencion 30 dias Lavado 15 dias

Lavado 15 dias

Anilisis (n=100)

FIGURA 8. Diagrama de flujo del estudio NCT01479543 (Plaza-Diaz et al., 2013).

Las variables principales del estudio fueron seguridad, tolerancia y persistencia. Las variables
secundarias fueron las poblaciones de bacterias evaluadas en heces, efectos inmunomoduladores
(citoquinas y produccidn de IgA secretora), andlisis microbioldgicos y poblaciones de linfocitos. El
calculo del tamafio muestral se realizé a partir de la varianza de una de las variables principales
(persistencia), recuento de la cepa probidtica (log cepa UFC/g) en las heces de los voluntarios, con
una diferencia del 25% comparado con el grupo placebo (Wind et al., 2010). Se asumié un error de
tipo 1 con una valor de a=0,05 y una potencia del 90 % (B=0,1). El nimero minimo calculado de

sujetos por grupo fue de 19.

El nimero inicial de voluntarios por grupo fue el siguiente: placebo n=21; L. paracasei CNCM
1-4034 n=21; B. breve CNCM 1-4035 n=20; L. rhamnosus CNCM [-4036 n=21; mezcla de B. breve
CNCM 1-4035 y L. rhamnosus CNCM 1-4036 n=20. Un sujeto de cada uno de los grupos de placebo, L.

paracasei CNCM 1-4034 y L. rhamnosus CNCM 1-4036, abandoné el estudio de manera voluntaria.
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Las determinaciones que se describen a continuacion se llevaron a cabo en todos los
voluntarios (20 por grupo) con la excepcidn de la resistencia frente a los antibiéticos, que se realizé

en Valencia con 3 voluntarios por grupo (n=15).

COLECCION Y PREPARACION DE LAS MUESTRAS DE HECES

Las muestras de heces fueron recogidas por cada voluntario en recipientes de pldstico
estéril que contenia un indicador de anaerobiosis. El recipiente fue introducido en una bolsa
pldstica en condiciones anaerdbicas y sellada inmediatamente por una pinza plastica. Las muestras

fueron analizadas en un tiempo maximo de 4 h.

PARAMETROS DE TOLERANCIA Y SEGURIDAD GASTROINTESTINAL

La tolerancia gastrointestinal se determind mediante el cuestionario de calificacién de
sintomas gastrointestinales GSRS, por sus siglas en inglés (Svedlund et al., 1988), la consistencia de
las heces (Whelan et al., 2004), la recopilacidon diaria de sintomas gastrointestinales (nauseas,
vomitos, diarrea, eructos, distensién abdominal y flatulencia) (Van Aerde et al, 2004) y la
frecuencia en la defecacion. Los valores del GSRS y la consistencia de las heces fueron medidas por
los investigadores a las 4 y 6 semanas. El cumplimiento en la toma del producto se registré en un
diario. La intolerancia fue definida con una puntuacién de los sintomas GSRS de 2 o superior
(moderada o grave). Los pardmetros de seguridad fueron el numero y el tipo de eventos adversos
registrados a lo largo de todo el estudio y los cambios en los pardmetros sanguineos entre el inicio y
el final del periodo de administracién de las cepas. Los pardmetros sanguineos se midieron en los
laboratorios de Analisis Clinicos del Hospital Virgen de las Nieves (Granada), Hospital Clinico

(Valencia) y el laboratorio Megalab (Murcia).
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ANALISIS DE FLUORESCENCIA DE HIBRIDACION IN SITU ACOPLADO A CITOMETRIA DE
FLUJO (FISH-CF)

Un gramo de heces se homogeneizé con 9 ml de tampodn fosfato salino (PBS) vy
posteriormente 0,2 ml de la suspensidn se mezclé con 0,6 ml de paraformaldehido al 4% en PBS. Se
fij6 durante toda la noche a 4 °C. Los grupos bacterianos se evaluaron mediante FISH-CF tal como
han descrito Fallani et al. (2006 y 2010) y Gomez-Llorente et al. (2013) La composicién de la
microbiota se analizd con un panel de 10 sondas especificas para grupos y especies unidas
covalentemente a Cy5 en el extremo 5' (Langendijk et al., 1995; Manz et al., 1996; Sghir et al., 2000;
Franks et al., 1998; Harmsen et al., 1999; Harmsen et al., 2000; Lay et al., 2005; Fallani et al., 2006;
Fallani et al., 2010, Gomez-Llorente et al., 2013).

La hibridacidn se realizd en una placa de 96 pocillos durante la noche a 35 °C. La solucién de
hibridacién contenia 4 ng/ul de cada sonda, en 150 ul por pocillos. Las células se lavaron para
eliminar el exceso de sonda mediante la incubacién de las muestras a 37 °C durante 20 minutos en
una solucién de lavado (64 mmol/L de NaCl; 20 mmol/L de Tris-HCl; pH 8,0; 5 mmol/L de EDTA pH
8,0 y 0,01% dodecil sulfato sddico, pH 7,2). Finalmente, se volvié a suspender la muestra en PBS.
Las muestras se examinaron en un clitdmetro de flujo FACSCanto Il (Becton Dickinson, NJ, Estados

Unidos), en el Centro de Instrumentacion Cientifica de la Universidad de Granada.

ANALISIS MICROBIOLOGICOS

Se llevaron a cabo los siguientes andlisis microbiolédgicos de las muestras de heces: recuento
en placa mediante diluciones seriadas en agar Wilkins-Chalgren (Panreac Quimica, Barcelona,
Espafia) para determinar el niumero total de bacterias anaerdbicas; cuantificacion del niumero de
lactobacilos por determinacion en medio agar MRS (Oxoid, Basingstoke, Reino Unido); y finalmente,
se cuantificd el numero de bifidobacterias con el agar de Beerens (Oxoid, Basingstoke, Reino
Unido). La cepa L. rhamnosus CNCM [-4036 se determiné empleando un medio MRS especifico
modificado, en el que se sustituyo la glucosa por ramnosa. Sélo L. rhamnosus y muy pocas especies
de Lactobacillus del TGl humano son capaces de crecer en este medio (Wind et al., 2010; Scardovi,
1986).

69



MATERIALES Y METODOS

ANALISIS DE RESISTENCIA ANTIBIOTICA

La sensibilidad de las cepas probidticas frente a ampicilina y tetraciclina fue determinada en
las muestras de heces de los voluntarios mediante recuento en placas con diluciones seriadas en
agar MRS (Oxoid, Basingstoke, Reino Unido), suplementado con un 0,05% (p/v) de cisteina (Sigma-
Aldrich) (medio MRS-C) y TSA agar (TSA, Oxoid) con y sin ampicilina (2 y 4 pg/ml, Sigma Aldrich, St.
Louis, MO), o tetraciclina (4 y 8 ug/ml, Sigma Aldrich). Las placas fueron incubadas durante un
rango de 48 a 72 horas a 37 °C en atmodsfera anaerdbica, generada utilizando el sistema
AnaeroGen® (AnaeroGen®, Oxoid, Basingstoke, Reino Unido), para el medio MRS y MRS-C y

aerdbicamente a 30 °C en el caso de las placas de TSA.

AISLAMIENTO DE Lactobacillus rhamnosus

Para cada voluntario, se seleccionaron de 5 a 10 colonias del agar MRS modificado
(sustitucidn de glucosa por ramnosa, que favorece el crecimiento de L. rhamnosus), para inocularlas
individualmente en medio MRS tradicional (Oxoid, Basingstoke, Reino Unido) durante 2 dias a 37 °C
bajo condiciones anaerdbicas De estos cultivos se aislé el ADN de L. rhamnosus CNCM [-4036
empleando el kit mini DNA QlAamp (QIAGEN, Barcelona, Espafia) para posteriormente identificar la

cepa mediante PCR cuantitativa (qPCR) con oligonucleétidos especificos.

REACCION EN CADENA DE LA POLIMERA (PCR) CUANTITATIVA (qPCR)

La gPCR fue utilizada para identificar Lactobacillus, Bifidobacterium spp., Bacteroides vy
Clostridium difficile en heces y confirmar la persistencia intestinal de L. rhamnosus CNCM 1-4036.
Para aislar el ADN de las heces de los voluntarios se utilizé el kit Mini DNA Stool QlAamp (QIAGEN,
Barcelona, Espafia). Para el caso de L. rhamnosus, el protocolo de aislamiento se ha descrito
anteriormente. La tabla 1 muestra los cebadores utilizados en cada caso. La qPCR fue realizada por
triplicado en un equipo Eppendorf Mastercycle EP Gradient. Los cebadores especificos fueron
comprados en Sigma-Aldrich (Barcelona, Espafia). La qPCR se llevd a cabo, usando Power SYBR
Green Master Mix (Applied Biosystems, Barcelona, Espafia). El programa empleado fue: un paso
inicial de activacidon/desnaturalizacién de 95 °C durante 5 minutos seguido de 30 a 40 ciclos de 15
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segundos a 95 °C, 30 a 40 segundos de anillamiento en un rango de temperatura de 55 a 68 °C, y un
paso final de extensién de 33 a 45 segundos a 72 °C. Se realizd una cuantificacién absoluta
empleando una curva estandar. Para el caso de L. rhamnosus la qPCR fue realizada en triplicado en
un equipo StepOne Real-Time PCR (ABI). Los cebadores fueron disefiados en Thermo Fisher
(Thermo Fisher Scientific, Waltham, MA). La qPCR fue realizada con Power SYBR Green Master Mix
(ABI). La Taq polimerasa fue activada a 95 °C durante 10 minutos. Los parametros para la
desnaturalizacién fueron 95 °C durante 15 segundos, y 64 °C durante 50 segundos para el
anillamiento (30 ciclos). Las colonias se identificaron como L. rhamnosus CNCM 1-4036 cuando la

amplificacién fue positiva.

TABLA 1. Cebadores utilizados en analisis microbiolégicos mediante PCR (Plaza-Diaz et al., 2013).

Microbial target

Strain used for standard curve

Sequence 5> 3"

Bifidobacterium spp.

B. longum CECT 4503

CTCCTGGAAACGGGTGG (Forward)

GGTGTTCTTCCCGATATCTACA (Reverse)

B. longum B longum CECT 4503 TTCCAGTTGATCGCATGGTCT (Forward)
GGCTACCCGTCGAAGCCACG (Reverse)
B. breve B breve CECT 4839 CCGGATGCTCCATCACAC (Forward)
ACAAAGTGCCTTGCTCCCT (Reverse)
B. dentium B dentium CECT 687 ATCCCGGGGGTTCGCCT (Forward)
GAAGGGCTTGCTCCCGA (Reverse)
B. bifidum B bifidum DSM 20456 CCACATGATCGCATGTGATTG (Forward)

CCGAAGGCTTGCTCCCAAA (Reverse)

B. catenulatum

B. catenulatum DSM 16992

GCCGGATGCTCCGACTCCT (Forward)

ACCCGAAGGCTTGCTCCCGAT (Reverse)

B. adolescentes

B adolescentes CECT 5781

CTCCAGTTGGATGCATGTC (Forward)

CGAAGGCTTGCTCCCAGT (Reverse)

Lactobacillus

L. paracasei CNCM-I-4034

TGGATGCCTTGGCACTAGGA (Forward)

AAATCTCCGGATCAAAGCTTAC (Reverse)

Bacteroides fragilis

Bacteroides fragilis DSM 2151

GAGAGGAAGGTCCCCCAC (Forward)

CGCTACTTGGCTGGTTCAG (Reverse)

Clostridium difficile

Clostridium difficile CECT 531

TTGAGCGATTTACTTCGGTAAAGA (Forward)

TGTACTGGCTCACCTTTGATATTCA (Reverse)

L. rhamnosus CNCM 1-4036

L. rhamnosus CNCM 1-4036

TGGCACTCACTGCAATTCGT (Forward)

GATGCTTTGGCGTTGGTGTA (Reverse)
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DETERMINACION DEL CONTENIDO DE INMUNOGLOBULINA A SECRETORA (IgA) EN HECES

La IgA secretora se analizd en las heces de los voluntarios mediante un ensayo por
inmunoabsorcion ligado a enzimas (ELISA) de Inmundiagnostik AG (Bensheim, Alemania), siguiendo

las indicaciones del fabricante.

PREPARACION Y RECOLECCION DE LAS MUESTRAS DE SANGRE

Las muestras de sangre fueron recolectadas en tubos Vacutainer® con 4acido
etilendiaminotetraacético (Becton Dickinson, NJ, Estados Unidos). Una alicuota de sangre fue usada
para las determinaciones hematoldgicas. Una segunda alicuota fue centrifugada durante 10
minutos a 1000 g y 4 °C para separar el suero de las células. El suero se guardd a -80 °C para el

analisis de citoquinas.

DETERMINACION DE DIFERENTES POBLACIONES DE LINFOCITOS MEDIANTE CLASIFICACION DE
CELULAS ACTIVADAS FLUORESCENTEMENTE (FACS)

Estos andlisis fueron realizados en un tiempo no superior a 24 h tras la toma de las muestras
de sangre, para evitar la lisis celular. Los anticuerpos anti-CD14 conjugado con peridina-clorofila
(PerCP)-Cy®, anti-CD4 conjugado con ficoeritrina (PE), anti-CD4 conjugado con fluoresceina (FITC),
anti-CD25 conjugado con PE, anti-CD127 conjugado con AlexaFluor®, anti-CD19 conjugado con PE y
anti-CD8 conjugado con PerCP, todos ellos frente a la proteina humana, se compraron a Becton
Dickinson (San Diego, California, Estados Unidos) para ser utilizados en el analisis mediante
citometria de flujo. Los anticuerpos monoclonales se incubaron con 200 ul de las muestras de
sangre completa durante 15 minutos, en ausencia de luz. Los eritrocitos se lisaron con la solucién
hipoténica con Pharm LyseTM (BD Biosciences, San Diego, CA), limpiando las muestras de acuerdo
a las especificaciones del fabricante. La citometria de flujo fue realizada usando el citdmetro de
flujo FACS Calibur® y Cell Quest (Becton Dickinson). Para cada anticuerpo se utilizaron 2x10*

linfocitos.
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CUANTIFICACION DE CITOQUINAS EN SUERO

Las citoquinas IL-4, IL-6, IL-10, IL-12, TNF-a y TGF-B fueron medidas utilizando la tecnologia
MiLLIplex™ (Merck-Millipore, MA, Estados Unidos) en un equipo Luminex 200, de acuerdo a las

indicaciones del fabricante. Las citoquinas fueron determinadas en la Universidad de Granada.

ANALISIS ESTADISTICO

Todos los valores estdn expresados como media + error tipico de la media, a menos que se
indique lo contrario. El andlisis estadistico de los sintomas gastrointestinales fue realizado con el
test U de Mann-Whitney. Para las comparaciones de los tiempos de cada uno de los pardmetros
gue se distribuian normalmente, se utilizé un modelo lineal general de medidas repetidas. Para las
variables en las que se encontré una diferencia significativa (diferencia entre tiempos especificos)
se empled el test t de Student para muestras pareadas, mientras que se recurrié al test de Wilcoxon
para las variables que no tenian una distribucién normal (P<0,05). Todos los andlisis fueron

realizados con el paquete estadistico de IBM, SPSS Statistics 20 (Somers, NY, Estados Unidos).
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ESTUDIO EN RATAS ZUCKER

DECLARACION DE PRINCIPIOS ETICOS

El estudio se llevd a cabo de acuerdo a las recomendaciones de las guias para la
investigacion animal de la Universidad de Granada (Espafia). Todos los animales recibieron cuidado
humanitario. El protocolo fue aprobado por el Comité de Etica de Experimentacién Animal de la

Universidad de Granada (Permiso nimero: 2011-377).

DISENO EXPERIMENTAL

l,fa/ 'fa +/fa

Cuarenta y ocho ratas obesas Zucker-Lep y 16 ratas Zucker-lean™" machos que pesaban
entre 168 y 180 g fueron compradas al Laboratorio Charles River (Ciudad, Pais). Las ratas fueron
alojadas en jaulas metabdlicas con un ciclo de luz/oscuridad de 12 h y acceso libre al agua y a la
comida. Tras 5 dias de adaptacién, 8 ratas Zucker-lean”” y 8 ratas Zucker-Lepr®@ fueron
sacrificadas como referencia (tiempo basal). Las restantes 40 ratas obesas Zucker—Leprf"/f" fueron
divididas aleatoriamente para recibir un placebo, 10'® UFC de una de las tres cepas probidticas o
una mezcla de L. paracasei CNCM 1-4034 y B. CNCM 1-4035 por via oral, durante 30 dias. Un grupo

/fa recibieron placebo durante 30 dias. El placebo contenia 67% de

adicional de 8 ratas Zucker-lean®
leche de vaca en polvo, 32,5% de sacarosa y 0,56% de vitamina C. El objetivo de este estudio fue

examinar las diferencias entre las ratas obesas tratadas con probiéticos frente al placebo.

Tras la intervencion los animales fueron anestesiados y sedados con una mezcla de
ketamina y xilazina. La sangre fue extraida de la aorta y centrifugada durante 10 minutos a 1000 g a
4 °C para separar el suero de las células. Las muestras de ileon, colon e higado se congelaron en
nitrégeno liquido y se mantuvieron a -80 °C, o bien se fijaron con paraformaldehido al 4% para su

posterior analisis.
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HISTOLOGIA INTESTINAL

Las muestras de ileon y colon se fijaron con 4 % de paraformaldehido durante 4 h a
temperatura ambiente y se incluyeron posteriormente en parafina. Tres piezas de cada ileon y
colon se incluyeron en el mismo bloque de parafina. Se obtuvieron secciones de 5 um de espesor y
se tifieron con hematoxilina-eosina para su examen microscopico. Dos ratas por grupo y 8 secciones

por cada rata se tifleron y examinaron.

DETERMINACION DEL CONTENIDO DE TRIACILGLICEROLES HEPATICOS

El contenido hepatico de triacilgliceroles se determind utilizando un kit comercial, siguiendo
las instrucciones del fabricante (Spinreact, Gerona, Espafia). Los valores de triacilglicerol fueron

normalizados con respecto al peso del higado.

TINCION DE OILRED O

Las muestras de higado fueron fijadas con 4% de paraformaldehido, criopreservadas en PBS-
sacarosa al 30%, enfriadas en un bafio de nitrégeno liquido-isopentano e incluidas en el compuesto
OCT™. Tres piezas de higado de cada animal fueron fijadas e incluidas en el mismo bloque.
Secciones de criostato de 7 um de espesor se obtuvieron para luego ser tenidas con la solucién de
Oil Red O al 3% en 60% de isopropanol. De cuatro a ocho secciones por cada bloque se tifieron para
tomar las correspondientes imdagenes. El porcentaje del area de cada imagen que correspondia al
contenido de lipidos se calculd utilizando el software ImageJ (National Institutes of Health, Estados

Unidos). Dos ratas por cada grupo fueron utilizadas para este estudio.

BIOQUIMICA SERICA

Las concentraciones de glucosa, insulina, fosfolipidos, triacilglicerol, colesterol HDL,
colesterol LDL y acidos grasos no esterificados (NEFA), asi como las actividades de AST (Aspartato

aminotransferasa) y ALT (Alanina aminotransferasa) se determinaron en el suero de las ratas
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utilizando kits comerciales (Spinreact, Gerona, Espafia). Ademas, se calculé la resistencia a la

insulina mediante el valor de HOMA-IR (homeostasys model assessment-insulin resistance).

CONCENTRACION DE LIPOPOLISACARIDO EN SUERO

La concentracion de LPS sérico se midid con un ensayo de inmunoabsorbancia de la

compaiiia Cloud-Clone Corp., Houston, USA, siguiendo las indicaciones descritas por el fabricante.

CUANTIFICACION DE CITOQUINAS Y ADIPOQUINAS EN EL SUERO

Las concentraciones séricas de leptina, adiponectina, TNF-a e IL-6 se midieron utilizando la
tecnologia MiLLIplex™ (Merck-Millipore, MA, Estados Unidos) en un equipo Luminex 200, de

acuerdo a las indicaciones del fabricante.

ANALISIS ESTADISTICO

Todos los valores estan expresados como media + error tipico de la media, a menos que se

r,fa/ 'fa

indique lo contrario. Los analisis estadisticos entre las ratas obesas Zucker-Lep y las ratas

17 se realizaron mediante la prueba de t de Student entre el grupo de referencia

Zucker-lean
(tiempo basal) y al final de la intervencion. Las diferencias significativas entre las ratas obesas que
recibieron placebo y cualquier grupo de ratas obesas que recibieron alguna cepa especifica después
de la intervencidon se analizaron usando el test de ANOVA de un factor, corregido mediante una
prueba posthoc (test de Bonferroni, P< 0,05). Todos los andlisis fueron realizados con el paquete

estadistico de IBM, SPSS Statistics 20 (Somers, NY, Estados Unidos).
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ESTUDIO EN HUMANOS

Para ver detalladamente los resultados que se exponen aqui de forma muy resumida, véase

en la seccion de anexos el articulo Plaza Diaz et al., 2013.

La frecuencia y la consistencia de las heces no se alteraron por la ingesta de ninguna cepa
probidtica. No se observaron cambios en los pardmetros séricos ni sanguineos de los voluntarios.
Tampoco se produjeron efectos adversos de tipo gastrointestinal en los voluntarios que recibieron

probidticos durante todo el estudio.

La administracion de las cepas probidticas modificd algunas de las poblaciones bacterianas
evaluadas de las heces de los voluntarios. La persistencia intestinal pudo ser corroborada en las
heces de los voluntarios que recibieron L. rhamnosus CNCM [-4036. La administracién de B. breve

CNCM [-4035 aument? significativamente el contenido de IgA secretora en heces.

Las concentraciones de IL-4 e IL-10 sérica aumentaron, mientras IL-12 disminuyd, en los

voluntarios que recibieron alguna de las tres cepas probidticas.

ESTUDIO EN RATAS ZUCKER

Para ver de forma detallada los resultados que se exponen aqui de forma muy resumida,

véase en la seccidon de anexos el articulo Plaza Diaz et al., 2014.

El contenido de triacilgliceroles hepaticos disminuyd en las ratas Zucker obesas que
recibieron L. rhamnosus CNCM [-4036, B. breve CNCM 1-4035 o la mezcla de B. breve CNCM 1-4035 y
L. paracasei CNCM 1-4034. Ademads, el drea correspondiente a los lipidos neutros fue
significativamente menor en cortes histologicos de higados de las ratas Zucker obesas que

recibieron alguna cepa probidtica, comparado con las ratas obesas que recibieron placebo.

Es de destacar que se encontraron valores de LPS significativamente menores en el suero de

las ratas Zucker obesas que recibieron probidticos en comparacion con ratas obesas que recibieron
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placebo. Los valores séricos de TNF-a disminuyeron en las ratas Zucker obesas que recibieron L.
rhamnosus CNCM 1-4036, B. breve CNCM 1-4035 o la mezcla de B. breve CNCM 1-4035 y L. paracasei
CNCM 1-4034, mientras que las ratas que recibieron L. paracasei CNCM [-4034 presentaron

menores valores séricos de IL-6.
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Los probidticos se definen como “microorganismos vivos que ingeridos en cantidades
adecuadas resultan beneficiosos para la salud” (FAO/WHO, 2001), aunque bacterias muertas o
componentes bacterianos también pueden exhibir propiedades probidticas (Plaza-Diaz et al., 2014).
Muchos de ellos, cuando se ingieren de forma habitual, modifican la ecologia intestinal o son al
menos transelntes de la microbiota del colon. Los probidticos, como hemos descrito con
anterioridad, son principalmente bacterias pertenecientes a los géneros Lactobacillus y
Bifidobacterium, aunque también hay algunas levaduras. Los efectos beneficiosos que ejercen
pueden producirse a través de variados mecanismos de accion: competitividad con patégenos
intestinales por la adhesidn al epitelio intestinal y nutrientes luminales, estimulacion de la funcién
de barrera del epitelio intestinal, produccién y secrecién de sustancias antimicrobianas, y una gran
variedad de acciones sobre el sistema inmunitario, que aun en la actualidad no comprendemos

detalladamente (Mufioz-Quezada, 2011).

Los probidticos podrian considerarse ingredientes de alimentos funcionales, que se definen
como aquellos que con independencia de aportar nutrientes han demostrado cientificamente que
afectan beneficiosamente a una o varias funciones del organismo, de manera que proporcionan un
mejor estado de salud y bienestar. En la actualidad existen productos que incluyen probidticos en
sus formulaciones, tal es el caso de numerosos productos lacteos fermentados e incluso de chicles
con Lactobacillus reuteri que aumentan la IgA salival (Ericson et al., 2013). Aunque los probidticos
estdn siendo extensa e intensamente estudiados, aun se desconocen todos los efectos que

producen, asi como el mecanismo por el que actudan.

En el presente estudio se evaluaron los efectos de la administracion de tres cepas
probidticas (Lactobacillus paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 vy
Lactobacillus rhamnosus CNCM 1-4036) en individuos sanos y en un modelo de obesidad
ampliamente caracterizado (ratas Zucker obesas). En el caso de los individuos sanos, se valoré la
seguridad, tolerancia, persistencia y efectos sobre el sistema inmunitario de las cepas probidticas;
en el caso de las ratas Zucker obesas se investigaron los cambios en los valores antropométricos, en
el perfil de lipidos, de marcadores relacionados con el riesgo cardiovascular y la obesidad, y su

efecto sobre la esteatosis hepatica.
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ESTUDIO EN HUMANOS

Los sintomas gastrointestinales (recogidos con las tablas de sintomas diarios y en el
cuestionario de calificacidn de sintomas gastrointestinales), asi como la frecuencia y consistencia de
las deposiciones no se alteraron en los individuos sanos que ingirieron alguna de las cepas
evaluadas, cuando se comparé cada variable con el grupo que recibié el placebo durante 30 dias.
Igualmente, no se observaron cambios adversos durante o después de la intervencién. Estudios
similares que evaluaron la seguridad de la administracién de cepas probidticas en individuos sanos
también han demostrado no producir eventos adversos gastrointestinales graves, ni cambios

hematoldgicos significativos (Wind et al., 2010; Ulsemer et al., 2012; Zhang et al., 2013).

Este primer punto merece ser destacado, ya que se cumple el primer objetivo del trabajo
gue se refiere a la seguridad y tolerancia de las cepas probidticas en individuos sanos. Ademas,
estos resultados complementan los datos obtenidos con anterioridad en el estudio de la resistencia
frente a antibidticos de las cepas (Plaza-Diaz et al., 2013, Anexos), que demostraron que todas
fueron sensibles a tetraciclina y ampicilina, lo que permite prevenir el desarrollo de posibles

infecciones (Wind et al., 2010).

La seguridad y la tolerancia son puntos importantes a la hora de establecer posibles
utilidades futuras de las cepas. La oportunidad de evaluar las cepas probidticas en otros tipos de
estudios, ya no con pacientes sanos, sino con alguna patologia y/o diferentes grupos etarios que
permitan conocer y verificar los efectos observados, es un paso que debe ser considerado en el

futuro.

Con respecto a la persistencia, L. rhamnosus CNCM 1-4036 fue la Unica cepa que pudo ser
identificada al finalizar la intervencién en las muestras de heces de los voluntarios que la tomaron.
Estos resultados no necesariamente implican una colonizacién exitosa, sino mds bien una
persistencia de la cepa en el periodo de tiempo evaluado. La deteccidon en heces de L. rhamnosus
CNCM 1-4036 tras un periodo de tiempo mayor (dos semanas después de finalizar la intervencion)
podria ayudar a determinar si la cepa pudo de hecho colonizar el TGIl. Cabe destacar que el uso de

nuevas tecnologias, como la secuenciacién masiva, podrian ser Utiles para clarificar este asunto. La
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persistencia en las heces de los voluntarios que recibieron las restantes cepas, L. paracasei CNCM I-
4034 y B. breve CNCM 1-4035 no pudo ser llevada a cabo debido a la falta de medios de cultivo

especificos y selectivos.

Es importante destacar que, en nuestro estudio, la administracién de las cepas probidticas
modificéd las poblaciones bacterianas en las heces de los voluntarios, de acuerdo con los datos
obtenidos mediante PCR a tiempo real y FISH. Las poblaciones bacterianas modificadas por las
cepas bacterianas fueron: Clostridium coccoides, Lactobacillus, Clostridium leptum, Streptococcus y
Clostridium perfringens y Clostridium difficile. Algunas de estas modificaciones fueron transitorias,
cuando se evaluaron dos semanas después de la intervencion. Al observar las poblaciones
bacterianas en las heces, se aprecia que los cambios producidos fueron pequefios, pero hay que
recordar que los individuos seleccionados en el estudio eran sanos y no presentaron ninguna

patologia durante y después del estudio.

Uno de los hallazgos mds relevantes del trabajo fue el aumento de la poblacién de
Clostridium difficile que se produjo en las heces de los voluntarios que recibian L. rhamnosus CNCM
I-4036 al evaluar las dos semanas siguientes de finalizado el estudio, suponemos que la cepa L.
rhamnosus CNCM 1-4036 pudo haber evitado el aumento de Clostridium difficile durante la
intervencion y el hecho de finalizar la administracidon produjo tal aumento. Este hecho pudo ser
debido a que los voluntarios experimentasen un desplazamiento de C. difficile durante los 30 dias
de intervencidn con L. rhamnosus CNCM [-4036. Varios estudios han demostrado una disminucién
en la adhesién de C. difficile a la mucosa intestinal causada por probiéticos (Gorbach et al. 1987;
Lawrence et al., 2005; Na y Kelly, 2011). El recuento de bifidobacterias también disminuyd en el
grupo tratado con L. rhamnosus CNCM 1-4036 cuando se compararon las dos semanas después de
la intervencién y el primer lavado. La disminucién del nimero total de de bifidobacterias en el
grupo de voluntarios tratado con B. breve CNCM [-4035 sugiere que la cepa administrada no
alcanzd un estado viable en un nimero significativo en el colon, o bien no proliferé en el mismo

(Guarner y Magaleda, 2003).

Sorprendentemente, ciertas poblaciones bacterianas cambiaron en las heces de los

voluntarios que recibieron el placebo. Este efecto pudo deberse a su composicién (leche de vaca
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y/o sacarosa). El hecho de que los linfocitos T reguladores estuvieran aumentados en el grupo
placebo también es intrigante. Estos dos datos, junto con la disminucién de la IL-4 en el suero del
grupo placebo, pueden indicar que el tamafio de la muestra, a pesar de haber sido calculado a

priori, no fue el adecuado para las tres variables mencionadas.

Otro importante hallazgo de este trabajo fue que la administracion de B. breve CNCM 1-4035
resultd en un aumento significativo en el contenido de IgA secretora en heces, tras los 30 dias de
intervencion. Dicho incremento de IgA secretora retorné a los valores iniciales dos semanas despés
de finalizar la intervencion, lo que apunta a un claro efecto debido a los probidticos. Este resultado
confirma hallazgos previos de nuestro grupo (Mufioz-Quezada et al., 2013), que describié que B.
breve CNCM 1-4035 aumenta las concentraciones de IgA en heces y en plasma de ratones (Mufoz-
Quezada et al., 2013). La modificacién producida en la IgA secretora tiene un claro e importante
efecto en el sistema inmunitario, pues la IgA secretora funciona como una primera linea de defensa
en la proteccién del epitelio intestinal frente a toxinas entéricas y microorganismos patdgenos

(Mantis et al., 2011).

En la actualidad, se ha sugerido que la seguridad de los probidticos debe ser evaluada por
los cambios producidos en parametros del sistema inmunitario, pues hay una evidencia clara de
gue estos microorganismos, especialmente los pertencientes a los géneros Lactobacillus y
Bifidobacterium, pueden tener ciertas propiedades inmunomoduladoras (Ashraf y Shah, 2014). El
principal hallazgo de nuestro analisis de citoquinas fue que L. paracasei CNCM 1-4034, B. breve
CNCM [-4035 y L. rhamnosus CNCM 1-4036 exhibieron efectos inmunomoduladores en los pacientes
qgue recibieron las cepas cuando se compararon los tiempos finales (t;) e iniclales (t;) de la
intervencion. Asi, los niveles de algunas moléculas antiinflamatorias (IL-4 e IL-10) aumentaron en el
suero de los voluntarios que tomaron L. rhamnosus CNCM 1-4036, mientras el indice
proinflamatorio TNF-a/IL-10 disminuyd en el mismo grupo de voluntarios. Del mismo modo, la IL-12
(proinflamatoria) disminuyd en voluntarios que recibieron B. breve CNCM [-4035, y el indice

antiinflamatorio (IL-10/IL-12) aumentoé en el grupo que recibid L. paracasei CNCM 1-4034.

Estos resultados confirman que estas tres cepas presentan efectos inmunoduladores tal y
como ha sido descrito con anterioridad por nuestro grupo en experiementos in vitro (Bermudez-
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Brito et al. 2012; Bermudez-Brito et al. 2013; Bermudez-Brito et al. 2014). L. paracasei CNCM |-
4034, B. breve CNCM 1-4035 y L. rhamnosus CNCM 1-4036 inhiben la produccién de citoquinas y
guimioquinas proinflamatorias en células dendriticas expuestas a bacterias patdgenas, tales efectos
pueden ser mediados por la expresion de TLR 1, 5y 9 (Bermudez-Brito et al. 2012; Bermudez-Brito
et al. 2013; Bermudez-Brito et al. 2014). Sin embargo, es necesario determinar por qué ocurrieron
estos cambios en el perfil de las citoquinas llevando a cabo otro tipo de estudios que permitan

entender el mecanismo de accion de las cepas analizadas.

ESTUDIO EN LAS RATAS ZUCKER

El sindrome metabdlico o de resistencia a la insulina (SRI), término este ultimo que se
prefiere hoy dia, fue originalmente definido como la concomitancia de dislipidemias, hipertensidn,
resistencia a la insulina y obesidad (Reaven 1989, Reaven 2004). El SRI a menudo precede a la
aparicién de diabetes mellitus tipo 2, e incrementa el riesgo de enfermedad cardiovascular (Lakka
et al., 2002; Kahn et al., 2005), suponiendo por ello un gran problema de salud publica. Dentro de
los modelos animales, la rata Zucker posee varias de las caracteristicas del SRI, por lo que es uno de
los modelos genéticos mas utilizados para estudiar este sindrome (Kahn et al., 2005). En el caso de
nuestro estudio experimental, las ratas Zucker—Leprf"/f" desarrollaron obesidad, hiperglucemia,
resistencia a la insulina, hipercolesterolemia y presentaron concentraciones elevadas de acidos
grasos libres y triacilglicéridos en el suero tras 30 dias de intervencidn en el grupo alimentado con

placebo, en comparacidn con las ratas Zucker-lean*”

qgue también recibieron el placebo. Ademas,
las ratas Zucker-Leprf”/f” mostraron esteatosis hepatica y niveles elevados de AST y ALT en suero,

indicando que el componente hepatico del SRI también estaba presente en este modelo.

Al igual que ocurrié en nuestro estudio con voluntarios sanos (Plaza-Diaz et al., 2013), la
administracidon de las tres cepas probidticas a las ratas Zucker fue segura, pues la histologia
intestinal no mostré alteraciones ni diferencias entre las ratas que recibieron el placebo y las que
recibieron alguna de las distintas cepas durante los 30 dias de intervencién. Ademas, la
administracion de las cepas probidticas no afectd a los pardmetros bioquimicos, la resistencia a la
insulina ni tampoco al perfil de adipoquinas séricas. Estos hallazgos coinciden con los resultados

obtenidos en el estudio de intervencidn realizado en voluntarios sanos (Plaza-Diaz et al., 2013).

89



DISCUSION

El principal resultado de esta parte del estudio fue la reduccion de la esteatosis hepatica
observada en las ratas que recibieron alguna cepa probidtica. Las ratas Zucker-Leprf"/f” que
recibieron L. rhamnosus CNCM [-4036, B. breve CNCM 1-4035 o la mezcla de B. breve CNCM 1-4035 y
L. paracasei CNCM 1-4034 presentaron un menor contenido de triacilgliceroles (TG) hepaticos que
las ratas que fueron alimentadas con el placebo durante 30 dias. Ademas, dado que la
administracion de L. paracasei CNCM 1-4034 no disminuyd la cantidad de TG en el higado, la
disminucion de los TG hepaticos por la mezcla de los dos probidticos puede atribuirse a la cepa B.
breve CNCM [-4035. Esta disminucion en el contenido de TG hepaticos no puede ser atribuida a una
disminucion en la concentracidn de insulina en suero porque la insulinemia fue similar en las ratas

rfa/ 'fa

Zucker-Lep que recibieron placebo y las cepas. La tincién con Oil red O de los lipidos hepaticos

neutros confirmo estos hallazgos.

Resultados similares han sido descritos por otros autores. La administracidon de probidticos
produjo una disminucion de TG y colesterol hepaticos en ratones y ratas alimentados con una dieta
alta en grasa. (Cani et al., 2009; Paik et al., 2005; Xie et al., 2011; Awaisheh et al., 2013; Yoo et al.,
2013). Sin embargo, ésta es la primera vez que se describe el efecto de probidticos en la
disminucion del contenido hepatico de TG en un modelo genético de obesidad. Existe gran
evidencia que seiiala que componentes bacterianos pueden afectar el metabolismo del higado v,
por lo tanto, causar enfermedades sistémicas (Delzenne y Cani, 2011, Nolan 1979). Se ha
propuesto que los niveles en suero de LPS aumentan en obesidad y esteatosis, produciendo una
endotoxemia metabdlica capaz de modular las citoquinas proinflamatorias, asi como la glucosa vy el
metabolismo lipidico en el higado o en el tejido adiposo (Cani y Delzenne 2009; Lanthier et al.,
2009; Neyrinck et al., 2009). La endotoxemia tiene un papel importante en la induccién de la
inflamacién hepatica en la esteatohepatitis no alcohdlica y en la enfermedad de higado graso no
alcohdlico en los seres humanos (Adachi et al., 1995; Verdam et al., 2010; Harte et al. 2010; Thuy et
al., 2010). Cani et al. han demostrado alteraciones de la funcidon de barrera intestinal en modelos
genéticos de obesidad (Cani et al., 2009). En conjunto, estos estudios sugieren una relacidn directa
entre la microbiota intestinal, la barrera intestinal y alteraciones hepaticas. Este efecto reductor de
la esteatosis que observamos en nuestro estudio puede estar mediado, al menos en parte, por la
disminucion de LPS en el suero observada en las ratas obesas que recibieron alguna cepa

probidtica. En general, nuestros resultados apoyan la evidencia actual de que la microbiota
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intestinal puede afectar al metabolismo hepatico (Delzenne y Cani, 2011; Nolan, 1979; Kahn et al.,

2005).

Asimismo, se han encontrado claros efectos antiinflamatorios mediados por los probidticos
en este estudio: 1) La disminucién de los niveles séricos de TNF-a en las ratas Zucker—Leprf"/f"
obesas que recibieron L. rhamnosus CNCM 1-4036, B. breve CNCM 1-4035 o la mezcla de B. breve
CNCM 1-4035 y L. paracasei CNCM 1-4034 comparados con las ratas Zucker-Leprf"/f" obesas que sdlo
tomaron placebo; y 2) La disminucién en la concentracidn sérica de IL-6 en las ratas obesas que
recibieron L. paracasei CNCM 1-4034 comparados con las ratas obesas que tomaron placebo. Dos
estudios previos de nuestro grupo describen los efectos de L. paracasei CNCM 1-4034 y B. breve
CNCM 1-4035 en la produccién de citoquinas y quimioquinas utilizando cultivos de células
dendriticas humanas expuestas a Salmonella typhi (Bermudez-Brito et al. 2012; Bermudez-Brito et
al. 2013). Lactobacillus paracasei CNCM [-4034 disminuyd la produccién de citoquinas y
guimioquinas proinflamatorias en estas células (Bermudez-Brito et al. 2012), mientras B. breve
CNCM 1-4035 fue un potente inductor de factores proinflamatorios como TNF-a, IL-8 y RANTES
(Regulated on Activation, Normal T Cell Expressed and Secreted) y también de factores anti-
inflamatorios como IL-10 (Bermudez-Brito et al. 2013). En el presente estudio la administracion de
L. paracasei CNCM 1-4034 disminuyd las concentraciones séricas de citoquinas proinflamatorias

como IL-6.

