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RESUMEN

Los productos lacteos fermentados por bacterias acido lacticas (BAL) son
conocidos por sus efectos benéficos a la salud, ya que algunos de ellos
contienen componentes bioactivos. La regulacion del sistema inmune es uno de
los beneficios de estos productos.

El objetivo principal de este estudio fue evaluar el efecto de leches
fermentadas por cepas especificas de Lactobacillus (J20, J23, J25 o J28) y
Lactococcus (NRRL B-50 571 o NRRL B-50 572) sobre la regulacion de los
niveles séricos de citocinas proinflamatorias (IL-1B, IL-6 y TNF-a) y
antiinflamatorias (IL-10), en un modelo murino estimulado con lipopolisacarido
(LPS). Se seleccionaron las cepas por sus propiedades tecnoldgicas y se
determinaron las condiciones del proceso de fermentacion de la leche. Una vez
determinadas las mejores condiciones de fermentacion, se administraron
diferentes tratamientos preparados con cada cepa; a saber, leche fermentada
(FM), leches fermentada pasteurizada (PFM) y fracciones <10 KDa de PFM
(PFM10). Los tratamientos fueron administrados diariamente durante 4
semanas a ratas Wistar macho. Posteriormente, se indujo un proceso de
inflamacion aguda en los animales mediante la administracién subcutanea (s.c.)
de LPS y se determinaron los niveles de las citocinas 6 h posteriores a la
induccion. Finalmente se identificaron los péptidos presentes en las leches
fermentadas que podrian estar involucrados en la regulacion de las citocinas
séricas.

Los resultados evidenciaron que los tratamientos preparados con leches
fermentadas (FM, PFM y/o PFM10) por cepas de Lactobacillus (J20, J23, J25 o
J28) o Lactococcus (NRRL B-50 571 o NRRL B-50 572) regularon los niveles

séricos de citocinas, ya que fueron capaces de disminuir los niveles de IL-6 y
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TNF-a e incrementar los niveles de IL-10. Los resultados fueron dependientes
de la cepa y el tratamiento administrado. También se observé que el efecto se
mantuvo con la pasteurizacion de las leches fermentadas.

Los péptidos identificados por espectrometria de masas-masas se
derivaron principalmente de las proteinas del suero de la leche, presentaron un
peso molecular < 3 KDa y varios de ellos presentaron una carga neta positiva.
Los péptidos cargados positivamente presentes en las leches fermentadas
administradas pudieron haberse unido al LPS que presenta una carga neta
negativa logrando con esto disminuir su efecto.

En conclusién, la administracion de leches fermentadas por cepas
especificas de Lactobacillus o Lactococcus mostré un efecto regulador de
citocinas séricas en un modelo murino. Por lo anterior, las leches fermentadas

estudiadas podrian tener potencial como alimentos funcionales.

Palabras clave: Leches fermentadas, citocinas, Lactococcus,

Lactobacillus, lipopolisacéarido, péptidos.
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ABSTRACT

Dairy products fermented by specific lactic acid bacteria (LAB) are known
for their health benefits, since some of them contain bioactive components. The
regulation of the immune system is one of these health benefits when milk is
fermented with specific strains. The objective of this study was to evaluate the
effect of milk fermented by specific strains of Lactobacillus spp. (J20, J23, J25 or
J28) or Lactococcus spp. (NRRL B-50 571 or NRRL B-50 572) on serum levels
of pro-inflammatory (IL-1B, IL-6 and TNF-a) and anti-inflammatory (IL-10)
cytokines in a lipopolysaccharide (LPS)-stimulated murine model. Specific
strains were selected based on their technological properties. Additionally, milk
fermentation conditions were established. Once fermentation conditions were
established, different treatments were prepared and administered to male Wistar
rats for four weeks. Treatments were as follows: fermented milk (FM),
pasteurized fermented milk (PFM) and <10 KDa fractions of PFM (PFM10).
Next, acute inflammation was induced in rats by subcutaneous (s.c.) injection of
LPS and cytokines production was monitored at 6 h after injection of LPS.
Finally, peptides present in fermented milk derived from dairy proteins that may
be involved in cytokine regulation were identified. The results showed that
fermented milk (FM, PFM and/or PFM10) by strains of Lactobacillus or
Lactococcus regulated serum cytokine levels at 6 h after induction with LPS,
since IL-6 and TNF levels were inhibited and IL-10 levels were increased in
comparison to the control group. This effect was strain- and treatment-
dependent. Also, the effect was present after pasteurization of fermented milk.