Otros autores han descrito efectos antiinflamatorios tras la administracion de probiéticos.
Estos probidticos han demostrado suprimir significativamente la activacidn en la sefializacién de
NF-kB mediada por una dieta alta en grasa (Ma et al., 2008). Ademas, la administracion de
lactobacilos a ratas con enfermedad hepatica inducida por alcohol redujo los niveles de endotoxina
plasmatica y una mejora en la puntuacién de la patologia hepatica (Nanji et al., 1994). Una mezcla
de bifidobacterias, lactobacilos y Streptococcus thermophilus disminuyd la inflamacion hepatica en
ratones obesos genéticamente (Li et al., 2003) y en ratas jévenes a las que se les indujo obesidad

mediante una dieta alta en grasa (Esposito et al., 2009).
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Las conclusiones del estudio en humanos son las siguientes:

1) Se ha evaluado la seguridad y la tolerancia de tres cepas probidticas (Lactobacillus paracasei
CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 y Lactobacillus rhamnosus CNCM [-4036) en un
estudio multicentrico, aleatorizado, doble ciego y controlado por placebo en voluntarios sanos.
Ninguna de las cepas produjo trastornos gastrointestinales de ningln tipo, ni alteraciones en la
frecuencia o en la consistencia de las deposiciones de los voluntarios. Tampoco se observaron

cambios relevantes en los parametros hematoldgicos y séricos.

2) Las cepas probidticas estudiadas presentaron efectos inmunomoduladores. La administracién de
Lactobacillus rhamnosus CNCM 1-4036 disminuyd las concentraciones séricas de IL-12 (citoquina
proinflamatoria) y aumenté las de IL-4 e IL-10 (citoquinas antiinflamatorias). Bifidobacterium breve
CNCM [-4035 disminuyd los niveles séricos de IL-12 y finalmente, Lactobacillus paracasei CNCM |-

4034 aumento el indice antiinflamatorio IL-10/1L-12.

3) La administracion de Bifidobacterium breve CNCM 1-4035 aumenté el contenido de IgA secretora,
primera linea de defensa en la proteccién del epitelio intestinal frente a toxinas entéricas y

microorganismos patdgenos, en las heces de los voluntarios.

4) La cepa Lactobacillus rhamnosus CNCM 1-4036 fue la Unica cuya persistencia pudo demostrarse

en las heces de los voluntarios tras 30 dias de intervencion.

Las conclusiones del estudio con ratas obesas son las siguientes:

5) Las ratas Zucker-Leprf”/f” desarrollaron obesidad, hiperglucemia, resistencia a la insulina e
hipercolesterolemia, concentraciones elevadas en suero de acidos grasos libres y triacilgliceroles asi
como esteatosis hepatica tras de 30 dias de intervencidon con el placebo, en comparacion con las

ratas Zucker lean*".
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6) La esteatosis hepatica presente en las ratas Zucker-Leprf”/f” disminuyd significativamente en las
ratas que recibieron cepas probidticas. Este efecto estuvo mediado, en parte, por la disminucidn en

suero de la concentracion de LPS.

7) Los valores de TNF-a disminuyeron en el suero de las ratas Zucker-Leprf“/f“ que recibieron L.
rhamnosus CNCM 1-4036, B. breve CNCM 1-4035 o la mezcla de B. breve CNCM 1-4035 y L. paracasei
CNCM 1-4034; en cambio, las ratas que recibieron L. paracasei CNCM [-4034 presentaron menores
valores séricos de IL-6. Estos resultados apuntan a un claro efecto antiinflamatorio de las cepas

probidticas.

Conclusién general

Los resultados obtenidos en esta Tesis indican que las cepas probidticas Lactobacillus paracasei
CNCM 1-4034, Bifidobacterium breve CNCM [-4035 vy Lactobacillus rhamnosus CNCM 1-4036, son
seguras y bien toleradas por individuos sanos. Presentan efectos inmunomoduladores tanto en el

Ffacomo en el estudio clinico, afectando la homeostasis

estudio realizado en las ratas Zucker-Lep
intestinal, gracias a la liberacion de citoquinas antiinflamatorias como la IL-10 y la produccién de
IgA. Finalmente, nuestros resultados sugieren la necesidad de continuar la investigacién con las
cepas probidticas para probar los efectos encontrados en otro tipo de estudios, que tal vez puedan

incluir voluntarios con patologias de tipo inflamatorio.
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Sources, isolation, characterisation and evaluation of probiotics

Luis Fontana, Miriam Bermudez-Brito, Julio Plaza-Diaz, Sergio Munoz-Quezada and Angel Gil*
Department of Biochemistry & Molecular Biology 11, School of Pharmacy and Institute of Nutrition & Food Technology
“José Mataix”, Biomedical Research Centre, University of Granada, Granada, Spain

Abstract

Probiotics are live microorganisms that, when ingested in adequate amounts, provide health benefits to the host. The strains most
frequently used as probiotics include lactic acid bacteria and bifidobacteria, which are isolated from traditional fermented products and
the gut, faeces and breast milk of human subjects. The identification of microorganisms is the first step in the selection of potential pro-
biotics. The present techniques, including genetic fingerprinting, gene sequencing, oligonucleotide probes and specific primer selection,
discriminate closely related bacteria with varying degrees of success. Additional molecular methods, such as denaturing gradient gel elec-
trophoresis/temperature gradient gel electrophoresis and fluorescence in situ hybridisation, are employed to identify and characterise pro-
biotics. The ability to examine fully sequenced genomes has accelerated the application of genetic approaches to elucidate the functional
roles of probiotics. One of the best-demonstrated clinical benefits of probiotics is the prevention and treatment of acute and antibiotic-
associated diarrhoea; however, there is mounting evidence for a potential role for probiotics in the treatment of allergies and intestinal,
liver and metabolic diseases. These positive effects are generally attributed to the ability of probiotics to regulate intestinal permeability,
normalise host intestinal microbiota, improve gut immune barrier function and equilibrate the balance between pro-inflammatory and anti-
inflammatory cytokines. However, the positive effects of probiotics are not always substantiated by findings from properly conducted clini-
cal trials. Notably, even when the results from randomised, placebo-controlled trials support the beneficial effects of a particular probiotic
for a specific indication, the benefits are generally not translatable to other probiotic formulations.

Key words: Bifidobacteria: Lactic acid bacteria: Lactobacilli: Probiotics: Diseases

Currently, there is an increasing interest in and demand for (1) Have a demonstrated beneficial effect on the host.
probiotics, after a long history of safe use in fermented dairy (2) Be non-pathogenic, non-toxic and free of significant
products and an increased recognition of the beneficial effects adverse side effects.

of probiotics to human gut health”. According to the FAO of (3) Be able to survive through the gastrointestinal tract (GIT;
the UN and the WHO'®, probiotics are ‘live microorganisms in vitro and in vivo).

which, when administered in adequate amounts, confer a (4) Be present in the product in an adequate number of
health benefit on the host’. In particular, strains belonging to viable cells to confer the health benefit.

Bifidobacterium and Lactobacillus, the predominant and sub- (5) Be compatible with product matrix, processing and sto-

dominant groups of the gastrointestinal microbiota, respect-
ively'”, are the most widely used probiotic bacteria and are
many functional dietary

. The yeast Saccharomyces boulardii has also
@

included in foods and

plements“~®
been shown to have health benefits

For probiotics to be successful, they must possess certain
characteristics. The criteria for the selection of probiotics
include tolerance to gastrointestinal conditions (gastric acid
and bile), ability to adhere to the gastrointestinal mucosa
and competitive exclusion of pathogens®™”. Traditionally,
it has been proposed that a useful probiotic must fulfil the
following criteria:

sup-

rage conditions to maintain the desired properties, and

labelled accurately'”.

The results of evidence-based analyses from human studies
and animal models have shown the potential clinical effective-
ness of probiotics on many diseases’'”. In fact, probiotics
have been reported to suppress diarrhoea?, alleviate lactose

(1% " exhibit
(16,17)
,

intolerance and post-operative complications'

antimicrobial’> and anti-colorectal cancer activities
reduce irritable bowel symptoms'® and prevent inflammatory

(19

bowel disease However, generalisations concerning the

potential health benefits of probiotics should be not made

Abbreviations: AR, allergic rhinitis; IBS, irritable bowel syndrome; LAB, lactic acid bacteria; NEC, necrotising enterocolitis; RCT, randomised controlled trial;

UTI, urinary tract infections.
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because probiotic effects tend to be strain specific; thus, the
health benefit attributed to one strain is not necessarily
applicable to another strain, even within one species”.

The mechanisms underlying the beneficial effects of probio-
tics are largely unknown but are likely to be multi-factorial.
However, several important mechanisms underlying the
antagonistic effects of probiotics on various microorganisms
include modification of the gut microbiota, competitive adher-
ence to the mucosa and the epithelium, strengthening of the
gut epithelial barrier and modulation of the immune system
to convey an advantage to the host.

The aim of the present work was to review the sources,
isolation methodology, characterisation and evaluation of
probiotic strains. The various steps needed to characterise a
bacterial strain as a novel probiotic are depicted in Fig. 1.

In the present study, we sought to conduct a literature review
of the sources, isolation and characterisation and evaluation of
probiotic strains. The present review summarises a total of 1500

Sources

Isolation

Identification

H
sl

Acid and bile resistance  Adhesion

Characterisation

Antimicrobial
substances

Clinical trials

Fermented foods

A

Specific media

4

works, published to the date from PubMed database (February
2012), and intends to provide an historical context and the state
of this field. For this aim, the following search combinations
were used: probiotics and sources; lactobacillus and isolation;
bifidobacteria and isolation; probiotics and breast milk; probio-
tics and origin probiotics and fermented foods; isolation and
characterisation and probiotics; probiotics and evaluation; and
probiotics and randomised controlled trial (RCT).

Sources

Dairy and dairy-related products are a good source of probio-
tics'”. Within this context, lactic acid bacteria (LAB), bifido-
bacteria and other microorganisms obtained from fermented
milks have been used for centuries. Spontaneous milk fermen-
tation has a long history in different regions of Mongolia or
Africa, and the use of beneficial microorganisms in fermented
dairy products has been practised for many generations*".

Gut microbiota

my

16S rRNA
Whole genome

Safety

Antibiotic sensitivity In vivo testing

Immunomodulation

Effects on health
and disease

Fig. 1. Flow chart describing the various steps to be followed in order for a bacterial strain to qualify as a novel probiotic. rRNA, ribosomal RNA.
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These traditional fermented milks contain complex compo-
sitions of LAB species and therefore provide a useful source
of probiotic strains. Thus, it is not surprising that in a recent
work, 148 LAB strains were isolated from Kurut, a traditional
naturally fermented yak China
L. delbrueckii subsp bulgaricus and Streptococcus thermaophilus
are the predominant microbial populations®. In addition,
yeasts and lactobacillus strains with probiotic properties have
been isolated from kefir grains, Masai milk and Koumiss, a fer-

mented milk drink; these microorganisms are able to influence
(23-26)

milk  from in  which

immune responses

Recent studies were conducted to evaluate traditional
fermented products as potential natural sources of probiotic
bacteria. Generally, most of the microorganisms isolated
from fermented products belong to the Lactobaciilus
genus'” ", Interestingly, in a recent work, a Weisella strain
was isolated from Nigerian fermented foods and selected for
its probiotic potential3®,

Cheese is a dairy product with potential for the delivery
of probiotic microorganisms into the human intestine.
L. plantarum strains have been isolated from Italian, Argenti-
nean and Bulgarian cheeses'?' ™%,

Interestingly, it was observed that breast milk is not sterile,
even when collected aseptically, which raises the possibility
that breast milk harbours a natural bacterial inoculum**. The
bacteria in breast milk have long been considered to be a con-
sequence of skin or faecal contamination. Although the lactoba-
cilli present in human milk are genotypically different from
those isolated from the skin®®3% and the LAB strains present
in breast milk were also observed in the faeces of the corre-
sponding infants®”, it has only recently become accepted
that breast milk constitutes an interesting source of probiotic
LAB and bifidobacteria for inclusion in infant formulas and
foods targeted to both pre-term and full-term infants”*®. In
addition, it has been reported that breast-fed infants have
fewer allergies and gastrointestinal infections than formula-fed
infants; therefore, the intestinal microbiota in the breast-fed
infant might be considered to be ideally healthy™”
breast milk comprises several predominant bacteria, such as sta-
phylococci, streptococci, micrococei, lactobacilli, enterococei,
lactococci and l)iﬁd()bacteria(‘%‘57“&’9’m, and its intake favours
the predominance of bifidobacteria and lactobacilli in the
infant intestinal microbiota. Several authors have reported that
lactobacilli isolated from breast milk are an efficient alternative
to the use of commonly prescribed antibiotics for the treatment
of infectious mastitis during lactation****, Moreover, it was
reported that two Lactobacillus strains isolated from human
breast milk enhanced natural and acquired immune responses
through the activation of the natural killer and T-cell subsets
and the expansion of regulatory T cells"*?,

Another source of probiotics is the human GIT. More than
500 different bacterial species reside in the adult human gut.
In fact, many of the probiotic strains used today have been
isolated from this source, such as L. gasseri and L. reuteri >
In addition, it has been reported that L. fermentum, isolated
from human colonic mucosal biopsy samples, possesses
antimicrobial activities against food-borne pathogens“'(‘"
A common misconception is that probiotics must always

. Human
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colonise the intestinal tract to exert their effects. In fact, certain
probiotics (e.g. B. longum and Bacteroides thetaiotaomicron)
reside in the human intestinal microbiota, but others (e.g.
L. casei and B. animalis) do not'"”. Most of the probiotic
strains, such as B. longum™® and L. acidopbilus RY2™”,
were isolated from the faecal samples of healthy adults and
infants, respectively. Notably, in concordance with breast
milk, several studies have reported the isolation of probiotics
from breast-fed infant faeces"">".

The isolation of probiotics is not limited to the human tract.
The guts of several animal species, including pigs, rats and
even poultry, are good sources of probiotics”>. Recently,
L. jobnsonii CRL 1647, isolated from the Apis meilifera L. bee
gut, was shown to exhibit a beneficial effect on honevbee
colonies”™. Additionally, probiotic strains have been obtained
from the intestinal tracts of marine and freshwater fish, such as
Carassius auratus gibelio > 55 or shrimp™®’

Other studies show that probiotic strains are also found in non-
dairy fermented substrates”. In vitro experiments have demon-
strated that certain bacterial strains, isolated from meat (L. sakei,
L. curvatus and Staphylococcus carnosus) and fruits (L. paracasei
and L. plantarum), can display functional and metabolic proper-
ties similar to those of human intestinal bacteria®. In addition, a
recent work described the isolation of a Lactobacillus strain from
brines of naturally fermented Alorena green table olives™”.
Moreover, L. buchneri P2, isolated from pickled juice, demon-
strated probiotic properties, such as cholesterol reduction, acid
and bile tolerance and antimicrobial activity®”.

, rainbow trout

Isolation, identification, characterisation and safety

In microbial ecology, it is generally accepted that cultivation-based
approaches provide an incomplete picture of microbial diversity.
Ecological niches present a complex interrelation between the
different species of microbes that cannot be mimicked using tra-
ditional culture methods. Molecular approaches that bypass the
cultivation step have become popular as a means of identifying
the microbial diversity of different sources. These methods have
provided important information concerning microbial ecosys-
tems, including the sources of probiotics. The first important
step in studying an ecosystem is the isolation of its members.
The identification of the microbes, especially in probiotic bacteria,
is not valuable when we want to determine in vivo functions
associated with beneficial effects on human health.

Isolation

The first step in the isolation of probiotic bacteria is to maintain
the sample in adequate conditions before incubation in selective
media. Most probiotics are anaerobic or facultatively anaerobic;
therefore, the samples should be immediately placed under
anaerobic conditions and processed as soon as possible (within
3h). The samples should be homogenised quickly and diluted
and cultured in selective media (Sergio Munoz-Quezada, Empar
Chenoll, Jose Maria Vieites, Salvador Genoves, Jose Maldonado,
Miriam Bermudez-Brito, Carolina Gomez-Llorente, Esther
Matencio, Maria Jose Bernal, Fernando Romero, Antonio
Sudrez, Daniel Ramon, Angel Gil, unpublished results).
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Several media have been devised for the elective or
selective isolation of bifidobacteria and lactobacilli’®' =7,
Rogosa ef al® developed a selective medium for the
isolation and enumeration of oral and faecal lactobacilli and
Bifidobacterium that contains a Columbia agar base sup-
plemented with propionic acid. The low pH of this medium,
which is tolerated by lactobacilli and bifidobacteria, inhibits
the growth of other predominating organisms in human
faeces, such as Bacteroides and Eubacterium species.

The plates are incubated at 37°C for 48—72 h in an anaerobic
atmosphere for the growth of bifidobacteria and other anaero-
bic species or in a COzrich atmosphere for the growth of
lactobacilli. Subsequently, the colonies are isolated and
transferred to broth or a new agar plate.

Identification

The identification of microbes in the GIT or food sources is the
first step in the selection of potential probiotics. For many ecosys-
tems, only a small percentage of microbes can be grown in cul-
ture”’". The taxonomic classification might be defined as the
process of cataloguing biodiversity based on a polyphasic
approach, which involves genotypic and phenotypic
methods. Historically, phenotypic methods have been used to
identify bacteria. The taxonomy for many decades heavily
relied on the type of sugar fermentation and the fermentation
products generated. Thus, the probiotics have been primarily
classified as LAB. Today, 165 RNA gene analysis has become
the method of choice. For the past two decades, microbiologists
have used this conserved fragment for phylogenetic classifi-
cation™”" and the relatedness among organisms is estimated
through the comparison of their sequences in available databases
(DDBJ, ENA, GenBank)”>~7”, The 168 RNA gene analysis has
been combined with other methods to identify bacterial commu-
nities of the gut or ecological sources. The amplified 16S DNA can
be coupled with PAGE using temperature (temperature gradient
gel electrophoresis) or chemical denaturation (denaturing
gradient gel electrophoresis)”™, hybridised using fluorescent
oligonucleotide probes that target specific 165 (fluorescence
in situ hybridisation)”®” or digested with restriction enzymes
(Terminal restriction fragment length polymorphism (T-RFLP)).

However, the 165 DNA fragment is extremely small
(1500bp) compared with the bacterial genome (30 000—
40000bp). Complementary information is typically necessary
due to insufficient base sequence diversity to differentiate
strains of a given species. The 16S to 23S intergenic spacer
region exhibits a great deal of sequence and length vari-
ation™. The variation in this region has been used for differ-
entiating species of prokaryotes. Undoubtedly, the analysis of
the bacterial genome is the most useful tool to identify and
characterise the processes underlying speciation and evol-
ution in prokaryotesmz). However, genome
remains a laborious and relatively expensive technique.

sequencing

Characterisation

The species of the genera Lactobacillus and Bifidobacterium
are among the most important taxa of probiotics. When
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ingested, sufficient numbers of metabolically active bacteria
must overcome the GIT barrier and transitorily persist in the
GIT to exert their beneficial effects. This characteristic is
important, although certain authors have shown beneficial
effects of dead probiotics™. The capacity to tolerate an extre-
mely low pH (1-5-3-0), gastric enzymes, bile salts and other
intestinal enzymes, are the challenges for arriving alive in
the GIT®Y. Various in vitro assays have been designed to
mimic these stress conditions.

Resistance to low pH and biliary salts. Acid tolerance is
one of the general criteria that is considered during the selec-
tion of potential probiotic strains to guarantee their viability
and functinnﬂlitymi). In vitro systems, including controlled
incubations in real or simulated gastric juices (pH 2:0—4:0;
70-180 min®), have been preferentially used in the evalu-
ation of new probiotic strains. Complex models that simulate
gastrointestinal transit have been developed ™. Moreover,
1-4h incubations in chemical and/or enzymatic media at a
pH range of 1:5-3-0 have also been performed.

The biliary salts facilitate the digestion of lipophilic com-
pounds, but also behave as an antimicrobial agent by directly
influencing the establishment of the intestinal microbiota. The
relevant physiological concentrations of human bile range
from 03 to 0-5%*® I vitro assays are conducted in
0-3—0:7% bovine bile (Oxgall) for 60-180min. Probiotics
show highly variable resistance to acid and bile salts, and
this characteristic is both species and strain dependent. Several
studies have reported that bifidobacteria are highly sensitive to
low pH values. Certain species exhibit survival rates of 0% at
pH 2:0 for 90 min"**” less than 1% at pH 3.0 for 2h" or
increased percentages at pH 3-0-5:0 for 3h%, The highest
survival rates have been described for certain bifidobac-
teria® =% Several Lactobacillus strains have shown a high
resistance to low pH. A study involving twenty Lactobaciflus
strains reported survival rates of 2-100% at pH 30 for 1h.
Certain bifidobacteria demonstrated a survival rate of 1-70%
in 0-:3% Oxgall for 90min™”. A total of two L. plantarum
strains showed greater than 50% survival at pH 2-0 and 3.0
and 1-0% survival in 73-180% bile salt®”.

Bacteria develop an adaptive response under moderate
stress conditions, such as nutrient-rich or nutrient-poor
media, pH and salt content™®. Surprisingly, the modulation
of protein complexes, transduction of signals or induction of
genes™ might be used to modify food features”™,

Adherence to intestinal epithelial cells. The adherence to
intestinal epithelial cells and/or mucus is an important charac-
teristic of probiotics to promote the gut residence time, patho-
gen exclusion and host and immune system interactions. Over
the past 25 years, the Caco-2 cell line has been used exten-
sively to determine adhesion capacity*"
a homogeneous monolayer that resembles that of human
mature enterocytes in the small intestine'°; they also form
crypts, which are typical structures of the epithelial mono-
layer''™. The colonic cell line HT-29 also displays typical
characteristics of enterocyte differentiation and has been
used for in vitro adhesion assays''®"
nal mucosa is based on the immobilisation of mucin bound to

the surface of microwell plates'' > in several commercially

. Caco-2 cells form

. Adhesion to the intesti-
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available in vitro assays, whereas other useful in vitro models
utilise cell lines developed to simulate a mucus-secreting
environment (HT-29-MTX)'"7'" The results of in vitro
adhesion models, cell lines or their combination are highly
variable""". In fact, lactobacilli, bifidobacteria and pathogens
show differences in adhesion to mucus, Caco-2, Caco-2 plus
mucus, HT-29 MTX and Caco-2/HT29MTX. For L. rbamnosus
GG, the reported capacities for adhesion in those systems
are 10-21, 5-17, 319, 0-84 and 0-85%, respectively. Several
in vitro studies have evaluated the adhesion of potential
probiotic bacteria and their interactions with pathogens at
the intestinal epithelial interface, and the results were
dependent on the technique and strains used ",

Differences in the experimental conditions for assays of acid
tolerance (medium acidified using HCl or lactic acid, with or
without enzymes), bile resistance (bile origin and dose) and
adhesion (mucus, cell lines, cells plus mucus) make it extre-
mely difficult to compare their results. Remarkably, these
characteristics are strain-specific traits that can be extremely
variable within the species or genus. Therefore, the use of
in vitro models is necessary to select the most promising
strains. Thus, human clinical trials are the definitive tool to
establish probiotic functionality.

Antimicrobial activity. When administered in adequate
amounts, probiotics confer health benefits to the host'®. An
important beneficial effect is antimicrobial activity against
pathogens'”. Probiotics might act through a variety of mech-
anisms, including the production of antimicrobial substances,
competition with pathogens for nutrients and adhesion sites
and stimulation of the immune system ",

Intestinal infections are mediated by the adhesion of patho-
genic bacteria to mucosal surfaces and disruption of the intes-
tinal microbiota. The probiotic bacteria might play protective
roles through adhesion and colonisation of the mucosal
surfaces, effectively competing with pathogens for binding
sites and nutrients or/and immune stimulation**"*'? Ferreira
et al"™? evaluated the ability of seven newly isolated strains
of L. gasseri to adhere to intestinal mucosa and to auto-
aggregate and co-aggregate with the model pathogens
Cronobacter sakazakii (ATCC 29 544) and Clostridium difficile
(ATCC 1296). All of the viable and non-viable bacterial strains
used alone or in combination were able to auto-aggregate.
The co-aggregation with C. sakazakii or C. difficile was
higher (#<<0-05) in the non-viable bacterial strains.

The ability of probiotic strains to inhibit the growth of
pathogens in broth and agar plates and to modulate the pro-
duction of cytokines and growth factors in cell lines has
been well documented using in vitro models in the evaluation
of their biological effects. In addition, mice and other animal
models are also useful to study the antimicrobial activity of pro-
biotics. The antimicrobial effects of novel probiotics have been
tested against Listeria monocytogenes and Helicobacter pylori
in vitro, and against human rotavirus using in vivo infection
models®+?>
successfully inhibited the growth of Escherichia coli
Salmonella  typhimurium,  Shigella  flexneri %7129 and
C. difficile ™", Moreover, an L. plantarum strain produced

compounds with antifungal activity'**,

. Several strains of lactobacilli and bifidobacteria
(104,114-117)
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Notably, in these studies, single strains were tested and the
antimicrobial activities in most cases were due to the mixed
host immune modulation and anti-infective activity of
probiotics.

Although, in clinical studies, the use of probiotics is prom-
ising for the management of diarrhoea, H. pylori infection,
atopic disease, necrotising enterocolitis (NEC) and inflamma-
tory bowel diseases, there are uncertainties concerning the
relative significance of probiotics, and the results from meta-
analyses to determine the beneficial effects of probiotics''*®
are contradictory. Moreover, individual or mixtures of probio-
tic strains and the required dosages need to be determined,
and additional clinical trials should be conducted to improve
the available information.

Safety

Detailed reviews and opinions of present practices in the
safety assessment of probiotics for human subjects have
been published'**1%> The European Food Safety Authority
was established in 2002 to address the increasingly important
and complex scientific and technical issues concerning food
and feed safety in the European Union (regulation no.
178/2002), but no formal safety testing guidelines for food-
associated microbes have been established. The Scientific
Committee on Animal Nutrition proposed the ‘qualified pre-
sumption of safety’'*® as an approach to safety evaluation,
which involves four steps: (1) defining the taxonomy of the
microbe; (2) collecting sufficient information providing the
basis for qualified presumption of safety status, including
scientific literature, history of use, industrial applications and
ecological and human intervention data; (3) excluding patho-
genicity and (4) defining the end use. If there are no safety
concerns for a certain taxonomic group, or if any safety
concerns have been allayed (qualification), then qualified
presumption of safety status may be granted''*”’.

The LAB will be among the first groups to be evaluated. The
introduction of this system appears to be favourably received
and is considered to be more flexible than the Generally
Recognised As Safe system used in the United States because
it considers new emerging safety risks, such as the acquisition
of antibiotic resistance and virulence determinants.

A variety of factors are considered in the assessment of the
safety of probiotics, which include the following: (1) recording
the isolation history and taxonomic classification of candidate
probiotics, (2) manufacturing controls that eliminate contami-
nation (including cross-contamination between batches) of
probiotics with microbes or other substances, (3) assessing
the association of probiotics with infectivity or toxicity at the
strain level and (4) determining the physiological status of
the consuming population, with special consideration for
use in vulnerable populations, including newborn infants
and the critically ill (dose administered and method of admin-
istration). When considering all of these factors, probiotics are
generally considered to be ‘safe’, but this assumption cannot
be made broadly, and such an assessment is specific to the
many conditions indicated earlier. To market probiotics as
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foods or dietary supplements, the safety of each particular
strain for the general population'*® needs to be determined.

Industrial production of probiotics

The next step after a probiotic strain has been isolated, ident-
ified and characterised, and its safety has been approved, is
scale-up production. Industrial production relies on two
aspects. First, the microorganism needs to be cultured in ade-
quate medium to allow growth in large quantities. Second,
probiotic viability during manufacturing has to be secured.
Both aspects are important, and scale-up production may
become a bottleneck for an initially promising microorganism.
Thus, certain strains might not grow properly, stand freeze- or
spray-drying processes, or addition of preservatives to main-
tain viability throughout the shelf-life of the manufactured
product.

Evaluation of probiotics
Preclinical evaluation

There is substantial evidence from in vitro and animal studies
that known and potential probiotics exhibit strain-specific
immunomodulatory effects.

In vitro studies. A large inventory of animal and human
cell lines is available as models of the gut'*”, such as
Caco-2, HT-29, IEC-6, IEC-18 and T84, to name a few.
In most of the in vitro experimental models, the epithelial
cells are cultivated as monolayers in which the establishment
of a functional epithelial feature is not achieved.

To overcome this problem, researchers have attempted to
reconcile the mechanisms underlying the complex and
dynamic interactions between the intestinal epithelium and
bacteria on the luminal side, and the epithelium and cells of
the immune system on the basolateral side, using co-culture
experiments with probiotics, dendritic cells, intestinal epi-
thelial cells'” and 3D models''*”. The 3D models are gener-
ated using an intestinal epithelial cell line of non-carcinogenic
origin, which is cultured on a microporous membrane,
enabling the polarisation of the cells. Below the microporous
membrane (basolateral side), the epithelial cells are underlaid
with immune cells (macrophages, dendritic cells), mimicking
mucosal lymphoid tissue. Intestinal microbiota are added
to the apical side of the membrane to study the effects of
the microbiota. These three components (epithelia, immune
cells and microbiota) are the most important factors in the
gut; therefore, these models closely mimic the in wivo
situation.

Animal studies. The immunomodulatory effects of pro-
biotics have been demonstrated in experimental models of
allergy, autoimmunity and inflammatory bowel disease''”.
Probiotic supplementation has exhibited protective effects
during spontaneous and chemically induced colitis by down-
regulating the production of inflammatory cytokines or
inducing regulatory mechanisms in a strain-specific manner.
In animal models of allergen sensitisation and murine
models of asthma and allergic rhinitis (AR), orally administered
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probiotics have demonstrated a strain-dependent decrease in
IgE production by modulating systemic cytokine production.
Certain probiotics have been shown to decrease airway hyper-
responsiveness and inflammation through the induction of
regulatory mechanisms.

Clinical evaluation

Many clinical studies have attempted to evaluate a great
variety of probiotics under diverse physiological conditions
and pathologies. However, many of these studies are flawed
due to the small number of patients used or the lack of a
control group. In fact, the European Food Safety Authority
delivers scientific opinions on the substantiation of health
claims related to probiotic strains. A high percentage of
these claims is rejected by the European Food Safety Authority
because a cause and effect relationship is not clearly estab-
lished between the consumption of the probiotic and the ben-
eficial effect it is supposed to have (mostly due to the small
number, or even lack, of human intervention studies demon-
strating such effects). The most reliable method of assessing
the therapeutic benefits of any probiotic strain is the use of
randomised, placebo-controlled trials, which are reviewed
later and appear in Table 1.

Pregnancy and lactation.
effects of the daily consumption of probiotic yoghurt on
inflammatory factors in pregnant women. The subjects con-
sumed 200g of probiotic yoghurt containing L. acidophiluis
La5 and B. animalis BB12 or 200 g of conventional yoghurt
daily for 9 weeks. The consumption of the probiotic
yoghurt significantly decreased the expression of C-reactive
protein, but had no effect on TNF-a in these subjects. In
addition, the consumption of probiotic yoghurt among
pregnant women resulted in increased levels of erythrocyte

glutathione reductase but did not affect other indices of
(132)
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Asemi et a. assessed the

oxidative stress.

Dugoua et al.""** reported that Lactobacillus and Bifidobac-
teritm had no effect on the incidence of Caesarean section,
birth weight or gestational age.

As mentioned in the ‘Sources’ section of the present review,
lactobacilli isolated from breast milk are an efficient alternative
to the use of commonly prescribed antibiotics for the treat-
ment of infectious mastitis during lactation 34

Allergy. Vliagoftis et al"*** evaluated the clinical evidence
for the use of probiotics as a therapeutic modality for AR and
asthma. The review included twelve RCT. A total of nine trials
that evaluated clinical outcomes in AR showed an improve-
ment due to the use of probiotics. All of the trials concerning
perennial AR showed reduced symptom scoring and medi-
cation use with the administration of probiotics compared
with the placebo. Moreover, in the five trials concerning sea-
sonal AR, an improvement in the clinical outcomes was
shown. The nine studies that reported various immunologic
measurements of allergy showed no significant probiotic
effects. The trials concerning the effect of probiotic adminis-
tration on the treatment of asthma showed no positive effects.
Taken together, these results suggest that probiotics might
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Table 1. Summary of selected human studies evaluating probiotic strains

Study

Probiotics

Main outcomes

Pregnancy and lactation
Asemi et al.!'3"

Asemi et al.132

Dugoua et al.("*®

Arroyo et al.“*®
Jiménez et al.“*

Allergy
Vliagoftis ef al.!"34

Kuitunen et af.('3%)

Martinez-Cafavate et al.('3®

Boyle et a/.(1%®)

Lee et al.!"3®

Intestinal-related diseases
Olivares et al.\"®"

Allen et al.(14%)

Johnston et al.('*"

Bermaola Aponte et al.!'%?)

Alfaleh et al.!"4®
Braga et al.'**
Sang et al.1*%

Mimura et al."*®

Kiihbacher et al.!14"

Doherty et al.(4®)

Lactobacillus acidophilus La5
Bifidobacterium animalis BB12

L. acidophilus La5
B. animalis BB12

Lactobacillus
Bifidobacterium

Lactobacilli from breast milk

B. longum

L. acidophilus
Bacillus clausii
L. paracasei
L. casei

L. rhamnosus

L. rhamnosus GG

L. rhamnosus LC705

B. breve Bb99

Propionibacterium freudenreichii
ssp shermanii JS

L. gasseri CECT5714
L. coryniformis CECT5711

L. rhamnosus GG
L. rhamnosus GG

L. gasseri CECT5714
L. coryniformis CECT5711

L. casei strain GG
Saccharomyces boulardii
Enterococcus LAB SF68

Bacillus spp.
Bifidobacterium spp.
Lactobacillus spp.
Lactococcus spp.
Leuconostoc cremoris
Saccharomyces spp.
Streptococcus spp.

Lactobacilli
Bifidobacteria
Lactococci
Saccharomyces, etc

Mainly lactobacilli

L. casei
B. breve

B. bifidum
VSL#3

VSL#3

VSL#3
Lactobacillus rhamnosus GG
L. johnsonii LA1

132

| C-reactive protein

T Erythrocyte glutathione levels

No effects on birth weight, gestational age or incidence of C-section

| Mastitis during lactation

| Symptom severity of allergic rhinitis and medication use

| Hb in infants
Negative correlation between Hb values at
6 months and faecal calprotectin at age 3 months

| Plasmalg E, T mucosal Ig A
1 CD4 + /CD25 + T cells
1 Natural killer cells

No benefit in the treatment of eczema in children
Risk of adverse effects

Effective in prevention but not treatment of pediatric atopic dermatitis

Improvement in intestinal habits

| Duration and | stool frequency in acute infectious diarrhoea

Protective effect in preventing antibiotic-associated diarrhoea

| Duration and | stool frequency in persistent diarrhoea

| Incidence and mortality in necrotising enterocolitis

Benefit on the occurrence of necrotising enterocolitis
Improvement in intestinal motility

T Remission rate and | recurrence rate of ulcerative colitis

Effective in maintaining antibiotic-induced remission in
patients with pouchitis for 1 year

1 Total number of intestinal bacteria in pouchitis

1 Richness and diversity of the bacterial microbiota,
especially the anaerobic microbiota

Repression in fungal microbiota

No effect
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Table 1. Continued

Study Probiotics

Main outcomes

McFarland & Dublin‘"*® Mainly lactobacilli and bifidobacteria

(150)

Gawronska et al. L. rhamnosus GG

Bausserman & Michail''®" L. rhamnosus GG

1.0152) Enterococcus faecalis
Escherichia coli

Enck et a

Chronic liver disease
Liu et al'5% Bacillus bifidus

L. acidophilus

L. bulgaricus
S. thermophilus

Aller et al.(*>"

L. bulgaricus

S. thermophilus

Acute pancreatitis
Zhang et al."'%% L. plantarum 299

Pediococcus pentosaceus

Leuconostoc mesenteroides

L. paracasei

L. plantarum

Sharma et al.{"*® L. acidophilus
B. longus
B. bifidum
B. infantalis

Type 2 diabetes

Ejtahed et al.!"5" L. acidophilus La5
B. lactis Bb12
AIDS
Hummelen et al.1%® L. rhamnosus GR-1

reuteri RC-14
11159 bifidum
thermophilus

Trois et al

= nmm -

Anukam et al.!'59 rhamnosus GR-1

Urinary tract infections
Stapleton et al.'®"

~

. crispatus

Respiratory infections

Hao et al.!'®? L. casei DN-114 001

Lactobacilli
P. pentosaceus
Leuconostoc mesenteroides

Siempos et al.!'%¥

Spondyloarthritis
Jenks et al.("®" S. salivarius
B. Jactis

L. acidophilus

Improvement in IBD symptoms
| Abdominal pain

| Frequency but not the severity of pain in children with IBD
| Incidence of abdominal distention in children with IBD

| Typical symptoms of IBD

| E. colicount, | intestinal flora imbalance
Improved symptoms and signs (debilitation, food intake,
appetite, abdominal distension and ascitic fluid)

Improved liver aminotransferases in NAFLD patients

1 Length of hospital stay

No effects

| Total cholesterol, LDL-C and atherogenic indices

No impact on the immune function of HIV-infected women
who were naive to anti-retroviral treatment

Preservation of the immune function of HIV-infected children
Preservation of the immune function of women naive to anti-retrovirals
1 Vaginal colonisation, | recurrent urinary tract infections

| Episodes of acute upper respiratory infections

1 Antibiotic use

| Incidence of ventilator-associated pneumonia

No benefit over placebo

|, Decrease; 1. increase; LAB, lactic acid bacteria; IBD, inflammatory bowel disease; NAFLD, non-alcoholic fatty liver disease.

have a beneficial effect in AR by reducing symptom severity
and medication use.

In a study examining the effect of pre- and probiotics on the
prevention of atopic disease, Kuitunen et al.'*** conducted a
randomised study of 1223 eligible mothers carrving a child
with a high risk for allergy (at least one parent with doctor-
diagnosed asthma, AR or atopic eczema). Each subject
received twice daily a probiotic combination of L. rbamnosus
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GG, L. rbamnosus LC705, B. breve Bb99 and Propionibacter-
ium freudenreichii ssp shermanii JS or placebo 4 weeks
before delivery. Their infants received the same probiotics
and 0-8g of a galacto-oligosaccharide or placebo once daily
from birth until 6 months of age. The children were observed
until 2 years of age for the development of any allergic dis-
ease. Blood samples were obtained from ninety-eight infants
at 6 months and 658 children at 2 years of age to measure
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the haematologic values. Faecal samples were collected at 3
and 6 months of age to measure immunologic development
by the expression of calprotectin, a-1-antitrypsin, TNF-a and
IgA. At 6 months of age, the infants in the probiotic group
had significantly lower Hb values than the placebo group.
A significant negative correlation emerged between the Hb
values at 6 months of age and the expression of faecal
calprotectin at 3 months of age. The hematologic values in
both groups were similar at 2 years of age.

Martinez-Canavate et al''** evaluated the immunological
effects of two probiotic strains, L. gasseri CECT5714 and
L. coryniformis CECT5711, in children suffering with allergies.
Olivares et al"*” previously described a double-blinded, ran-
domised, placebo-controlled comparative study with forty-
four allergic children, who were randomly distributed into
two groups: a yoghurt group and a probiotic group. In the pre-
sent study, intestinal and immunological parameters were
measured in faecal and blood samples. The consumption
of the probiotic product induced a significant decrease in
the level of IgE in the plasma and an increase in CD4 + /
CD25 4+ T regulatory cells. The decrease in IgE was
accompanied by a significant increase in mucosal IgA. Changes
in other effector cells potentially involved in allergic reactions,
such as eosinophiles, basophiles or other IgE + cells, were
not detected. The consumption of the probiotic product also
induced significant changes in the innate response, as a signifi-
cant increase in natural killer cells was detected.

No evidence suggests that probiotics are an effective treat-
ment for eczema in children; probiotic treatment carries a
small risk of adverse events (infections and bowel ischaemia)
and does not show any benefit in comparison with the
placebo' ¥ A meta-analysis of six prevention and four treat-
ment double-blind, randomised, placebo-controlled clinical
trials in children with an age ranging from 0 to 13 years indi-
cated that present evidence favours the use of probiotics for
the prevention but not the treatment of paediatric atopic der-
B9 There was a 61% risk reduction associated with
the use of prenatal and/or postnatal probiotics for paediatric

matitis

atopic dermatitis prevention. An additional analysis, which
excluded the single study using a postnatal protocol, revealed
a lower relative risk ratio. This result suggests that a prenatal
component might be clinically important for maximising the
prophylactic potential of probiotics. In terms of treatment,
the summary effect size derived for both intergroup and

intragroup  differences failed to show any statistical
significance.
Intestinal-related diseases
(137)

Intestinal function. Olivares ef al. investigated the
effect of a fermented product containing two probiotic strains,
L. gasseri CECT5714 and L. coryniformis CECT5711, on several
blood and faecal parameters related to intestinal function in
the host. A total of thirty healthy volunteers were randomly
distributed into two groups, one receiving a standard yoghurt
and the other a similar dairy fermented product in which the
L. delbreuckii subsp. bulgaricus yoghurt strain had been
replaced by a combination of the probiotic strains L. gasseri
CECT5714 and L. coryniformis CECT5711. The volunteers

134

that received the probiotics reported no adverse effects, and
the strains could be isolated from their faeces at a relatively
high level. In fact, the concentration of faecal LAB significantly
increased in the probiotic group. Additionally, the oral admin-
istration of the probiotics led to an improvement in several
parameters, such as the production of SCFA, faecal moisture
and frequency and volume of the stools. As a result, the vol-
unteers assigned to the probiotic group perceived a clear
improvement in their intestinal habits*”.