Mass spectrometric analysis revealed the presence of peptides mainly
derived from whey proteins and they have a molecular weight < 3 KDa.
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Additionally, positively charged peptides were identified, which could bind to the
negatively charged LPS molecule thus reducing its toxic effect.

In conclusion, milk fermented with specific strains of Lactobacillus or
Lactococcus presented a regulatory effect on cytokine serum levels in a murine

model. Thus, these fermented milk show potential as functional food.

Keywords: Fermented milk, cytokines, Lactococcus, Lactobacillus,
lipopolysaccharide, peptides.
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INTRODUCCION

Las bacterias acido lacticas (BAL) son microorganismos en forma de
cocos o bacilos gram-positivos, no esporulados, no moviles y acido tolerantes,
gue comprenden los géneros Lactococcus, Streptococcus y Lactobacillus, entre
otros (Claesson et al., 2007). Son reconocidos por sus habilidades
fermentativas, por lo que son unos de los microorganismos mas estudiados en
el campo de los alimentos (D’Souza et al., 2012 Sharma et al., 2012; Steele et
al., 2013).

La fermentacion es considerada generalmente como una tecnologia
segura de conservacion de alimentos que utliza BAL y puede categorizarse en
dos grupos segun la materia prima utilizada, como fermentacién lactea y no
lactea. La leche de diferentes mamiferos se puede utilizar en la fermentacién
lactea para la elaboracion de diferentes productos. La leche de vaca, seguida
de la leche de cabra y oveja son las materias primas mas utilizadas para la
elaboracion de productos lacteos fermentados de mayor valor econémico en
todo el mundo (Widyastuti et al., 2014).

La leche es un alimento altamente perecedero y el propdsito principal de la
fermentacién que utiliza BAL es prolongar el tiempo de vida util asi como
preservar los componentes nutritivos de la leche (Gemechu, 2015). La leche en
si es uno de los habitats naturales de las BAL; aunque, la presencia de las BAL
en la fermentacion lactea puede ser espontanea o mediante la inoculacion de
cultivos iniciadores (Wouters et al., 2002; Delavenne et al., 2012).

La fermentacion de la leche que utiliza BAL, indudablemente da lugar a
productos con propiedades organolépticas apreciadas. Las propiedades mas
importantes de las BAL son su habilidad para acidificar la leche y generar sabor
y textura (Griffiths y Tellez, 2013; Kongo et al., 2013). De hecho, el sabor medio



acido y agradable fresco, son caracteristicas de los productos lacteos
fermentados (Widyastuti, 2014). En general, la tecnologia de la fermentacién es
relativamente simple y rentable, y las BAL se han establecido y usado en la
produccion industrial de productos lacteos fermentados (Mayra-Makinen y
Bigret 2004).

El interés por desarrollar productos lacteos fermentados que confieran
beneficios a la salud va en aumento (Shah, 2007; Ali, 2010; Panesar, 2011; Liu
et al.,, 2011). Los productos lacteos fermentados por BAL por lo general
contienen componentes bioactivos que se ha mostrado aportan varios
beneficios a la salud (Griffiths y Tellez, 2013). La regulacion del sistema inmune
es uno de los beneficios de los productos lacteos. La mayoria de esos
beneficios se han mostrado por la fermentacion que emplea diferentes BAL
como son las del género Lactobacillus, y sus efectos parecen ser dependientes
de la cepa (Gourbeyre et al., 2011; Santiago-Lopez et al., 2016). Lactobacillus
puede llevar a cabo una respuesta inmune innata y adaptativa en el huésped
por la union a patrones de reconocimiento (PRR) expresados sobre las células
inmunes y de muchos otros tejidos, incluyendo el epitelio intestinal. Los PRR
reconocen estructuras moleculares conservadas conocidas como patrones
moleculares asociados a microorganismos (PAMPs). El complejo PRR-PAMP
induce la sefal para la produccion de citocinas, quimiocinas y otros efectores
innatos (Wells, 2011).