Infectious diarrboea. A Cochrane review on the efficacy of
probiotics for treating infectious diarrhoea, including both
adults and children, evaluated sixty-three studies with a total
of 8014 participants. No adverse events were attributed to pro-
biotic intervention. The use of probiotics reduced the duration
of diarrhoea, although the size of the effect varied considerably
between studies. The average of the effect was significant for
the mean duration of diarrhoea (lasting =4 d) and stool fre-
quency on day 2. The authors concluded that, when used along-
side rehydration therapy, probiotics appear to be safe and have
clear beneficial effects in shortening the duration and reducing
stool frequency in acute infectious diarrhoea'*?.

Antibiotic-associated dicrrboea. A 2011 Cochrane review
meta-analysis evaluated the results of sixteen randomised, par-
allel, placebo-controlled trials that investigated antibiotic-
associated diarrhoea in children (018 years of age) receiving
antibiotics™*". Treatment with probiotics was compared with
treatment with placebo, active alternative prophylaxis or no
treatment, and the incidence of diarrhoea secondary to anti-
biotic use was measured. The trials
with Bacillus spp., Bifidobacterium spp., Lactobacillus spp.,
Lactococcus spp., Leuconostoc cremoris, Saccharomyces spp.
or Streptococcus spp., individually or in combination. Despite
the heterogeneity in probiotic strain, dose and duration, and
the quality of the study, the overall evidence suggests a pro-
tective effect of probiotics in preventing antibiotic-associated
diarrhoea.

Persistent diarrboea. The evidence suggesting that probio-
tics might be effective in treating persistent diarrhoea in chil-
dren is scarce. Bernaola Aponte et al'*®
comparing a specified probiotic agent with placebo or no pro-
biotic in children with persistent diarrhoea. In all, four trials,
with a total of 464 participants, were included in this meta-
analysis. Treatment with probiotics reduced the duration of
persistent diarrhoea in two trials. Similarly, the stool frequency
was reduced with the use of probiotics in two trials. One trial
reported a shorter hospital stay, which was significant, but the
numbers were small. No adverse events were reported.

Necrotising enterocolitis.  Alfaleh et al™™*® performed a
meta-analysis with sixteen randomised or quasi-RCT that
involved 2842 preterm infants of <37 weeks gestational age
and/or weighing <2500g at birth. These trials were highly
variable with regard to enrolment criteria (i.e. birth weight
and gestational age), baseline risk of NEC in the control
groups, timing, dosing, probiotics formulations and feeding
regimens. The data regarding extremely low birth weight
infants could not be extrapolated. Enteral probiotic sup-
plementation significantly reduced the incidence of severe
NEC (stage I or more) and mortality. There was no evidence

included treatment

reviewed RCT
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of a significant reduction of nosocomial sepsis. Moreover,
there was no evidence of systemic infection with the use of
probiotics in these trials. The authors concluded that enteral
supplementation with probiotics prevents severe NEC,
although more studies are needed to assess the efficacy of
probiotic use in extremely low birth weight infants and
assess the most effective formulation and dose to be utilised.

Braga et al'"** evaluated the effect of a combined sup-
plementation of L. casei and B. breve in preterm infants with
low birth weight on the occurrence of NEC as a primary out-
come. The use of probiotics had a beneficial effect on the
occurrence of NEC at stage =2 using Bell's criteria and was
associated with an improvement in intestinal motility based
on the time required to reach full enteral feeding.

Ulcerative colitis.  Probiotic treatment is effective in main-
taining remission in ulcerative colitis'"*>, A total of thirteen
RCT were reviewed. Compared with the non-probiotics
group, the remission rate for ulcerative colitis patients who
received probiotics was 1-35 (95% CI 0-98, 1-85). Compared
with the placebo group, the remission rate of ulcerative colitis
patients that received probiotics was 2:00 (95 % CI 1:35, 2:96).
During the course of treatment, patients who received probio-
tics for less than 12 months showed a remission rate of 1-36
(95% CI 1-07, 1-73) compared with the group treated with
non-probiotics. Compared with the non-probiotics group,
the recurrence rate of ulcerative colitis in patients that received
probiotics was 0:69 (95% CI 1-01, 2:47). The recurrence rate
was 025 (95% CI 0-12, 0-51) in the mild-to-moderate group
that received probiotics compared with the group that did
not receive probiotics. The group that received B. bifidum
treatment had a recurrence rate of 0-25 (95% CI 0-12, 0-50)
compared with the non-probiotics group.

Pouchitis is a major complication after ileal pouch anal ana-
stomosis in patients with ulcerative colitis, Mimura et al."""®
showed that a single daily high dose (6g) of probiotic
VSL#3 was effective in maintaining antibiotic-induced remis-
sion in patients with pouchitis for 1 year. The remission was
maintained for 1 year in 85% of patients in the VSL#3 group
compared with 6% of patients in the placebo group. In a
more recent paper, patients with pouchitis in remission that
had been induced by antibiotic therapy were recruited to
receive either the VSL#3 probiotic compound or placebo for
the maintenance of remission'""”. Biopsies were obtained
before and 2 months after the initiation of VSL#3 or placebo
treatment. Therapy with VSL#3 increased the total number of
intestinal bacterial cells and the richness and diversity of the
bacterial microbiota, especially the anaerobic microbiota,
whereas the fungal flora was repressed. In contrast, patients
who relapsed while receiving placebo showed a reduced
diversity of the mucosal microbiota.

Crobhn’s disease. Doherty et al recently reviewed trials
comparing antibiotics or probiotics with placebo in the pre-
vention of endoscopic or clinical recurrence of Crohn’s dis-
ease following surgical resection. A total of seven studies
were identified as suitable for inclusion (two comparing anti-
biotics with the placebo and five comparing probiotics with
the placebo). Probiotic administration was not associated
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with any significant difference in the risk of recurrence com-
pared with the placebo.

Irritable bowel syndrome. lIrritable bowel syndrome (IBS)
is a chronic condition affecting 3—25% of the population for
which no curative treatment is available. Accordingly, therapy
is aimed at reducing symptoms. Because an alteration of the
normal intestinal microbiota has been observed in IBS, pro-
biotics were considered to be useful in reducing symptoms.
McFarland & Dublin"*® reviewed twenty trials that included
a total of 1404 subjects. Probiotic use was associated
with improvements in global IBS symptoms compared with
the placebo. Probiotics were also associated with less abdomi-
nal pain.

Gawroriska et al™ investigated the efficacy of
L. rbamnosus GG for treating functional dyspepsia, IBS or
functional abdominal pain in children. These authors found
that L. rbamnosus GG reduced the frequency but not the
severity of pain in children with IBS.

In contrast to these findings, the administration of
L. rhbamnosus GG to fifty children (6—-20 years) with IBS for
6 weeks was not superior to the placebo in relieving abdomi-
nal pain. There was no difference in the other gastrointestinal
symptoms, except for a lower incidence of perceived abdomi-
nal distension'"*",

Treatment of IBS with the bacterial lysate of Enterococcus
Jaecalis and E. coli was effective and superior to the placebo
in reducing the typical symptoms of IBS in patients treated by
general practitioners">. In all, 297 patients with IBS were
treated for 8 weeks with this bacterial lysate or a placebo, in
a double-blinded, randomised fashion. The responders had
at least a 50% decrease in the global symptom score, and
the abdominal pain score was =1 visit during treatment.
The responder rate in global symptom score to the probiotics
was 102/149 (68:5%) compared with the placebo rate of
56/148 (37-8%; P<<0-001), the improvement in abdominal
pain score was 108/149 (72-5%) and 60/148 (44-6 %), respect-
ively (P=0-001). The number-needed-to-treat was 3-27 for
global symptom score and 339 for abdominal pain score.
The Kaplan—Meier analysis revealed an average response
time of 4-5 weeks for active treatment and more than 8
weeks for treatment with the placebo (P<0-0001).

Chronic liver disease. Patients with chronic liver disease
generally have an intestinal microbiota imbalance that is
related to the development and worsening of the disease.
Liu et al'** conducted a randomised, placebo-controlled
trial, pre-test/post-test controlled group design. Patients were
randomised to an experimental group (forty-one patients) or
a control group (forty patients). Patients in the experimental
group were given probiotic yoghurt containing Bacillus
bifidus, L. acidophilus, L. bulgaricus and S. thermophilus.
The subjects in the control group had meals only and were
not provided with the probiotic yoghurt. After intervention,
the experimental group had a lower E. coli count and a
reduced intestinal microbiota imbalance. A comparison of
the experimental and control groups after the intervention
showed that the former had improved symptoms and signs,
including a significant improvement in debilitation, food
intake, appetite, abdominal distension and ascitic fluid.
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Aller et al"™

500 million L. bulgaricus and S. thermophilus improved liver
aminotransferase levels in patients with non-alcoholic fatty
liver disease.

Acute pancreatitis.
RCT that studied the effects of pre-, pro- or synbiotics in
patients with acute pancreatitis. A total of seven randomised

showed that the ingestion of a tablet of

Zhang et al'*>® reviewed all relevant

studies with 559 patients were included. Pre-, pro- or synbiotic
treatment showed no influence on the incidence of postopera-
tive infections, pancreatic infection, multiple organ failure and
systemic inflammatory response syndrome. There were also
no significant differences in the length of antibiotic therapy
and mortality. However, pre-, pro- or synbiotic treatment
was associated with a reduced length of hospital stay.

Sharma et al*">® investigated the role of probiotics on gut
permeability and endotoxaemia in patients with acute pan-
creatitis. receive either a
placebo or a mixture of L. acidophilus, B. longus, B. bifidum,
B. infantalis and 25mg of fructo-oligosaccharide. No signifi-
cant trend was identified concerning the effect of probiotics
on gut permeability or endotoxaemia in acute pancreatitis.
However, the study was underpowered owing to premature
study termination.

Type 2 diabetes. Ejtahed et al"*” investigated the admin-
istration of probiotics in type 2 diabetic patients, who were
randomised to receive either 300g of probiotic yoghurt
containing L. acidophilus 1a5 and B. lactis Bb12 or 300 g of
conventional yoghurt for 6 weeks. Probiotic consumption
caused significant decreases in total cholesterol, LDL-C and
the atherogenic indices total cholesterol:HDL-C ratio and
LDL-C:HDL-C ratio compared with the controls.

AIDS. HIV-infected women who were naive to anti-
retroviral treatment were randomised to receive oral capsules
containing L. rbamnosus GR-1 and L. reuteri RC-14 or placebo
twice daily for 25 weeks. The CD4 count and immune markers
(IgG, IgE, IFNy and IL-10) were measured at baseline and
during follow-up. Probiotics had no impact on the immune
function in the present study'"*™,

Other trials have shown a preservation of the immune

Patients were randomised to

function with the use of probiotics among non-responsive
children or those treated with the anti-retrovirals B. bifidum
and S. termophilus in Brazil"™”

anti-retrovirals who were treated with L. rbamnosus GR-1 in
(160)

and among women naive to

Nigeria

Urinary tract infections. Urinary tract infections (UTT) are
common among women and frequently recur. The depletion
of vaginal lactobacilli is associated with UTI risk, which
suggests that repleton might be Stapleton
et al''®" conducted a double-blind placebo-controlled trial

beneficial.

of a L. crispatus intravaginal suppository probiotic for the pre-
vention of recurrent UTI in premenopausal women. Recurrent
UTI occurred in 15% of women receiving probiotics com-
pared with 27% of women receiving placebo (relative risk,
05; 95% CI 02, 1-2). High-level vaginal colonisation with
L. crispatus throughout follow-up was associated with a
significant reduction in recurrent UTI only in the group that
received probiotics.
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Respiratory infections. Hao et al'®® performed a

meta-analysis that included ten RCT comparing probiotics
with placebo to prevent acute upper respiratory tract infec-
tions. Probiotics were more effective than the placebo in redu-
cing the number of participants experiencing episodes of acute
upper respiratory tract infections, the rate ratio of episodes of
acute upper respiratory tract infections and reducing antibiotic
use.

A meta-analysis of five RCT showed that the administration
of probiotics is associated with lower incidence of ventilator-
associated pneumonia compared with the placebo™ .

Spondyloarthritis.  Jenks et al."®* studied the effect of an
orally administered probiotic on disease activity, fatigue, qual-
ity of life and intestinal symptoms in patients with active spon-
dyloarthritis. In the present randomised placebo-controlled
trial, the probiotic combination did not demonstrate significant
benefit over the placebo.

Conclusions and future directions

Lactobacilli and bifidobacteria are the genera most frequently
used as probiotics. Traditional fermented products and the
breast milk, GIT and faeces of human subjects are the primary
sources of these microorganisms. Probiotics are isolated by
culture in selective media. Currently, the identification of pro-
biotic strains is facilitated by the sequencing of their 165 RNA
genes. Prior to their evaluation, probiotics must be character-
ised using the following criteria: (1) the capacity to resist
extremely low pH, gastric and intestinal enzymes and bile
salts, (2) the capacity to adhere to intestinal epithelial cells,
(3) antimicrobial activity and (4) safety. The evaluation of pro-
biotics can be conducted at the preclinical (cell and animal
models) and clinical levels. Among the latter, the most reliable
studies to assess the therapeutic benefits of any probiotic
strain are randomised, placebo-controlled trials.

Probiotics have been shown to promote a variety of biologi-
cal effects in a number of physiological conditions and pathol-
ogies, including allergy, intestinal and liver diseases, urinary
and upper respiratory infections, AIDS and metabolic diseases.
These effects are strain specific and are primarily mediated
through changes in the faecal microbiota and immune modu-
lation. RCT concerning the appropriate clinical evaluation of
probiotics, with an adequate and statistically sufficient
number of subjects related to the main outcome variables,
should be performed in a variety of diseases. In addition,
multi-centre and replicate studies are necessary to evaluate
the actual role of probiotics in the amelioration of symptoms
for many diseases. The number of studies concerning the
mechanism of probiotics in cell and animal models is scarce.
Apparently, many probiotics are able to modulate both the
innate and adaptive immune responses; however, the molecu-
lar basis of these effects remains unknown.
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Abstract

Probiotics are live microorganisms that provide health ben-
efits to the host when ingested in adequate amounts. The
strains most frequently used as probiotics include lactic acid
bacteria and bifidobacteria. Probiotics have demonstrated
significant potential as therapeutic options for a variety of
diseases, but the mechanisms responsible for these effects
have not been fully elucidated yet. Several important mech-
anisms underlying the antagonistic effects of probiotics on
various microorganisms include the following: modification
of the gut microbiota, competitive adherence to the mucosa
and epithelium, strengthening of the gut epithelial barrier
and modulation of the immune system to convey an advan-
tage to the host. Accumulating evidence demonstrates that
probiotics communicate with the host by pattern recogni-
tion receptors, such as toll-like receptors and nucleotide-
binding oligomerization domain-containing protein-like re-
ceptors, which modulate key signaling pathways, such as
nuclear factor-kB and mitogen-activated protein kinase, to
enhance or suppress activation and influence downstream
pathways. This recognition is crucial for eliciting measured
antimicrobial responses with minimal inflammatory tissue

damage. A clear understanding of these mechanisms will al-
low for appropriate probiotic strain selection for specific ap-
plications and may uncover novel probiotic functions. The
goal of this systematic review was to explore probiotic
modes of action focusing on how gut microbes influence the

host. Copyright © 2012 S. Karger AG, Basel

Introduction

According to the Food and Agriculture Organization
of the United Nations and the World Health Organiza-
tion [1], probiotics are live microorganisms that confer a
health benefit to the host when administered in adequate
amounts. In particular, strains belonging to Bifidobacte-
rium and Lactobacillus, which are the predominant and
subdominant groups of the gastrointestinal microbiota,
respectively [2], are the most widely used probiotic bacte-
ria and are included in many functional foods and di-
etary supplements [3-5]. Saccharomyces boulardii yeast
has also been shown to have health benefits [6]. After a
long history of safe use of probiotics in fermented dairy
products and an increased recognition of their beneficial
effects on human health [7], the food industry has be-
come increasingly interested in these types of microor-
ganisms. Often the criteria for the selection of probiotics
include the tolerance to gastrointestinal conditions (gas-
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tric acid and bile), ability to adhere to the gastrointestinal
mucosa and competitive exclusion of pathogens [8, 9].
The mechanisms underlying the beneficial effects of pro-
biotics are largely unknown but are likely to be multifac-
torial. Several mechanisms related to the antagonistic ef-
fects of probiotics on various microorganisms include the
following mechanisms: secretion of antimicrobial sub-
stances, competitive adherence to the mucosa and epithe-
lium, strengthening of the gut epithelial barrier and mod-
ulation of the immune system [10].

The results of evidence-based analyses from human
studies and animal models have shown the clinical po-
tential of probiotics against many diseases [11]. Probiotics
have been reported to suppress diarrhea [12], alleviate
lactose intolerance [13] and postoperative complications
[14], exhibit antimicrobial [15] and anti-colorectal cancer
activities [16, 17], reduce irritable bowel symptoms [18]
and prevent inflammatory bowel disease [19]. However,
generalizations concerning the potential health benefits
of probiotics should not be made because probiotic effects
tend to be strain specific. Thus, the health benefit attrib-
uted to one strain is not necessarily applicable to another
strain even within one species [20].

In the present study, we sought to conduct a system-
atic review on the mechanisms of action of probiotic
strains. Using the following equation: ‘epithelial barrier’
[All Fields] OR ‘antimicrobial substances’[All Fields] OR
‘bacteriocins’[All Fields] OR ‘BIF’[All Fields] OR ‘adhe-
sion’[All Fields] OR ‘competitive exclusion’[All Fields]
OR ‘defensins’[All Fields] OR ‘mucins’[All Fields] OR
‘bacterial adhesins’ [All Fields] OR ‘antifungals’[All
Fields] OR ‘intestinal microbiota’[All Fields] OR ‘fatty
acids’[All Fields] OR ‘mechanisms’[All Fields] OR
“TLR2’[All Fields] OR ‘“TLR4’[All Fields] OR “TLRY’[All
Fields] OR ‘toll-like receptor’[All Fields] OR NODT’[All
Fields] OR ‘NOD2’ [All Fields] OR ‘inflammasome’[All
Fields] OR ‘NLRP3’ [All Fields] AND ‘probiotics’[MeSH],
we have selected 165 relevant articles of 1,731 articles pub-
lished until June 25, 2012, from the PubMed and SCO-
PUS databases.

Mechanisms of Action of Probiotics

Major probiotic mechanisms of action include en-
hancement of the epithelial barrier, increased adhesion to
intestinal mucosa, and concomitant inhibition of patho-
gen adhesion, competitive exclusion of pathogenic mi-
croorganisms, production of anti-microorganism sub-
stances and modulation of the immune system (fig. 1).

Probiotic Mechanisms of Action

Enhancement of the Epithelial Barrier

The intestinal epithelium is in permanent contact with
luminal contents and the variable, dynamic enteric flora.
The intestinal barrier is a major defense mechanism used
to maintain epithelial integrity and to protect the organ-
ism from the environment. Defenses of the intestinal bar-
rier consist of the mucous layer, antimicrobial peptides,
secretory IgA and the epithelial junction adhesion com-
plex [21]. Once this barrier function is disrupted, bacte-
rial and food antigens can reach the submucosa and can
induce inflammatory responses, which may result in in-
testinal disorders, such as inflammatory bowel disease
[22-24]. Consumption of non-pathogenic bacteria can
contribute to intestinal barrier function, and probiotic
bacteria have been extensively studied for their involve-
ment in the maintenance of this barrier. However, the
mechanisms by which probiotics enhance intestinal bar-
rier function are not fully understood.

Several studies have indicated that enhancing the ex-
pression of genes involved in tight junction signaling is a
possible mechanism to reinforce intestinal barrier integ-
rity [25]. For instance, lactobacilli modulate the regula-
tion of several genes encoding adherence junction pro-
teins, such as E-cadherin and 3-catenin, in a T84 cell bar-
rier model. Moreover, incubation of intestinal cells with
lactobacilli differentially influences the phosphorylation
of adherence junction proteins and the abundance of pro-
tein kinase C (PKC) isoforms, such as PKC9, thereby pos-
itively modulating epithelial barrier function [26].

Recent data have indicated that probiotics may initiate
repair of the barrier function after damage. Escherichia
coli Nissle 1917 (EcN1917) not only prevents the disrup-
tion of the mucosal barrier by enteropathogenic E. coli,
but it even restores mucosal integrity in T84 and Caco-2
cells. This effect is mediated by the enhanced expression
and redistribution of tight junction proteins of the zonu-
la occludens (ZO-2) and PKC resulting in the reconstruc-
tion of the tight junction complex [27, 28]. Similarly, Lac-
tobacillus casei DN-114001 [29] and VSL3 (a mixture of
pre- and probiotics) [30] are capable of sustaining the in-
testinal barrier function by similar mechanisms. A recent
paper has reported that VSL3 protects the epithelial bar-
rier and increases tight junction protein expression in
vivo and in vitro by activating the p38 and extracellular
regulated kinase signaling pathways [31].

A link between altered levels of pro-inflammatory cy-
tokines and intestinal permeability has been described in
anumber of intestinal diseases [32]. Using probiotics, the
prevention of cytokine-induced epithelial damage, which
is characteristic of inflammatory bowel disease [24], may
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Fig. 1. Major mechanisms of action of pro-
biotics.

also contribute to the reinforcement of the mucosal bar-
rier. Two isolated and purified peptides secreted by Lac-
tobacillus rhamnosus GG (LGG), which are designated
p40 and p75, have recently been demonstrated to prevent
cytokine-induced cell apoptosis by activating the anti-
apoptotic protein kinase B (PKB/Akt) in a phosphatidyl
inositol-3'-kinase-dependent pathway and by inhibiting
the pro-apoptotic p38/mitogen-activated protein kinase
(MAPK) [33, 34]. The evidence that p40 and p75 are re-
sponsible for the observed effects is derived from the ob-
servation that the anti-apoptotic function is abolished
when p40- and p75-specific antibodies are added in vitro
to murine and human epithelial cells or to colon explants
derived from mice [34]. Other low-molecular-weight
(LMW) peptides secreted from LGG induce expression of
heat shock proteins and activate MAPKSs [35].

Mucin glycoproteins (mucins) are major macromolec-
ular constituents of epithelial mucus and have long been
implicated in health and disease. Probiotics may promote
mucous secretion as one mechanism to improve barrier
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function and the exclusion of pathogens. Several Lacto-
bacillus species increase mucin expression in human in-
testinal cell lines. However, this protective effect is de-
pendent on Lactobacillus adhesion to the cell monolayer,
which likely does not occur in vivo [36, 37]. Conversely,
another group has shown that Lactobacillus acidophilus
A4 cell extract is sufficient to increase MUC2 expression
in HT29 cells independent of attachment [38]. Addition-
ally, VSL3, which contains some Lactobacillus species, in-
creases the expression of MUC2, MUC3 and MUC5AC in
HT?29 cells [30]. In vivo studies are less consistent because
only a few have been performed. Mice given VSL3 daily
for 14 days do not exhibit altered mucin expression or
mucous layer thickness [39]. Conversely, rats given VSL3
at a similar daily dose for 7 days have a 60-fold increase
in MUC2 expression and a concomitant increase in mu-
cin secretion [40]. Therefore, mucous production may be
increased by probiotics in vivo, but further studies are
needed to make a conclusive statement.
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Increased Adhesion to Intestinal Mucosa

Adhesion to intestinal mucosa is regarded as a prereq-
uisite for colonization and is important for the interac-
tion between probiotic strains and the host [41-43]. Ad-
hesion of probiotics to the intestinal mucosa is also im-
portant for modulation of the immune system [43, 44]
and antagonism against pathogens [45].

Thus, adhesion has been one of the main selection cri-
teria for new probiotic strains [41, 46-48] and has been
related to certain beneficial effects of probiotics [49]. Lac-
tic acid bacteria (LABs) display various surface determi-
nants that are involved in their interaction with intestinal
epithelial cells (IECs) and mucus. IECs secrete mucin,
which is a complex glycoprotein mixture that is the prin-
cipal component of mucous, thereby preventing the ad-
hesion of pathogenic bacteria [47, 50]. Additionally, lip-
ids, free proteins, immunoglobulins and salts are present
in mucous gel [51]. This specific interaction has indicated
a possible association between the surface proteins of
probiotic bacteria and the competitive exclusion of patho-
gens from the mucus [52-54]. As mentioned above, sev-
eral Lactobacillus proteins have been shown to promote
mucous adhesion [54], and bacteria display surface ad-
hesins that mediate attachment to the mucous layer [55].
This process is mainly mediated by proteins, although
saccharide moieties and lipoteichoic acids have also been
implicated [56]. The most studied example of mucus-tar-
geting bacterial adhesins is MUB (mucus-binding pro-
tein) produced by Lactobacillus reuteri [55, 57]. The pro-
teins playing a role in the mucous adhesion phenotype of
lactobacilli are mainly secreted and surface-associated
proteins, which are either anchored to the membrane
through a lipid moiety or embedded in the cell wall [58-
61]. The involvement of surface proteins in the interac-
tion with human plasminogen or enterocytes has been
reported in Bifidobacterium animalis subsp. lactis and Bi-
fidobacterium bifidum, respectively. Under certain cir-
cumstances, these proteins may play a role in facilitating
the colonization of the human gut through degradation
of the extracellular matrix of cells or by facilitating close
contact with the epithelium [62-66]. MapA (mucous ad-
hesion-promoting protein) has been reported to mediate
the binding of L. reuteri and L. fermentum to mucus [52].
Probiotics, such as L. plantarum, have been reported to
induce MUC2 and MUC3 mucins and to inhibit the ad-
herence of enteropathogenic E. coli. These observations
indicate that enhanced mucous layers and glycocalyx
overlying the intestinal epithelium as well as the occupa-
tion of microbial binding sites by Lactobacillus spp. pro-
vide protection against invasion by pathogens [45, 67, 68].

Probiotic Mechanisms of Action

Collado et al. [69] evaluated the adhesion of Bifidobacte-
rium longum and Bifidobacterium catenulatum strains to
human intestinal mucus and compared the results to
those of control experiments that were run with the orig-
inal acid-sensitive strains. They reported that in half of
the 4 studied cases, the acid-resistant derivative shows a
greater ability to adhere to human intestinal mucus than
the original strain. The ability of bifidobacteria to inhib-
it pathogen adhesion to mucus is not generally improved
by the acquisition of acid resistance. Overall, the induc-
tion of acid resistance in bifidobacteria may be a strate-
gy for selecting strains with enhanced stability and im-
proved surface properties that favor their potential func-
tionality as probiotics against specific pathogens.

The mixture of probiotics and VSL3 has been reported
to increase the synthesis of cell surface mucins and to
modulate mucin gene expression in a manner dependent
on the adhesion of bacterial cells to the intestinal epithe-
lium [40].

Probiotics also cause qualitative alterations in intesti-
nal mucins that prevent pathogen binding [68]. The bac-
terial component involved in the adhesion of the LB and
BG2FO4 L. acidophilus strains is protease resistant and is
associated with the bacterial surface [70-72]. Interesting-
ly, the bacterial component is also degraded into an anti-
microbial peptide, which lends anti-pathogenic proper-
ties to the host and provides an example of how large
surface proteins may exhibit evolutionarily beneficial
pleiotropic effects [73].

Probiotic strains can also induce the release of defen-
sins from epithelial cells. These small peptides/proteins
are active against bacteria, fungi and viruses. Moreover,
these small peptides/proteins stabilize the gut barrier
function [74]. Observations have indicated that in re-
sponse to attack by pathogenic bacteria, the host engages
its first line of chemical defense by increasing the produc-
tion of antimicrobial proteins (AMPs), such as a- and B-
defensins, cathelicidins, C-type lectins and ribonucleases
[75-80]. Many AMPs are enzymes that kill bacteria by
carrying out an enzymatic attack on cell wall structures
and/or non-enzymatic disruption of the bacterial mem-
brane. Enzymes expressed by Paneth cells attack the bac-
terial membranes. Lysozyme hydrolyzes the glycosidic
linkage of wall peptidoglycan [81] and phospholipase A,
bacterial membrane phospholipids [82]. Defensins com-
prise a major family of membrane-disrupting peptides in
vertebrates. The interaction is non-specific and mainly
by binding to anionic phospholipid groups of the mem-
brane surface through electrostatic interactions. This in-
teraction creates defensin pores in the bacterial mem-
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brane that disrupt membrane integrity and promote lysis
of microorganisms [83]. Cathelicidins are usually cation-
ic, a-helical peptides that bind to bacterial membranes
through electrostatic interactions and, like the defensins,
induce membrane disruption [84].

The microbial adhesion process of LAB also includes
passive forces, electrostatic interactions, hydrophobic in-
teractions, steric forces, lipoteichoic acids and specific
structures, such as external appendages covered by lec-
tins. A wide variety of molecules mediating the adhesion
of pathogenic bacteria has been characterized. However,
the understanding of the factors that mediate adhesion
for Lactobacillus is extremely limited [85-87]. Further
studies are needed for the identification and analysis of
the functional significance of various components of mu-
cous layers as well as the complex interactions of mucous
layers, microbiota (including probiotics) and epithelial
cells with underlying innate and adaptive immune sys-
tems [68].

Competitive Exclusion of Pathogenic Microorganisms

In a report addressing the total exclusion of Salmo-
nella typhimurium from maggots of blowflies published
in 1969, Greenberg [88] first used the ‘competitive exclu-
sion’ term for the scenario in which one species of bacte-
ria more vigorously competes for receptor sites in the in-
testinal tract than another species. The mechanisms used
by one species of bacteria to exclude or reduce the growth
of another species are varied, including the following
mechanisms: creation of a hostile microecology, elimina-
tion of available bacterial receptor sites, production and
secretion of antimicrobial substances and selective me-
tabolites, and competitive depletion of essential nutrients
[89].

Specific adhesiveness properties due to the interaction
between surface proteins and mucins may inhibit the col-
onization of pathogenic bacteria and are a result of an-
tagonistic activity by some strains of probiotics against
adhesion of gastrointestinal pathogens [90]. Lactobacilli
and bifidobacteria have been shown to inhibit a broad
range of pathogens, including E. coli, Salmonella, Helico-
bacter pylori, Listeria monocytogenes and Rotavirus [91-
97]. Exclusion is the result of different mechanisms and
properties of probiotics to inhibit pathogen adhesion, in-
cluding the production of substances and the stimulation
of IECs. Competitive exclusion by intestinal bacteria is
based on a bacterium-to-bacterium interaction mediated
by competition for available nutrients and for mucosal
adhesion sites. To gain a competitive advantage, bacteria
can also modify their environment to make it less suitable
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for their competitors. The production of antimicrobial
substances, such as lactic and acetic acid, is one example
of this type of environmental modification [98]. Some
lactobacilli and bifidobacteria share carbohydrate-bind-
ing specificities with some enteropathogens [99, 100],
which makes it possible for the strains to compete with
specific pathogens for the receptor sites on host cells [101].
In general, probiotic strains are able to inhibit the attach-
ment of pathogenic bacteria by means of steric hindrance
at enterocyte pathogen receptors [102].

The effect of probiotic bacteria on the competitive ex-
clusion of pathogens has been demonstrated using hu-
man mucosal material in vitro [45, 103] as well as chicken
[104] and pig mucosal material in vivo [105]. Hirano etal.
[45] showed that L. rhamnosus, a strongly adhering strain,
is capable of inhibiting the internalization of EHEC (en-
terohemorrhagic E. coli) in a human intestinal cell line.

Production of Antimicrobial Substances

One of the proposed mechanisms involved in the
health benefits afforded by probiotics includes the forma-
tion of LMW compounds (<1,000 Da), such as organic
acids, and the production of antibacterial substances
termed bacteriocins (>1,000 Da).

Organic acids, in particular acetic acid and lactic acid,
have a strong inhibitory effect against Gram-negative
bacteria, and they have been considered the main antimi-
crobial compounds responsible for the inhibitory activity
of probiotics against pathogens [106-108]. The undissoci-
ated form of the organic acid enters the bacterial cell and
dissociates inside its cytoplasm. The eventual lowering of
the intracellular pH or the intracellular accumulation of
the ionized form of the organic acid can lead to the death
of the pathogen [109, 110].

Many LAB produce antibacterial peptides, including
bacteriocins and small AMPs. Bacteriocins produced by
Gram-positive bacteria (usually LAB, including lactacin
B from L. acidophilus, plantaricin from L. plantarum and
nisin from Lactococcus lactis) have a narrow activity
spectrum and act only against closely related bacteria, but
some bacteriocins are also active against food-borne
pathogens [111]. The common mechanisms of bacterio-
cin-mediated killing include the destruction of target
cells by pore formation and/or inhibition of cell wall syn-
thesis [112]. For example, nisin forms a complex with the
ultimate cell wall precursor, lipid II, thereby inhibiting
cell wall biosynthesis of mainly spore-forming bacilli.
Subsequently, the complex aggregates and incorporates
peptides to form a pore in the bacterial membrane [113].
Several studies have revealed that bacteriocin production
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confers producing strains with a competitive advantage
within complex microbial environments as a conse-
quence of their associated antimicrobial activity. Bacte-
riocin production may enable the establishment and in-
crease the prevalence of producing strains as well as en-
able the direct inhibition of pathogen growth within the
gastrointestinal tract [114].

Some specific antibacterial compounds have been de-
scribed for several Bifidobacterium strains, and a unique
bacteriocin, bifidocin B, which is produced by B. bifidum
NCFB 1454 and is active towards Gram-positive bacteria,
has been described as well [108, 115]. Liévin et al. [116]
described a strong killing activity of two Bifidobacterium
strains against several pathogenic bacteria, including Sal-
monella enterica ser. typhimurium SL1344 and E. coli
C1845. This activity has been attributed to the produc-
tion of a potential LMW lipophilic molecule [117]. In ad-
dition, an LMW protein termed BIF, which is produced
by B. longum BL1928, is the only compound character-
ized thus far that is active against Gram-negative bacteria
[100, 118, 119]. This protein has no direct inhibitory or
killing effect, but it inhibits the binding of E. coli to hu-
man epithelial cell lines.

Intestinal bacteria also produce a diverse array of
health-promoting fatty acids. Indeed, certain strains of
intestinal bifidobacteria and lactobacilli have been shown
to produce conjugated linoleic acid (CLA), a potent anti-
carcinogenic agent [114, 120]. An anti-obesity effect of
CLA-producing L. plantarum has been observed in diet-
induced obesity in mice [121]. Recently, the ability to
modulate the fatty acid composition of the liver and adi-
pose tissue of the host upon oral administration of CLA-
producing bifidobacteria and lactobacilli has been dem-
onstrated in a murine model [114].

Finally, probiotic bacteria are able to produce so-called
de-conjugated bile acids, which are derivatives of bile
salts. De-conjugated bile acids show a stronger antimi-
crobial activity compared to that of the bile salts synthe-
sized by the host organism. It remains to be elucidated
how probiotics protect themselves from their own bacte-
ricidal metabolites or if they are resistant to de-conjugat-
ed bile acids at all [122].

It is well known that some strains of probiotics pro-
duce metabolites that inhibit the growth of fungi and oth-
er species of bacteria [123, 124]. Some researchers have
reported that Lactobacillus can produce antifungal sub-
stances, such as benzoic acid, methylhydantoin, mevalo-
nolactone [125, 126] and short-chain fatty acids [127].
Magnusson and Schniirer [128] discovered that Lacto-
bacillus coryniformis can produce proteinaceous com-

Probiotic Mechanisms of Action

pounds exhibiting antifungal properties, and Rouse et al.
[129] characterized the antifungal peptides produced by
LAB. These reports showed that the antifungal culture
has the ability to prevent the growth of molds found in
apple spoilage. Dal Bello et al. [130] reported the identifi-
cation and chemical characterization of four antifungal
substances produced by L. plantarum FST 1.7, including
lactic acid, phenyllactic acid and two cyclic dipeptides
[cyclo(L-Leu-L-Pro) and cyclo(L-Phe-L-Pro)]. A study de-
scribed the antifungal culture as having the ability to re-
tard growth of Fusarium culmorum and Fusarium gra-
minearum found on breads. Another such study has re-
ported the production of the antifungal cyclic dipeptides,
cyclo (L-Phe-L-Pro) and cyclo(L-Phe-traps-4-OH-L-Pro),
by LAB, which inhibit the growth of food- and feed-
borne filamentous fungi and yeasts in a dual-culture agar
plate assay [131].

Probiotics and the Immune System

It is well known that probiotic bacteria can exert an
immunomodulatory effect. These bacteria have the abil-
ity to interact with epithelial and dendritic cells (DCs)
and with monocytes/macrophages and lymphocytes. The
immune system can be divided between the innate and
adaptive systems. The adaptive immune response de-
pends on B and T lymphocytes, which are specific for
particular antigens. In contrast, the innate immune sys-
tem responds to common structures called pathogen-as-
sociated molecular patterns (PAMPs) shared by the vast
majority of pathogens [132]. The primary response to
pathogens is triggered by pattern recognition receptors
(PPRs), which bind PAMPs. The best-studied PPRs are
toll-like receptors (TLRs). In addition, extracellular C-
type lectin receptors (CLRs) and intracellular nucleotide-
binding oligomerization domain-containing protein
(NOD)-like receptors (NLRs) are known to transmit sig-
nals upon interaction with bacteria [133].

It is well established that the host cells that interact
most extensively with probiotics are IECs. In addition,
probiotics can encounter DCs, which have an important
role in innate and adaptive immunity. Both IECs and
DCs can interact with and respond to gut microorgan-
isms through their PPRs [132, 133]. Figure 2 shows a sum-
mary of how probiotics may interact and modulate the
immune system

TLRs and Probiotics

TLRs are transmembrane proteins expressed on vari-
ous immune and non-immune cells, such as B cells, nat-
ural killer cells, DCs, macrophages, fibroblasts, epithelial
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Fig. 2. Interaction of probiotics with the gut-associated immune
system. ASC = Apoptosis-associated speck-like protein contain-
ing a CARD; B. thetaiotamicron = Bacteroides thetaiotamicron;
CARDY = caspase recruitment domain-containing protein 9;
ERK = extracellular regulated kinase; IE-DAP = D-gamma-glu-
tamyl-meso-DAP; IKK = IkB kinase; IRAK4 = IL-1 receptor-as-

cells and endothelial cells. In mammals, the TLR family
includes eleven proteins (TLRI-TLR11). However, there
is a stop codon in the human TLR11 gene that results in
alack of production of human TLR11. Activation of TLRs
occurs after binding of the ligand to extracellular leucine-
rich repeats. In humans, TLR1, TLR2, TLR4, TLR5, TLR6
and TLRI10 are outer membrane associated and primar-
ily respond to bacterial surface-associated PAMPs. TLR3,
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TLR7, TLR8 and TLR9 are found on the surface of endo-
somes where they respond primarily to nucleic acid-
based PAMPs from viruses and bacteria [132]. Dimeriza-
tion of TLRs and the highly conserved toll-interleukin-1
(IL-1) receptor (TIR) domains leads to the recruitment of
adaptor molecules, such as myeloid differentiation pri-
mary response protein (MyD88), TIR domain-contain-
ing adaptor protein and TIR domain-containing adapter-
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inducing interferon (IFN)-B (TRIF), to initiate signaling
activation. The TLR signaling pathway, except for TLR3,
involves the recruitment of MyD88, which activates the
MAPK and nuclear factor (NF)-kB signaling pathways
[133-135]. TLR3 utilizes the adaptor protein TRIF, lead-
ing to the expression of type 1 IFNs [135]. Furthermore,
TLR-mediated signaling has been shown to control DC
maturation inducing the upregulation of various matura-
tion markers, such as CD80, CD83 and CD86, as well as
the CCR7 chemokine receptor. Moreover, commensal
and probiotic microorganisms can create an overall tol-
erant state mediated by the action of TLRs on DCs. It is
clear that TLR9 signaling is essential to mediate the anti-
inflammatory effect of probiotics. However, different
studies have implicated other TLRs, such as TLR3 and
TLR?7, in the tolerance induced by commensal and pro-
biotic bacteria. After activation by commensal and pro-
biotic microorganisms, DCs initiate an appropriate re-
sponse, such as the differentiation of Thy to Tyeg, which
has an inhibitory effect on Thy, Th; and Th;; inflamma-
tory responses.