Las citocinas son reguladores de la respuesta del huésped a la infeccion,
de respuestas inmunes, inflamacién y traumas (McDermott y Tschopp, 2007).
Aunque en estado fisiolégico las citocinas funcionan para promover la salud,
algunas de ellas producidas en exceso pueden agravar las enfermedades
(proinflamatorias), mientras que otras sirven para disminuir la inflamacion
(antiinflamatorias) (Dinarello, 2000). Por lo tanto, las citocinas pueden dividirse
de acuerdo a su funcion. Algunas citocinas son principalmente factores de
crecimiento de linfocitos, otras funcionan como proinflamatorias o
antiinflamatorias, mientras que otras citocinas polarizan la respuesta inmune a

antigeno (Dinarello, 2007).



El lipopolisacarido (LPS) de bacterias gram-negativas induce la produccion
de citocinas proinflamatorias. Después de la inyeccion o exposicion, el LPS
sistémico se une a la proteina de membrana CD14, formando un complejo que
se une a su vez al complejo TLR-4/MD-2 sobre la superficie de macréfagos,
neutrofilos y células endoteliales, que las activa y provoca que esas células
produzcan varias citocinas proinflamatorias, como son factor de necrosis
tumoral (TNF-a), interleucina 6 (IL-6) e interleucina 1B (IL-1B) (Fernandez-
Martinez et al., 2004).

Esas citocinas estimulan a macréfagos ademas de otras células, lo que da
lugar a la activacion de factores de transcripcion, por ejemplo, al factor nuclear
kB (NF-kB), entre otros mediadores, ademas de la iniciacion de la cascada de
sefalizacion de las caspasas. Ademas, los mediadores antiinflamatorios, como
IL-10 son inducidos y contribuyen a la modulacion de respuestas sistémicas
inflamatorias (Simpson et al., 1997; Aono et al., 1997; Harry et al., 1999;
Hamada et al., 1999; Karima et al., 1999).

Las citocinas proinflamatorias aunque contribuyen a la defensa del
huésped, cuando son liberadas en exceso pueden inducir desordenes
inmunopatolégicos (Miettinen et al., 1996; Neumann et al., 2009). Se ha
reportado que la administracién oral de Lactobacillus puede modular el perfil de
citocinas no sélo a nivel intestinal, sino también a nivel sistémico (Arribas et al.,
2009; Baharav et al., 2004; Drago et al., 2010; Takata et al., 2011; Villena et al.,
2012; Juarez et al., 2013). Aungue la mayoria de los efectos benéficos de las
BAL requiere el contacto directo de la bacteria, algunos reportes han
demostrado que moléculas liberadas por Lactobacillus durante la fermentacion
son capaces de modular el sistema inmune (Abdou et al., 2006; Granier et al.,
2013; Agyei et al. 2016).

Las proteinas de la leche son una buena fuente de péptidos bioactivos,
qgue pueden afectar positivamente la salud, incluyendo el sistema inmune, los
cuales son conocidos como péptidos inmunomoduladores (Nongonierma and
FitzGerald, 2015). Varios de esos péptidos llevan a cabo su funcién ya sea

como peéptidos contenidos en hidrolizados o como péptidos individuales



(Hernandez-Ledesma et al., 2014). Algunos de estos péptidos pueden estimular
o inhibir ciertas funciones del sistema inmune. Ademas, dependiendo de la
dosis administrada, las condiciones experimentales y la funcion a evaluar, la
misma sustancia puede mostrar actividades estimuladoras o inhibidoras. Esas
actividades son reunidas en un término conocido como “inmunomodulacién”
(Werner et al. 1986). La inmunomodulacion es necesaria para controlar las
consecuencias de un sistema inmune desregulado y los péptidos bioactivos
tienen el potencial como una alternativa para el manejo de enfermedades con
éstas caracteristicas (Agyei et al, 2016).

La inmunomodulacién por péptidos bioactivos ocurre mediante la unién a
receptores especificos, en consecuencia se promueven las respuestas
inmunoldgicas y funciones celulares, concluyendo en la supresion o
estimulacién de respuestas inmunes especificas (activacion y proliferacion de
linfocitos, produccion de anticuerpos, expresion de citocinas) e inespecificas
(funciones de macrofagos, granulocitos y células natural killer) (Meisel, 2004;
Gauthier et al. 2006). Estos péptidos son considerados entre los componentes
mas prometedores producidos por las BAL para ser explotados en la produccién
industrial de alimentos funcionales (Agyei et al., 2016).

Por lo anterior, este estudio tuvo como objetivo evaluar el potencial efecto
inmunomodulador de leches fermentadas por diferentes cepas especificas de
Lactobacillus o Lactococcus sobre los niveles séricos de citocinas
proinflamatorias y antiinflamatorias (IL-1B, IL-6, TNF-a e IL-10) en un modelo
murino estimulado con LPS y determinar los péptidos presentes en las leches

fermentadas.



HIPOTESIS

Leches fermentadas por cepas especificas de Lactobacillus spp. o
Lactococcus spp. presentan un efecto regulador sobre los niveles séricos de

citocinas en un modelo murino estimulado con LPS.



OBJETIVOS

Objetivo general

Estudiar el efecto regulador de leches fermentadas por cepas especificas
de Lactobacillus spp. o Lactococcus spp. sobre los niveles séricos de citocinas

en un modelo murino estimulado con LPS.

Objetivos particulares

1. Determinar las condiciones de fermentacién y la poblacion inicial del
in6culo para la fermentacién de la leche con las cepas bajo estudio.

2. Evaluar la regulacion de citocinas por la administracion de leches
fermentadas (sin pasteurizar, pasteurizadas y fracciones < 10 KDa) con cepas

especificas de Lactobacillus en un modelo murino estimulado con LPS.

3. Evaluar la regulacién de citocinas por la administraciéon de leches
fermentadas (sin pasteurizar, pasteurizadas y fracciones < 10 KDa) con cepas

especificas de Lactococcus en un modelo murino estimulado con LPS.

4. ldentificar los péptidos presentes en las leches fermentadas bajo

estudio.



METODOLOGIA

Etapa |. Determinacion de las condiciones de fermentacion y de la

poblacion inicial del indculo para fermentar la leche con las cepas bajo estudio.

Fermentacion de leche con
cada cepa de Lactococcus

Fermentacién de leche con
cada cepa de Lactobacillus

v v

Determinacion de la Evaluacion de la
actividad proteolitica actividad acidificante

| |
v

Seleccién de cepas de
Lactobacillus por sus
propiedades tecnoldgicas

v

Determinacion del tiempo de fermentacion y de la poblacion inicial del
in6culo para fermentar la leche con las cepas bajo estudio.

Etapa Il. Evaluacion del efecto regulador de leches fermentadas (sin
pasteurizar, pasteurizadas y fracciones < 10 KDa) por cepas especificas de

Lactobacillus en un modelo murino estimulado con LPS.
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PFM10)
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'

Estimulacién con LPS (s.c.)

v

Evaluacion de los niveles séricos de citocinas IL-6, TNF-a e IL-10 en un modelo murino

con inflamacién aguda




Etapa lll. Evaluacion del efecto regulador de leches fermentadas (sin
pasteurizar, pasteurizadas y fracciones < 10 KDa) por cepas especificas de

Lactococcus en un modelo murino estimulado con LPS.

| Fermentacién de leche con cada cepa de Lactococcus |

|

.

Obtencion de leches Obtencion de leches Obtencion de fracciones < 10
fermentadas con cada cepa » fermentadas con cada cepa » KDa de PFM (tratamiento
(tratamiento FM) (pasteurizadas) (tratamiento PFM10)

| PFM)

| Administracion (v.0.) de cada tratamiento en un modelo murino |

'

Estimulacién con LPS (s.c.)

v

Evaluacion de los niveles séricos de citocinas IL-1B, IL-6, TNF-a e IL-10 en un modelo
murino con inflamacién aguda

Etapa [V. Identificacion de los péptidos presentes en las leches

fermentadas bajo estudio.

Fermentacion de leche con cada cepa de
Lactobacillus o Lactococcus

v

Obtencion de fracciones < 10 KDa de
leche fermentada (PFM10)

v

Identificacion de péptidos asociados a la regulacion de
la produccion de citocinas IL-18, IL-6, TNF-a o IL-10




RESULTADOS Y DISCUSION

Se evaluaron los niveles séricos de citocinas en ratas Wistar
administradas con tratamientos preparados a partir de leches fermentadas por
cepas especificas de Lactobacillus y su posterior estimulacién con LPS.