It is well established that probiotics can suppress intes-
tinal inflammation via the downregulation of TLR ex-
pression, secretion of metabolites that may inhibit TNE-
a from entering blood mononuclear cells and inhibition
of NF-kB signaling in enterocytes [132].

In this regard, cell wall components of lactobacilli can
potentially signal through binding TLR2 in combination
with TLR6. The diacylated membrane anchors of lipo-
proteins and lipoteichoic acids bind to TLR2 and TLR6,
thereby promoting dimerization and MyD88-mediated
activation of the canonical pathway of NF-kB [135]. Stim-
ulation of TLR2 increases the production of cytokines,
and TLR2 activation has an important role in enhancing
transepithelial resistance to invading bacteria [136].

TLR2 recognizes peptidoglycan, which is the main
component of Gram-positive bacteria, including the Lac-
tobacillus genus. Several studies have demonstrated that
TLR2 is required for some Lactobacillus strains to exert
their immunomodulatory effects. Vinderola et al. [137]
demonstrated that L. casei CRL 431 interacts with epithe-
lial cells through TLR2 and that the interaction between
L. casei and gut-associated immune cells induces an in-
crease in the number of CD-206 and TLR2 receptors,
mainly in the cells involved in the innate immune re-
sponse.

In addition, Shida et al. [138] showed that L. casei in-
duces a high level of IL-12 production in both wild-type
and TLR2-deficient macrophages, and that peptidogly-
can induces low levels of IL-12 production in wild-type

Probiotic Mechanisms of Action

macrophages and even lower levels in TLR2-deficient
macrophages. They also suggested that the intact pepti-
doglycan of lactobacilli actually signals via TLR2 to in-
hibit IL-12 production. Although the recognition by
TLR2 is essential, 12-48% of IL-12 production in TLR2-
deficient macrophages is inhibited by peptidoglycan,
thus suggesting that other TLR2-independent mecha-
nisms may also be involved. Furthermore, it has been
demonstrated that Lactobacillus strains, such as L. rham-
nosus GG (LGG) and L. plantarum BFE 1685, enhance
TLR2 in vitro in experiments using human intestinal
cells, and more recently, L. casei CRL 431 has been shown
to exert a similar effect on healthy mice and mice infect-
ed with S. enterica serovar typhimurium [139, 140]. For
instance, probiotic administration to healthy mice in-
creases expression of TLR2, TLR4 and TLRY, and it im-
proves the secretion of TNF-a, IFN-y and IL-10 in Peyer’s
patches [140].

Similarly, when porcine IECs encounter Lactobacillus
jensenii TL2937, TLR2 may act synergistically and coop-
eratively with one or more PRRs, which may result in a
coordinated sum of signals that induce the upregulation
of several negative regulators of TLRs, including A20,
Bcl-3 and MKP-1 [141].

TLR2 also has an important role in the recognition of
bifidobacteria. Hoarau et al. [142] reported that a fermen-
tation product from Bifidobacterium breve C50 can in-
duce maturation, high IL-10 production and prolonged
survival of DCs via the TLR2 pathway.

Similarly, Zeuthen et al. [143] showed that TLR2-/-
DCs produce more IL-2 and less IL-10 in response to bi-
tidobacteria, and they concluded that the immuno-in-
hibitory effect of bifidobacteria is dependent on TLR2.

Recently, Kailova et al. [144] reported that oral admin-
istration of B. bifidum OLB 6378 to rats with necrotizing
enterocolitis (NEC) stimulates TLR2 expression in the
ileal epithelium, enhances epithelial expression of COX-2
and increases intestinal production of prostaglandin E,.
Indeed, pretreatment of IEC-6 cells with the probiotic
strain stimulates TLR2 and COX-2 expression and blocks
cytokine-induced apoptosis. However, there is no evi-
dence of a clear link between TLR2 activation and the
upregulation of COX-2.

In contrast, it has been shown that the L. reuteri
strains DSM 17938 and ATCC PTA 4659 have a benefi-
cial effect on preventing NEC in rats. In response to the
probiotic, mnRNA expression of IL-6, and expression lev-
els of TNF-a, TLR4 and NF-kB are significantly down-
regulated, and mRNA levels of IL-10 are significantly
upregulated. Moreover, L. reuteri treatment leads to de-
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creases in intestinal protein levels of TLR4, IL-18 and
TNF-a in newborn rats with NEC. Furthermore, L. reu-
teri significantly increases survival rate, reduces both the
incidence and severity of NEC and decreases pro-inflam-
matory cytokine levels in parallel with inhibition of TLR4
signaling via the NF-«kB pathway.

Moreover, TLR4 has a significant role in the host
defense against Salmonella infection in vivo. In healthy
mice, L. casei CRL 431 activates this receptor and can be
used as a surveillance mechanism against pathogenic
bacteria [140]. Activation of TLR4 leads to the induction
of pro-inflammatory mediators, an increase in TLR2 ex-
pression, and a reduction in its own expression, which
leads to the recruitment of inflammatory cells and the
initiation of the appropriate responses in the spleen. Col-
lectively, these events allow for the control of bacterial
replication [140, 146, 147].

Similarly, heat-inactivated LGG and Lactobacillus del-
brueckii subsp. bulgaricus can decrease TLR4 expression
similar to lipopolysaccharide (LPS) after 12 h in human
monocyte-derived DCs. Moreover, LGG downregulates
p38 expression, and L. delbrueckii subsp. bulgaricus re-
duces inhibitor protein kB (IkB) expression. In addition,
these probiotic strains can modify the immune response
at the post-transcriptional level by modifying miRNA ex-
pression [148].

Another relevant TLR is TLR9, which recognizes bac-
terial CpG DNA and synthetic unmethylated CpG oligo-
nucleotide mimics (CpG-ODN). Unmethylated DNA
fragments containing CpG motifs that are released from
probiotics in vivo have the potential to mediate anti-in-
flammatory effects through TLR9 signaling at the epithe-
lial surface. It is known that Lactobacillus species differ
in their C+G composition. Thus, the ability of different
species to stimulate TLRY is likely to be different [135,
149]. TLRY activation through apical and basolateral sur-
faces activates different intracellular signaling pathways
in polarized epithelial cells. Whereas basolateral TLR9
triggers IkBa degradation and NF-«kB pathway activa-
tion, apical TLR9 induces cytoplasmic accumulation of
ubiquitinated IkB and inhibition of NF-kB activation
[150].

Using polarized HT29 and T84 cell monolayers, Gha-
dimi et al. [151] showed that binding of natural com-
mensal-origin DNA to the apical TLRY initiates an in-
tracellular signaling cascade in a specific manner that
is associated with the attenuation of TNF-a-induced
NF-kB activation and NF-kB-mediated IL-8 expression.
When LGG DNA was apically applied, they showed a de-
tracted TNF-a-induced NF-kB activation by reduced
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IkBa degradation and p38 MAPK phosphorylation,
thereby indicating that intracellular chemical signals
may coordinately regulate multiple properties of TLR9
expression that are relevant in multicellular functional
responses of TLR9 to bacterial DNA. They also showed
that TLRY silencing abolishes the inhibitory effect of nat-
ural commensal-origin DNA on TNF-a-induced IL-8 se-
cretion.

Similarly, B. breve (NumRes 204), L. rhamnosus
(NumRes 1) and L. casei (DN-114 001) strains induce dif-
ferent cytokine production levels by human and mouse
primary immune cells. It has been demonstrated that the
B. breve strain induces lower levels of the pro-inflamma-
tory cytokine IFN-y than L. rhamnosus and L. casei.
Moreover, B. breve and lactobacilli induce cytokines in a
TLR9-dependent manner, and the lower inflammatory
profile of B. breve is due to inhibitory effects of TLR2
[152].

In addition, it has been shown that purified genomic
DNA from L. plantarum (p-gDNA) does not substantial-
ly stimulate pro-inflammatory cytokines. However, p-
gDNA inhibits LPS-induced TNF-a production by THP-
1 cells. Furthermore, p-gDNA reduces the expression of
TLR2, TLR4 and TLRY, which induces the activation of
NEF-kB through the LPS signaling pathway, leading to the
upregulation of inflammatory cytokines [153, 154]. Pre-
treatment of p-gDNA inhibited the phosphorylation of
MAPKs and NF-kB, and also inhibited LPS-induced
TNEF-a production in subsequent LPS stimulation. In
this regard, L. plantarum genomic DNA-mediated inhi-
bition of signaling and TNF-a was accompanied by the
suppression of TLR2, TLR4 and TLRY, as well as the in-
duction of IL-1 receptor-associated kinase M (a negative
regulator of TLR) [154].

NLRs and Probiotics

As mentioned before, there is another family of mem-
brane-bound receptors: NLRs. They are located in the cy-
toplasm and are important in tissues where TLRs are ex-
pressed at low levels. The most thoroughly characterized
members are NOD1 and NOD2, but currently more than
20 different NLRs have been identified [155]. Unlike
NOD1, which is ubiquitously expressed, the expression of
NOD? is restricted to DCs, macrophages, Paneth cells,
intestinal cells, lung cells and oral epithelial cells, and it
is expressed at low levels in T cells. NODI1 can sense pep-
tidoglycan moieties containing meso-diaminopimelic
acid, which are associated with Gram-negative bacteria,
but NOD2 senses muramyl dipeptide motifs, which can
be found in a wide range of bacteria [156]. Upon recogni-
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tion of their agonist, both NOD1 and NOD?2 self-oligo-
merize to recruit and activate the adaptor protein RICK,
a protein kinase that regulates CD95-mediated apoptosis,
whichisessential for theactivation of NF-kBand MAPKs,
resulting in the upregulation of transcription and pro-
duction of inflammatory mediators (e.g. cytokines, che-
moattractants, COX-2 and inducible nitric oxide syn-
thase) [157].

There are a few studies showing the effect of probiotics
on NLR. However, Fernandez et al. [158] recently demon-
strated that the protective capacity of L. salivarius Ls33
correlates with local IL-10 production, which is abolished
in NOD2-deficient mice. Indeed, these authors showed
that the anti-inflammatory effect of Ls33 is mediated via
NOD2.

Another important pathway activated by NLRs in-
volves apoptosis-associated speck-like protein with cas-
pase recruitment to activated caspase 1, an adaptor pro-
tein which is necessary for the cleavage of pro-IL-18 and
pro-IL-18 into their mature and biologically active forms.
NLRs participate in the formation of inflammasomes,
which leads to the activation of caspase-1. There are three
principal inflammasomes named after the NLR involved
as follows: NOD-like receptor family, pyrin domain con-
taining protein (NLRP) 1, NLRP3 and NLRC4. NLRP3
detects LPS, muramyl dipeptide, bacterial RNA and viral
RNA [157).

The following two steps are required for the complete
activation of the NLRP3 inflammasome: a priming step
to induce transcription of NLRP3 mRNA and a sequen-
tial step to recognize various PAMPs and danger-associ-
ated molecular patterns by fully expressed NLRP3 itself
[159, 160]. With regard to probiotic mechanisms asso-
ciated with NLRP3, Tohno et al. [161] found that L.
delbrueckii subsp. bulgaricus NIAI B6 and L. gasseri
JCM1131" are able to enhance NLRP3 expression in the
GALT of adult and newborn swine. Their results suggest-
ed that immunobiotic Lactobacillus strains directly pro-
mote NLRP3 expression via TLR and NOD-mediated
signaling, resulting in the induction of appropriate
NLRP3 activation in porcine GALT. Furthermore, their
results indicated that NLRP3 expression is upregulated
by TLR2, TLR9, NODI1 and NOD2 agonists in adult and
newborn porcine GALT. It has been suggested that
NLRP3 has an important role in the regulation of human
intestinal inflammation, such as in Crohn’s disease [162],
and that dysregulated NLRP3 expression results in the
disruption of immune homeostasis associated with auto-
inflammatory disease in humans [163]. Because the po-
tential expression level of NLRP3 is low in immune cells,

Probiotic Mechanisms of Action

induction of cellular NLRP3 expression itself is a first
step to evoke the appropriate activation of the NLRP3-
mediating signaling pathway in order to respond to dan-
ger-associated molecular patterns and PAMP stimuli
[159, 160, 164, 165].

Conclusions

Probiotics have considerable potential for preventive
or therapeutic applications in various gastrointestinal
disorders. However, it is important to note that many pro-
biotic health claims have not yet been substantiated by
experimental evidence. In addition, the efficacy demon-
strated for one given bacterial strain cannot necessarily
be transferred to other probiotic organisms. Moreover,
the mechanisms underlying probiotic action have not yet
been fully elucidated.

This study reviewed the mechanisms of action of pro-
biotics. Several important mechanisms underlying the
antagonistic effects of probiotics on various microorgan-
isms include the following: modification of the gut mi-
crobiota, competitive adherence to the mucosa and epi-
thelium, strengthening of the gut epithelial barrier and
modulation of the immune system to convey an advan-
tage to the host. The recent characterization of the host
families of pattern-recognition molecules, such as TLR
and NOD-like receptors, as well as modulating key sig-
naling pathways, such as NF-kB and MAPK, with respect
to their ability to enhance or suppress activation and in-
fluence downstream pathways will shed light onto the
complex interplay of host-microbe interactions. Stimula-
tion of these receptors by commensal bacteria has a cru-
cial role to elicit measured antimicrobial responses with
minimal inflammatory tissue damage.

Future Perspectives

In the present review, we provided an overview of the
mechanisms of action of probiotics. It must be noted that
many reported mechanisms of probiotic action are the
results of in vitro experiments. Considerable effort has
been invested in the development of methods enabling
the in-depth analysis of the molecular mechanisms of
probiotics. The complex and dynamic interactions that
exist between the intestinal epithelium and bacteria on
the luminal side as well as between the epithelium and the
underlying immune system on the basolateral side must
be reconciled in co-culture experiments with probiotics,
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DCs and IECs as well as in 3D models. Other models in-
clude tissue explants, bioreactors and organoids. In vitro
models have improved our current knowledge regarding
specific probiotic modes of action. However, a number of
limitations have to be taken into account. For example,
results obtained with different IECs have to be carefully
interpreted because not all cell lines share the same char-
acteristics. It should also be noted that culture conditions
may influence the expression of certain molecular char-
acteristics.

The molecular elucidation of probiotic action in vivo
will help to identify true probiotics and to select the most
suitable ones for the prevention and/or treatment of par-
ticular diseases. It is important to note that results ob-

tained in animal models cannot be directly transferred to
humans. The physiology of animals differs considerably
from that of humans, but this disadvantage is outweighed
by the possibility of using animals with virtually identical
genetic backgrounds, such as human microbiota-associ-
ated animals.

The quest for a better understanding of how probiotics
operate has catalyzed an enormous interest in the mo-
lecular processes underlying host-microbe interactions.
Gaining insight into the mechanisms of probiotic action
may not only help to improve the credibility of the probi-
otic concept but also to foster the development of novel
strategies for the treatment or prevention of gastrointes-
tinal and autoimmune diseases.

—
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Abstract

Ideally, cell models should resemble the in vive conditions; however, in most in vitro experimental models, epithelial cells are cultivated as
monolayers, in which the establishment of functional epithelial features is not achieved. To overcome this problem, co-culture experiments
with probiotics, dendritic cells and intestinal epithelial cells and three-dimensional models attempt to reconcile the complex and dynamic
interactions that exist in vivo between the intestinal epithelium and bacteria on the luminal side and between the epithelium and the under-
lying immune system on the basolateral side. Additional models include tissue explants, bioreactors and organoids. The present review
details the in vitro models used to study host—microbe interactions and explores the new tools that may help in understanding the

molecular mechanisms of these interactions.

Key words: Probiotics: Cell models: Tissue explants: Bioreactors: Organoids

Over the course of evolution, lactobacilli, other lactic acid bac-
teria (LAB) and bifidobacteria have been abundant colonisers
of the human small intestinal mucosa and coexist in mutualis-
tic relationships with the host. Some members of these groups
exert additional probiotic properties that provide health
benefits to the host via the regulation of immune system and
other physiological functions'?.

The immune system can be divided into two systems: innate
and adaptive. The adaptive immune response depends on
B- and T-lymphocytes, which are specific for particular anti-
gens. By contrast, the innate immune system responds to
common structures, called pathogen-associated molecular pat-
terns, which are shared by the vast majority of pathogens. The
primary response to pathogens is triggered by the pattern rec-
ognition receptors that bind pathogen-associated molecular
patterns; pattern recognition receptors comprise Toll-like
receptors (TLR), nucleotide-binding oligomerisation domains,
adhesion molecules and lectins'”.

The use of probiotics is considered to be a potentially
important strategy for modulating infectious and inflammatory
responses in the gastrointestinal tract of the host. The effect of
these probiotics is diverse and includes the modulation of the
gut immune system through the interaction with gut epithelial
cells and immune cells. These interactions primarily involve

gut-associated dendritic cells (DC), which have the capability
to respond to microbial signals through TLR signalling =",

For a micro-organism to qualify as a probiotic, it is essential
to scientifically demonstrate that it is beneficial to the health of
the host. Before testing probiotics in human subjects, a sine
qua non condition is to conduct studies in cell and animal
models. /n vitro and animal studies may provide valuable
information, such as the mechanism through which a probio-
tic acts, but these types of studies alone are not proof of the
benefit of a putative probiotic to human health.

Intestinal epithelial cells (IEC) are a barrier between the
intestinal lumen and host connective tissue. However, recent
studies have demonstrated that IEC are involved in the
immunological process of the discrimination between patho-
genic and commensal bacteria. IEC also secrete a broad
range of antimicrobial peptides, including defensins, cathelici-
dins and calprotectins. The IEC interact with subepithelial pro-
fessional antigen-presenting cells that can sample antigens and
micro-organisms and are mostly populations of DC and
macrophage-associated lymphoid tissues. These subepithelial
cells are able to polarise naive T cells and produce an
immunotolerance or an inflammatory response. The inter-
action of IEC, DC and macrophages with commensal or patho-
genic bacteria stimulates the differential secretion of cytokines.
Thymic stromal lymphopoietin and IL-10 are secreted by [EC

Abbreviations: 3D, three-dimensional; DC, dendritic cells; DCSIGN, dendritic cells-specific intercellular adhesion molecule 3-grabbing non-integrin;
IEC, intestinal epithelial cells; IFN, interferon; LAB, lactic acid bacteria; MDC, myeloid dendritic cells; PSC, pluripotent stem cells; Th, T helper;

TLR, Tolllike receptors; T, regulatory T cells.
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in the presence of commensal or probiotic bacteria, whereas
the pro-inflammatory cytokines IL-8 and TNF-a are secreted
when pathogenic bacteria are present'”. DC can sample anti-
gens directly from the intestinal lumen by forming tight-
junction-like structures with IEC®; alternatively, DC can be
stimulated by the cytokines secreted from IEC. An environ-
ment containing cytokines secreted by IEC and DC stimulates
immature DC and macrophages to produce a further increase
in the level of cytokines. The subepithelial naive T cells are
stimulated for immunotolerance or in response to a profile
of inflammatory cytokines and promote the generation of
Th1, Th2, Th17 or regulatory T cells (T,.,). Because this com-
plex net of secreted cells and cytokines is not easy to mimic
in vitro, different models have been developed that principally
involve IEC and DC generated from monocytes or segments of
intestine (rat, human)®~ 'Y and T cells isolated from
peripheral blood mononuclear cells™”. Such models may
include only one type of cell, a co-culture of various cell types
or, in an effort to mimic the intestinal tissue, a culture of explants
from the intestines''?. Often, the models determine the
different cytokines secreted or distinguish between different

Intestinal epithelial cells

Caco-2
Monolayer — —

Intestine

Intestinal explant culture

Growth
medium

ol |

Air-liquid interface

subsets of DC or T cells using cell surface phenotypes or
transcription factors that are specific for each cell type. Here,
we review the cell and tissue models that are currently used or
could potentially be used to ascertain the mechanism through
which probiotics act (Fig. 1).

In vitro models

Although human clinical trials are the definitive tool for estab-
lishing probiotic functionality, the use of in vitro models is
necessary to select the most promising strains for these
trials. Several in vitro studies evaluate the adhesion ability of
potential probiotic bacteria and their interactions with patho-
gens at the intestinal epithelial interface"*~'>. The main
goals of these studies are to understand the immunomodula-
tory effects of different bacterial strains on in vitro cell
models and to evaluate whether the strain-dependent charac-
teristics of commensal bacteria make them appropriate strains
for the prevention and treatment of diseases.

A wide variety of cells are used as in vitro models for pro-
biotic evaluation. Available models include both normal and

Intestinal dendritic cells

DC precursor @

-7

Blood vessel

e

Cell monolayer

Transwell insert Apical chamber
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Fig. 1. Available in vitro models for studying host—microbe interactions and the mechanisms of action of probiotics. DC, dendritic cells.
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carcinogenic cells of different origins (intestine and blood),
species (human, rat, pig, calf, goat, sheep and chicken) and
types (epithelial and monocyte/macrophage).

Intestinal epithelial cells

Three of the most widely used commercially available human
cell lines are Caco-2, T84 and HT729”6‘17), all of which were
isolated from colon adenocarcinomas, express the features
of enterocytes and are useful for attachment and mechanistic
studies. In the differentiated state, these cell lines mimic the
typical characteristics of the human small intestinal epithelium,
including a well-developed brush border with such associated
enzymes as alkaline phosphatase and sucrose isomaltase™,
The HT29-MTX is a cell line obtained from HT29 cells adapted
to methotrexate''”, which differentiate into goblet cells and
secrete mucin, although of gastric immunoreactivity***".
Nevertheless, these three cell models are different from the
small intestine in several aspects, and their phenotypes are
dependent on the duration of the culture period'?***, Entero-
cytes and goblet cells represent the two major cell phenotypes
in the intestinal epithelium, and IEC-6 and IEC-18 are the
most widely used among the rodent cell lines”***. Both are
commercially available and are derived from normal (non-
carcinogenic) rat small intestine. Other available cell lines
have been extensively reviewed by Cenci¢ & Langerholc'®.

The models of IEC are focused on studying the receptors of
the innate immune system (TLR and nucleotide oligomerization
domain (NOD)) and the pathways that result in the secretion
of cytokines. Ma et al’” showed that live Lactobacillus
reuteri cells were able to reduce TNF-a-induced IL (IL-8)
levels in Caco-2 cells. In addition, Vizoso Pinto ef al*®
showed that TLR9 and TLR2 were up-regulated when HT29
cells were incubated with lactobacilli but not when incubated
only with Salmonella typhimurium. Using polarised HT29
and T84 cell monolayers, Ghadimi et al'*? demonstrated
that apically applied DNA from Lactobacillus rbamnosus GG
(a human commensal and probiotic bacteria) attenuated
TNF-a-enhanced NF-kB activity by reducing the degradation
of the inhibitor subunit a of NF-kB (IkBa) and p38 subunit
mitogen-activated protein kinase phosphorylation. In vitro
studies have suggested that through the secretion of such
immunoregulatory molecules as IL-8, TNF-a, TSLP, transform-
ing growth factor-B and PGE,, IEC limit pro-inflammatory
cytokine production in DC. Thus, the secretion of immunore-
gulatory molecules by IEC is important for the maintenance of
intestinal immune homeostasis'®*".

Dendritic cells

DC comprise a complex, heterogeneous group of multifunc-
tional antigen-presenting cells that comprise a critical arm of
the immune system?~*>. DC differentiate into at least four
lines: Langerhans cells, myeloid DC (MDC), lymphoid DC
and plasmacytoid DCP®, These cells play critical roles in the
orchestration of the adaptive immune response by inducing
both tolerance and immunity™” . The present paradigm
is that this dual role results from the division of the total
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DC population into a network of DC subsets having distinct
functions?*4",

Immature DC reside in peripheral tissues, such as the gut
mucosa, where they sense the microenvironment via pattern
recognition including TLR and C-type lectin
receptors, which recognise pathogen-associated molecular
patterns™". Tmmature DC also release chemokines and
cytokines to amplify the immune response'””’. Therefore, the
regulatory role of DC is of particular importance at such
mucosal surfaces as the intestine, where the immune system
exists in intimate association with commensal bacteria,
including LAB“?. Probiotics exert differential stimulatory
effects on DC in vitro, giving rise to varying production
levels of different cytokines and, accordingly, different effector
functions' =1

The response of the immune system to probiotics remains
controversial. Some strains modulate the cytokine production
by DC in vitro and induce a regulatory response, whereas
others induce a pro-inflammatory response ™. These strain-
dependent effects are thought to be linked to specific inter-
actions between bacteria and pattern recognition receptors.

Braat et al“” proposes that L. rbamnosus modulates DC
function to induce a novel form of T-cell hyporesponsiveness,
a mechanism that might be an explanation for the observed
beneficial effects of probiotic treatment in clinical diseases.

The analysis of immature bone marrow-derived DC showed
that all strains up-regulated the surface expression of B7-2
(CD86), which is indicative of DC maturation. However,
the different up-regulated CD86 varying
intensities. No strain induced appreciable levels of IL-10 or
IL-12 in immature bone marrow-derived DC, whereas TNF-a
expression was elicited by Lactobacillus paracasei and
Lactobacillus fermentum “® in particular.

Although efficiently taken up by DC in vitro, selected LAB
strains induced only a partial maturation of DCY*” The
transfer of probiotic-treated DC conferred protection against
2.4,6-trinitrobenzenesulfonic  acid  solution-induced  colitis,
and the preventive effect required Myeloid differentiation
primary (MyD88)-, TLR2- and NOD2-dependent signalling
and also the induction of CD4+ CD25+ regulatory cells in
an IL-10-independent pathway™’,

Mohamadzadeh et al® investigated three species of
Lactobacillus and found that they modulated the phenotype
and function of human MDC. Lactobacillus-exposed MDC
up-regulated human leukocyte antigen-DR (HLA-DR), CD83,
CD40, CD80 and CD86 and secreted high levels of 1L-12 and
IL-18 but not IL-10. IL-12 was sustained in the MDC exposed
to all three of the Lactobacillus species in the presence of lipo-
polysaccharide from Escherichia coli, whereas lipopolysac-
charide-induced IL-10 was greatly inhibited. The MDC
activated with lactobacilli clearly skewed the CD4" and CD8*
T cells to T helper (Th) 1 and T cell 1 (Tcl) polarisation, as
evidenced by the secretion of interferon (IFN)-y but not 1L-4
or IL-13.

L. reuteri and Lactobacillus casei, but not Lactobacillus
Pplantarim, prime monocyte-derived DC to drive the develop-
ment of T,y cells. The T, cells then produce increased levels
of IL-10 and are capable of inhibiting the proliferation of

receptors,

strains with
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bystander T cells in an IL-10-dependent fashion. Strikingly,
both L. reuteri and L. casei, but not L. plantarum, bind the
C-type lectin DC-specific intercellular adhesion molecule
3-grabbing non-integrin  (DCSIGN). Blocking antibodies
against DCSIGN inhibited the induction of the T.., cells by
these probiotic bacteria, stressing that binding of DCSIGN
can actively prime DC to induce Teq cells™?.

All bifidobacteria and certain lactobacilli strains are low
IL-12 and TNF-a inducers, and the IL-10 and IL-6 levels
showed less variation than and no correlation with IL-12 and
TNF-a. The DC matured by strong IL-12-inducing strains
also produced high levels of IFN-B. When combining two
strains, the low IL-12 inducers inhibited both this IFN-
production and the IL-12 and Thl-skewing chemokines.
Weiss et al.®" demonstrate that lactobacilli can be divided
into two groups of bacteria that have contrasting effects;
conversely, all bifidobacteria exhibit uniform effects.

In conclusion, LAB potently initiate ‘interactions’ via DC
maturation. Hence, these LAB strains may represent useful
tools for modulating the cytokine balance and promoting
potent type-1 immune responses or preventing the immune
deregulation associated with specific T-cell polarisation™.

Macrophages

Lactobacilli have been shown to activate monocytes and
macrophages, which play pivotal roles in antigen processing
and presentation, the activation of antigen-specific immunity
and the stimulation of IgA immunity. In particular, these
cells are essential in the deviation of the immune response
to the so-called type 1 response with cytotoxic effector cells
or towards the type 2 response that is characterised by anti-
body production. The type 2 response is related to the
secretion of IL-4, 1L-5, IL-9 and IL-13, which promote the
induction of IgE and allergic responses. By incubating bac-
terial suspensions with THP-1 macrophage-like cells, Drago
et al > analysed four strains of Lactobacillus salivarius for
their ability to modulate the release of pro- and anti-inflammatory
cytokines. LDR0723 and CRL1528 led to a sustained increase in
the production of IL-12 and IFN-y and a decrease in the
release of IL-4 and IL-5; by contrast, BNL1059 and RGS1746
favoured a Th2 response, leading to a decrease in the
Th1:Th2 ratio with respect to unstimulated cells.

Ivec et al®®” showed that probiotic bacteria, either
from Lactobacillus sp. or bifidobacteria, have the ability to
decrease viral infection by establishing the antiviral state in
macrophages through the production of NO and inflammatory
cytokines, such as IL-6 and IFN-y.

Three-dimensional cell models and probiotics

Much of the present knowledge about how microbial
pathogens cause infection is based on studying experimental
infections of standard cell monolayers grown as flat two-
dimensional cultures on impermeable glass or plastic surfaces.
Whereas these models continue to contribute to the present
understanding of infectious diseases, they are greatly limited
because they are unable to model the complexity of intact
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three-dimensional (3D) tissue>*>>

as standard two-dimensional monolayers are also unable to
respond to chemical and molecular gradients in three dimen-
sions (at the apical, basal and lateral cell surfaces), resulting in
many departures from the in vivo behaviour™®.

There are a variety of methods that have been used to
enhance the differentiation of cultured cells, including per-
meable inserts, transplanted human cells grown as xenografts
in animals and explanted human biopsies””. Together, with
animal experiments, organotypical cell cultures are important
models for analysing the cellular interactions of the mucosal
epithelium and pathogenic mechanisms in the gastrointestinal
tract®. Although these advanced in vitro models have pro-
vided important insights into microbial pathogenesis, they
suffer from several limitations, including short lifetimes,

labour-intensive design, experimental variability, availability
(57,59)

. In addition, cells grown

and limited numbers of cells

Three-dimensional cell cultures and probiotics

Epithelial cells cultured in a 3D matrix self-assemble into
polarised monolayers that separate central apical lumens
from a basal environment containing extracellular matrix;
therefore, these 3D epithelial culture systems allow key
events in the life cycle of IEC, such as proliferation, differen-
tiation, apoptosis and migration, to be controlled in concert
by organising principles that are determined by the spatial
context of the cells. 3D culture systems mimic essential aspects
of the in vivo organisation of epithelial cells of various origins.
Compared with cell monolayers, the 3D culture of human
intestinal cell lines (small intestine and colon) enhanced
many characteristics associated with fully differentiated func-
tional intestinal epithelia in vivo, including a distinct apical
and basolateral polarity, the increased expression and better
organisation of the tight junctions, extracellular matrix and
brush border proteins and the highly localised expression of
mucins. All of these important physiological features of
in vivo intestinal epithelium were either absent or not
expressed or distributed at physiologically relevant levels in
monolayer cultures of the same cells”.

Recently, Mappley et al.®" reported a study using a 3D cul-
ture model and probiotics. In in vitro adherence and invasion
assays using HT29-16E 3D cells, the adherence and invasion
of Brachyspira pilosicoli B2904 into epithelial cells were
significantly reduced by the presence of the cell-free
supernatants of two Lactobacillus strains, L. reuteri LM1 and
L. salivarius LM2.

Tissue explants and probiotics

A limited number of studies used explants and probiotics, and
all of these studies focused on intestinal diseases, particularly
Crohn’s disease.

Using an organ-culture model with intestinal mucosa
explants and selected bacterial strains, Carol et al %? reported
a decrease of activated T lymphocytes and TNF-a secretion by
the inflamed mucosa of patients with Crohn’s disease. By
favouring the apoptosis of T lymphocytes, L. casei may restore
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immune homeostasis in the inflamed ileal mucosa of these
patients, Tn addition, Carol et al®* also demonstrated that
some lactobacilli, such as L. casei DN-11401 and L. bulgaricus
LB10, may down-regulate inflammatory responses when
exposed to inflaimed mucosa in organ culture®®". These
authors conclude that probiotics interact with immunocompe-
tent cells through the mucosal interface and locally modulate
the production of pro-inflammatory cytokines. It is important
to note that, although this model is useful for studying
whole tissue responses in Crohn's disease, it does not permit
the investigation of signals between mucosal cells because
mucosa explants include a great variety of cells in their natural
disposition for cell-to-cell communication.

More recently, Mencarelli et al“®> cultured abdominal fat
explants from five Crohn’s disease patients and five patients
with colon cancer (as controls) using VSL#3 (VSL Pharmaceu-
ticals, Fort Lauderdale FL) medium and found that the
exposure of these tissues to the VSL#3 conditioned medium
abrogates leptin release. Thus, probiotics seem to correct
inflammation-driven metabolic dysfunction.

Lastly, another group treated mouse colon epithelial cells
and cultured colon explants with purified L. rbamnosus GG
proteins in the absence or presence of TNF-a. Two novel
purified proteins p75 and p40 activated protein kinase B
(AkD), inhibited cytokine-induced epithelial cell apoptosis
and promoted cell growth in human and mouse colon epi-
thelial cells and cultured mouse colon explants. Furthermore,
TNF-induced colon epithelial significantly
reduced. These findings suggest that probiotic bacterial
components may be useful for preventing cytokine-mediated

gastrointestinal diseases'®®.

damage was

Future models

3D culture advanced in vitro models have provided important
insights into microbial pathogenesis. However, they have sev-
eral limitations, including short lifetimes, labour-intensive
design, experimental variability, availability and limited num-
bers of cells. The development of novel relevant in vitro
models of human intestinal epithelium, such as bioreactors
and organoids, provides a viable starting point for future
efforts aimed at bioengineering human intestine. 3D culture
in bioreactors represents an easy, reproducible and high-
throughput platform that provides a large number of differen-
tiated cells. Another promising line is human pluripotent stem
cells (PSC) that offer a unique and promising means to gener-
ate intestinal tissue, resulting in 3D intestinal ‘organoids’
formed villus-like structures and crypt-like proliferative
zones. This intestinal tissue is functional, as it can secrete
mucins into luminal structures.

Bioreactors

Tissue engineering represents a biology-driven approach by
which bioartificial tissues are engineered through the combi-
nation of material technology and biotechnology. Bioreactors
constitute and maintain physiological tissue conditions at
desired levels, enhance mass transport rates and expose
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cultured cells to specific stimuli. It has been shown that
bioreactor technologies providing appropriate biochemical
and physiological regulatory signals guide cell and tissue
differentiation and influence the tissue-specific function of
bioartificial 3D tissues.

BioVaSc. BioVaSc is generated from a decellularised por-
cine small bowel segment with preserved tubular structures of
the capillary network within the collagen matrix. BioVaSc is a
prerequisite technique for the generation of bioartificial tissues
endowed with a functional artificial vascular network. The tech-
nology has been performed in artificial human liver, intestine,
trachea and skin models. These various human tissue models
are a new technology that is an alternative to animal experiments
for pharmacokinetic (drug penetration, distribution and
metabolisation) and pharmacodynamic studies'®”
study probiotic interactions with the host.

Rotating-wall vessel bioreactor. Another alternative model
utilises rotating-wall vessel technology to engineer biologi-
cally meaningful 3D models of human large intestinal epithelia
and can be used in conjunction with the established models.
Many reports have described the fact that cells cultured in
an rotating-wall vessel bioreactor can assume physiologically
relevant phenotypes that have not been possible with other
models. In addition, 3D culture in rotating-wall vessel bio-
reactors represents an easy, reproducible and high-throughput
platform that provides a large number of differentiated cells.

Optimally, the design of cell culture models should mimic
both the 3D organisation and differentiated function of an
organ, while allowing for experimental analysis in a high-
throughput platform. Originally designed by National
Aeronautics and Space Administration (NASA) engineers, the
rotating-wall vessel technology is an optimised suspension
culture design for growing 3D cells that maintain many of
the specialised features of in vivo tissues©?,

To date, several works have shown the use of 3D cell cul-
ture systems in infection studies with the following pathogens:
S. typhimurium (small intestine and colon models)®*7”
Pseudomonas aeruginosa (lung modeD)”"™ | human cytome-
galovirus (placental modeD™ and Hepatitis C virus (hepato-
cyte modeD)”. Additional studies with other 31 models and
infectious agents are ongoing and include bacteria, viruses
and parasites that are difficult or impossible to culture using
conventional methods.

, and also to

Organoids

Intestinal resection and malformations in adult and paediatric
patients result in devastating consequences. Unfortunately,
allogeneic transplantation of intestinal tissue into patients
has not been met with the same measure of success as the
transplantation of other organs. Attempts to engineer intestinal
tissue in vitro include the disaggregation of adult rat intestine
into subunits called organoids, harvesting native adult stem
cells from mouse intestine and spontaneous generation of
intestinal tissue from embryoid bodies'”> . Recently, by utilis-
ing principles gained from the study of developmental
biology, human PSC have been demonstrated to be capable
of directed differentiation into intestinal tissue in vitro 7.
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PSC offer a unique and promising means to generate intes-
tinal tissue for the purposes of modelling intestinal disease,
understanding embryonic development and providing a
source of material for therapeutic transplantation™. For
example, human PSC have been differentiated into monolayer
cultures of liver hepatocytes and pancreatic endocrine
cells”” ™ that have therapeutic efficacy in animal models
of liver disease ™% and diabetes'®™, respectively.

Several authors have differentiated PSC from mice and
human subjects into intestinal tissue. The resulting 3D intesti-
nal ‘organoids’ consisted of a polarised, columnar epithelia
that were patterned into villus-like structures and crypt-like
proliferative zones that expressed intestinal stem cell markers.
The epithelia contained the normal number of Lgr3-positive
stem cells, Paneth cells and transit-amplifying cells in the
crypt domain and the three differentiated cell lineages (enter-
ocytes, goblet and enteroendocrine cells) of the villus
domain®". This intestinal tissue is functional, as it can secrete

7685 purthermore, as based on

mucins into luminal structures
defined growth factors and Matrigel, this well-established cul-
ture system retains critical in vivo characteristics, such as line-
age composition and self-renewal kinetics™,

However, despite offering such great potential, this system
is not without its limitations. For example, the intestinal orga-
noids lack several components of the intestine iz vivo, such as
the enteric nervous system and the vascular, lymphatic and
immune systems. Additionally, whereas all of the major epi-
thelial cell types are generated in proportions similar to
those found in wivo, and there is evidence of crypt-like
domains housing stem cells, the 3D architecture is not as regu-
lar as that seen in vivo, and the villus-like structures are vari-
able from one organoid to the next'®. Regardless of these
drawbacks, this system has extraordinary experimental utility
for understanding and modelling human intestinal develop-
ment, homeostasis and disease. Moreover, this system pro-
vides a wviable starting point for future efforts aimed at
bioengineering human intestine.

Finally, Sato ef al.®™ developed a technology that can be
used to study infected, inflammatory or neoplastic tissues
from the human gastrointestinal tract. Encouraged by the
establishment of murine small intestinal cultures, these
researchers adapted that culture condition to mouse and
human colonic epithelia. However, long-term adult human
IEC culture has remained difficult. Although there have been
some long-term culture models, these techniques and cell
lines have not gained wide acceptance, possibly as a result of
the inherent technical difficulties in extracting and maintaining
viable cells. These tools might have applications in
regenerative biology through ex vivo expansion of the intestinal
epithelia.

Conclusions

In most in vitro experimental models, epithelial cells are cul-
tivated as monolayers, in which the establishment of func-
tional epithelial features is not achieved. Compared with
cell monolayers, the 3D culture of human intestinal cell
lines enhanced many characteristics associated with fully
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differentiated functional intestinal epithelia in vivo. However,
despite providing important insights, a number of limitations
have to be taken into account, including short lifetimes,
labour-intensive design, experimental variability, availability
and limited numbers of cells.

Considerable effort has been invested in the development
of new tools to study host—microbe interactions. Recent
studies based on the ability to generate human intestinal tis-
sues may help in understanding the molecular mechanisms
of host—microbe interactions. Bioreactors and organoids
provide a viable starting point for future efforts aimed at
bioengineering human intestine. However, to date, these
new approaches have also limitations that must be considered.
For example, in organoids, the 3D architecture is not as
regular as that seen in vivo and the villus-like structures are
variable from one organoid to the next.
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Abstract

We previously described the isolation and characterization of three probiotic strains from the feces of exclusively
breast-fed newborn infants: Lactobacillus paracasei CNCM |-4034, Bifidobacterium breve CNCM 1-4035 and
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volunteers treated with any of the three strains. These results demonstrate that the consumption of these three
bacterial strains was safe and exerted varying degrees of immunomodulatory effects.