La administracion de leches fermentadas con J25 o J28 disminuyeron (p <
0.05) los niveles de la citocina proinflamatoria TNF-a. Por otro lado, los niveles
de la citocina antiinflamatoria IL-10 aumentaron (p < 0.05) con la administracion
de las leches fermentadas con J20, J23 o0 J25.

Cuando se evalu6 si el efecto regulador de las citocinas se mantenia con
la inactivacién de las cepas fermentativas por medio de la pasteurizacion, se
encontr6 que las leches fermentadas (pasteurizadas) con J23, J25 o J28
disminuyeron (p < 0.05) los niveles de citocinas pro-inflamatorias, IL-6 y TNF-q,
incluyendo J20 para esta Udltima citocina. Ademas, las leches fermentadas
(pasteurizadas) con J20, J23 o J25 incrementaron significativamente (p < 0.05)
los niveles de la citocina antiinflamatoria, IL-10. En relacion con las fracciones <
10 KDa de leches fermentadas (pasteurizadas) con J28, disminuyeron (p <
0.05) los niveles de IL-6 y TNF-a, incluyendo J20 para esta Ultima citocina.

Por otra parte, también se evaluaron los niveles séricos de citocinas en
ratas Wistar administradas con tratamientos preparados a partir de leches
fermentadas por cepas especificas de Lactococcus y su posterior estimulacion
con LPS.

Los resultados mostraron que las leches fermentadas con NRRL B-50 571
o con NRRL B-50 572 disminuyeron (p < 0.05) los niveles de TNF-a e
incrementaron los niveles de IL-10, respectivamente. La leche fermentada
(pasteurizada) con NRRL B-50 571 y la fraccién < 10 KDa de leche fermentada
(pasteurizada) con NRRL B-50 572 disminuyeron (p < 0.05) los niveles de IL-6.



El decremento de IL-6 o TNF-a observado en animales administrados con
fracciones < 10 KDa de leche fermentada por cepas de Lactobacillus o
Lactococcus, sugieren un efecto inmunomodulador atribuible a los péptidos
presentes en estas fracciones. Algunos reportes han mostrado que péptidos
bioactivos, los cuales son liberadas por BAL durante la fermentacion, son
capaces de modular la produccion de citocinas, y por lo tanto, modular el
sistema inmune (Abdou et al., 2006; Granier et al., 2013; Agyei et al. 2016).
Ademas, se ha reportado que los péptidos inmunomoduladores presentan
pesos moleculares < 7 KDa, siendo mas abundantes aquellos < 3 KDa (Reyes-
Diaz et al., 2016).

En este estudio se identificaron los péptidos que podrian estar
involucrados en la regulacion de éstas citocinas, por medio del analisis de
espectrometria de masas-masas. Los resultados mostraron que los péptidos
presentaron un peso molecular < 3 KDa. Estos péptidos se derivaron
principalmente de las proteinas del suero de la leche, particularmente a partir de
lactotransferrina. Ademas varias secuencias peptidicas presentaron el
aminoacido arginina en el extremo N-terminal y C-terminal. La literatura sugiere
que arginina en el extremo de los péptidos bioactivos es una entidad dominante
reconocida por receptores presentes en la superficie de macroéfagos y linfocitos,
los cuales incrementan su maduracion y proliferacion (Meisel and FitzGerald,
2003; Haque and Chand, 2008). Por lo anterior, varios de los péptidos
identificados en las leches fermentadas administradas, podrian ser reconocidos
por receptores de células inmunes y como consecuencia mostrar un efecto
inmunomodulador.

Por otro lado, se calculd la carga neta de los péptidos identificados y
varios de ellos presentaron una carga neta positiva, los cuales podrian unirse al
LPS que esta cargado negativamente y con esto disminuir el efecto toxico del
mismo en el organismo. LPS es el constituyente principal de la membrana
externa de bacterias Gram-negativas y cuando es liberado a la circulacién
sanguinea provoca inflamacion por la activacion de monocitos y células

endoteliales, lo cual puede ocasionar un choque séptico, incluso la muerte. Una
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estrategia para contrarrestar este proceso es neutralizar el principal mediador
de la actividad del LPS (lipido A), el cual presenta grupos fosforilo cargados
negativamente, mediante moléculas de unién a LPS, como son péptidos
cargados positivamente o proteinas (Van Amersfoort et al., 2003; Martinez-
Sernandez et al., 2016).
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CONCLUSIONES

Los resultados mostraron que las leches fermentadas con las cepas de
Lactobacillus o Lactococcus fueron capaces de disminuir la produccion de
citocinas proinflamatorias (IL-6 and TNF-a) e incrementar la produccion de la
citocina antiinflamatoria (IL-10) en un modelo murino de inflamacién, a las 6 h
posteriores a su induccién con LPS, lo que demuestra un potencial efecto
inmunomodulador. El efecto fue dependiente de la cepa y se mantuvo cuando
las leches fermentadas fueron sometidas a pasteurizacion posterior a la
fermentacion.

Por otro lado, el efecto regulador de las citocinas se observé cuando se
administraron fracciones (< 10 KDa), por lo que este podria estar asociado a la
presencia de los péptidos presentes en las leches fermentadas. Los péptidos
identificados mostraron pesos moleculares < 3 KDa y la mayoria se generaron a
partir de las proteinas del suero de la leche.

En conclusién, este estudio demostré que leches fermentadas por cepas
especificas de Lactobacillus o Lactococcus fueron capaces de regular los
niveles séricos de citocinas proinflamatorias y antiinflamatorias, en un modelo
murino con inflamacion inducida. La regulacion de las citocinas podria atribuirse
a la presencia de péptidos bioactivos producidos como resultado del
metabolismo de las bacterias acido lacticas durante la fermentacion de la leche.
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INTEGRACION DEL MANUSCRITO

La informacion de esta tesis esta dividida en 4 capitulos, los cuales se

resumen a continuacion:

Capitulo I. Péptidos inmunomoduladores derivados de las proteinas de la

leche.

Reyes-Diaz Aline; Gonzéalez-Coérdova, Aardén Fernando; Hérnandez-Mendoza

Adrian; Vallejo-Cordoba, Belinda.

Para desarrollar este capitulo, se recopilé a partir de diferentes estudios,
una lista de secuencias peptidicas derivadas de proteinas de la leche que han
mostrado un efecto sobre el sistema inmune. Estas secuencias se describen
estructural y fisicoquimicamente en este articulo de revision. Los datos
mostraron que la longitud de estos péptidos es muy variable (2-64
aminoacidos). Los aminoacidos mas frecuentes en estas secuencias son prolina
y acido glutdmico. En el extremo N-terminal destaca tirosina, en el extremo C-
terminal lisina, asi como arginina en ambos. Presentan pesos moleculares < 7
KDa, siendo mas abundantes aquellos < 3 KDa. Son principalmente de caracter
hidrofilico y presentan una diversidad de cargas a pH fisiol6gico, que oscilan
entre -7 y +8 y. Estos resultados podrian ser clave para determinar el patrén
estructural y a su vez la funcion de los péptidos inmunomoduladores, ya que al
momento la relacion estructura-funcién y los mecanismos por los cuales estos

péptidos ejercen sus efectos finales no se han dilucidado por completo.

Este capitulo fue publicado en la Revista INTERCIENCIA:
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Reyes-Diaz A., Gonzalez-Cordova A.F., Hernandez-Mendoza A. y Vallejo-
Cordoba B. 2016. Péptidos inmunomoduladores derivados de las proteinas de
la leche. Interciencia, 41(2):84-91.

Capitulo Il. Immunomodulation by hydrolysates and peptides derived from

milk proteins

Reyes-Diaz Aline; Gonzéalez-Coérdova, Aaron Fernando; Hérnandez-Mendoza

Adrian; Ricardo Reyes-Diaz; Vallejo-Cordoba, Belinda.

Este capitulo presenta una revision sobre péptidos immunomoduladores
derivados de proteinas lacteas, incluyendo hidrolizados, fracciones peptidicas y
péptidos. Se describen las diferentes estrategias utilizadas para la produccién
de péptidos bioacivos. Se destaca el potencial de las proteinas de la leche
como fuente de péptidos inmunomoduladores y se incluye informacion que
evidencia las diversas funciones de dichos péptidos con el sistema inmune. La
informacion recopilada mostré que péptidos con funcion inmunomoduladora en
hidrolizados derivan tanto de caseina como de las proteinas del suero de la
leche. Mientras que, las secuencias individuales de péptidos provienen
principalmente de la caseina. Finalmente, se enfatiza la necesidad de generar
informacion e identificar péptidos con funcion inmunomoduladora para entender
el comportamiento de estas estructuras.