Trial Registration: ClinicalTrials.gov NCT01479543

Citation: Plaza-Diaz J, Gomez-Llorente C, Campaiia-Martin L, Matencio E, Ortufio |, et al. (2013) Safety and Immunomodulatory Effects of Three Probiotic
Strains Isolated from the Feces of Breast-Fed Infants in Healthy Adults: SETOPROB Study. PLoS ONE 8(10): e78111. doi:10.1371/journal.pone.0078111

Editor: Ernesto T. A. Marques, University of Pittsburgh, United States of America
Received June 26, 2013; Accepted September 5, 2013; Published October 28, 2013

Copyright: © 2013 Plaza-Diaz et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Part of the research currently in progress in the authors' laboratory is funded by the company Hero Spain, S. A. through the grant #3582
managed by the Fundacion General Empresa-Universidad de Granada. No additional external funding received for this study. The funders had no role in
study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing interests: Part of the research currently in progress in the authors' laboratory is funded by the company Hero Spain, S. A. through the grant
#3582 managed by the Fundacion General Empresa-Universidad de Granada. EM, 10, RMS and FR are employed by Hero Global Technology Center,
Hero Spain, S.A. This center is part of the food company HERO, headquartered in Switzerland. EC, SG, BC, AS and DR are employed by Biopolis S.L., a
spin-off of the Cover Letter National Spanish Research Council (Consejo Superior de Investigaciones Cientificas), Ministry of Education, Spain. There are
no patents, products in development or marketed products to declare. This does not alter the authors' adherence to all the PLOS ONE policies on sharing
data and materials, as detailed online in the guide for authors.

* E-mail: fontana@ugr.es

PLOS ONE | www.plosone.org 1 October 2013 | Volume 8 | Issue 10 | e78111

165



ANEXOS

Introduction

The Food and Agriculture Organization (FAO) and the World
Health Organization (WHOQO) define probiotics as live
microorganisms that confer a health benefit to the host when
administered in adequate amounts [1]. Strains belonging to
Bifidobacterium and Lactobacillus, the predominant and
subdominant groups of the gastrointestinal microbiota,
respectively [2,3], are the most widely used probiotic bacteria
and are included in many functional foods and dietary
supplements [4-6].

The FAO/WHO [1] and the European Union (EU)-funded
Product Safety Enforcement Forum of Europe (EU-PROSAFE)
project [7] have attempted to create consensus guidelines for
probiotic safety evaluation. These groups have recommended
that i) the genus and species of the microorganism must first
be definitively determined by phenotypic and genotypic
techniques, ii) the strains must be deposited in an
internationally recognized culture collection, and iii) the safety
of the bacterial strain must be evaluated through acute
ingestion studies in murine models and the estimation of
potential side effects in human studies.

For probiotics to be successful, they must possess certain
characteristics. The criteria for the selection of probiotics
include tolerance to gastrointestinal conditions (gastric acid and
bile), ability to adhere to the gastrointestinal mucosa and
competitive exclusion of pathogens [8,9].

We have previously described the isolation of three lactic
acid bacteria (LAB) strains from the feces of exclusively breast-
fed newborn infants. These strains were selected based on
their probiotic properties, such as adhesion to intestinal mucus,
sensitivity to antibiotics and resistance to biliary salts and low
pH. We identified these strains as Lactobacillus paracasei
CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 and
Lactobacillus rhamnosus CNCM [-4036 [10]. In addition, their
safety has been assessed by acute ingestion in
immunocompetent and immunosuppressed BALB/c mouse
models. The three strains inhibited Listeria monocytogenes, the
etiological agent of meningitis, and human rotavirus infections
in vitro [10].

The immunomodulatory effects of probiotics have been
demonstrated in experimental models of allergy, autoimmunity
and inflammatory bowel disease [2]. In the present study, a
multicentric, randomized, double-blind placebo-controlled trial
with healthy volunteers was undertaken to investigate the
tolerance, safety and colonization of the aforementioned
probiotic strains, following the FAO/WHO guidelines [1].
Additionally, we have evaluated their potential
immunomodulatory effects by quantitating cytokines and
secretory IgA in volunteers’ serum and feces, respectively.

Materials and Methods

Ethical statement

All patients enrolled in this study signed an informed consent
form. The study followed the guidelines laid down in the
Declaration of Helsinki and was approved by the ethics review
committees of the University of Granada, Murcia and Valencia.

PLOS ONE | www.plosone.org

Safety and Immune Effects of Three LAB Strains

Probiotics

The probiotic strains Lactobacillus paracasei CNCM 1-4034,
Bifidobacterium breve CNCM 1-4035 and Lactobacillus
rhamnosus CNCM [-4036 have been described elsewhere [10].
These strains were assayed for enzymatic activity and
carbohydrate utilization, and they were deposited in the
Collection Nationale de Cultures de Microorganismes (CNCM)
of the Institute Pasteur [10].

Experimental design

This study was a multicenter, randomized, double-blind,
placebo-controlled trial. The trial was registered at
www clinicaltrials.gov as NCT01479543. Randomization was
simple and not subjected to any kind of restriction such as
blocking or block size. One hundred and three healthy
volunteers were enrolled in three different cities in Spain
(Granada, Murcia and Valencia). We used a random allocation
sequence [11]. Briefly, each city was assigned 35 codes taken
from a randomization table. Six codes were assigned to each
treatment in each city. Envelopes containing the codes and
matching those in the randomization table were assigned to
each participant. Volunteers were enrolled and assigned by
Gomez-Llorente C (Granada), Ros G (Murcia) and Corella D
(Valencia). This was a double blind study. A flow chart of the
study design is depicted in Figure 1. The protocol for this trial
and supporting CONSORT checklist are available as
supporting information; see Checklist S1 and Protocol S1.

Volunteers underwent a 15-day washout period (t,), after
which they were randomly and blindly divided into 5 groups that
received daily either a placebo, a capsule containing 9x10°
CFUs of one of the 3 strains, or a capsule containing 9x10°
CFUs of a mixture of B. breve CNCM [-4035 and L. rhamnosus
CNCM 1-4036, for 30 days (t,).

The placebo contained 67% cow’'s milk powder, 32.5%
sucrose, and 0.56% vitamin C. The 30-day intervention period
was followed by a second washout of another 15 days (1)
(Figure 1). Patients did not consume any fermented milk for the
entire duration of the study. Blood samples were taken at t, and
t,. Blood was centrifuged to separate serum from cells. Fecal
samples were taken at t;, t, and t;. Baseline data appear in
Table 1.

Volunteers were recruited between July and October 2011.
The first washout was in October 2011. Intervention ended in
November 2011, and the second washout in December 2011.
All determinations were finished by December 2012.

Primary outcome variables were safety, tolerance and
persistence. Secondary outcome variables were bacterial
populations, immunomedulatory effects (cytokine and secretory
IgA production), microbiological analyses, and lymphocyte
populations. Calculation of sample size was done based on the
variance in the main outcome variable persistence, i.e.,
probiotic strain count (log strain CFU/g) in feces and a
difference of 25% compared with the placebo (12). A type 1
error of 0=0.05 and a power of 90%, (f=0.1) were assumed.
The calculated minimum number of subjects per group was 19.
The initial number of volunteers per group was as follows:
placebo, n=21; L. paracasei CNCM I[-4034, n=21; B. breve
CNCM 1-4035, n=20; L. rhamnosus CNCM 1-4036, n=21;
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Assessed for eligibility
(n=153)
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Not eligible or declined to participate (n=50)
Unable to comply with protocol/declined (n=40)
Other reason (n=10)

Screening

i

Eligible (n=103)

Washout 2 wk

Randomly assigned (n=103)

| Lactobacillus paracasei (n=21) H Bifidobacterium breve (n=20) “ Lactobacillus thamnosus (n=21) |

Dropped: (n=3)

Intervention 4 wk

| Placebo (n=21)

| l 8. breve plus L. hamnosus (n=20)

Washout 2 wk

Analysis (n=100)

FIGURE 1

Figure 1. CONSORT flow diagram of the subjects in the SETOPROB study (NCT01479543).

doi: 10.1371/journal.pone.0078111.g001

mixture of B. breve CNCM 1-4035 and L. rhamnosus CNCM
1-4036, n=20. One subject each of groups placebo, L.
paracasei CNCM 1-4034 and L. rhamnosus CNCM [-4036
voluntarily dropped out of the study. No changes in the
estimated sample size or its precision occurred as all selected
volunteers received intended treatment and were analyzed.

The inclusion criteria were as follows: healthy male or
female, age 18-50 years, normal defecation pattern, blood
parameters within the normal range or not considered clinically
significant if outside of the normal range, BMI 18.0-29.9 kg/m?
and written informed consent. The exclusion criteria were
pregnancy or breast-feeding, blood parameters outside of the
normal range and considered clinically significant, a history of
metabolic or gastrointestinal disease, food allergies, recent use
of antibiotics or laxative drugs, diarrhea, constipation, diabetes
mellitus, smoking and blood pressure > 140/90 mmHg.

Determinations described below were carried out in all
volunteers (20 per group) with the exception of antibiotic
resistance, which was done in Valencia (3 volunteers/group,
n=15).

Collection and preparation of fecal samples

Fecal samples were collected from each volunteer in plastic
pots lined with a sterile plastic bag in anaerobic conditions and
submitted immediately by courier to the laboratory. Samples
were analyzed within a maximum of 4 h.

Gastrointestinal tolerance and safety parameters
Gastrointestinal tolerance was determined using the
gastrointestinal symptom rating scale (GSRS) [13], the King's
Stool Chart for stool consistency [14], daily recorded
gastrointestinal symptoms (nausea, vomiting, diarrhea,
burping, abdominal distension and flatulence) [15] and
defecation frequency. Baseline GSRS and stool consistency
were measured by the investigator and at 4 and 6 weeks.
Product compliance was recorded daily in a diary. Intolerance

PLOS ONE | www.plosone.org

Table 1. Baseline characteristics of the study groups.

Probiotic groups Placebo group

(n=80) (n=20)
Sex (male/female) 37/43 9/11
Age (years) 287+0.7 285+17
Height (m) 1.71+0.1 1.7+01
Weight (kg) 684+14 67+25
BMI (kg/m?) 23.1+04 228+0.5
Heart rate (beats/min) 720+ 1.5 71.2+3.0
Blood pressure (mm/Hg)
Systolic 116.8+1.8 1176+ 3.1
Diastolic 715412 716+23

Values are means + SEM unless otherwise indicated. There were no significant
differences between groups.
doi: 10.1371/journal.pone.0078111.t001

was defined as a symptom score of 2 or higher (moderate or
severe) on the GSRS. Safety parameters were the number and
type of adverse events recorded throughout the entire study
and changes from baseline blood parameters determined at
the end of the supplementation period. The measurement of
blood parameters was performed in the Clinical Analysis
Laboratory of the Virgen de las Nieves Hospital (Granada),
Clinical Hospital (Valencia) and Megalab laboratory (Murcia).

Fluorescence in situ hybridization-flow cytometry
analysis (FISH-FC)

Fecal samples were processed as previously described
[16,17]. One gram of feces was homogenized in 9 mL of PBS
(phosphate-buffered saline), and then 0.2 mL of the
suspension was mixed with 0.6 mL of 4% paraformaldehyde
(PFA) in PBS and fixed overnight at 4°C. Fecal bacterial
populations were assessed by FISH-CF analysis as described
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by Fallani et al. and Gomez-Llorente et al. [16,17]. A panel of
10 group- and species-specific probes covalently linked with
Cy5 at their 5 end was used to assess the microbiota
composition [18-25] (Table S1).

Hybridization was performed in a 96-well microtiter plate
overnight at 35°C in hybridization solution containing 4 ng/uL of
the appropriate probes, and then 150 pL of hybridization
solution was added to each well. Cells were pelleted and
washed to remove any nonspecific probe binding by incubating
the bacterial cells at 37°C for 20 min in wash solution (64
mmol/L NaCl, 20 mmol/L Tris-HCI, pH 8.0, 5 mmol/L EDTA pH
8.0, 0.01% sodium dodecyl sulfate, pH 7.2). Finally, the cells
were pelleted and resuspended in PBS. Samples were
analyzed in a FACSCanto |l flow cytometer (Becton Dickinson,
NJ, USA).

Microbiological analysis

Fecal samples were analyzed by plating appropriate dilutions
onto Wilkins-Chalgren agar (Panreac Quimica, Barcelona,
Spain) to determine the total number of anaerobic bacteria, de
Man-Rogosa-Sharpe (MRS) agar (Oxoid, Basingstoke, United
Kingdom) to determine the number of Lacfobacilli, and Beerens
agar (Oxoid, Basingstoke, United Kingdom) to determine the
number of bifidobacteria. The Lactobacillus rhamnosus CNCM
1-4036 count was determined on modified MRS medium in
which glucose was substituted with rhamnose. Only L.
rhamnosus and a few other rare Lactobacillus species in the
human gastrointestinal tract are able to grow on this medium
[12,26].

Antibiotic resistance analysis

The sensitivity of probiotic strains to ampicillin and
tetracycline was analyzed in volunteers’ fecal samples by
plating appropriate dilutions onto MRS agar (Oxoid,
Basingstoke, United Kingdom) supplemented with 0.05% (wt/
vol) cysteine (Sigma-Aldrich) (MRS-C medium) and trypticase
soy agar (TSA, Oxoid) with or without ampicillin (2 and 4
pg/mL; Sigma-Aldrich, St. Louis, MO) or tetracycline (4 and 8
pg/mL; Sigma-Aldrich). The plates were incubated for 48-72 h
at 37°C in an anaerobic atmosphere, which was generated
using an AnaeroGen® system, for MRS and MRS-C, and
aerobically at 30°C in the case of TSA plates.

Isolation procedure

From each patient, 5 to 10 random colonies grown on
modified MRS agar were individually inoculated into MRS broth
medium (Oxoid, Basingstoke, United Kingdom) for 2 days, at
37°C under anaerobic conditions (Anaerogen® Oxoid,
Basingstoke, United Kingdom). DNA was extracted with the
QlAamp DNA Mini Kit (QIAGEN, Barcelona, Spain) and used
for identification by quantitative real-time PCR (qPCR) with
specific primers (see Table S2) for this probiotic strain.

Real-time polymerase chain reaction (PCR)

Real-time PCR was used i) to identify Lactobacillus,
Bifidobacterium spp., Bacteroides and Clostridium difficile in
feces and ii) to confirm intestinal persistence by Lactobacillus
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rhamnosus. For the former (i), DNA was isolated from
volunteers’ feces with the QlAamp DNA Stool Mini Kit
(QIAGEN, Barcelona, Spain). For the latter (i), DNA was
isolated from bacterial cultures (see sections Microbiological
determinations and Re-isolation procedure). The primer
sequences appear in Table S2.

PCR was performed in triplicate in an Eppendorf Mastercycle
EP Gradient. The primer sequences are shown in Table S2
and were purchased from Sigma-Aldrich (Barcelona, Spain).
PCR was carried out using Power SYBR Green Master Mix
(Applied Biosystems, Barcelona, Spain). The PCR program
was as follows: an initial activation/denaturation step at 95°C
for 5 min followed by 30-40 cycles of 15 sec at 95°C, 30-40 sec
for annealing at 55-68°C and a final extension step for 33-45 s
at 72°C. Quantitation was performed using a standard curve.

In the case of strain-specific reactions, PCR was performed
in triplicate in the StepOne Real-Time PCR System (ABI).
Primers were purchased from Thermo Fisher (Thermo Fisher
Scientific, Waltham, MA). PCR was carried out using Power
SYBR Green Master Mix (ABI). Taq polymerase was activated
at 95°C for 10 min. The cycling parameters were denaturation
at 95°C for 15 sec and extension at 64°C for 50 sec (for 30
cycles). Colonies were identified as L. rhamnosus CNCM
1-4036 when amplification appeared.

Determination of the fecal content of secretory IgA
Secretory IgA was analyzed in feces by enzyme-linked

immunosorbant assay (Immundiagnostik AG, Bensheim,

Germany) according to the manufacturer's instructions.

Preparation and collection of blood samples

Blood samples were collected into BD Vacutainer® tubes
(Becton Dickinson, NJ, USA). An aliquot of the blood was used
for hematological determination. A second aliquot was
centrifuged for 10 min at 1000 x g and 4°C to separate serum
from cells. Serum was collected for cytokine analysis.

Determination of differences in the lymphocyte
population by fluorescence-activated cell sorting
(FACS)

These analyses were performed at the University of Murcia
in the 24-hour period after blood collection to avoid cell lysis.
PerCP-Cy-conjugated anti-human CD14, PE-conjugated anti-
CD4, FITC-conjugated anti-CD4, PE-Cy7 conjugated anti-
CD25, AlexaFluor®-conjugated anti-CD127, PE-conjugated
anti-CD19 and PerCP-conjugated anti-CD8 antibodies
purchased from Becton Dickinson (San Diego, California, USA)
were used to perform multicolor flow cytometric analysis.

The monoclonal antibodies were incubated with 200 uL of
the whole blood samples obtained from volunteers for 15 min
protected from light. Erythrocytes were removed by hypotonic
lysis using Pharm Lyse™ (BD Biosciences, San Diego, CA),
and samples were cleaned according to the manufacturer's
instructions. Flow cytometry was performed using a
fluorescence activated cell sorter (FACS) Calibur® flow
cytometer (Becton Dickinson) and Cell Quest (BD). For each
antibody panel analysis, 2x10* lymphocytes were gated.
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Table 2. Gastrointestinal symptom score according to the Gastrointestinal Symptom Rating Scale (GSRS).

Probiotic groups (n=80)

GSRS symptom score

Placebo group (n=20)

Symptom tq ta ts ty t2 t3
Median Range Median Range Median Range Median Range Median Range Median Range

Abdominal pain (q1) 0 0 0-1 0 0 0 0

Heartburn (g2) ] 0 0-1 0 01 Q 0-1 0 0-1 0

Acid regurgitation (q3) 0 0-1 0 0-1 0 0-1 0 0 0-1 0 0-1
Sucking sensations in the epigastrium (q4) 0 0 0-1 0 0-1 0 0-1 0 0-1 0 0-1
Nausea and vomiting (q5) 0 0-1 0 0-1 0 0-1 0 0-1 0 0

Borborygmus (q6) ] 0 0-1 0 Q 0 0

Abdominal distension (q7) 0 0-1 0 0-1 0 0-1 Q 01 0 0-2 0 0-1
Eructation (q8) 0 0-1 0 0-1 0 01 0 0-1 0 0-2 0 0-1
Loose stools (gq12) 0 0-2 0 0-2 0 01 0 0-1 0 0-2 0 0-1
Hard stools (q13) 0 0-2 0 0-2 0 01 0 0-1 0 0-2 0 0-1
Urgent need for defecation (q14) 0 0-1 0 0-1 0 Q 0-1 0 0-1 0 0-1
Sensation of incomplete evacuation (q15) ] 0 0 Q 0 0

Dyspeptic syndrome (g1-5) 0 0-0.4 0 0-0.8 0 0-0.8 0 0-0.2 0 0.6 0 0.4
Indigestion syndrome (q6-8) 0 0-067 0 0-1 0 0-0.67 Q 0-0.8 0 0-1 0 0-0.8
Bowel dysfunction syndrome (q12-15) 0 0-1 0 0-1 0 0-0.67 0 0-1 0 0-1 0 0-1

Values are the median and range. g, question number of questionnaire. 0 = absent; 1 = mild; 2 = moderate; 3 = severe. t4, first washout; 1, intervention; t3 second

washout.

doi: 10.1371/journal.pone.0078111.t002

Cytokine quantification in serum

IL-4, IL-6, IL-10, IL-12(p70), TNF-a, and TGF-B were
measured using MILLIplex™ immunoassays (Merck-Millipore,
MA, USA) on the Luminex 200 system according to the
manufacturer’s instructions.

Statistical analysis

All results are expressed as the mean + SEM unless
otherwise indicated. Statistical analyses of gastrointestinal
symptom scores were performed using the Mann-Whitney U
test for equivalence. Time comparisons for normally distributed
parameters were tested for statistical significance by a lineal
model of variance for repeated measures. For those variables
found significantly different, specific time differences were
tested using the paired t test while the paired Wilcoxon test
was used for non-narmally distributed parameters. All analyses
were performed using the statistical package IBM SPSS
(Statistical Package for the Social Sciences) Statistics 20
(Somers, NY, USA).

Results

Subjects

Of the 103 patients enrolled in the study, 3 dropped out
during the intervention period (Figure 1). Baseline features of
the volunteers appear in Table 1. The average age was 28
years in the placebo and probiotic groups. There was no
significant difference between volunteers who received placebo
and those fed probiotics regarding height, weight, body mass
index, heart rate or blood pressure at baseline.
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Tolerance and safety

Symptom scores as measured by the GSRS questionnaire
are described in Table 2. All symptom scores were less than 2,
and there was no significant difference between the control
group and the probiotic-treated group. The median score of the
daily recorded gastrointestinal symptoms of acid regurgitation,
nausea, vomiting, abdominal distension, and eructation did not
change during the probiotic supplementation (intervention) and
subsequent follow-up period. Additionally, the stool consistency
and defecation frequency did not change during the
supplementation period and the subsequent follow-up period in
the probiotic and placebo groups (Table S3)

Therefore, no serious adverse events occurred during the
supplementation period in any of the groups based on the
GSRS questionnaire, which shows that the differences
between the probiotic and placebo groups were not significant
for any of the reported symptoms.

Likewise, no difference between placebo and probiotic
groups occurred in any of the hematological (hemoglobin,
hematocrit, mean corpuscular volume, and leucocyte count)
and biochemical (cholesterol, glucose, AST, ALT, y-GT, and
creatinine) parameters (Table 3). There was an initial
significant difference in y-GT between placebo and probiotics
(17.6 £ 1.2 vs. 14.0 £ 0.9 probiotics vs. placebo at t,. P=0.021);
however, such difference in y-GT remained after the
intervention (17.0 £ 1.1 vs. 13.4 + 0.8 probiotics vs. placebo at
t,. P=0.011).

All three probiotic strains were found to be sensitive to
ampicillin and tetracycline. In addition, antibiotic sensitivity was
similar among the strains at both t, and at t, (Table S4).
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Table 3. Volunteers’ hematological and biochemical data. Table 4. Bacterial populations in healthy volunteers’ fecal
samples by FISH-CF analysis.
Parameter Probiotic groups (n=80) Placebo group (n=20)
tq t2 tq ta Targeted group Capsule Time (t)
Hemoglobin 142+02 141:02 14003 139+03 t4 ty t3
Hematocrit 427+08 414+05 41709 412+1 Placebo 96+23% g7+172 581080
Mean Corpuscular Volume 882+05 87.7+05 865+12 860+1.1 L. rhamnosus 122+24 83+13 9.0+1.3
Leucocytes 62+01 60+02 64+03 62+04 Bif164 B. breve 63+13 6013 68%15
Total cholesterol 182.4+38 1823+4 180.0+46 183075 B. breve plus L.
85:18 120£31 7217
HDL-cholesterol 656+19 65012 59.0+3 58.0+3.7 rhamnosus
LDL-cholesterol 103.1+3.2 1048+36 109.0+34 112.0+6.1 L. paracasei 73+14 73+13 83+15
Glucose 839+09 834+04 850:+18 864+18 Placebo 02+007 07+03 0602
Aspartate transaminase 237415 223+10 254+21 239+15 L. rhamnosus 1.0+03 02+01 03+01
Alanine transaminase 191+13 215+12 188%19 211+1.7 Erec482 B. breve 02+012 05020 02:0012¢
y-glutamyl transferase 176+12° 170+11° 14.0+09 134+08 B. breve plus L.
0.4£0.1 10£04 03102
Creatinine 08+001 08+002 08+003 08£0.03 rhamnosus
Values are means + SEM. Hemoglobin (g/dL), hematocrit (%), mean corpuscular L. paracasei 03+023 (03:022 1.1+030
volume (fL), leukocytes (x10%/uL), total cholesterol (mg/dL), HDL-cholesterol (mg/ Placebo 377+3630 300+2438 446270
dL), LDL-cholesterol (mg/dL), glucose (mg/dL), aspartate transaminase (U/L), L. rhamnosus 4224313 493+31P 430:2098
alanine transaminase (U/L), y-glutamyl transferase (U/L), creatinine (mg/dL) Clep886 B. breve 449+26 45.7+3.5 455121
*P<0.05 probiotic groups vs. placebo; t4, first washout; tp, intervention B. breve plus L.
) ) 525+34 451+24 47037
doi: 10.1371/journal.pone.0078111.t003 rhamnosus
L. paracasei 463+24 487 +37 48727
Overall, these results indicate that the three probiotic strains AREEED 122£21% 755140 67£12%
were safe and well tolerated by healthy subjects. L. tamnosus Tox14  7.0£09 50207
Ato291 B. breve 63+13 54:09 59:10
Fecal bacterial populations 8. brove plus L 79421 6117  68%15
rhamnosus
FISH and real-time PCR were used to investigate whether T — 42408 52208  62:09
fecal bacterial populations changed due to the wvarious Placebo 166+3238 207+273 2014230
treatments (Table 4 and Figure 2). The Bifidobacterium genus - 146+20 155+£21 157+20
and the Atopobium cluster significantly decreased, whereas the Bac303 B breve 04+26 206426 217+24
Bacteroides group increased in the feces of the volunteers who B. breve plus L.
received the placebo. These changes did not occur in any of enasus bbsad  krsal  Ebokk
the groups fed probiotic strains (Table 4). L. paracasei 176+20 194+27 14119
A transient increase in the Clostridium coccoides population Placebo 09402 09+04 14+04
occurred at the end of the intervention (t,) in those patients fed L. rhamnosus 18£05 11:03  13:03
B. breve. However, the percentage of live C. coccoides after Enter1432 B. breve 1304 1.0+0.3 13:03
the second washout returned to initial values (t,). The C. B. breve plus L.
: ) R . ) R 12+04 11+04 12+05
coccoides population significantly increased with L. paracasei rhamnosus
administration after the second washout (Table 4). L. paracasei 06+0.2 1.3£04 1.7£05
The Clostridium leptum population increased in both the Placebo 3.0:05 18+05 25104
placebo and L. rhamnosus-treated groups. However, the L. rhamnosus 26+05 3105 3607
increase was continuous in the placebo group, whereas the Lab158 B. breve 29+06 2505 28106
|n.|t|al increase in C. leptum slightly but significantly dropped B breve plus L. 184068 32:08b 264058
with L. rhamnosus treatment (Table 4). rhamnosus
Increases in Lactobacillus and Streptococcus groups were L. paracasei 2.2:04 32206 292035
observed in patients fed a mixture of B. breve and L. Placebo 55+08  48:07  55:07
rhamnosus. Percentages of live C. difficile and C. perfringens L. thamnosus 53+08 47208 57+07
also increased with administration of the probiotic mixture, but Stre493 B. breve 53:07  51:08 61:08
in this case, both Clostridium spp. remained elevated after the B. breve plus L. 37508 52+07° 50407
second washout (t,) (Table 4). rhamnosus
Real-tme PCR analysis confimed the increase in & e WE B6=00 G208
Bacteroides and the decrease in Bifidobacterium spp. observed Placebo 60£10 5408 64208
by FISH-FC in the placebo group (Figure 2C and Figure 2E). (- GIETTIEEE Gosd  rEsls el
Bacteroides also increased upon treatment with the mixture of | C9T9PS e 73311 6809 73107
B. breve and L. rhamnosus (Figure 2C). Interestingly, C. Cperf191
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Figure 2. Secretory IgA content (A) and populations of Clostridium difficile (B), Bacteroides (C), Lactobacillus (D), and
Bifidobacterium spp. (E) in the feces of healthy adults fed one daily probiotic capsule or placebo for 4 weeks as log CFU/g
feces. Values are means = SEM, n=20 per group. Labeled means without a common letter differ, P<0.05. Time 1, first washout;

Time 2, intervention; Time 3, second washout.
doi: 10.1371/journal pone.0078111.g002

Table 4 (continued).

Targeted group Capsule Time (t)
B. breveplus L.
P 55+092 732113 92:08"
rhamnosus
L. paracasei 6.2+09 6.9+10 7.2+09

Values are means + SEM, in percentages of living bacteria. n=20 per group.
Labeled means without a common letter differ. P<0.05. t4, first washout; to,
intervention; t3, second washout.

doi: 10.1371/journal.pone.0078111.t1004

difficile increased in volunteers fed L. rhamnosus immediately
after treatment with this strain ceased (t,) (Figure 2B).

Lactobacillus significantly decreased in the placebo group
after 30 days of intervention and remained low after the second
washout. L. rhamnosus feeding also resulted in a decrease in
Lactobacillus at t, (Figure 2D).

As for Bifidobacterium spp., this population significantly
decreased in those volunteers who received a daily capsule of

PLOS ONE | www.plosone.org

L. rhamnosus when treatment with the probiotic ceased (Figure
2E).

Altogether, these results indicate that both probiotic and
placebo administration modified bacterial populations in the
volunteers’ feces.

Fecal strain persistence

A total of 75 colonies from patients fed L. rhamnosus CNCM
I-4036 were picked from dishes containing MRS modified
medium (glucose substituted with rhamnose) and were
subsequently grown under anaerobic conditions. DNA analysis
by real-time PCR with specific primers for L. rhamnosus CNCM
I-4036 revealed that 86% of the colonies were positive for this
species. This result suggests that at least L. rhamnosus, for
which there is available specific and selective culture medium,
colonized the intestine of volunteers fed this strain for 30 days.

Fecal secretory IgA content

Secretory IgA content was measured in the stools of the
various groups of healthy volunteers (Figure 2A). B. breve
administration resulted in a significant increase in the fecal
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secretory IgA content after the 30-day intervention (t,), but this
increase returned to initial values after the second washout (t,).
The secretory IgA content did not change in the feces of
volunteers who received, L. rhamnosus, L. paracasei or the L.
rhamnosus/B. breve mixture.

White blood cell (WBC) subsets

The effects of probiotic administration on various WBC
subsets were analyzed by flow cytometry (Table 5). The most
relevant findings were as follows: i) the significant increases in
the percentage of CD4+ T lymphocytes and CD4+/CD8+ ratio
in the blood of volunteers who received L. paracasei and ii) the
increase in the percentage of regulatory T Ilymphocytes
observed in the placebo, L. rhamnosus and B. breve groups.

Cytokine concentrations in volunteers’ serum

Serum IL-4, IL-10 and IL-12 concentrations, as well as the
IL-10/IL-12 and TNF-a/IL-10 ratios appear in Figure 3. All
patient groups showed similar values of IL-6, TNF-a and TGF-B
(not shown).

Whereas the anti-inflammatory cytokine IL-4 decreased in
the group fed the placebo for 30 days, the serum concentration
of this cytokine remained unchanged in the groups that
received B. breve, L. paracasei or the combination of both. In
contrast, IL-4 increased in those volunteers fed L. rhamnosus
(Figure 3A). The latter probiotic strain also increased the
concentration of another anti-inflammatory cytokine, IL-10
(Figure 3B).

Volunteers fed the placebo, L. rhamnosus or B. breve
exhibited significantly lower values of the pro-inflammatory
cytokine IL-12 at the end of the intervention (t,) compared with
baseline (t;) (Figure 3C). The IL-10/IL-12 ratio, an anti-
inflammatory index, significantly increased in patients who
received L. rhamnosus and L. paracasei (Figure 3D). In
contrast, L. rhamnosus treatment decreased the TNF-o/IL-10
ratio, a pro-inflammatory index (Figure 3E).

Altogether, these findings point to a clear immunomodulatory
effect of the three probiotic strains, with L. rhamnosus exerting
the most robust effect.

Discussion

In this study, the safety, tolerance, persistence and effects
on the immune system of the probiotic strains Lacfobacillus
paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035
and Lactobacillus rhamnosus CNCM 1-4036 [10] were
investigated in 100 healthy volunteers. We found that the
recorded gastrointestinal symptoms (GSRS and daily recorded
symptoms), defecation frequency and stool consistency were
not altered by probiotic intake in healthy volunteers. Moreover,
no relevant changes in blood and serum parameters, and no
adverse events occurred during and after treatment. All three
probiotic strains were sensitive to ampicillin and tetracycline.

Probiotic administration modified bacterial populations in the
volunteers’ feces as evidenced by real-time PCR and
fluorescence in situ hybridization. Some of the alterations were
transient, whereas others were stable. The most relevant
finding regarding bacterial populations was the increase in

PLOS ONE | www.plosone.org
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Table 5. Analysis of immune system populations in
volunteers’ blood.

Subset population Capsule Time (t)
tq t2
Placebo 69.2+19 714+14
L. rhamnosus 708+25 722+14
CD3+(T cells) B. breve 696+30 701118

B. breve plus L. rhamnosus 740125 733122

L. paracasei 705419 722412
Placebo 96+07 98+08
L. rhamnosus 10.1+05 101+05
CD19+(B cells) B. breve 98+0.7 95109
B. breve plus L. rhamnosus 86+08 96+06
L. paracasei 87+05 8807
Placebo 455+19 476+12
L. rhamnosus 46.0+21 457+16

CD3+ CD4+ (T helper cells) B. breve 454+30 470+23
B. breve plus L. rhamnosus 49.5+20 503+20
436217 478115
21316 225+1.1
158+20 20307

L. paracasei
Placebo
L. rhamnosus
CD3+ CD8+ (T cytolytic
cells)

B. breve 201+16 204+09

B. breve plus L. rhamnosus 20418 198114

L. paracasei 234+13 22411
Placebo 20+02 22+01
L. rhamnosus 21+02 23x041
CD4+/CD8+ cells B. breve 21+02 24+02
B. breve plus L. rhamnosus 26+02 27+0.2
L. paracasei 1.8+01 21+0.1
Placebo 41+02 4902
L. rhamnosus 40+03 4903
CD3+ CD4+ CD25+ CD127- .
(T reguiatory cells) B. breve 38103 50zx06
B. breve plus L. rhamnosus 45+04 57+08
L. paracasei 46+02 51+086
Placebo 31+04 41+05
L. rhamnosus 35+04 3605
CD14+ B. breve 46+06 5307
B. breve plus L. rhamnosus 36+06 39+04
L. paracasei 28+05 39+086

Results are mean + SEM, as percentage of total accounted cells. n=20 per group.
*P<0.05. t4, first washout; tp, intervention.
doi: 10.1371/journal.pone.0078111.t1005

Clostridium difficile that took place in feces when L. rhamnosus
CNCM 1-4036 administration ceased (t;, Figure 2B), which
points to a clear beneficial effect by this probiotic strain.
Volunteers may have experienced a displacement of C. difficile
by L. rhamnosus CNCM 1-4036 during the intervention of 30
days. Many studies have shown a decrease in C. difficile
adhesion to intestinal mucosa by probiotics [27-29].

The fact that total bifidobacteria counts were reduced in the
group treated with B. breve CNCM 1-4035 suggests that the
administered strain either did not reach the colon in a viable
state in significant numbers or did not proliferate in the colon.
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Figure 3. Serum IL-4 (A), IL-10 (B), and IL-12 (C) concentrations and IL-10/TNF-a (D), and IL-10/IL-12 ratios (E) in healthy
adults fed one daily capsule of probiotics or placebo for 4 weeks. Values are means + SEM, n=20 per group. Labeled means
without a common letter differ, P<0.05. Time 1, first washout; Time 2, intervention.

doi: 10.1371/journal.pone.0078111.g003

Bifidobacteria counts also decreased by L. rhamnosus CNCM
I-4036 feeding when t; is compared with t, (Figure 2E).

Strikingly, certain bacterial populations changed in the feces
of volunteers in the placebo group. This effect caused by the
placebo might be due to the cow’s milk and/or sucrose included
in its composition. The fact that regulatory T lymphocytes were
increased in the placebo group is also intriguing. The same is
true for the observation that IL-4 was decreased in the placebo
group. This may indicate that the sample size, while calculated
prior to start of the trial for the main outcome, was too low for
these two variables.

Interestingly, L. rhamnosus CNCM [-4036 was identified after
the intervention (t,) in fecal samples of volunteers that received
this bacterial strain. This finding does not necessarily imply
successful colonization but rather persistence of the strain at
this time period. Detection of L. rhamnosus CNCM [-4036 for a
much longer period would be needed to determine whether the
strain does in fact colonize the gastrointestinal tract. Also, high-
throughput sequencing techniques would be helpful.
Persistence in feces by the two other assayed strains, L.
paracasei CNCM 1-4034 and B. breve CNCM [-4035, could not
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be proven due to the lack of specific and selective culture
media.

Another interesting finding of this work was that the B. breve
CNCM 1-4035 administration resulted in a significant increase
in secretory IgA content after the 30-day intervention. After the
second washout, this increase returned to initial values, which
points to a clear effect due to the probiotic. This result confirms
previous results from our group [10]. We have reported that B.
breve CNCM [-4035 led to a higher IgA concentration in both
feces and plasma of mice [10]. Modification of secretory IgA
has a clear and important effect on the immune system.
Secretory IgA serves as the first line of defense in protecting
the intestinal epithelium from enteric toxins and pathogenic
microorganisms (30). Secretory IgA promotes the clearance of
antigens and pathogenic microorganisms from the intestinal
lumen by blocking their access to epithelial receptors,
entrapping them in mucus, and facilitating their removal by
peristaltic and mucociliary activities [30].

It has been suggested that the safety of probiotics should be
further evaluated by the detection of undesirable changes in
immune parameters [31] because of growing evidence that
probiotics, especially lactobacilli and bifidobacteria, have
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immunomodulatory properties. The main finding of our cytokine
analysis was that L. paracasei CNCM 1-4034, B. breve CNCM

I-4035 and L. rhamnosus CNCM 1-4036 exerted
immunomodulatory effects. Increased levels of anti-
inflammatory molecules (IL-4, IL-10, IL-10/IL-12) and

decreased levels of the pro-inflammatory index (TNF-a/IL-10)
were found in the serum of volunteers fed L. rhamnosus CNCM
I-4036. IL-12 also decreased in volunteers that received B.
breve CNCM [-4035, whereas the anti-inflammatory index
(IL-10/IL-12) increased in the group fed L. paracasei CNCM
I-4034. Immunomodulation by these three probiotic strains has
been reported in in vitro experiments by Bermudez-Brito et al.
[32,33]. These authors showed that L. paracasei CNCM |-4034,
B. breve CNCM 1-4035 and L. rhamnosus CNCM 1-4036
inhibited the production of pro-inflammatory cytokines and
chemokines by human intestinal dendritic cells challenged with
pathogenic bacteria and that such an effect seems to be
mediated through a decreased expression of toll-like receptor
(TLR)-1, TLR-5 and TLR-9 [32,33].

In summary, our results demonstrate that the intake of the
three bacterial strains was safe and exerted a varying degree
of immunomodulatory effects. In particular, L. rhamnosus
CNCM 1-4036 colonized the intestine, and B. breve CNCM
I-4035 enhanced production of intestinal secretory IgA. Our
findings also confirm previous results obtained in mice. Overall,
these results warrant further studies and open the possibility of
undertaking similar trials in patients affected by intestinal
pathologies.

Supporting Information
Checklist S1. CONSORT Checklist.
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ABSTRACT

We have previously described the safety and immunomodulatory effects of
Lactobacillus paracasei CNCM 1-4034, Bifidobacterium breve CNCM 1-4035 and
Lactobacillus rhamnosus CNCM 1-4036 in healthy volunteers. The scope of this
work was to evaluate the effects of these probiotic strains on the hepatic

steatosis of obese rats. We used the Zucker rat as a genetic model of obesity.

fa/fa

Zucker-Lepr rats received one of three probiotic strains, a mixture of L.

paracasei CNCM 1-4034 and B. breve CNCM 1-4035, or a placebo for 30 days.

+/fa

An additional group of Zucker-lean™™ rats received a placebo for 30 days. No

alterations in intestinal histology, in the epithelial, lamina propria, muscular
layers of the ileal or colonic mucosa, or the submucosae, were observed in any

of the experimental groups. Triacylglycerol content decreased in the liver of

fa/fa

Zucker-Lepr rats that were fed L. rhamnosus, B. breve, or the mixture of B.

breve and L. paracasei. Likewise, the area corresponding to neutral lipids was

fa/fa

significantly smaller in the liver of all four groups of Zucker-Lepr®™ rats that

received probiotics than in rats fed the placebo. Zucker-Lepr’“‘””‘a rats exhibited
significantly greater serum LPS levels than Zucker-lean*® rats upon

administration of placebo for 30 days. In contrast, all four groups of obese

fa/fa

Zucker-Lepr rats that received LAB strains exhibited serum LPS

+/fa

concentrations similar to those of Zucker-lean rats. Serum TNF-a levels

fa/fa

decreased in the Zucker-Lepr rats that received B. breve, L. rhamnosus, or

the mixture, whereas L. paracasei feeding decreased IL-6 levels in the serum of

fa/fa

Zucker-Lepr rats. In conclusion, the probiotic strains reduced hepatic
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73  steatosis in part by lowering serum LPS, and had an anti-inflammatory effect in
74  obese Zucker rats.
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INTRODUCTION

Obesity has reached pandemic levels and is becoming a serious health problem
worldwide. In developing countries, the prevalence of obesity has tripled over
the last 20 years owing to the adoption of a Western lifestyle (i.e., low physical

activity levels, sedentariness, and excessive eating) [1, 2].