Este capitulo, se envio a la Revista International Journal of Dairy

Technology para su revision y posible publicacion.
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Capitulo 1ll. Milk fermented by specific Lactobacillus strains regulate the

serum levels of inflammatory cytokines on a LPS-stimulated murine model

Aline Reyes-Diaz; Veronica Mata-Haro, Jesus Hernandez, Aarén F. Gonzélez-
Cordova; Adrian Hernandez-Mendoza; Ricardo Reyes-Diaz, Maria de Jesus

Torres-Llanez and Belinda Vallejo-Cordoba

En este capitulo se evalud6 el efecto regulador de leches fermentadas por
cepas especificas de Lactobacillus spp. (J20, J23, J25 o J28) en los niveles
séricos de citocinas en un modelo murino inducido con lipopolisacarido (LPS).
Se demostrd que las leches fermentadas (con o sin pasteurizacion posterior a la
fermentacidén) por estas cepas disminuyeron la concentracibn sérica de
citocinas proinflamatorias (IL-6 y TNF-a) e incrementaron la concentracion de la
citocina antiinflamatoria (IL-10). Ademés se evidencid que los efectos
observados se mantuvieron con la pasteurizacion de las leches fermentadas.
Por otra parte, también se demostr6 la disminucibn de estas citocinas
proinflamatorias en animales administrados con las fracciones (< 10 KDa) de
leches que fueron fermentadas por dos de estas cepas (J20 y J28). El efecto
regulador de leches fermentadas con las cepas J20, J23 y J25 se relacion6 con
los componentes presentes en la leche. Por otro lado, la disminucién en los
niveles de citocinas proinflamatorias, mostrados con fracciones de leches

fermentadas por J20 y J28, se relacion6 con los componentes < 10 KDa
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presentes en la leche fermentada y ese efecto podria asociarse a los péptidos
presentes. Finalmente, se identificaron los péptidos que regularon la produccién
de citocinas séricas, los cuales se derivaron principalmente de las proteinas del
suero de la leche y presentaron pesos moleculares < 3 KDa en su mayoria.
Estos péptidos presentaron una carga neta positiva debido a la presencia de
arginina y lisina en los extremos, por lo que podrian unirse a la molécula de LPS
gue posee una carga heta negativa y en consecuencia disminuir los efectos
producidos durante la inflamacion inducida por LPS.

En conclusiéon las leches fermentadas con las cepas especificas de
Lactobacillus estudiadas se proponen como nuevos alimentos funcionales para

la prevencién de transtornos inflamatorios sistémicos.

Capitulo IV. Regulation of lipopolysaccharide-induced serum cytokines in

a murine model by milk fermented with Lactococcus lactis

Aline Reyes-Diaz; Veronica Mata-Haro, Jesus Hernandez, Aarén F. Gonzalez-
Codrdova; Adrian Hernandez-Mendoza; Ricardo Reyes-Diaz and Belinda Vallejo-
Cordoba.

En este capitulo se evaluo el efecto regulador de leches fermentadas por
dos cepas especificas de Lactococcus lactis (NRRL B-50 571 o NRRL B-50
572) sobre los niveles séricos de citocinas IL1-B, IL-6, TNF-a e IL-10, en un
modelo murino estimulado con lipopolisacarido (LPS). Se administraron tres
tratamientos de leches fermentadas por cada cepa; a saber, leche fermentada
(FM), leche fermentada pasteurizada (PFM) y la fraccion < 10 KDa de leche
PFM (PFM10). Los resultados mostraron que el tratamiento FM con la cepa
NRRL B-50 571 disminuy6 los niveles de TNF-aq, el tratamiento FM con la cepa
NRRL B-50 572 incrementd los niveles de IL-10 y los tratamientos PFM o
PFM10 con las cepas NRRL B-50 571 o NRRL B-50 572, respectivamente,
disminuyeron los niveles de IL-6 a las 6 h después de la estimulacion con LPS.