The increasing prevalence of type 2 diabetes (T2D), cardiovascular disease,
and certain types of cancer is linked to obesity. Thus, approximately 90% of
T2D cases are attributable to excess body weight, and 200 million people
worldwide are estimated to have glucose intolerance and insulin resistance

syndrome (IRS), a figure that is expected to rise to 420 million by the year 2025

[3].

Recent evidence indicates that the intestinal microbiota plays a crucial role in
body weight and fat mass [4-6], and, accordingly, suggests an association
between the gut microbiota and T2D [7-9]. Probiotics are live microorganisms
that confer a health benefit on the host when administered in adequate amounts
[10], although dead bacteria and bacterial molecular components may also
exhibit probiotic properties. Strains belonging to Bifidobacterium and
Lactobacillus are the most widely used probiotic bacteria and are included in
many functional foods and dietary supplements [11-13]. Probiotics can

modulate the gut microbiota and the mucosal immune system [14-16].
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100  For probiotics to be successful, they must exhibit certain characteristics: i.e.,
101  tolerance to gastrointestinal conditions (gastric acid and bile), ability to adhere
102  to the gastrointestinal mucosa, and competitive exclusion of pathogens [17, 18].
103  We have previously described the isolation of three lactic acid bacterial (LAB)
104  strains from the feces of exclusively breast-fed newborn infants. These strains
105 were selected based on their probiotic properties, such as adhesion to intestinal
106  mucus, sensitivity to antibiotics and resistance to biliary salts and low pH. We
107 identified these strains as Lactobacillus paracasei CNCM [-4034,
108  Bifidobacterium breve CNCM |-4035, and Lactobacillus rhamnosus CNCM |-
109 4036 [19].

110

111  Recently, we demonstrated the tolerance and safety of these three strains in a
112 multi-centre, randomized, double-blind, placebo-controlled trial with healthy
113 volunteers [20]. Oral administration of these LAB strains modified the bacterial
114  populations in the feces of the volunteers, and all three strains exerted varying
115 degrees of immunomodulatory effects [20]. Thus, administration of B. breve
116  CNCM I-4035 resulted in a significant increase in fecal secretory IgA content. In
117  addition, IL-4 and IL-10 was increased, whereas IL-12 was decreased, in the
118  serum of volunteers treated with any of the three strains.

119

120 A large body of evidence has highlighted the concept that putative intestinal
121  bacteria—derived compounds may affect liver metabolism and, therefore, cause
122 systemic diseases [6, 21, 22]. Serum LPS levels have been proposed to
123  increase upon obesity and steatosis, leading to a metabolic endotoxemia

124  capable of modulating proinflammatory cytokines, as well as glucose and lipid
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125 metabolism in the liver or in the adipose tissue [23-26]. Endotoxemia is
126 considered a major risk for inducing liver inflammation in nonalcoholic
127  steatohepatitis (NASH) and nonalcoholic fatty liver disease (NAFLD) in humans
128 [27-30]. NASH and NAFLD have been shown to be associated with increased
129  gut permeability in humans [31,32]. Cani et al. have demonstrated the alteration
130  of gut-barrier function in genetic models of obesity [33]. Overall, these studies
131  strongly suggest a direct link between the gut microbiota, the gut barrier, and
132 hepatic changes.

133

134 In the present study, we used the Zucker rat as a genetic model of obesity to
135 test the probiotic properties of our three LAB strains. We chose the Zucker rat
136  model because it has been exhaustively characterized and exhibits symptoms
137 of IRS that are usually found in obese humans, including hyperglycemia,
138  glucose intolerance, hyperinsulinemia, insulin resistance, hyperlipidemia, and
139  hepatic steatosis [34-38]. We focused on evaluating the effects of the LAB
140  strains on hepatic steatosis in lean and obese Zucker rats.

141

142 MATERIALS AND METHODS

143

144  Ethical Statement. This study was carried out in strict accordance with the
145 recommendations in the guidelines for animal research of the University of
146  Granada (Spain). All animals received humane care. The protocol was
147 approved by the Committee on the Ethics of Animal Experiments of the
148  University of Granada (Permit Number. CEEA: 2011-377).

149
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150  Microorganisms. The LAB strains Lactobacillus paracasei CNCM [-4034,
151  Bifidobacterium breve CNCM 1-4035, and Lacfobacillus rhamnosus CNCM |-
152 4036 have been characterized and are described elsewhere [19]. These strains
153  were assayed for enzymatic activity and carbohydrate utilization, and they were
154  deposited in the Collection Nationale de Cultures de Microorganismes (CNCM)
155  of the Institute Pasteur [19].

156

1 male

157 Experimental design. Forty-eight Zucker-Leprfa”a and 16 Zucker-lean
158 rats weighing 168-180 g were purchased from Harlan Laboratories (Charles
159 River, Barcelona, Spain). The rats were housed in metabolic cages with a 12-h

160 light-dark cycle and had free access to water and food. After 5 days of

+/fa rfa/fa

161 adaptation, 8 Zucker-lean™™ and 8 Zucker-Lep rats were euthanized as a
162  reference (baseline). The remaining 40 Zucker-Lepr"‘""/"a rats were then randomly
163 assigned to receive 10'° CFUs of one of the three probiotic strains, a mixture of
164  Lactobacillus paracasei CNCM 1-4034 and Bifidobacterium breve CNCM [-4035,
165 or a placebo by oral administration each day for 30 days. An additional group of
166 8 Zucker-lean"™ rats received placebo for 30 days. The placebo contained 67%
167 cow’s milk powder, 32.5% sucrose, and 0.56% vitamin C. The goal of this study
168 was to examine the differences between obese rats treated with probiotics and
169  placebo.

170

171  After the intervention, the animals were anesthetized and sedated with
172  ketamine and xylazine. Blood was drawn from the aorta and centrifuged for 10

173 min at 1000 x g and 4°C to separate the serum from cells. Samples of intestinal

174  mucosa and liver were also taken.
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175

176  Intestinal histology. lleum and colon samples were fixed with 4%
177  paraformaldehyde for 4 h at room temperature and embedded in paraffin. Three
178 pieces of each ileum and colon were respectively embedded in the same
179  paraffin block. Five-um-thick sections were obtained and routinely stained with
180  haematoxylin-eosin for their microscopic examination. Two rats per group and 8
181  sections per rat were stained and examined.

182

183  Hepatic triacylglycerol (TG) assay. Hepatic TG content was determined using
184 a commercial kit according to the manufacturer’'s instructions (SpinReact,
185  Gerona, Spain). The TG values were normalized to liver weight.

186

187  Oil red O staining. Liver samples were fixed with 4% paraformaldehyde,
188  cryopreserved in 30% phosphate-buffered saline (PBS)-sucrose, frozen in an

189  isopentane liquid nitrogen bath, and embedded in OCT™

compound. Three
190  pieces of liver from each animal were fixed and embedded in the same block.
191 Seven pm-thick cryostat sections were obtained and stained with a solution of
192 0.3% Oil Red O in 60% isopropanol. Four to 8 sections per block were stained,
193  micrographs were taken and the percentage of the micrograph area
194  corresponding to the lipid staining was calculated using Imaged software
195  (National Institutes of Health, USA). Two rats per group were used for this
196  study.

197

198 Serum biochemistry. Concentrations of glucose, insulin, phospholipids,

199  triacylglycerols, HDL-cholesterol, LDL-cholesterol, and non-esterified fatty acids
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200 (NEFA), as well as the activities of AST and ALT were determined in the serum
201  of the rats using commercial kits. Relative insulin sensitivity was determined by
202 the homeostasis model assessment of insulin resistance (HOMA-IR) as
203  described [39].

204

205 Serum lipopolysaccharide (LPS) concentration. Serum LPS was measured
206 with an enzyme-linked immunosorbent assay kit from Cloud-Clone Corp.,
207  Houston, USA, following the manufacturer’s directions.

208

209 Adipokine and cytokine quantification in serum. Serum concentrations of
210 leptin, adiponectin, TNF-a, and IL-6 were measured using MILLIplex™
211  immunoassays (Merck-Millipore, MA, USA) and the Luminex 200 system
212 according to the manufacturer’s instructions.

213

214  Statistical analysis. All results are expressed as the mean + SEM unless

fa/fa

215 otherwise indicated. Statistical analyses between Zucker-Lepr®™ and Zucker-

+/fa

216 lean™ male rats were performed using the t test at the baseline and after the
217  intervention (placebo groups). Significant differences between obese rats that
218 received placebo and any group of obese rats that received a specific strain
219  after intervention were analyzed using one-factor ANOVA, which was corrected
220 by an a posteriori Bonferroni test (P<0.05). All analyses were performed using
221 the statistical package IBM SPSS (Statistical Package for the Social Sciences)
222 Statistics 20 (Somers, NY).

223

224
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225 RESULTS

226

227  Zucker-Lepr™" rats exhibited severe signs of insulin resistance syndrome
228 (IRS) at the end of the intervention period. Although the body weights of
229  Zucker-Lepr®™ (n=8) and Zucker-lean*’ rats (n=8) were initially similar (179.9 g
230 +2.2gvs. 168.9 g + 4.9 g, respectively, P>0.3), the Zucker-Lepr®™ rats were
231 clearly obese after 30 days of feeding with the placebo (Zucker-Lepr®™ (n=8)
232 2944 g+ 5.7 gvs. Zucker-lean”™ (n=8) 241.5 g + 5.6 g, P<0.001). No adverse
233 events occurred during or after treatment.

234

235 We measured parameters related to carbohydrate and lipid metabolism, as well
236 as hepatic function in the serum of the rats (n=8 per group, Table 1). At
237 baseline, the glucose, insulin, HOMA-IR, phospholipid, TG, total cholesterol,
238 and HDL cholesterol concentrations were significantly greater in the Zucker-
239  Lepr®® rats than in the Zucker-lean*™ rats (P<0.05). With the exceptions of
240 phospholipids and HDL cholesterol, all of these parameters were worse in
241 obese rats that were fed the placebo for 30 days compared to the lean controls
242 (P<0.05) (Table 1).

243

244  The LDL cholesterol and NEFA concentrations were similar in both groups of

fa/fa

245 rats at baseline but were significantly higher in Zucker-Lepr®™ rats that were fed

246 the placebo for 30 days compared to Zucker-lean*™ rats (P<0.05) (Table 1). At
247  baseline, the AST and ALT activities differed between the Zucker-Lepr”a"’ra rats

+/fa

248 and the Zucker-lean™™ rats and remained significantly elevated in the Zucker-

249  Lepr™® rats after the intervention (t=30) with the placebo (P<0.05) (Table 1).

11
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250 The concentrations of TG, total cholesterol and NEFA, as well as the ALT

251  activity, of Zucker-Lepr™™

rats worsened after 30 days of intervention (P<0.05).
252

253  The TG content was also measured in the livers of the rats (Figure 1). Hepatic

fa/fa +/fa

254 TG content was similar in Zucker-Lepr rats and Zucker-lean rats at
255 Dbaseline. However, the liver TG content was 2.5-fold greater in the Zucker-
256 Leprfa”a rats at the end of the intervention with the placebo (P<0.05) (Figure 1).

257  Together, these results indicated that Zucker-Lepr™®™

rats showed clear signs of
258 IRS.

259

260 LAB strains did not exert any effect, beneficial or detrimental, on intestinal
261 histology. No alterations in intestinal histology, of the epithelial, lamina propria,
262  or muscular layers of the ileal or colonic mucosa, or in the submucosae, were
263  observed in any of the experimental groups (Figure 2). The remaining intestinal
264 layers also appeared normal in all of the experimental groups. These results
265 suggested that the probiotics did not alter the morphology of this organ,
266  reinforcing the safety of all three LAB strains.

267

fa/fa rats that were fed LAB strains.

268  Steatosis was decreased in Zucker-Lepr
269 To investigate whether the bacterial strains affected hepatic steatosis, we
270 measured the TG content in the liver of rats fed these strains (Figure 1).
271  Strikingly, the TG content was significantly lower in the liver of Zucker-Lepr®
272  rats that were fed L. rhamnosus CNCM 1-4036, B. breve CNCM [-4035, or the

273  mixture of B. breve CNCM [-4035 and L. paracasei CNCM 1-4034 for 30 days

12
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274  (P<0.05) than in the liver of Zucker-Lepr®™ rats that were fed the placebo
275  (Figure 1).

276  These results were confirmed by Qil red O staining of liver sections (Figure 3).
277  All four groups of Zucker-Lepr®™ rats that received probiotic bacteria exhibited
278  significantly lower percentages of neutral lipids in the liver compared with
279  Zucker-Lepr®™ rats fed the placebo (Figure 3).

280

281 LAB strains did not affect serum biochemistry. No significant differences in
282 HOMA-IR values or any of the biochemical parameters that were analyzed in
283 the serum were found among the various groups of Zucker-Lepr®™ rats that
284 received LAB strains after an intervention of 30 days (Table 1), suggesting that
285  the bacterial strains did not affect serum markers of IRS.

286

287 LAB strains modified the profile of serum cytokines but not serum
288 adipokines. We determined the serum concentrations of leptin, adiponectin,
289 TNF-a, and IL-6. At baseline, the concentrations of leptin and adiponectin

fa/fa

290 (Figure 4) were significantly greater in Zucker-Lepr rats than in Zucker-

291 lean™™ rats (P<0.05). These results further supported the above serum

fafa rats suffered

292  biochemistry measurements that indicated that Zucker-Lepr
293 from IRS. At the end of the intervention with the placebo, leptin concentration
294 remained higher in the obese rats than in the lean controls (P<0.05) (Figure
295 4A). Probiotics exerted no effect on the levels of any of the adipokines that were

296 analyzed (Figure 4).

297
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298 At baseline, the serum TNF-a and IL-6 concentrations were similar in Zucker-

+/fa

299  Lepr®® and Zucker-lean™™ rats (Figure 5), but the TNF-a concentration was
300 significantly increased (Figure 5A) in obese rats after 30 days of intervention
301 with the placebo (P<0.05). Intervention with L. rhamnosus CNCM 1-4036, B.
302  breve CNCM I-4035, or the mixture of L. paracasei CNCM 1-4034 and B. breve

faffa rats

303 CNCM I-4035 decreased serum TNF-a concentrations in Zucker-Lepr
304 (P<0.05) (Figure 5A). The serum IL-6 levels decreased upon L. paracasei
305 CNCM I-4034 administration (P<0.05) (Figure 5B).

306

307 Administration of LAB strains to obese rats decreased serum LPS
308 concentrations. To shed light on the potential mechanism of action of the
309 probiotic strains we measured LPS concentrations in serum samples. These

fa/fa

310 results appear in Figure 6. Zucker-Lepr®™ rats exhibited significantly greater

+/fa

311 LPS levels than Zucker-lean™" rats upon administration of placebo for 30 days.

fa/fa

312 In contrast, all four groups of obese Zucker-Lepr rats that received LAB

313  strains exhibited serum LPS concentrations similar to those of Zucker-lean*™
314 rats. These results matched those obtained for liver TG content (Figure 1) and
315 clearly demonstrate the impact of probiotic administration on serum LPS.

316

317 DISCUSSION

318

319 Metabolic syndrome, which is better termed insulin resistance syndrome (IRS),
320 was originally defined as concomitant hyperlipidemia, hypertension, insulin

321 resistance and obesity [40, 41]. IRS often precedes the onset of type 2 diabetes

322 and increases the risk of cardiovascular disease [42, 43]; therefore, IRS has

14
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323 become a major public health concern. The Zucker rat shows many of the
324 features of IRS; therefore, it is one of the most commonly used genetic models

fa/fa rats

325 of this syndrome [43]. Under our experimental conditions, Zucker-Lepr
326 exhibited obesity, hyperglycemia, insulin resistance, hypercholesterolemia,
327 hypertriglyceridemia, and elevated serum free fatty acid concentrations after 30

+/fa

328 days of intervention with the placebo in contrast to Zucker-lean™™ rats. In
329  addition, Zucker-Lepr®® rats had hepatic steatosis, as well as elevated serum
330 AST and ALT activities, indicating that the liver component of IRS was also
331 presentin this model.

332

333 As we have previously described in human subjects [20], the administration of
334 our three LAB strains was safe, as determined by intestinal histology, which
335 showed no difference between LAB strain-fed rats and placebo-fed rats.

336

337 We took advantage of the Zucker rat model to investigate the effects of three
338 probiotic strains on IRS features and inflammation. Administration of the
339 probiotic strains did not affect serum biochemical parameters, insulin
340 resistance, or the adipokine profile. These findings were in accordance with
341 results recently reported in human volunteers who were fed these same three
342  LAB strains [20].

343

344 The main finding of this study was the reduction in liver steatosis observed in

fafa rats that received L. rhamnosus

345 obese rats fed probiotics. Zucker-Lepr
346 CNCM 1-4036, B. breve CNCM 1-4035, or a mixture of B. breve CNCM 1-4035

347 and L. paracasei CNCM 1-4034 had a liver TG content lower than rats fed the

15
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348 placebo. This drop in liver TG content may not be attributable to a decrease in
349  serum insulin concentration because insulinemia was similar in Zucker-Lepr®™
350 rats fed placebo and those fed LAB strains. Additionally, given that the
351 administration of L. paracasei CNCM 1-4034 alone did not lower liver TG
352 content in the obese rats, the effect observed by mixing the two probiotics might
353  be attributable to B. breve CNCM 1-4035. Qil red O staining of liver neutral lipids
354  confirmed this finding in probiotic-fed obese rats.

355

356  The administration of probiotics has been reported to lower the hepatic TG and
357 cholesterol content in mice and rats with high fat diet-induced obesity [33, 44-
358 47]. To our knowledge, however, this is the first study describing the effect of
359 probiotics on lowering the liver TG content in genetically obese Zucker rats.
360 This anti-steatotic effect seemed to be mediated, at least in part, by the lowering
361 of serum LPS observed in the probiotic-fed groups of obese rats. Overall our
362 results support the current evidence that intestinal bacteria may affect liver
363 metabolism [6, 21, 43].

364

365 Clear anti-inflammatory effects of probiotics were found in this study: i) the

fa%a rats that received L.

366 lower serum TNF-a concentrations found in Zucker-Lepr
367 rhamnosus CNCM 1-4036, B. breve CNCM 1-4035, or a mixture of B. breve
368 CNCM 1-4035 and L. paracasei CNCM 1-4034 than in Zucker-Lepr™™ rats fed
369 the placebo; and ii) the lower serum IL-6 concentrations in obese rats fed L.
370 paracasei CNCM 1-4034 than in obese rats fed the placebo. Two previous

371 studies by our group have reported the effects of L. paracasei CNCM 1-4034

372 and B. breve CNCM 1-4035 on the production of cytokines and chemokines by

16
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373  cultured human intestinal dendritic cells challenged with Salmonella typhi [48,
374 49]. L. paracasei CNCM |-4034 decreased the amounts of proinflammatory
375 cytokines and chemokines in these cells [48], whereas B. breve CNCM 1-4035
376  was a potent inducer of pro-infammatory factors (TNF-a, IL-8 and RANTES
377 (Regulated on Activation, Normal T Cell Expressed and Secreted) and anti-
378 inflammatory factors (IL-10) [49]. In the present study, the administration of L.
379 paracasei CNCM 1-4034 decreased the concentrations of proinflammatory
380 cytokines such as IL-6.

381

382  Other authors have described the anti-inflammatory effects of probiotic
383 administration. Probiotics have been reported to significantly suppress the high-
384 fat-diet-induced activation of nuclear factor k-B signaling that is involved in the
385 development of high-fat-diet-induced insulin resistance [50]. In addition, the
386 administration of lactobacilli to rats developing alcohol-induced metabolic
387 endotoxemia and liver disease reduced plasma endotoxin levels and the liver
388  pathology score [51]. A mixture of bifidobacteria, lactobacilli, and Streptococcus
389 thermophilus has been shown to decrease liver inflammation in genetically
390 obese mice [52] and high-fat-diet-induced hepatic inflammation in young rats
391 [53].

392

393 Taken together, the results suggested that our probiotic strains ameliorated
394  hepatic steatosis through a decrease in serum LPS and diminished the serum
395  profile of proinflammatory cytokines of obese Zucker rats. These findings, along

396  with those previously obtained by our group using these probiotic strains in in

17
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397  vivo and human studies, warrant further study to investigate the potential use of
398 these bacterial strains as coadjuvants in the treatment of human disease.

399
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579  FIGURE LEGENDS

580

+/fa fa/fa

581  Figure 1. Liver triacylglycerol content of Zucker-lean™™ and Zucker-Lepr™ rats
582 that were fed either a placebo or LAB strains for 30 days. Values are the means
583  + SEM, n=8 per group. 'P<0.05 (ZL + placebo vs. ZO + placebo), and *P<0.05
584 (ZO + placebo vs. ZO + LAB strains). ZL, Zucker-lean*™ rats; ZO, Zucker-
585  Lepr®® rats.

586

587 Figure 2. Haematoxylin-eosin stained, 5-um-thick sections of ileal (top panels,

+/fa

588 A-D) and colonic (bottom panels, E-H) mucosa of Zucker-lean™™ and Zucker-
589  Lepr™™ rats that were fed either a placebo or LAB strains for 30 days. Two rats
590  per group were used for this staining. Three pieces of tissue from each animal
591 were fixed and embedded in the same paraffin block. Four to 8 sections per
592  block were cut, stained and analyzed. Representative micrographs from various

+/fa

593 groups are shown. A and E: Zucker-lean™" rats at baseline; B and F: Zucker-

594  Lepr™™ rats + placebo; C and G: Zucker-Lepr®"

rats + L. rhamnosus; and D
595  and H: Zucker-Lepr®® rats + LAB mixture.

596

597  Figure 3. (A) Representative micrographs of 7-um-thick liver sections stained
598  with 0.3% Oil red O in 60% isopropanol of Zucker-lean*™ and Zucker-Lepr®™
599 rats that were fed either a placebo or LAB strains for 30 days. (B) Percentage of
600 the micrograph area corresponding to the lipid staining of liver sections
601 described in panel A was calculated. Values are the means + SEM, n=2 per
602  group. 'P<0.05 (ZL + placebo vs. ZO + placebo), and *P<0.05 (ZO + placebo
603  vs.ZO + LAB strains). ZL, Zucker-lean™" rats; ZO, Zucker-Lepr®™ rats.

27
206



ANEXOS

604

605  Figure 4. Serum leptin (A) and adiponectin (B) concentrations of Zucker-lean*™
606 and Zucker-Lepr®™ rats that were fed either a placebo or LAB strains for 30
607 days. Values are the means + SEM, n=8 per group. *P<0.05 (ZL baseline vs.
608  ZO baseline), and 'P<0.05 (ZL + placebo vs. ZO + placebo). ZL, Zucker-lean*"
609 rats; ZO, Zucker-Lepr®® rats.

610

611  Figure 5. Concentrations of serum TNF-a (A) and IL-6 (B) of Zucker-lean*™ and
612  Zucker-Lepr®™ rats that were fed either a placebo or LAB strains for 30 days.
613  Values are the means + SEM, n=8 per group. 'P<0.05 (ZL + placebo vs. ZO +
614  placebo), and *P<0.05 (ZO + placebo vs. ZO + probiotic strains). ZL, Zucker-

615 lean*™ rats; ZO, Zucker-Lepr®™ rats.

616

+/fa fa/fa

617  Figure 6. LPS concentration in serum of Zucker-lean™ and Zucker-Lepr®™ rats
618 that were fed either a placebo or LAB strains for 30 days. Values are the means
619 + SEM, n=8 per group. 'P<0.05 (ZL + placebo vs. ZO + placebo), and *P<0.05
620 (ZO + placebo vs. ZO + LAB strains). ZL, Zucker-lean*™ rats; ZO, Zucker-

621  Lepr®® rats.
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Table 1. Serum biochemical parameters of Zucker-lean*™ and Zucker-Lepr®™ rats fed either a placebo or LAB strains

Baseline Placebo Intervention with LAB strains

ZL Z0 ZL Z0 L. rhamnosus L. paracasei B. breve Mixture

Glucose (mg/dL) 1652+ 111 257.4+38.7° 191.1+4.9 290.1:33.27 2672147 2432+38.9 2297+ 196 272.7x15.7
Insulin (ug/L) 08+0.1 31117 1.1+£01 34057 3.8x06 3.9+1.0 3504 2604
HOMA-IR 3105 8.0zx1.17 42+0.2 18.2£3.97 13.8+23 9.7+23 132x16 116x21
Phospholipids (mg/dL) 1854 7.6 271.9+20.8° 1444:7.8 2429:432" 2837:147 239.9+49.2 3182+ 16.2 323.9 23.1
Triacylglycerols (mg/dL) 54.3+4.5 152.7+23.2F 462:18 256.4+251™ 24251269 364121 269.1:51.3 297.7+46.9
Total Cholesterol (mg/dL) 123.6+6.5 1435:47° 996:3.7 1745+131™ 191+109 2088228 211.3+54 191109
HDL Cholesterol (mg/dL) 32.1+0.9 40.7:23% 189z21 238171 39.7+55 28418 337+34 37318

LDL Cholesterol (mg/dL) 80.5+5.3 77.2:83 703:33 993:11.9" 939:142 126620 1088:7.9 111.6:£123

NEFA (mmol/L) 0.3+0.03 0.3+001 03004 05x+005™ 0.4+0.04 0.6+0.1 06+0.08 06+0.08
AST (U/L) 110+ 135 216.1+19.9" 97.2+10.8 356+69.3" 309.7+526 378.7+61.6 4243+70.9 363.6+585
ALT (UL) 394+25 130.8+19.9" 35861 275+52.6™ 235:+314 316.8:+46.3 347.9:+60.3 296+61.9

29

Values are the means + SEM, n=8 per group. #P<0.05 (ZL baseline vs. ZO baseline), TP<0.05 (ZL + placebo vs. ZO + placebo),
*P<0.05 (ZO baseline vs. ZO + placebo). ALT, alanine aminotransferase; AST, aspartate aminotransferase; NEFA, non-esterified

fatty acids. HOMA-IR, homeostasis model assessment of insulin resistance. ZL, Zucker-lean*™ rats; ZO, Zur:ker—Lepr’é”fg rats.

SUPPORTING INFORMATION LEGENDS

ARRIVE CHECKLIST S1. ARRIVE checklist of information included in this article.
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Abstract

The potential for the positive manipulation of the gut microbiome through the introduction of
beneficial microbes, as also known as probiotics, is currently an active area of investigation. The
FAO/WHO define probiotics as live microorganisms that confer a health benefit to the host when
administered in adequate amounts. However, dead bacteria and bacterial molecular components
may also exhibit probiotic properties. The results of clinical studies have demonstrated the clinical
potential of probiotics in many pathologies, such as allergic diseases, diarrhea, inflammatory bowel
disease and viral infection. Several mechanisms have been proposed to explain the beneficial effects
of probiotics, most of which involve gene expression regulation in specific tissues, particularly the
intestine and liver. Therefore, the modulation of gene expression mediated by probiotics is an
important issue that warrants further investigation. In the present paper, we performed a
systematic review of the probiotic-mediated modulation of gene expression that is associated with
the immune system and inflammation. Between January 1990 to February 2014, PubMed was
searched for articles that were published in English using the MeSH terms “probiotics" and "gene
expression" combined with “intestines", "liver", "enterocytes", "antigen-presenting cells", "dendritic
cells", "immune system", and "inflammation". Two hundred and five original articles matching
these criteria were initially selected, although only those articles that included specific gene
expression results (77) were later considered for this review and separated into three major topics:
the regulation of immunity and inflammatory gene expression in the gut, in inflammatory diseases
of the gut and in the liver. Particular strains of bifidobacteria, lactobacilli, Escherichia coli,
Propionibacterium, Bacillus and Saccharomyces influence the gene expression of mucins, Toll-like
receptors, caspases, nuclear factor-xB, and interleukins and lead mainly to an anti-inflammatory
response in cultured enterocytes. In addition, the interaction of commensal bacteria and probiotics
with the surface of antigen-presenting cells in vitro results in the downregulation of pro-
inflammatory genes that are linked to inflammatory signaling pathways, whereas other anti-

inflammatory genes are upregulated.

The effects of probiotics have been extensively investigated in animal models ranging from fish to
mice, rats and piglets. These bacteria induce a tolerogenic and hyporesponsive immune response in
which many genes that are related to the immune system, in particular those genes expressing anti-
inflammatory cytokines, are upregulated. By contrast, information related to gene expression in
human intestinal cells mediated by the action of probiotics is scarce. There is a need for further
clinical studies that evaluate the mechanism of action of probiotics both in healthy humans and in
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patients with chronic diseases. These types of clinical studies are necessary for addressing the
influence of these microorganisms in gene expression for different pathways, particularly those that
are associated with the immune response, and to better understand the role that probiotics might

have in the prevention and treatment of disease.

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

Keywords: Gene expression; immunity; immunotolerance; inflammation; microbiota; probiotics.

Core tip: Probiotics, which include live microorganisms as well as dead bacteria and bacterial
molecular components, confer a health benefit to the host when administered in adequate amounts.
Most of the published research articles that are devoted to probiotics evaluate the effects of
probiotics on the prevention and treatment of diseases. However, only a few of these articles
address the mechanism of action of these microorganisms. This paper reviews the mechanisms of
action that have been proposed to explain the beneficial effects of probiotics, most of which involve
gene expression regulation in specific tissues, particularly the intestine and liver. Several strains of
lactic acid bacteria, Escherichia coli, Propionibacterium, Bacillus and Saccharomyces influence the gene
expression in gut and liver cells, leading mainly to anti-inflammatory responses and to the

enhancement of immunotolerance to foreign antigens.
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INTRODUCTION

The potential for the positive manipulation of the gut microbiome through the introduction of
beneficial microbes, as also known as probiotics, is currently an active area of investigation!!2].
Probiotics are generally recognized as live microorganisms that confer a health benefit to the host
when administered in adequate amountsl®, although dead bacteria and bacterial molecular
components may also exhibit probiotic propertiesil. In particular, strains belonging to
Bifidobacterium and Lactobacillus are the most widely used probiotic bacterials! and exert health-
promoting properties, including, for example, the maintenance of the gut barrier function and the

local and systemic modulation of the host immune systeml[671.

Clinical studies have demonstrated the clinical potential of probiotics against many diseasesl®],
such as allergic pathologies (including atopic eczemal®! and rhinitisl?), diarrheal'?, inflammatory
bowel disease (IBD)I1l and viral infection”. However, generalizations concerning the potential
health benefits of probiotics should not be made because probiotic effects tend to be strain-

specificl1213],

Several important mechanisms underlying the beneficial effects of probiotics include the
modification of the gut microbiota, the competitive adherence to the mucosa and epithelium, the
strengthening of the gut epithelial barrier and the regulation of the immune system and
inflammationl513l. Most of these mechanisms involve gene expression regulation in specific tissues,

particularly the intestine and liver.

In this sense, the probiotic-mediated modulation of gene expression is an important issue that
needs to be addressed. The expression of mucin genes (MUC) can be affected by probiotics.
Likewise, toll-like receptor (TLR) and nucleotide-binding oligomerization domain (NOD)-receptor
genes as well as pro-inflammatory transcription factors, cytokines, and apoptosis- related enzyme

genes can also be affected by commensal bacteria.

In the present paper, we performed a systematic review of the probiotic-mediated modulation
of gene expression that is associated with the immune system and inflammation. Between 1990 to
February 2014, PubMed was searched for articles that were published in English using the MeSH
terms “probiotics" and "gene expression" combined with “intestines", "liver", '"enterocytes",
"antigen-presenting cells", "dendritic cells", "immune system", and "inflammation". Two hundred

and five original articles matching these criteria were initially selected, although only those articles

that included specific gene expression results (77) were later considered for the review and
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separated into three major topics: the regulation of immunity and inflammatory gene expression in

the gut, in inflammatory diseases of the gut and in the liver.

REGULATION OF IMMUNITY AND INFLAMMATORY GENE EXPRESSION IN THE GUT BY
PROBIOTICS

The intestinal epithelium is constantly exposed to high levels of food and bacterial antigens. Under
normal physiological conditions, the intestinal epithelial monolayer facilitates a controlled and
selective flux of components between the lumen and the underlining mucosal'¥l. The intestine and
the gut-associated lymphoid tissue (GALT) are essential components of the immune defense,
protecting the body from foreign antigens and pathogens while tolerating commensal bacteria and
dietary antigens. The balance between tolerance and immunity in the intestine is, in part, dictated
by antigen-presenting cell (APCs) populations in the gut. The dysregulation of this balance can
contribute to the pathogenesis of numerous inflammatory conditionsl'5l. The inflammatory response
in the intestinal tract is abrogated or avoided by the complex and well-regulated tolerance-inducing

mechanisms in the GALT.

Several cells that are capable of antigen presentation exist in the GALT, including enterocytes and
other intestinal epithelial cells (IEC), such as M cells, dendritic cells (DCs), macrophages, and T and
B cellsl’®l. Microbes activate DCs directly via the DCs’ pattern recognition receptors (PRR) or
indirectly by capturing the apoptotic/necrotic products of other cells that are dying in response to
microbial exposurel’l. PRRs are comprised of TLRs, NOD-like receptors (NLRs), adhesion

molecules and lectins!13l.

Commensal bacteria and probiotics can interact with these cells, thereby exerting
immunomodulatory effects. Below we review the probiotic modulation of the genes that are
involved in inflammation and immunity in intestinal cultured cells, as well as in animals and

humans.
Intestinal cultured cells

Although most studies regarding probiotics have reported anti-inflammatory effects, certain
probiotic strains have been shown to exert pro-inflammatory effects. The effects of selected
probiotics on the gene expression in intestinal cells, namely HT-29, T84, Caco-2, APCs (e.g.,

RAW?264.7 macrophages) and DCs, are reviewed below.
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Enterocytes

Otte and Podolsky (2004) provided insight into the molecular mechanisms by which probiotic
bacteria interact with the intestinal surface. The effects of Escherichia coli Nissle 1917 (EcN), the
probiotic mixture VSL#3, bacterial cell lysates, and conditioned media on monolayer resistance,
interleukin (IL)-8 secretion, mucin gene expression, and tight junction proteins were evaluated by
these authors in T84 and HT-29 cells. The EcN as well as debris and cell extracts induced pro-
inflammatory IL-8 secretion from the IEC, whereas no such effect was observed with VSL#3. A
soluble factor that was released from VSL#3 increased monolayer resistance, prevented the
pathogen-induced decrease in monolayer resistance, and stabilized tight junctions. VSL#3 induced
the expression of mucins in intraepithelial cells, and these organisms as well as EcN diminished

Salmonella dublin-induced cell death17].

Similarly, Mack et al. (1999) showed that Lactobacillus plantarum 299v and Lactobacillus rhamnosus
GG (LGG) quantitatively inhibited the adherence of an attaching and effacing pathogenic E. coli to
HT-29 intestinal epithelial cells but did not inhibit the adherence to non-intestinal HEp-2 cells.
Media enriched with MUC2 and MUC3 mucins were added exogenously to binding assays and
were shown to inhibit the enteropathogen adherence to HEp-2 cells. The incubation of L. plantarum
299v with HT-29 cells increased the MUC2 and MUC3 mRNA expression levels. These authors
proposed that probiotic agents, which can bind to epithelial cells in vitro and colonize the intestinal
tract in vivo, induce epithelial cells to secrete mucins that diminish enteric pathogens that are bound

to mucosal epithelial cells!8l.

In another study using trans-epithelial electrical resistance (TEER) across Caco-2 cell layers,
Anderson et al. (2010) described the effect of Lactobacillus plantarum MB452 on tight junction
integrity. L. plantarum MB452 caused a dose-dependent TEER increase across Caco-2 cell
monolayers compared to a control medium. Nineteen tight junction-related genes had altered
expression levels in response to L. plantarum MB452. Lactobacillus plantarum MB452 also caused
changes in tubulin and proteasome gene expression that may be linked to the intestinal barrier

functionl19].

Audy et al. (2013) investigated the differential gene expression of potential probiotics, LPS, and
enteropathogenic bacteria on human intestinal epithelial cells using a custom-designed expression
microarray evaluating 17 specific host-response pathways. The main outcome was the differential
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regulation of the central mitogen-activated protein kinases (MAPK) signaling pathway in response

to these probiotics, validated later with quantitative real-time PCR (qPCR)20L.

Different strains of bifidobacteria were tested for their effects on HT-29 in in vitro models of the
non-inflamed and inflamed intestinal epithelium. None of the tested bifidobacteria induced the
activation of nuclear factor (NF)-kappa beta (xB), indicating that bifidobacteria themselves do not
induce inflammatory events. However, six out of eight tested bifidobacteria inhibited the LPS-
induced NF-xB activation in a dose- and strain-dependent manner. By contrast, the NF-xB
activation in response to challenge with tumor necrosis factor-alpha (TNF-a) was not affected by
any of the tested bifidobacteria, indicating that the inhibitory effect of bifidobacteria is specific
for LPS-induced inflammation in IECs. As shown with two of the six inhibition-positive
bifidobacteria, the LPS-induced inhibition of NF-kB activation was accompanied by a dose-
dependent decrease in IL-8 secretion and by lower mRNA levels for IL-8, TNF-a, cyclooxygenase 2
(COX-2), and intercellular adhesion molecule 1 (ICAM-1)[21].

Ruiz et al. (2005) characterized the molecular mechanisms for the initial interaction of probiotic
Bifidobacterium lactis strain BB12 with native and IEC lines. B. lactis-monoassociated Fisher F344 rats
transiently induced the phosphorylation/activation of the NF-kB transcriptionally active subunit
RelA and the MAPK p38 in native IECs 5 days after the initial bacterial colonization. Additionally,
IL-6 gene expression significantly increased after 5 days. The adenoviral delivery of the mutant
IKK-beta and the inhibition of the p38 MAPK pathway significantly blocked the B. lactis-induced IL-
6 gene expression in IECs, suggesting that B. lactis triggers NF-xB and MAPK signaling to induce
gene expression in the intestinal epitheliuml?l. Likewise, the inhibition of IL-8 secretion by
intestinal epithelial INT-407 cells that were incubated with B. lactis HNO019 has been reported by Liu
et al. (2010)[31.

Three species of Bifidobacterium and Enterococcus faecalis differentially modulate the in vitro
production of cytokines from LPS-stimulated RAW264.7 macrophages. The three species of
Bifidobacterium significantly inhibited the phosphorylation of IkB-alpha that had been previously
induced by LPS and modulated the IL12p40, IL-18, and TNF-a mRNA levels. The mRNA levels of
suppressor of cytokine signaling (SOCS)1 or SOCS3 increased in response to exposure to
Bifidobacterium species combined with LPS. Conversely, E. faecalis combined with LPS induced
significantly lower levels of SOCS mRNA than those in those cells that were induced by

Bifidobacterium species combined with LPS[241.
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Imaoka et al. (2008) co-cultured peripheral blood mononuclear cells (PBMNC) that were isolated
from ulcerative colitis (UC) patients or HT-29 cells with heat-killed probiotic bacteria or the culture
supernatant of Bifidobacterium breve strain Yakult (BbrY) or Bifidobacterium bifidum strain Yakult
(BbiY) to estimate the amount of secreted IL-10 or IL-8. Both strains of the probiotic bifidobacteria
induced IL-10 production in the peripheral blood mononuclear cells (PBMNC), although BbrY was
more effective than was BbiY. The inhibitory effect of the conditioned medium (CM) that was
derived from BbiY was greater than that of the CM that was derived from BbrY. The DNAs of the
two strains had a comparable inhibitory activity against the secretion of IL-8. The conditioned
medium of BbiY induced a repression of the IL-§ gene with a higher expression of IxB-zeta mRNA 4

h after the culture of HT-29 cells compared to that in the absence of CMI25l.

Boesten et al. (2011) determined the genome-wide transcriptional response of HT-29 cells to
TNF-a following exposure to Bifidobacterium breve strains M-16V, NR246 and UCC2003.
Approximately 54% of the TNF-ainduced genes were solely suppressed by the presence of
B. breve M-16V. These genes included apoptosis-related cysteine protease caspase 7 (CASP7),
interferon regulatory factor 3 (IRF3), amyloid beta (A4) precursor protein-binding family A member
1 (APBA1), NADPH oxidase (NOX5), and leukemia inhibitory factor receptor (LIFR). The
extracellular IL-8 concentration did not change, indicating that B.breve M-16V only partially
modulates the TNF-a pathway!26l.

Anti-inflammatory effects by Lactococcus lactis subsp. cremoris FC have been shown by Nishitani et
al. (2009) in both in vivo and in vitro experimental models. L. lactis subsp. cremoris FC showed
preventive and therapeutic effects with the amelioration of colon length and histological score and
an attenuation of pro-inflammatory cytokine mRNA expression in inflamed colon tissue. In an in
vitro gut inflammation model consisting of a co-culture of intestinal epithelial cells (Caco-2) and
macrophages (RAW264.7), treatment with the probiotic downregulated the pro-inflammatory IL-8
mRNA expression in Caco-2 cells and inhibited the nuclear translocation of NF-kB in RAW264.7

cells[27],

Likewise, O'Flaherty and Klaenhammer (2012) demonstrated that the exposure time to L. acidophilus
impacted the immune-related gene expression profiles of IECs. In this study, a 1-h rather than a 4-
or 8-h exposure time resulted in the maximal differential expression of immune-related genes and
genes that are targeted by the NF-xB complex. After an initial exposure to L. acidophilus, the

expression of the immune-related genes returned to baseline levels[28l.
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Oksaharju et al. (2011) examined the effects of LGG, L. rhamnosus Lc705, Propionibacterium
freudenreichii ssp. shermanii ]S, Bifidobacterium animalis spp. lactis Bbl2 and their combination on
human mast cell gene expression. The LGG and L. rhamnosus Lc705 suppressed genes that encoded
the allergy-related high-affinity IgE receptor subunits a and y (FCER1IA and FCERIG, respectively)
and the histamine H4 receptor. The LGG, L. rhamnosus Lc705 and the combination of the four
probiotics had the strongest effect on the expression of genes involved in mast cell immune system
regulation and on several genes that encoded proteins with a pro-inflammatory impact, such as IL-8
and TNF-a, whereas genes that encoded proteins with anti-inflammatory functions, such as IL-10,

were upregulated!29l.

Paszti-Gere et al. (2012) investigated the immunomodulatory effect of the culture supernatant of five
bacterial strains in a non-transformed cell line that was derived from porcine jejunal epithelial
IPEC-J2 cells that had been previously subjected to oxidative stress with hydrogen peroxide.
Lactobacillus plantarum 2142 had significantly decreased the IL-8 and TNF-a mRNA levels with the
concomitant upregulation of HSP70 gene expression. However, Bifidobacterium animalis subsp. lactis
BB-12 and Bacillus amyloliquefaciens CECT 5940 had the opposite effect, increasing the gene
expression of either IL-8, TNF-a or both. No effects were observed with Enterococcus faecium CECT

4515 or Lactobacillus casei Shirotal30l.

Zanello et al. (2011) reported that the yeast Saccharomyces cerevisiae (strain CNCM 1-3856) modulates
transcript and protein expression in the inflammation, recruitment and activation of immune cells
in differentiated porcine intestinal epithelial (PIE) IPEC-1 cells and demonstrated that viable S.
cerevisize inhibits the enterotoxigenic Escherichia coli (ETEC)-induced expression of pro-
inflammatory transcripts (IL-6, IL-8, CCL20, CXCL2, and CXCL10) and proteins (IL-6, IL-8). This
inhibition was associated with a decrease in ERK1/2 and p38 MAPK phosphorylation, an
agglutination of ETEC by S. cerevisine and an increase in the anti-inflammatory PPAR-y nuclear

receptor mRNA levell31].

Latvala et al. (2011) investigated which non-pathogenic bacteria could stimulate the expression of
SOCS3, which controls the expression of pro-inflammatory cytokine genes in human primary
macrophages. Lactobacillus and Streptococcus species induced SOCS3 mRNA expression directly in
the absence of protein synthesis and indirectly via bacteria-induced IL-10 production. The MAPK
p38 signaling pathway played a key role in the bacteria-induced SOCS3 gene expression[32l.
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The gene expression profiles of Caco-2 cells that were treated with EcN were analyzed via a
microarray analysis by Ukena et al. (2005). The results revealed 126 genes that were specifically
regulated after treatment with EcN. A second human intestinal cell line as well as pieces of small
intestine from BALB/c mice were used to confirm the regulatory data of selected genes by qPCR.
Among others, the expression of genes encoding the pro-inflammatory molecules monocyte chemo-
attractant protein-1 (MCP-1), macrophage inflammatory protein-2 alpha (MIP-2alpha) and
macrophage inflammatory protein-2 beta (MIP-2beta) increased up to 10-fold. Elevated levels of
MCP-1 and MIP-2alpha mRNA were confirmed using LoVo cells. MCP-1 gene expression was also

upregulated in mouse intestinal tissuel®3.

Wang et al. (2013) analyzed the immunomodulatory effects of Lactobacillus casei Zhang (LcZ) in
RAW?264.7 macrophages. The immunostimulating effects of live LcZ were significantly attenuated
in heat-killed LcZ. The live LcZ promoted TLR2 mRNA transcription, whereas the heat-killed LcZ
enhanced transcription of TLR2, TLR3, TLR4, and TLRI9!P4.

The effects of Lactobacillus plantarum genomic DNA on the LPS-induced MAPK activation, NF-xB
activation, and the expressions of TNF-a, IL-1 receptor-associated kinase M, and the pattern
recognition receptor were studied in human monocyte-like cells. L. plantarum genomic DNA
inhibited this signaling pathway and TNF-a production accompanied by the suppression of TLR2,
TLR4, and TLR9 and the induction of IL-1 receptor-associated kinase M, a negative regulator of
TLRII

Cammarota et al. (2009) analyzed the probiotic potential of L. plantarum DSMZ 12028 in vitro using
the pathogen E. coli K4 and a certified probiotic, L. paracasei F19, as controls in Caco-2 and HT-29
cells. Real-time PCR was used to monitor the expression of TLRs and cytokines in a monocytic cell
line (THP-1) following bacterial exposure. L. plantarum downregulated TLR mRNA levels with the
exception of TLR2, while L. paracasei F19 and E. coli K4 significantly upregulated TLR2 and 4,

respectivelyl3el.

Ghadimi et al. (2010) tested the effects of DNA from LGG and Bifidobacterium longum on the TLR9

signaling cascade and the barrier integrity of polarized HT-29 and T84 cells that had been

previously treated with TNF-a. The HT-29 and T84 cells enhanced expression of TLR9 in a specific

manner, which was subsequently associated with the attenuation of TNF-a-induced NF-«xB

activation and NF-«kB mediated IL-8 expression. TLR9 silencing abolished this inhibitory effect.

Apically applied LGG DNA attenuated the TNF-a enhanced NF-kB activity by reducing the IxBa
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degradation and p38 phosphorylation. Likewise, LGG DNA diminished the TNF-a-induced

membrane integrity reductionl4l.

Eleven different probiotic strains with immunoregulatory capabilities used a common mechanism
to induce tolerance in PIE cells. Immunoregulatory strains interacted with TLR2, upregulated the
expression of ubiquitin-editing enzyme A20 in PIE cells, and beneficially modulated the subsequent
TLR4 activation by reducing the activation of MAPK and NF-xB pathways and the production of

pro-inflammatory cytokinesl®7I.

Gao et al. (2012) analyzed the myeloid differentiation primary response protein 88 (MyDS§S)
expression using small interfering RNA in HT-29 cells. The knockdown of MyD88 did not affect
Clostridium butyricum-induced elevated levels of NF-«B, IL-8, IL-6, and TNF-a, suggesting a MyD88-
independent route for TLR signal transduction in human epithelial cells. However, a significant
reduction in the levels of NF-«xB, IL-8, IL-6, and TNF-a was evident in the absence of TLR2

expression, indicating the need for TLR2 in C. butyricum recognition[sl.

In addition, the modulation of TLR-4 gene expression by Bacillus mesentericus TO-A, Clostridium
butyricum TO-A, and Streptococcus faecalis T-110 in human colonic epithelial cells HT-29 was
investigated by Isono et al. (2007). Culture supernatants or heat-killed bacteria were added to HT-29
cells. Treatment with C. butyricum TO-A culture supernatant downregulated the TLR4 mRNA and
protein levels but only in the presence of butyrate. This effect seems to be mediated by the

transcription factor PU.11.

Bacillus species, non-pathogen spore-forming microorganisms, are being used as probiotics owing
to evidence indicating that these species are important for the development of a robust gut-
associated lymphoid system!*l. Huang et al. (2008) tested the ability of six Bacillus strains (B. subtillis
PY79, HU58 and HU®68, B. licheniformis HU14 and HU53, and B. flexus HU37), from the human gut
to induce the pro-inflammatory cytokines TNF-a, IL-6 and IL-la in cultured RAW264.7
macrophages. The highest levels of induction were with TNF-a followed by IL-6, for which all of
the strains induced expression. IL-la was only induced by B. subtillis PY79 and HU68 and B.
licheniformis HU14. The authors also determined the expression of TLR-2 and TLR-4 in RAW264.7
macrophages that were co-incubated with either spores or vegetative cells of B. subtillis PY79,
demonstrating a clear temporal increase in the expression of both TLR-2 and TLR-4 over time. A
closer inspection of TLR-2 and TLR-2 induction indicated that for vegetative cells, there was a
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progressive increase in the expression during the 6-h period of evaluation. However, for induction

by spores, there was a significant increase in the expression only between h 4 and 6401

In summary, specific strains of bifidobacteria, lactobacilli, EcN, Propionibacterium, Bacillus and
Saccharomyces influence the gene expression of mucins, TLRs, caspases, NF-xB, and interleukins,
leading mainly to an anti-inflammatory response. Notwithstanding, specific responses are

dependent on particular strains and intestinal cell types.
Dendritic cells

Dendritic cells (DCs) are potent APCs that induce a primary immune response against microbial
infection and other stimulil#l. Upon activation, DCs upregulate co-stimulatory molecules and
migrate to secondary lymphoid organs where they activate antigen-specific T cells. The types of
cytokines and other factors that are secreted by DCs and other innate immune cells program the
differentiation of naive ThO into Th1, Th2 or Th17 effector cells or Treg cellsl'¢l. Understanding the
direct interaction between commensal bacteria and DCs is particularly important in determining
how the immune system of the gut is able to distinguish these bacteria from pathogens and elicit a

tolerogenic responsel42.

In this sense, the mixture probiotic VSL#3 induces the release of significant levels of IL-10 in DC
culture supernatants if added over a period of 3 days. IL-10 is a critical Th2 cytokine that suppresses
IL-12 production and therefore other cytokines, such as interferon gamma (IFN-y) and TNF-al®l.
Drakes et al. (2004), using DCs that were generated from mice bone marrow showed that VSL#3
induces the release of higher amounts of IL-10 and more modest levels of IL-1241. This study
highlighted the fact that the presence of probiotic bacteria during the development of DCs
influences the outcome of the immune responsel*ll. Changes in the DC cell surface phenotypes may
result in altered DC function or cytokine production#4. To determine the action of probiotic VSL#3
on the DC surface phenotypes, Drakes et al. (2004) added the probiotic mixture during the DC
generation phase, observing that the addition of 10° and 105 organisms/ml did not alter the
immature phenotype of DC; however, higher concentrations (107 organisms/ml) upregulated the
DC co-stimulatory molecule expression of CD80, CD86, CD40, and major histocompatibility
complex class (MHC) class II I-Adi41],

In agreement with the aforementioned study, Mastrangeli et al. (2009) demonstrated that the effects
of VSL#3 on BALB/c mice bone marrow (BM) DC maturation were time- and dose-dependent and

peaked after 18 h of co-culture at the 107-organisms/ml dose. Live and sonicated VSL#3 induced a
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significant upregulation of CD83, CD86 and MHC class II. Moreover, both of the VSL#3
preparations were as effective as the LPS control in inducing DC maturation. In addition, live
VSL#3 at the same dose induced a significant production by BMDCs of high levels of IL-12p70 and
IL-10, significantly higher than those obtained after LPS stimulation. However, sonicated VSL#3
induced lower levels of IL-12 and IL-10, which were in any case significantly higher than those that

were induced by LPS and higher than the control (medium only) levelsl4l.

In addition, D’ Arienzo et al. (2009), using BMDCs that were generated from a DQ8 tg mouse, a well
characterized model of food antigen sensitivity, demonstrated that incubation with 108 colony-
forming units (CFU)/ml of L. paracasei IMPC2.1, L. plantarum ITM21B, L. fermentum DRL38 and B.
lactis NCCC2818 two days before cell harvesting in the presence/absence of LPS stimulated CD86
expression, with L. plantarum and L. paracasei inducing higher expression levels. However, no
strains modulated the expression of CD11c or CD80 or further enhanced the LPS-induced CD86
expression. These data clearly indicate that probiotic exposure alters the immature phenotype of
DCs. Regarding the cytokine analysis, immature BMDCs revealed no significant differences for IL-
12, whereas in mature BMDCs (LPS-treated), L. plantarum and L. fermentum enhanced IL-12
production. In addition, the IL-10 levels were low in both un-stimulated and LPS-induced DCs.
Moreover, the L. fermentum, L plantarum and B. lactis strains induced a significant increase in TNF-a
in immature BMDCs, while L. fermentum and B. lactis induced a significant increase in mature

BMDCsl4el.

Furthermore, the incubation of murine BMDCs with heat-killed L. lactis subsp. cremoris FC and L.
lactis subsp. cremoris ATCC 19257 (as a control strain) enhanced the production of IL-10, IL-12, IL-6
and TNF-a in a dose-dependent manner!#’l. Compared to L. lactis subsp. cremoris ATCC 19257, L.
lactis subsp. cremoris, FC induced higher levels of IL-12 production, whereas treatment with L. lactis
subsp. cremoris ATCC 19257 induced higher levels of IL-6 production. Moreover, the production of
IL-10, IL-12, IL-6 and TNF-a that was induced by L. lactis subsp. cremoris FC was almost completely
depleted in the culture supernatants of BMDCs that were derived from MYD88-/- mice. This result
suggests that L. lactis subsp. cremoris FC activates DCs and induces cytokine production through a

MyD88-dependent pathwayl#l.

Certain Lactobacillus spp. posses strong IL-12- inducing properties whose production depends on
the upregulation of type I IFNs that are mainly involved in the immune response against viral
infection*8l. In this sense, Weiss et al. (2010) investigated whether L. acidophilus NCFM could induce

anti-viral defense gene expression in immature murine DCs. A genome-wide microarray analysis
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revealed that the induction of virus-related genes was most prominent for the RSAD2 gene (radical
S-adenosyl methionine domain-containing 2). The genes encoding IFN-induced T cell-specific
GTPase (TGTP2), IFN-stimulated gene 15 (ISG15), IFN-regulatory factor (IRF-7) and TLR-3, all of
which are involved in the viral immune defense that is induced by IFN-3, were similar among the
highest significantly upregulated genes. The upregulation of viral response genes seems to be
caused by a rapid, strong and transient upregulation of IFN-f, which in turn stimulates the
transcription of a number of other genes that are involved in viral defense. Moreover, the
upregulation of IFN-f in DCs was much stronger upon stimulation with L. acidophilus NCFM
compared with that of cells that were stimulated with Poly I:C, EcN and B. bifidum Z9. In addition,
IFN-p expression was markedly reduced in TLR-2/- DCs, dependent on endocytosis, the major
cause of the induction of IL-12 and TLR-3 in DCs that were stimulated with L. acidophilus NCFM.
These results reveal that certain lactobacilli trigger the expression of viral defense genes in DCs in a

TLR-2-dependent manner!S.

The stimulation of chicken bone marrow dendritic cells (chi-BMDCs) with LPS, Saccharomyces
boulardii (Sb), Bacillus subtillis B10 (Bs), and a co-culture of Sb+Bs and phosphate-buffered saline
(PBS) as a control group revealed that the treatment groups modulate the phenotype and biological
functions of chi-BMDCs. The gene expression levels of MHC-1I, CD40, CD80 and CD86 were
upregulated in the stimulated groups. Furthermore, the cell surface receptors TLR-1, 2, 4 and 15
showed significant upregulation at the mRNA levels. In addition, the levels of the associated factors
MyD88, TRAF6, TAB1 and NF-xkB mRNA increased in all of the treatment groups compared to those
of the control group. However, the NF-kB response was significantly higher in the LPS treatment.
Regarding the cytokine production levels, the probiotics improved the production of IL-1p, IL-17,
IL-4, transforming growth factor beta (TGF-p) and IL-10, whereas IL-8 and IFN-y were

downregulated!®l.

In an interesting study, Latvala S et al. (2008) stimulated human monocyte-derived DCs (moDCs)
with nine probiotic bacteria (two well-characterized probiotics, L. rhamnosus GG and B. animals
Bb12, and seven potentially probiotic bacteria). These authors showed that S. thermophilus THS
efficiently induced TNF-a, IL-6 and IL-12. B. animalis Bb12 and B. breve Bb99 were potent inducers of
TNF-a, IL-1p, IL-6, IL-10, IL-12, and IFN-y. However, B. longum strain 1/10 was not as efficient as B.
animalis Bb12 and B. breve Bb99 in inducing cytokine production. L lactis subsp. cremoris ARH74 and
L. helveticus 1129 were as efficient as bifidobacteria. By contrast, LGG and LC705 as well as L.
mesenteroides subsp. cremoris PIA2 were poor inducers of cytokine production in moDCsl>l. The
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cytokine responses were directly associated with the bacterial dose; a 40:1 bacteria:host cell ratio
showed the highest cytokine production levels. In addition, all of the studied bacteria induced
CCL20 production in a dose-dependent manner, whereas none of the aforementioned bacteria were
able to induce CCL19 production®l. According to the gene expression levels, L. mesenteroides subsp.
cremoris PIA2, LGG and LC705 were weak inducers of moDC cytokine responses. By contrast,
bifidobacteria, S. thermophilus THS, L. lactis ARH74 and L. helveticus 1129 induced the production of
the pro-inflammatory cytokines and chemokines TNF-a, IL-6, IL-12, CCL20 and CXCL10. In
addition, S. thermophilus THS and B. breve Bb99 stimulated the highest upregulation of human
leukocyte antigen (HLA) class II (ratio 10:1) in the moDCs, whereas a ratio of 40:1 for L. lactis subsp.
cremoris ARH74 was required to maximize HLA class II induction. MoDCs that were stimulated
with probiotic bacteria matured equally well as cells that were stimulated with pathogenic S.

pyogenes, a known inducer of moDC maturation[50l.

Furthermore, human myeloid DCs that were isolated from PBMCs and treated with a ratio of 10:1
for B. infantis or L. salivarius for 48 h stimulated a significant increase in IL-10 and TNF-a secretion

compared to that of the untreated DCsl511.

In an elegant study, Evrard ef al. (2011) investigated the effects of Lactobacillus rhamnosus 35 (Lcr35)
on human PBMNC, using a multiplicity of infection (MOI) ranging from 100 to 0.01. These authors’
flow cytometry data indicated the Lcr35-induced semi-maturation of DCs with the upregulation of
the expression of HLA-DR, CD86 and CD83 as well as the upregulation of CCR7. The Lcr35-
induced phenotype was intermediate between that of immature DCs and that of fully mature LPS-
induced DCs, a so-called semi-mature DCs phenotype. In addition, a gene array analysis showed
great dose-dependent variations. At a MOI of 10, 823 genes were overexpressed (with a 3-fold
change threshold), and 859 were downregulated. Most of these genes were involved in four main
biological processes: immune and inflammatory responses, antigen processing and presentation via
MHC, intracellular signaling and signal transduction. At an MOI of 0.01, the expression of 58 genes
was upregulated, while that of 138 genes was downregulated. In addition, at an MOI of 10, these
authors observed that the expression of genes directing a Th1 (IL12A, IL12B and TNF-a) or a Th17
(IL1B, IL6, IL23A, I112B and TGFB1) profile was strongly upregulated(s2l. A comparison of these
results with the Torri’s modell®® of the molecular signature of inflammation indicated that at an
MOI of 10, Lcr35 exhibited a pro-inflammatory DC phenotype in response to 76% of the genes,
neither a pro- nor an anti-inflammatory DC phenotype in response to 11% and an anti-
inflammatory DC phenotype in response to 13%. A qRT-PCR analysis revealed that at an MOI of 10,
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the transcription of the CCL20, IL1B, IL12B and TNF-a genes increased by approximately 100-, 300-,
400- and 200-fold, respectively. In addition, the expression of IL-23 and PYSG?2 increased, although
less strikingly, and the CCR7, FCAR, and IL-8 genes were upregulated2. Regarding cytokine
production, a strong dose-dependent increase of IL-12p40, TNF-a and, to a lesser extent, IL-10 was

induced by Lcr35 compared to the untreated immature DCsl52l.

Most of the studies on probiotic activity have been performed in human moDCs or murine DCs,
which are different from human gut DCsl54l. Recently, our research groupl>®! co-incubated intestinal-
like human DCs from cord blood CD34+ progenitor cellsi5! with B. breve CNCM 1-4035 or its cell-
free supernatant (CFS), S. typhi or a combination of these treatments for 4 h. These treatments
upregulated TLR-9 gene transcription. In addition, CFS was a more powerful inducer of TLR-9
expression than were the probiotic bacteria in the presence of S. typhi. In addition, both of the
treatments induced Toll-interacting protein (TOLLIP) gene expression. Furthermore, CFS decreased
the pro-inflammatory cytokines and chemokines in DCs that were challenged with S. typhi. By
contrast, B. breve CNCM 1-4035 was a potent inducer of the pro-inflammatory cytokines TNF-a, IL-8
and RANTES (regulated upon activation normal T cell expressed, and presumably secreted) as well
as of anti-inflammatory cytokines, including IL-10. CFS restored the TGF-f levels in the presence of
S. typhi. These results indicate that B. breve CNCM 1-4035 affects the intestinal immune response,
whereas its supernatant exerts anti-inflammatory effects that are mediated by DCsl%5l. Likewise,
Lactobacillus paracasei and its CFS also decreased the pro-inflammatory cytokines and chemokines in
human intestinal DCs that were challenged with Salmonella. CFS was as effective as the bacteria in
reducing pro-inflammatory cytokine expression. These treatments strongly induced the
transcription of the TLR-9 gene. In addition, an upregulation of the CASP8 and TOLLIP genes was
also observed. L. paracasei CNCM 1-4034 was a potent inducer of TGF-32 secretion, whereas the
supernatant enhanced the innate immunity through the activation of TLR signalingl’l. Giahi et al.
(2012) investigated the effect of heat-inactivated LGG and Lactobacillus delbrueckii subsp. bulgaricus
on the expression of TLR4 and signaling factors, such as p38 MAPK and IxB, at the transcription
level in human monocyte-derived DCs. LGG significantly downregulated the expression of p3§,
while the IxB expression was significantly reduced in the Lactobacillus delbrueckii subsp. bulgaricus-

treated DCsl4l.

In summary, the interactions of commensal bacteria and probiotics with the surface of APCs,
mainly through TLR, in most studies result in the downregulation of pro-inflammatory genes that
are linked to inflammatory signaling pathways, whereas other anti-inflammatory genes are
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upregulated. The probiotic-mediated increase in TGF-f and IL-10 expression can help to explain the

immunotolerance process that is mediated by these microorganisms.
Animal studies

Matsumoto et al. (2011) supplemented the diet of 10-month-old Crj:CD-1 female mice with B.
animalis subsp. lactis LKM512 for 11 months. The colonic mucosal function was better in LKM512
mice, with increased mucus secretion and better maintenance of tight junctions. B. animalis subsp.
lactis LKM512 also downregulated the expression of aging-associated and inflammation-associated
genes. The gene expression levels in 21-month-old B. animalis subsp. lactis LKM512-treated mice

resembled those in 10-month-old untreated (younger) micel57..

Ohtsuka et al. (2012) examined the immunomodulatory effects of Bifidobacterium breve M-16V during
early infancy in rat pups during the newborn or weaning period. The numbers of upregulated and
downregulated genes were greater during the weaning period than during the newborn period,
and these were greatest in the colon, with fewer genes altered in the small intestine and the fewest
in the spleen. The expression of inflammation-related genes, including lipoprotein lipase (LPL),
glutathione peroxidase 2 (GPX2), and lipopolysaccharide-binding protein (LBP), was significantly
reduced in the colon during the newborn period. In weaning rat pups, the expression of CD3d, a
cell surface receptor-linked signaling molecule, was significantly enhanced in the colon; however,

the expression of co-stimulatory molecules was not enhanced!581.

Trevisi et al. (2008) investigated the potential synergic action of one prebiotic with increasing dietary
doses of a probiotic strain of Bifidobacterium animalis on the translocation of bifidobacteria and on
TLR gene expression in different organs of weaned piglets. The linear effect of the dose of B.
animalis on the expression of the TLR2-encoding gene in the lymph nodes was observed when
fructo-oligosaccharides were added to the diet. Tumor necrosis factor-alpha-encoding gene

expression was positively correlated with the TLR4- and TLR2-encoding genes!>I.

The effect of live Lactobacillus plantarum 299v (Lp299v), Lactobacillus rhamnosus R0011 (LrR0011), and
Bifidobacterium bifidum R0071 (BbR0071) were analyzed in rats. After killing the rats via CO»
suffocation, the MUC2, MUC3, neuronal apoptosis inhibitor protein (NAIP), human inhibitor of
apoptosis protein 1/cellular inhibitor of apoptosis 2 (HIAP1/cIAP2), and human inhibitor of
apoptosis protein 2/cellular inhibitor of apoptosis 1 (HIAP2/cIAP1) mRNA and protein levels were
analyzed via qPCR and immunohistochemistry. Live Lp299v, BbR0071, and LrR0011 increased

MUC3 protein and mRNA expression in the jejunum and ileum. A heat-killed non-adherent
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derivative of Lp299v failed to induce MUC3 expression. Lp299v did induce the expression of
HIAP2/cIAP1 and NAIP expression. MUC3 mucin expression was elevated for 5 days after the oral
administration of Lp299v; however, this effect was not sustained despite ongoing daily ingestion of

a probioticle0l.

Three groups of rats orally received LGG, Bifidobacterium animalis MB5, or PBS for 28 days. Each
group was divided into two subgroups of tolerized or immunized rats receiving ovalbumin (OVA;
7 mg) or PBS on days 7, 9, and 11. All of the rats were immunized with OVA (300 mg) on days 14
and 21. In the tolerized rats, the OVA-induced proliferative response of mesenteric lymph nodes
(MLN) and spleen cells did not differ from those of the control, indicating that the two probiotics
maintained the tolerance. Lactobacillus rhamnosus GG and B. animalis MB5 in the immunized rats
reduced the OVA-induced proliferative response in the MLN but not in the spleen, whereas the
proliferative response to anti-CD3 and concanavalin A of the MLN and spleen cells as well as the
delayed-type hypersensitivity reaction were not affected by probiotic treatment, indicating that the
OVA-specific hyporesponsiveness is restricted to intestinal immunity. This hyporesponsiveness
was associated with CD4+CD25+Foxp3+T cell expansion, increased IL-10 and TGF-p after LGG,

and increased apoptosis after B. animalis MB5 in MLNI611,

The effects of L. acidophilus, inulin, or both (synbiotic) on pathogen-induced inflammatory
responses, NF-kB, and Smad 7 signaling were evaluated in a murine model to parallel infantile
enteric disease. Newborn mice were inoculated bi-weekly for 4 weeks with L. acidophilus, inulin, or
synbiotic and challenged with Citrobacter rodentium (Cr) at 5 weeks. The results showed that the host
defense against Cr infection correlated with enhanced colonic IL-10 and TGF-f expression and the
inhibition of NF-kB in synbiotic-treated mice, whereas mice that were pretreated with synbiotic, L.

acidophilus, or inulin had an attenuation of Cr-induced Smad 7 expressionl62].

Deng et al. (2013) evaluated the ability of the co-administration of Bacillus subtillis RJGP16 and
Lactobacillus salivarius Bl to stimulate local immune responses. Thirty two newborn piglets were
divided into four groups and were orally administered with different combinations of probiotics
(none; RJGP16; B1; RJGP16 and B1) at the ages of 0, 7 and 11 days. These authors analyzed the
parameters of the mucosal immunity of piglets one week after weaning. The results showed that the
expressions of IL-6 in the duodenum and ileum and of porcine beta-defensins (pBD)-2 in the
duodenum significantly increased with the co-administration of RJGP16 and Bl. Additionally, the

expression and release of TLR-2 and the number of IgA-producing cells increased![®l.

229



ANEXOS

In addition, the cytokine gene expression in the spleen and in Peyer's patches of mice that received
dahi supplemented with L. casei was analyzed. The mRNA levels of IFN-y in both the spleen and in
the Peyer's patches were significantly increased in the probiotic dahi group after 14 and 28 days
compared with those of the control and dahi groups. The abundance of IL-2 mRNA also

significantly increased in the Peyer's patches of probiotic-fed animalsl¢4.

The effects of lactic acid bacteria on the control of lactococcosis and the impact of probiotics on the
expression of immune-related genes were investigated in the head kidney and intestine of rainbow
trout. Lactobacillus plantarum, Lactococcus lactis and Leuconostoc mesenteroides were administered
orally for 36 days. Twenty-one days after the start of the feeding period, the fish were challenged
with Lactococcus garvieae. Only the fish that were fed the diet containing L. plantarum showed
significantly improved protection against L. garvieae compared to that of the control. Subsequently,
qPCR was used to measure the mRNA levels of IL-1f, IL-8, IL-10 and TNF-a in the head kidney and
of IL-8, TLR5 and IgT in the intestine of the control and L. plantarum groups. The expression of IL-1p,
IL-10 and TNF-a was significantly upregulated by L. plantarum. Moreover, the mRNA levels of IL-10,
IL-8 and IgT were significantly higher in the L. plantarum group after L. garvieae infection, suggesting
that L. plantarum can stimulate the immune response of rainbow trout. These findings demonstrate
that direct probiotic-host interactions with the intestine are not always necessary to induce host

stimulatory responses that ultimately enhance disease resistancel®3l.

Pirarat et al. (2011) investigated the modulation of immunity in Nile tilapia by LGG and found
higher levels of TNF-a and IL-1 gene expression. As described before for intestinal cultured cells,
probiotic bacteria influence the immune response and inflammation by controlling TLR, NF-kB and

cytokine gene expression in animal modelsél.

In summary, the effects of probiotics have been extensively investigated in animal models ranging
from fish to mice, rats and piglets. These bacteria induce a tolerogenic and hyporesponsiveness
immune response in which many genes that are related to the immune system, in particular those

expressing anti-inflammatory cytokines, are upregulated.
Human studies

Compared to intestinal cultured cells and animal models, there are only a few studies in humans
evaluating the effects of probiotic bacteria on the expression of genes that are involved in immunity

and inflammation.
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Van Baarlen et al. (2011) obtained transcriptomes in an intervention study after a double-blind
placebo-controlled cross-over study to investigate the in vivo mucosal responses of healthy adults to
probiotics. In the mucosa of the proximal small intestine of healthy volunteers, probiotic strains
from the species Lactobacillus acidophilus, L. casei, and L. rhamnosus each induced differential gene-
regulatory networks and pathways in the human mucosa. Comprehensive analyses revealed that
these transcriptional networks regulate major basal mucosal processes and uncovered remarkable

similarity to the profiles that were obtained in response to specific bioactive molecules and drugsl¢7.

Lammers et al. (2005) analyzed the expression of IL-1f, IL-6, IFN-y, TNF-a, IL-12, IL-10, TGF-f and
IL-8 in endoscopic samples. The data showed that patients who were treated with probiotics had
significantly lower mucosal mRNA expression levels of IL-1f, IL-8, and IFN-y compared with those

of the placebo-treated patientsles.

Di Caro et al. (2005) evaluated the gene expression pattern that was induced by Bacillus clausii in the
intestinal mucosa of healthy individuals. Six male patients who were affected by mild esophagitis
were treated for one month with esomeprazole and were randomly selected to receive or not B.
clausii (groups I and II, respectively). Duodenal biopsies were taken pre- and post-treatment to
identify the modification of gene expression. After B. clausii administration, a total of 158 and 265
genes were upregulated and downregulated, respectively. Bacillus clausii mainly affected the
expression of genes that are involved in the immune response and inflammation, apoptosis and cell
growth, cell differentiation, cell-cell signaling, cell adhesion, signal transcription and

transductionl®dl.

Information regarding gene expression in human intestinal cells that are mediated by the action of
probiotics is very scarce (table 1 summarizes the principal results). Hence, new studies should
consider this aspect to ascertain the mechanism of action of specific strains in the modulation of the

immune response and inflammation, mainly in chronic disorders of the gut.

REGULATION OF GENE EXPRESSION BY PROBIOTICS IN INFLAMMATORY DISEASES
OF THE GUT

The intestinal microbiota play essential roles in nutrient absorption and metabolism, immune
stimulation, satiety and pain. An altered composition of intestinal microbiota has been reported in
IBD patientsl?0. IBD is linked to post-inflammatory and stress-correlated factors that cause changes

in the perception of visceral events.
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Probiotic bacteria may be effective in treating IBD symptomsl7ll. The effects of Bifidobacterium breve
(DSMZ 20213) and LGG on the expression of IL-17 and IL-23, which play an important role in IBD,
and on the epigenetic machinery were evaluated in a 3D co-culture model that was composed of
human intestinal HT-29/B6 or T84 cells and PBMCs. The cells were treated with LPS in the presence
or absence of bacteria for 48 h, and the expression of IL-17, IL-23, and CD40 at the mRNA and
protein levels was assessed using qPCR. The NF-«B activity was assessed by NF-kB-dependent
luciferase reporter gene assays. B. breve and LGG diminished the LPS-induced expression of IL-17,
IL-23, and CD40 as well as histone acetylation and slightly enhanced DNA methylation. These
effects were paralleled by a decrease in the nuclear translocation of NF-kB, as demonstrated by a
decrease in the expression of MyD88, IRAK-1, IkBa, the nuclear NF-«xB p50/p65 subunits, p-p38
MAPK and p-MEK1 and the NF-kB-dependent luciferase reporter gene activity in LPS-stimulated

cells(721,

To mimic the IBD response to Gram-negative bacteria, Grimoud et al. (2010) used HT-29 cells that
were sensitized to the inflammatory response to LPS by IFN-y, which increased the expression of
TLR4, the LPS biosensor, and were then treated by probiotics, prebiotics and synbiotics. Only three
probiotic strains induced a proliferation decrease but with a lack of reproducibility. Binary or
ternary probiotic associations, complemented or not by prebiotics, significantly decreased
proliferation, especially with a synbiotic association of Bifidobacterium breve, Lactococcus lactis and L.

oligoalternanl7).

Angiogenesis is an integral process of inflammatory responses in IBD and is required for mucosal
remodeling during restitution. Chen et al. (2013) indicated that Saccharomyces boulardii modulates
angiogenesis to limit intestinal inflammation and promote mucosal tissue repair by
regulating vascular endothelial growth factor (VEGF) receptor signaling using an adenovirus

expressing VEGF-A(164) in the ears of adult nude micel7l.

IBD increases the risk of colorectal cancer. Bassaganya-Riera et al. (2012) studied the cellular and
molecular mechanisms underlying the efficacy of probiotic bacteria in mouse models of
inflammation-driven colorectal cancer. Immune cell subsets in the MLN, spleen and colonic lamina
propria lymphocytes (LPL) were phenotypically and functionally characterized. The mice were
treated with conjugated linoleic acid (CLA) or VSL#3 and recovered faster from the acute
inflammatory phase of disease and had lower disease severity in the chronic, tumor-bearing phase
of disease. VSL#3 increased the mRINA expression of TNF-a, angiostatin and PPAR-y, whereas CLA

decreased COX-2 levels. Moreover, the VSL#3-treated mice had increased IL-17 expression in the
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MLN CD4+ T cells and an accumulation of Treg LPL and memory CD4+ T cells”>. Finally, IBD in a
rat model with male neonatal maternal separation (NMS) was reported and treated orally with
placebo or VSL#3 from days 3 to 60, while normal, not-separated rats were used as controls. A
microarray analysis demonstrated that NMS induced a robust change in the expression of subsets of
genes (CCL2, NOS3, THP1, NTRK1, CCR2, BDRKRB1, IL-10, TNFRSF1B, TRPV4, CNR1 and OPRL1)
that are involved in pain transmission and inflammation. TPH1, tryptophan hydroxylase 1, a
validated target gene in IBD treatment, was markedly upregulated by NMS; this effect was reversed
by VSL#3 intervention[”l.

Ulcerative colitis

Garrido-Mesa et al. (2011) tested the association of minocycline and EcN in a mouse model of
reactivated colitis. The mice were assigned to different groups: non-colitic and dextran sodium
sulfate (DSS) control groups (without treatment), and minocycline, EcN, and minocycline plus EcN
treated groups. Colitis was induced by adding DSS to the drinking water (3%) for 5 days; 2 weeks
later, the colitis was reactivated by subsequent exposure to DSS. The inflammatory status was
evaluated daily by a disease activity index (DAI), and the colonic damage was assessed
histologically and biochemically by the mRNA relative expression of different mediators.
Minocycline and EcN exerted an intestinal anti-inflammatory effect and attenuated the reactivation
of the colitis, as shown by the reduced DAI values; these effects were greater when both of the
treatments were combined. These effects were evidenced histologically and biochemically by the
reduced expression of TNFa, IL-1f, IL-2, MIP-2, MCP-1, ICAM-1, iNOS and MMP-9 together with an
increased MUC-3 and ZO-1 expressionl’®l. In the same model, Claes et al. (2010) utilized a dItD
mutant of the model probiotic LGG in its lipoteichoic acid molecules. The mice received either PBS,
LGG wild-type or the ditD mutant via drinking water. The macroscopic parameters, histological
abnormalities, and cytokine and TLR expression levels were analyzed to assess the disease activity.
The mice that were treated with the dItD mutant showed an improvement of some of the colitic
parameters compared to the LGG wild-type-treated mice in both experimental models. In addition,
treatment with the ditD mutant correlated with a significant downregulation of TRL-2 expression

and of downstream pro-inflammatory cytokine expression in the colitic micel?’l.

Lactobacillus rhamnosus OLL2838 was employed in the DSS model. The barrier function was restored
by the administration of live and heat-killed OLL2838 to the DSS-treated animals, and an increased
expression of ZO-1 (4.8-fold) and myosin light-chain kinase (3.1-fold) was found in IECs that were

isolated from mice of the heat-killed OLL2838 group!”sl.
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The efficacy of probiotics in the recurrent trinitrobenzenesulfonic (TNBS)-induced colitis model in
BALB/c mice has been tested. A microarray analysis revealed differences in expression of genes
that are related to inflammation and immune processes between untreated mice and those that were
treated with the probiotics Lactobacillus plantarum NCIMB8826 or VSL#3. The effects of probiotics on
colonic gene expression were most profound during active inflammation, in particular on gene

clusters that are related to mast cells and antimicrobial peptides!7I.

Amit-Romach et al. (2010) evaluated and compared the effects of two probiotic regimens, LGG and
a mixture of Streptococcus thermophilus, Lactobacillus acidophilus, and Bifidobacterium lactis in both
normal and TNBS acid colitis-induced rats. Colonic tissues were used for mRNA analysis via qPCR.
The administration of both of the probiotic regimens reduced the expression of the pro-
inflammatory cytokines TNF-a and IL-6 and increased the expression of MUC2 compared with the
that of the colitis groupl®’l. Using the same model, Duary et al. (2012) examined the effects of
Lactobacillus plantarum Lp91 on the gene expression of cytokines and other molecules. L. plantarum
Lp91 downregulated TNF-a and COX-2 in mice with colitis. Interleukin-10 was significantly
upregulated in colitis and non-colitis mice that were treated with L. plantarum Lp91, while other
anti-inflammatory markers, i.e., COX-1, IL-4 and IL-6, were significantly upregulated in the colitis
mice that were treated with L. plantarum Lp91. The MUC2 gene was also significantly up regulated

in the non-colitis grouplsil.

The antioxidant potential of Lactobacillus rhamnosus CNCM 1-3690 using the nematode Caenorhabditis
elegans as host was investigated. The transcriptomic analysis of C. elegans that were fed this strain
showed that an increased lifespan is correlated with the differential expression of the DAF-
16/insulin-like pathway, which is highly conserved in humans. In addition, this Lactobacillus strain

reduced inflammation in a murine model of colitis[82l.

Finally, the synbiotic (Bifidobacterium longum and inulin-oligofructose) was tested in UC patients.
The treatment was administered for a period of one month in a double blind, randomized,
controlled trial using 18 patients with active UC. The sigmoidoscopy scores were reduced in the test
group (start 4.5, end 3.1) compared with those of the placebo group (start 2.6, end 3.2). The mRNA
levels for human beta defensins 2, 3, and 4, which are strongly upregulated in active UC, were
significantly reduced in the test group after treatment. Tumor necrosis factor alpha and IL-1a, which
are inflammatory cytokines that drive inflammation and induce defensin expression, were also

significantly reduced after treatmentls3l.
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Necrotizing enterocolitis

Necrotizing enterocolitis (NEC) afflicts extremely low-birth-weight neonates, and probiotics reduce
its incidence and severity. Nitric oxide (NO) is involved in the pathogenesis of NEC, and caveolin-1
regulates NO signaling. D'Souza et al. (2010) evaluated the importance of NO in formula-fed
neonatal rats that were supplemented with "Florastar Kids" and/or galacto-oligosaccharides and
fructo-oligosaccharides. Samples from the terminal ileum were analyzed for total NO metabolites,
growth factors, and gene expression of caveolin-1, NOS isoforms, and antioxidants. The data showed
that formula feeding with and without supplementation resulted in significant growth restriction.
Caveolin-1, endothelial NOS, and neuronal NOS were simultaneously downregulated with formula
feeding, while the inducible NOS was upregulated. Superoxide dismutase and glutathione
peroxidase were upregulated with supplementation®4. Moreover, Lin et al. (2008) evaluated
probiotics in the incidence of NEC. Lactobacillus rhamnosus GG reduced the chemically induced
intestinal epithelial apoptosis, demonstrating that LGG upregulates a battery of genes with known

and likely cytoprotective effects(s5].
Other inflammatory disorders

There are many inflammation-based intestinal diseases. However, probiotics has been tested in only

a few of these diseases.

The gastroprotective potential of Bifidobacterium bifidum BF-1 in a rat model of acid-ethanol-induced
acute gastric injury was investigated to elucidate its potential compared with Streptococcus
thermophilus YIT 2021. Living B. bifidum BF-1 and S. thermophilus YIT 2021 or vehicle was orally
administered to rats, and acid-ethanol gastric injury was induced 2 h later. Mucin 5ac (mucbac)
gene expression in gastric corpus samples and gastric mucin production in stomach samples from
the B. bifidum BF-1 group, but not the S. thermophilus YIT 2021 group, were significantly higher than

those in the respective samples from the vehicle groupl#®l.

Mirpuri et al. (2012) evaluated the enteral administration of LGG in mice with intestinal injury due
to the administration of platelet-activating factor (PAF) and LPS. The probiotic strain
downregulated the expression of TNF-a and MIP-2 but failed to alter IL-10 mRNA and protein
expression. LGG did however induce the mRNA expression of the IL-10R2 subunit of the IL-10
receptor. IL-10 receptor activation has been associated with the signal transducer and activator of
transcription (STAT) 3-dependent induction of members of the SOCS family. In 2-week-old mice,
LGG also induced STAT3 phosphorylation, increased the colonic expression of SOCS-3, and
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attenuated the colonic production of MIP-2 and TNF-a. These LGG-dependent changes in
phosphoSTAT3, SOCS3, MIP-2 and TNF-a were inhibited by the antibody-mediated blockade of the
IL-10 receptor. Thus LGG decreased the baseline pro-inflammatory cytokine expression in the
developing colon via the upregulation of IL-10 receptor-mediated signaling, most likely due to the
combined induction of phospho-STAT3 and SOCS3#7l. The principal findings concerning gene

expression in inflammatory diseases of the gut mediated by probiotics appear in table 2.

Although studies evaluating the mechanism of action of probiotics in IBD are heterogeneous
because of the different methodological approaches, basically probiotics lead to the downregulation
of a number of pro-inflammatory genes and the upregulation of others, e.g., mucin genes, which

can help explain the beneficial effects of probiotics in decreasing the activity of these gut diseases.

REGULATION OF IMMUNITY AND INFLAMMATION GENE EXPRESSION IN THE LIVER
BY PROBIOTICS

A large body of evidence has highlighted the concept that putative intestinal bacteria-derived
compounds may affect liver metabolism and, therefore, cause systemic diseases[$889. Serum LPS
levels have been proposed to increase upon obesity and steatosis, leading to a metabolic
endotoxemia that can modulate pro-inflammatory cytokines as well as glucose and lipid
metabolism in the liver or adipose tissuel?-3l. Endotoxemia is considered a major risk for inducing
liver inflammation in nonalcoholic steatohepatitis (NASH) and nonalcoholic fatty liver disease
(NAFLD) in humans*+7l. NASH and NAFLD are associated with increased gut permeability in
humansl¥%l. Cani et al. (2009) demonstrated the alteration of gut-barrier function in genetic models
of obesity. Overall, these studies strongly suggest a direct link between the gut microbiota, the gut

barrier, and hepatic changesl100l.

Few papers have been published regarding the probiotic-mediated modulation of genes that are
involved in immunity and inflammation in the liver. These few papers are reviewed below and are

organized by pathology.
Sepsis

Bu et al. (2006) described a bacteria-free, lysozyme-modified probiotic product that was obtained by
treating the probiotic bacteria, Lactobacillus spp., with lysozyme (LzMPC), which might be beneficial
for the treatment of sepsis owing to the potent immunomodulatory effects of lysozyme on
macrophages. The oral administration of LzZMPC effectively protected rats against lethality from
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polymicrobial sepsis that was induced by cecal ligation and puncture. LZMPC was engulfed by
macrophages in the liver after crossing the intestinal barrier. The LzMPC-induced protection was
associated with an increase in the bacterial clearance in the liver. Surgical stress or cecal ligation and
puncture caused a decrease in the cathelicidin-related peptide (CRAMP) expression in the liver,
whereas the enteral administration of LzZMPC restored CRAMP gene expression in these animals. In
addition, macrophages from LzMPC-treated rats had an enhanced capacity of cytokine production

in response to LPS or LzZMPC stimulation[101l.
Inflammation

Mair et al. (2010) evaluated the 4-week administration of a probiotic mixture (Enterococcus faecium,
Lactobacillus salivarius, L. reuteri and Bifidobacterium thermophilum) on cell turnover, growth and
inflammatory marker gene expression (caspase-3; cyclin-dependent kinase-4, CDK-4; insulin-like
growth factor I, IGF-I; NF-«B; TNF-a; and TGF-p) in piglets’ intestines and liver. The gene expression
of CDK-4 and TGF-f was upregulated in the jejunum and the mesenteric lymph nodes, respectively,
in the probiotic group. In addition, the probiotic group exhibited an upregulation in cell turnover
marker genes in the colon and blood. No significant differences were observed in gene expression

in the liver tissuel102],

The administration of L. ingluviei to mice promotes alterations in the intestinal microbiota, weight
gain increase, and accelerated metabolism as well as liver enlargement and inflammation.
Angelakis et al. (2012) studied the mRNA expression of genes that are involved in lipogenesis and
inflammation in the liver of BALB/c mice gavaged for different periods of time with this probiotic
strain. The mRNA expression of fatty acyl synthase (FAS), sterol regulatory element binding protein
1 (SREBP-1), cytochrome P450 2E1, 3-phosphoinositide-dependent protein kinase-1 (PDPK1), acyl-
Coenzyme A dehydrogenase-11 (Acad11), ATP-binding cassette sub family member G (ABCG2), and
DEAD box polypeptide 25 (DDX25) was significantly higher in the probiotic-fed mice compared
with that of the control mice. This result was accompanied by a low-grade inflammatory state in the
liver, suggested by a significantly increased mRNA expression of liver TNF-a in the mice that

received probiotics[103,
Experimental liver disease

D’Argenio et al. (2013) specifically examined the effects of a synbiotic formulation on an
experimental model of CCl4-induced liver fibrosis in rats. The synbiotic product was a mixture of a

probiotic strain (L. paracasei B21060) with L-glutamine, arabinogalactan and xylo-oligosaccharides as
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prebiotics. The serum ALT and AST activities as well as liver histology and collagen deposition
improved in fibrotic mice with the synbiotic mixture compared with those of the placebo group.
The serum levels of the pro-inflammatory cytokine TNF-a were significantly increased in rats with
liver fibrosis compared with those of normal rats, whereas the synbiotic treatment normalized the
plasma levels of TNF-a and significantly enhanced the anti-inflammatory cytokine IL-10. In the
liver, TNF-a, TGF-f, TLR4, TLR2, iNOS and aSMA mRNA levels were upregulated in rats with
CCl4-induced liver fibrosis and downregulated by the synbiotic treatment. Moreover, the IL-10 and

eNOS mRNA levels increased in the fibrotic rats that received synbioticsl04].

Aflatoxins are naturally occurring toxins that are produced by Aspergillus flavus and
Aspergillus parasiticus, which are species of fungi. Aflatoxin exposure produces an acute hepatic
necrosis that results in cirrhosis or hepatocarcinoma. Because aflatoxin-producing members of
Aspergillus are common and widespread in nature, these compounds pose serious hazards to
human and animal health, and chemoprevention strategies aimed at reducing their toxicity in
animal diets are needed. Zuo et al. (2013) investigated one such strategy that was based on the
administration of a mixture of three aflatoxin-degrading probiotic strains (Lactobacillus casei, Bacillus
subtillis, and Pichia anomala) along with the aflatoxin-degrading enzyme from Aspergillus oryzae to
Arbor Acres broilers that were fed an aflatoxin-supplemented diet. The administration of this
mixture to chickens that were fed the aflatoxin-supplemented diet resulted in the restorations of i)
the antioxidant enzymatic defense in the serum and liver and ii) the hepatic expression of an array
of genes that are involved in apoptosis, cell growth, immunity and metabolisml[i%l. Table 3

summarizes the reported investigation related to gene expression in the liver by probiotics.
CONCLUDING REMARKS AND FUTURE DIRECTIONS

Probiotics exert their actions through interaction with intestinal cells, which in turn modify the
expression of many genes that are mainly related to the gut-associated immune system. Although
the specific actions are dependent on the particular bacteria and strains, probiotics mainly induce a
tolerogenic response to external antigens by interacting with TLR and down-regulating the
expression of NF-kB and pro-inflammatory cytokines. There is a need for further clinical studies
that evaluate the mechanism of action of probiotics both in healthy humans and patients with
chronic diseases. These types of clinical studies are necessary for addressing the influence of these
microorganisms in gene expression for different pathways, particularly those that are associated
with the immune response, and to better understand the role that probiotics might have in the

prevention and treatment of disease.
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inflammatory protein-2 beta; MUC, mucins; MyD88, myeloid differentiation primary response protein 88; NAIP, neuronal
apoptosis inhibitor protein; NF- B, nuclear factor-kappa beta; NOX5, NADPH oxidase; PPAR-y, peroxisome proliferator-
activated receptor gamma; SOCS, suppressor of cytokine signaling; p-BD2, porcine beta-defensins 2; TGF-p, transforming
growth factor beta; TLR, toll-like receptor; TNF- a, tumor necrosis factor-alpha; TOLLIP, Toll-interacting protein; VSL#3,
mixture of Bifidobacterium longum, Bifidobactertum nfantis, Bifidobactertum breve, Lactobacillus acidophilus, Lactobacillus caser,
Lactobacillus delbrueckii subsp. bulgaricus, Lactobacillus plantarum, and Streptococcus salivarius subsp. thermophilus.

250



ANEXOS

TABLE 2. Regulation of gene expression by probiotics in inflammatory diseases of the gut

Study Probiotic strain Genes involved

Inflammatory bowel disease

Disfrutti ef al.[71] VSL#3 I1-10, TNFRSF1B
B. breve (DSMZ 20213) and L. rhammnosus
Ghadimi et al.[72] I1-17 and IL-23
GG
Grimoud et al.I”? B. breve and L. lactis TLR+4
Chen et al.[#] Saccharomyces boulardii VEGF
Bassaganya-Riera et al.[7] VSL#3 INF-a, COX-2, and PPAR-y
Ulcerative colitis
TNF-a, IL-1§, IL2, MIP-2, MCP-1, ICAM-1,
Garrido-Mesa et al.[76] E. coli Nissle 1917
MLUC3, and ZO-1
Claes et al. 7] L. rhamnosus GG wild type and mutant ~ TLR-2
Miyauchi et al. [78] L. rhamnosus OLL2838 Z0-1
Mariman et al. [ L. plantarum NCIMB8826 and VSL#3 Inflammation and immune genes
L. rhamnosus GG and a mixture of
Amit-Romach et al. 80 MUC?2, IL-6, and TNF-a
probiotics
Duary et al. [51] L. plantarum Lp91 14, I1-6,COX-1, COX-2, and TNF-a
Grompone et al. [8?] L. rhamnosus CNCM 1-3690 DAF-16/insulin-like pathway
humnan beta defensins 2, 3, and 4, TNF-a, and IL-
Furrie et al. %) B. longum
1a
5
Necrotizing enterocolitis
D'Souza et al.[34 S. boulardn Caveolin-1 and NOS-1soforms
Lin et al.[® L. thamnosus GG Genes with cytoprotective effects
Otier inflammatory
disorders
Gomi ef al.[5] B. bifidum BF-1 MUcs
Mirpuri et al.l¥7] L. thamnosus GG IL-10,MIP-2, and TNF-a

Abbreviations: COX1, cyclooxygenase 1; COX2, cyclooxygenase 2; ICAM-1, intercellular adhesion molecule 1; IL,
interleukin; MCP-1, monocyte chemo-attractant protein-1, MIP-2, macrophage inflammatory protein-2 alpha; MUC,
mucins; NOS isoforms, constitutional neuronal isoform (nNOS), the inducible isoform (iNOS), and the endothelial
isoform (eNOS); PPAR-y, peroxisome proliferator-activated receptor gamma; TLR, toll-like receptor; TNF- a, tumor
necrosis factor-alpha; TNFRSF1B, tumor necrosis factor receptor superfamily, member 1b; TOLLIP, Toll-interacting
protein; VEGF, vascular endothelial growth factor; VSL#3, mixture of Bifidobacterium longum, Bifidobacterium infantis,
Bifidobacterium breve, Lactobacillus acidophilus, Lactobacillus caser, Lactobacillus delbrueckn subsp. bulgaricus, Lactobacillus
plantarum, and Streptococcus salivarius subsp. thermophilus; ZO, zona occludens.
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TABLE 3. Regulation of immunity and inflammation gene expression in the liver by probiotics

Study Probiotic strain Genes involved
Sepsis
Bu et al.tlol] Lactobacillus spp. CRAMP
Inflammation
E. faecium, L. salivarius, L. reuteri and B.
Mair et al.102] . CDK-4 and TGF-§
thermophilum
Angelakis et al. 1031 L. ingluviei TNF-a

Experimental liver disease
TNF-a, TGF-$, IL-10, TLR4, TLR2, iNOS,

D'Argenio et al.ll4 L. paracasei B21060
eNOS, and aSMA

Zuo et al.[1051 L. casei, B. subtillis, and Pichia anomala Genes involved in immunity

Abbreviations: CDK4, cyclin-dependent kinase-4; CRAMP, cathelicidin-related peptide; IL, interleukin; TGF-§,
transforming growth factor beta; NOS isoforms, inducible isoform (iNOS), and endothelial isoform (eNOS); TLR, toll-like
receptor; TNF- a, tumor necrosis factor-alpha.
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Three Main Factors Define Changes in Fecal Microbiota
Associated With Feeding Modality in Infants
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ABSTRACT

Objectives: There are many differences in the fecal infant microbiota
associated with various feeding methods. The aim of this study was to
examine the major differences in the fecal microbiota of breast-fed (BF) and
formula-fed (FF) infants and to describe the principal bacterial components
that would explain the variability in the predominant bacterial families and
genus clusters.

Methods: Fecal samples from 58 infants, 31 of whom were exclusively BF
and 27 of whom were exclusively FF with a standard formula in agreement
with the European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition recommendations, were analyzed by fluorescent in situ
hybridization combined with flow cytometry. Principal component
analysis was used to maximize the information gained for the
predominant bacterial families and genus clusters using a minimal
number of bacterial groups.

Results: The predominant detected group was Bifidobacterium, followed by
Enterobacteriaceac and Bacteroides in both BF and FF infants, The
Lactobacillus group was the only independent variable associated with
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FF infants. We also found that 3 principal components were sufficient to
describe the association between the bacterial group, genus, and species
studied in BF and FF infants; however, these components differed between
BF and FF infants. For the former, the 3 factors found were Bifidobacterium/
Enterobacteriaceae, Lactobacillus/Bacteroides, and Clostridium coccoides/
Atopobium; for the latter, Bifidobacterium/Enterobacteriaceae, Bacteroides
and C coccoides were observed.

Conclusions: There is a clear clustering of components of infant microbiota
based on the feeding method.

Key Words: feeding methods, fluorescent in situ hybridization, infant fecal
microbiota

(JPGN 2013;57: 461-466)

icrobiota plays an important role in human health and

nutrition by preventing colonization of the gut by potential
pathogenic microorganisms and preserving the health of the host
through interactions with the immune system (1,2). The develop-
ment of microbiota occurs primarily during infancy, and microbial
dysbiosis has been linked to several disorders such as inflammatory
bowel disease (3,4), irritable bowel syndrome (5), stomach cancer
(6), mucosa-associated lymphoid tissue lymphoma (7), obesity
(8,9), and necrotizing enterocolitis (10).

Bacterial colonization of the gastrointestinal tract is
influenced by many factors such as infant diet (breast milk
vs infant formula), mode of birth, perinatal antibiotics, mucosal
maturation, age, country of birth, and geographical origin
(1,11). Given the importance of the intestinal microbiota and
its effect on infant health status, there is a considerable interest
in determining the microbiota composition. It is well known
that breast-fed (BF) infants differ widely in their microbiota
compared to formula-fed (FF) infants (12,13). FF infants
develop a complex fecal microbiota with higher levels of the
facultative anaerobes Bacteroides and Clostridium than BF
infants. The predominance of Bifidebacterium is also common
in FF infants, although in lower number and frequency than BF
infants of the same age (12,13); however, recent metagenomics
studies have raised questions about the actual levels of Bifido-
bacterium (14,15).

The aim of this study was to determine the fecal microbiota
in both BF and FF infants using fluorescent in situ hybridization
combined with flow cytometry (FISH-FC), which allows the precise
evaluation of living bacteria. In addition, the present work was
undertaken to show that the main components of fecal microbiota
explain the variability in BF and FF infants as a result of variables
that include different bacterial groups, genus, and species as
detected by FISH-FC.

461

Copyright 2013 by ESPGHAN and NASPGHAN. Unauthorized reproduction of this article is prohibited.

253



ANEXOS

Copyright 2013 by ESPGHAN and NASPGHAN

Gomez-Llorente et al

JPGN = Volume 57, Number 4, October 2013

TABLE 1. Baseline demographic data of infants involved in the study

Sex Gestation age, wk Birth weight, kg
Boys Girls Mean SD Mean SD
Breast-fed infants, n=31 17 11 393 1.2 33 0.4
Formula-fed infants, n=27 10 17 39.2 1.4 3.1 0.4

SD = Standard deviation.

METHODS

Subjects

Fifty-eight healthy infants born at the Neonatology Unit of
University Hospital Virgen de la Arrixaca (Murcia, Spain) were
selected: 31 were exclusively BF and 27 were exclusively FF. Based
on the variance of the main outcome variable, that is, Bifidobacter-
ium percentage in feces as determined by FISH-FC for Spanish
infants (1), and assuming a type 1 error of a = 0.05 and a power of
80% (B =0.2), the minimum number of subjects per group was 30.
Initially, we recruited 32 BF infants and 28 FF infants, but the
number of subjects decreased to 31 and 27, respectively, because of
fecal samples that were not fixed properly. The infant formulas
used were in accordance with the recommendations of the
European Society for Pediatric Gastroenterology, Hepatology,
and Nutrition. The inclusion criteria were as follows: birth at full
term (40 + 2 weeks’ gestation), normal birth weight (>2.5kg), and
vaginal delivery. None of the infants received antibiotics during the
study period. Table 1 shows the demographic characteristics of the
infants involved in the study.

This study was conducted according to the guidelines of the
Declaration of Helsinki, and all procedures involving human sub-
jects were approved by the ethical committees on clinical research
from Hospital Virgen de la Arrixaca, All parents gave their written
informed consent to participate in the study.

Sample Collection

Fecal samples were collected from each infant at 12 weeks of
age. Freshly soiled diapers were placed under anaerobic conditions
at 4°C for a maximum of 4 hours before processing for cell fixation
(2). Aliquots of 1 g of feces samples were added to 9 mL of
phosphate-buffered saline (PBS). The suspension was mixed to
complete homogeneity, and (0.2 mL of the suspension was added
to 0.6 mL of 4% paraformaldehyde in PBS. After an overnight

incubation at 4°C, the suspensions fixed in paraformaldehyde were
stored at —80°C (1).

FISH-FC Analysis

Fecal bacteria populations were assessed by FISH-FC
analysis as described by Fallani et al (1). In brief, 400 pL of the
fixed suspension was mixed with 600 pL of PBS. Before hybrid-
ization, the cells were pelleted and resuspended in a volume of
1 mL. After washing in Tris-ethylenediaminetetraacetic acid buffer,
the pellets were resuspended in Tris-ethylenediaminetetraacetic
acid buffer containing 1 mg/mL of lysozyme and incubated for
10 minutes at room temperature. The cells were then washed in PBS
and equilibrated in the hybridization solution. A 50-pL aliquot of
this suspension was used for FISH-FC with control- and group-
specific probes (ThermoFisher, Hesse, Germany). The EUB 338
probe was used as a positive control for hybridization, and the NON
338 probe was used as a negative control (1,16,17). These oligo-
nucleotide probes were covalently linked at their 5’ end with either
6-FAM or Cy5 (ThermoFisher). Similar to Fallani et al (1), a panel
of 10 group- and species-specific probes covalently linked with Cy5
at their 5’ end was used to assess the microbiota composition
(Table 2) (18-25).

Hybridization was performed in a 96-well microtiter plate
overnight at 35°C in the hybridization solution containing 4 ng/p.L
of the appropriate probes. Following hybridization, 150 pL of
hybridization solution was added to each well, and cells were
pelleted and washed to remove any nonspecific binding of the
probe by incubating the bacterial cells at 37°C for 20 minutes in the
washing solution. Finally, the cells were pelleted and resuspended
in PBS. The samples were analyzed in a FACSCanto II flow
cytometer (Becton Dickinson, Franklin Lakes, NJI) through the
instrumental scientific service of the University of Granada as
described by Fallani et al (1). Enumeration of different bacterial
families, genus, clusters, or species was performed by FISH-FC

TABLE 2. Panel of probes used for in situ determination of infant gut microbiota

Probes Sequence from 5 to 3’ end Targeted groups Ref
Bifl164 CATCCGGCATTACCACCC Bifidobacterium genus (18)
Bac303 CCAATGTGGGGACCTT Bacteroides group (19)
Enter1432 CTTTTGCAACCCACT Enterobacteriaceae (20)
Str493 GTTAGCCGTCCCTTTCTGG Streptococcus group 21)
Labl158 GGTATTAGCAYCTGTTTCCA Lactobacillus group (22)
Ato291 GGTCGGTCTCTCAACCC Atopobium cluster (23)
Erecd82 GCTTCTTAGTCARGTACCG Clostridium coccoides group 21)
Clep866 GGTGGATWACTTATTGTG Clostridium leptum group (24)
Cpefl191 GCTCCTTTGGTTGAATGATG Clostridium perfringens (25)
Cdif198 TCCATCCTGTACTGGCTCACC Clostridium difficile (25)
462 www. jpgn.org
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combining a specific probe labeled with Cy5 together with the EUB
338 6-FAM probes in the same tube.

Statistical Analysis

Data are expressed as the mean and standard error of the
mean for the proportions of cells that were hybridized with each of
the 10 oligonucleotide probes relative to the total bacteria (1).
Paired r tests were used to compare any differences in variables
(bacterial groups) detected in the feces of BF or FF infants.

Principal component analysis was used to maximize the
information gained for the predominant bacterial families and gene
clusters using a minimal number of bacterial groups. This math-
ematical model calculates new variables (principal components)
that account for the variability in the data and enables the study of
covariances or correlations between variables (bacterial groups).
The combination of bacterial groups with the greatest amount of
variability is the first principal component. The subsequent com-
ponents (second and third principal components) describe the
maximum amount of remaining variability (26,27). The data from
each bacterial group were transformed into the arc cos square root of
the percentage of that particular bacterial group. Extraction of the
initial set of uncorrelated components was accomplished with the
principal factor method and then the orthogonal rotation of com-
ponents was used to facilitate interpretation. Factor loading was
used to interpret the factor structure. Loadings are equivalent to
Pearson correlation coefficients, and a higher loading indicates a
stronger relation between a factor and an observed variable (27).
Strong loading was defined as a value >0.6, and marginal loading as
a value from 0.2 to 0.4. To evaluate the bacterial variables that were
independently related to feeding modality (BF vs FF), we per-
formed a binary logistic regression. All of the analyses were
performed using the statistical package SPSS (SPSS Inc, Chicago,
IL).

RESULTS

Fecal samples from healthy infants who had been exclusively
BF or FF were collected at 12 weeks of age. The microbiota was
analyzed by FISH-FC. In general, the predominant group detected
was Bifidobacterium, followed by Enterobacteriaceae and Bacter-
oides. BF infants presented significantly lower proportions of
Atopobium cluster (P = 0.0001), Lactobacillus group (P = 0.004),
C leptum group (P =0.015), and Streptococcus group (P =0.048)

compared with those of FF infants (Table 3). No significant
differences were observed for the rest of the bacterial groups.

Regarding the principal component analysis results, 3 prin-
cipal components were sufficient to explain the correlations among
bacterial groups in both BF and FF infants. The 3 components
explained 65.4% and 64% of the total variance in BF and FF infants,
respectively. Those components were different for the BF and FF
infants: Bifidobacterium/Enterobacteriaceae, Lactobacillus/Bacter-
oides, and C coccoides/Atopobium for BF infants (Table 4) and
Bifidobacterium/Enterobacteriaceae, Bacteroides, and C coccoides
for the FF infants (Table 5). The components were named according
to the main group associated with BF or FF infant microbiota.

In BF infants, 29.9% of the variance was explained by the
Bifidobacterium/Enterobacteriaceae component, 18.7% by the Lac-
tobacillus/Bacteroides component, and 16.8% by the C coccoides/
Atopobium component (Table 4). Similarly, in FF infants, the
Bifidobacterium/Enterobacteriaceae component explained 29.2%
of the variance, and 19.9% and 14.9% were explained by the
Bacteroides and C coccoides components, respectively (Table 5).

Based on a binary logistic regression, we found that the
Lactobacillus group was the only independent variable associated
with fecal microbiota in FF infants (odds ratio 7.43, 95% confidence
interval 2.00-27.64; P=0.003).

DISCUSSION

In this study, the evaluation of the fecal microbiota using
FISH-FC showed that the Bifidebacterium genus was the predo-
minant group detected followed by Enterobacteriaceae and Bacter-
oides in both BF and FF infants. These results are in agreement with
older data based on classic culture methods (13) and with those
obtained recently by Turroni et al (28) and Yatsunenko et al (29),
which revealed a predominance of bifidobacteria in the infant gut
based on pyrosequencing data. Indeed, our data do not support the
results of Palmer et al (14), who reported a low level of bifido-
bacteria in infant microbiota using 16S rRNA gene hybridization
microarrays.

It is well known that bifidobacteria can be underrepresented
when using genomic techniques for determination because DNA
isolation can be affected by their thick cell walls (30). The paucity
of bifidobacteria recently described can also be because of ineffi-
cient PCR analysis (28,31). Therefore, in the present study, we used
FISH analysis, which does not require cell lysis, to detect bacteria
with known DNA sequences with a sensitivity of >10%/g of feces
(13). In fact, Fallani et al (1) used FISH-FC to show that the

TABLE 3. Comparison of the proportion of bacterial groups detected in fecal samples of breast-fed or formula-fed infants by fluorescent in situ
hybridization and flow cytometry with a panel of 10 oligonucleotide probes

Breast-fed infant, n= 31 Formula-fed infant, n=27

Mean SEM

Targeted groups Mean SEM
Bifidobacterium genus (Bif164) 58.2 5.7 48.4 3.9
Enterobacteriaceae (Enter1432) 220 5.4 12.9 2.5
Streptococcus group (Strc493) 0.8 0.5 21" 0.4
Clostridium perfringens (Cpef191) + Clostridium difficile (Cdif198) 43 0.7 6.3 1.0
Clostridium leptum group (Clepl 156) 0.5 0.2 24" 0.7
Lactobacillus group (Lab158) 0.5 0.1 23" 0.6
Bacteroides group (Bac303) 12.6 2.8 17.9 2.6
Atopobium cluster (Ato291) 0.3 0.1 7.7 1.8
Clostridium coecoides group (Erec482) 0.9 0.9 0.1 0.0

SEM = standard error of the mean.

* Significant difference at P < 0.05.

Significant difference at P < 0.001.
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TABLE 4. Principal component analysis of breast-fed infants according to bacterial groups, genus, and species, as detected by fluorescent in situ

hybridization and flow cytometry

Component

Bifidobacterium/ Lactobacillus/ Clostridium

Targeted groups Enterobacteriaceae Bacteroides coccoides/Atopobium
Bifidobacterium genus (Bif164) -0.9 0.2 —
Enterobacteriaceae (Enter1432) 0.9 — —
Streptococcus group (Stre493) 0.6 0.5 —
Clostridium perfringens (Cpef191) + Clostridium difficile (Cdif198) 0.5 03 —0.2
Clostridium leptum group (Clep1156) 0.2 — —
Lactobacillus group (Labl58) — 0.8 -0.3
Bacteroides group (Bac303) — —0.6 -0.2
Atopobium cluster (Ato291) — 0.6 0.8
Clostridium coccoides group (Erec482) — — 0.9
Percent

Variance 299 18.7 16.8

Cumulative proportion of variance 29.9 48.6 65.4

Results are expressed in loading factors. Factor loading is the product-moment correlation between an observed variable and an underlying factor. Strong
loading was defined as a value >0.6 and marginal loading as a value from 0.2 to 0.4.

intestinal microbiota of 6-week-old BF infants had significantly
higher proportions of Bifidobacterium genus and lower proportions
of Bacteroides, C coccoides, and the Lactobacillus group compared
with that of FF infants. Similarly, we found lower proportions of the
Lactobacillus group in the BF infants; however, we also found
significant differences in the proportions of the Aropobium cluster,
C leptum, and the Streptococcus group between BF and FF infants,
with a higher difference for the Afopobium cluster. Moreover, other
studies have also shown that fecal samples of FF infants harbor
higher numbers of the Atopobium cluster compared with BF infants
(32,33). In addition, the number of clostridia found in BF infants is
lower and has been considered as the only bacterial group that can
be predictive for FF infants (34). Indeed, Fallani et al described C
coccoides as a potential indicator group for FF infants (1). Thus, we
found a higher proportion of C leprum in FF infants; however, in our

study, the only independent bacterial group associated with FF
infants was the Lactobacillus group.

Based on our study, the low frequencies of the Atopobium
cluster, C leptum, Lactobacillus group, and the Streptococcus group
in feces may explain the lower incidence of diseases in BF infants.
Studies based on smaller infant groups identified bifidobacteria
associated with protection from allergy development (35,36),
whereas Clostridium spp, including C difficile, were associated
with increased risk (35-37); however, a large study found no
association between colonization by any particular bacterial group
and development of atopic eczema or specific IgE to food antigens
(38). Our group has previously shown that infants with cow’s-milk
protein allergy exhibit significantly higher numbers of the
C coccoides group and the Atopobium cluster in their gut microbiota
(39).

TABLE 5. Principal component analysis of formula-fed infants according to bacterial groups, genus, and species, as detected by fluorescent in situ

hybridization and flow cytometry

Component
Bifidobacterium/ Clostridium

Targeted groups Enterobacteriaceae Bacteroides coccoides
Bifidobacterium genus (Bif164) —0.8 —0.5 —
Enterobacteriaceae (Enter1432) 0.8 -0.2 -0.3
Clostridium leptum group (Clep1156) 0.7 — —
Lactobacillus group (Labl158) 0.5 —0.5 0.3
Streptococcus group (Strcd493) 0.5 — 0.6
Clostridium coccoides group (Erec482) —0.3 — 0.7
Clostridium perfringens (Cpef191) + Clostridium difficile (Cdif198) 0.3 —0.4 0.6
Bacteroides group (Bac303) — 0.8 —
Atopobium cluster (Ato291) — 0.6 —
Percent

Variance 29.2 19.9 14.9

Cumulative proportion of variance 29.2 49.1 64

Results are expressed in loading factors. Factor loading is the product-moment correlation between an observed variable and an underlying factor. Strong
loading was defined as a value >0.6 and marginal loading as a value from 0.2 to 0.4.
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Another main finding of this study was the identification of
3 main components that explain the major part of the variability of
an infant’s intestinal microbiota. Microbiota of BF and FF infants at
the age of 12 weeks can be primarily described by the Bifidobac-
terium/Enterobacteriaceae  component. According to this com-
ponent, a BF infant harboring high levels of Bifidobacterium
genus will also have low levels of the Enterobacteriaceae and
Streptococcus group. In this regard, Tsuji et al (40) have reported
that Bifidobacterium population levels were negatively correlated
with those of Enterobacteriaceae in healthy Japanese infants.
Although in FF infants the first component is also named Bifido-
bacterium/Enterobacteriaceae, high levels of Bifidobacterium
genus have indicated low levels of Enterobacteriaceae and
C leptum.

As mentioned before, Bifidobacterium have been associated
with protection against allergy. Indeed, low levels of Bifidobacter-
ium have been associated with allergic status (41-43), but other
studies have found no association (44,45). In addition, a reduction
of Bifidobacterium diversity has also been associated with
allergy (46); however, the literature shows numerous discrepancies
related to the link between bifidobacterial species and allergy (47).
Accordingly, Waligora-Dupriet et al (47) showed that the diversity
in Bifidobacterium colonization was not related to allergic status in
both allergic and nonallergic French infants. Moreover, they
showed that the link between Bifidobacterium colonization and
allergy-based diseases is complex and cannot be restricted to the
role attributed to Bifidobacterium species (47). Hence, we hypo-
thesized that the high levels of Bifidobacterium genus and the lower
levels of the Enterobacteriaceae and Streptococcus group in BF
infants, compared with those found in FF infants, may contribute to
the lower prevalence of allergy in the former.

The second component shows that harboring low levels of
Bacteroides indicates higher levels of the Lactobacillus group
and Aropobium cluster in BF infants. Recently, Jost et al (48)
reported that neonates, exclusively BF, harboring high levels of
Bifidobacterium show lower levels of Bacteroides and vice versa.
According to our results, BF infants with low levels of Bacter-
oides also have high levels of Bifidobacterium genus, but with a
marginal loading factor (0.2). Differences between the 2 studies
may exist because they studied only 7 children. In FF infants, the
Bacteroides component shows that harboring high levels of
the Bacteroides group also indicates the presence of high levels
of Aropobium cluster. Likewise, in FF infants, there was a
weak negative correlation between Bifidobacterium genus and
Bacteroides.

Clostridia are generally recognized to be more prevalent in
FF than in BF infants (13). The last component, C coccoides/
Atopobium, reveals the positive association of Atopobium cluster
and C coccoides in BF infants. Nevertheless, in FF infants, the C
coccoides component indicated that higher proportions of the
C coccoides group are associated with higher proportions of C
perfringens plus C difficile, and the Streptococcus group.

Our study has some limitations. Although FISH-FC
technology allows the detection of living bacteria with good
sensitivity, we only studied 10 bacterial groups, genus, and
species, whereas many other species are known to be present
in human microbiota. Approximately 150 common species have
recently been identified in human feces associated with 3 enter-
otypes (49,50).

In conclusion, we found a differential clustering of bacterial
components for the infant gut microbiota based on the feeding
method. Dysregulation of these bacterial clusters may be associated
with disease. Further studies are clearly needed in this field to
identify the main strains for each cluster and to determine the
association of the clusters to specific diseases.
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ANEXOS

TABLA 2. Resistencia antibidtica

Culture media Capsule Time (t)
t, t,
Placebo 1.45+0.99 3.02+0.43
L. rhamnosus 4.11 +0.85 4.08 £0.04
TSA+Ampicillin (2 pg/mL) B. breve 0.50+0.13 0.34+0.18
B. breve plus L. rhamnosus 3.36+0.89 3.07+0.33
L. paracasei 5.79+0.51 6.07 £ 0.55
Placebo 0.15+0.08 0.13+0.01
L. rhamnosus 0.05 +0.02 0.01+0.01
TSA+Ampicillin (4 pg/mL) B. breve 0.06 £0.01 0.02 £0.02
B. breve plus L. rhamnosus 0.22+0.12 0.22+0.01
L. paracasei 0.54+0.14 0.37 £0.09
Placebo 8.30 £ 2.60 7.96 +1.67
L. rhamnosus 5.32+3.81 3.65+0.83
MRS+Ampicillin (2 pg/mL) B. breve 2.24+1.42 1.36+1.13
B. breve plus L. rhamnosus 5.12+1.90 6.64 £ 2.85
L. paracasei 5.67 £1.07 4.62 +1.89
Placebo 4.65+3.27 5.05+1.10
L. rhamnosus 3.34+1.63 2.55+0.71
MRS+Ampicillin (4 pg/mL) B. breve 230+1.67 2.29+0.60
B. breve plus L. rhamnosus 5.45+2.21 4.28 +1.56
L. paracasei 5.87+0.47 4.26 +1.82
Placebo 0.050+0.030 0.019 £0.017
L. rhamnosus 0.012 £0.010 0.012 £ 0.001
MRSC+Ampicillin (2 ug/mL) B. breve 0.002 +0.003 0.002 +0.003
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B. breve plus L. rhamnosus 0.018 £0.012 0.014 +0.002
L. paracasei 0.009 +0.002 0.004 +0.003
Placebo 0.043+0.033  0.033+0.028
L. rhamnosus 0.009 +0.001 0.010+0.001
MRSC+Ampicillin (4 pg/mL) B. breve 0.002 +0.003 0.001 +0.001
B. breve plus L. rhamnosus 0.010 + 0.006 0.013 £ 0.002
L. paracasei 0.005 +0.001 0.003 +0.001
Placebo 0.28 +0.08 0.16 £ 0.05
L. rhamnosus 0.15 +0.07 0.19 £0.02
TSA+Tetracycline (4 pg/mL) B. breve 0.02+0.01 0.01+0.01
B. breve plus L. rhamnosus 0.09 +£0.04 0.03+0.01
L. paracasei 0.16 £0.05 0.20£0.02
Placebo 0.19 +0.07 0.24 +0.04
L. rhamnosus 0.07+0.01 0.05+0.01
TSA+Tetracycline (8 ug/mL) B. breve 0.02+0.01 0.01+0.01
B. breve plus L. rhamnosus 0.08 £0.02 0.04 £0.01
L. paracasei 0.09 £0.02 0.12£0.01
Placebo 1.95+0.68 2.94+£0.72
L. rhamnosus 2.81+2.12 1.57+0.91
MRS+Tetracycline (4 pg/mL) B. breve 4.01+2.37 2.51+1381
B. breve plus L. rhamnosus 8.79+3.14 6.31+£1.49
L. paracasei 2.79+1.70 3.27+1.18
Placebo 1.83+0.99 0.85+0.25
L. rhamnosus 2.66+2.38 0.93+1.10
MRS+Tetracycline (8 ug/mL) B. breve 1.97+1.72 1.79+0.25
B. breve plus L. rhamnosus 7.89+2.36 6.45+1.51
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L. paracasei 2.15+1.12 2.21+0.74
Placebo 0.06 +0.04 0.03+£0.02
L. rhamnosus 0.05 +0.02 0.01+0.01
MRSC+Tetracycline (4 pg/mL) B. breve 0.002 +0.001 0.001 +0.001
B. breve plus L. rhamnosus 0.024+0.0.22  0.014 +£0.000
L. paracasei 0.006 £ 0.001 0.003 £ 0.002
Placebo 0.053+0.029  0.027 £0.015
L. rhamnosus 0.015+0.013 0.012 +0.002
MRSC+Tetracycline (8 pg/mL) B. breve 0.002 +0.004  0.002 £ 0.002
B. breve plus L. rhamnosus 0.018 £ 0.013 0.014 +0.002
L. paracasei 0.001 £ 0.001 0.001 £0.001

Values are means + SEM, in percentages of resistant bacteria. n=3 per group. Means within a group

without a common letter differ significantly. P<0.05. t;, first washout; t,, intervention. MRS, Man-

Rogosa-Sharpe; MRSC, Man-Rogosa-Sharpe with cysteine; TSA, Tryptone soy agar.
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