Los efectos mostrados sobre la produccion de citocinas por la administracién de
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la leche fermentada podrian relacionarse a la presencia de péptidos resultantes
de la hidrélisis de proteinas. Los péptidos presentaron en su mayoria pesos
moleculares < 3 KDa y se derivaron principalmente de las proteinas del suero.
Estos péptidos presentaron una carga neta positiva debido a la presencia de
arginina y lisina en los extremos, por lo que podrian unirse a la molécula de LPS
gue posee una carga neta negativa y en consecuencia disminuir los efectos
producidos por LPS. Por lo tanto, las leches fermentadas por estas cepas de L.
lactis fueron efectivas para regular los niveles séricos de citocinas inducidas con
LPS y se han propuesto como candidatos potenciales para la elaboracion de
nuevos productos funcionales capaces de modular la respuesta sistémica con

un potencial efecto inmunomodulador.
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CAPITULO |

Péptidos inmunomoduladores derivados de las

proteinas de la leche.
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PEPTIDOS INMUNOMODULADORES DERIVADOS
DE LAS PROTEINAS DE LA LECHE

_ ALINE REYES-DIAZ, AARON F. GONZALEZ-CORDOVA,
ADRIAN HERNANDEZ-MENDOZA y BELINDA VALLEJO-CORDOBA

RESUMEN

Las proteinas de la leche son objeto de numerosas investi-
gaciones debido al aporte que presentan en beneficio a la sa-
lud como fuente de péptidos bioactivos. La caracterizacion de
los péptidos es un paso primordial e importante para poder
entender como llevan a cabo su funcion. En este trabajo se
recopilo, a partir de diferentes estudios, una lista de secuen-
cias peptidicas derivadas de proteinas de la leche que han
mostrado un efecto sobre el sistema inmune. Estas secuencias
se describen por su longitud y composicion de aminoacidos,
asi como fisicoquimicamente. Los datos muestran que su lon-
gitud comprende entre 2 y 64 aminodcidos. Los aminodcidos
mas frecuentes en estas secuencias son prolina y acido glu-

tamico. Destacan tirosina y lisina en el extremo N-terminal y
C-terminal, respectivamente, y arginina en ambos extremos.
Estos péptidos presentan pesos moleculares <7kDa, aunque
son mas abundantes aquellos <3kDa. Asimismo, ostentan una
diversidad de cargas a pH fisiologico, que oscilan entre -7 y
+8, siendo principalmente de caracter hidrofilico. El andlisis
de la informacion recopilada en esta revision podria ser de
importancia para determinar el patron estructural y a su vez
la funcion de los péptidos inmunomoduladores, ya que al mo-
mento la relacion estructura-funcion y los mecanismos a tra-
vés de los que estos péptidos ejercen sus efectos finales no
han sido completamente elucidados.

a leche es un alimento rico

en proteinas, las cuales es-

tan agrupadas principalmen-
te en caseinas y proteinas del suero. La fa-
milia de las cascinas representa aproximada-
mente el 80% de la masa de las proteinas ¢
incluye varios tipos de caseinas: 0. 0. By
K, que forman complejos de micelas en la
fase acuosa de la leche. Las proteinas del
suero representan el 20% restante y entre
cllas se encuentran f-lactoglobulina (no pre-
sente en la leche humana). o-lactoalbiimina,
seroalbumina, inmunoglobulinas, lactoferrina
v transferrina, entre las mas importantes (Sun
y Jenssen, 2012).

Las proteinas de la leche
han sido objeto de numerosas investiga-
ciones debido al aporte que presentan en
beneficio a la salud como fuente de pépti-
dos con diferente bioactividad, como son
los péptidos inmunomoduladores. que sc
han obtenido en gran parte a partir de es-
tas proteinas (Dziuba e al. 2009:
Plaisanci¢ er al., 2013). La bioactividad
especifica de los péptidos bioactivos de-
pende intrinsecamente de su biodisponibi-
lidad. que esta intimamente relacionada
con sus propiedades estructurales vy fisico-
quimicas (Phelan er al.. 2009). Agyei y
Danquah (2012) mencionan que existe

desconocimiento en relacion al mecanis-
mo de acciéon concreto por el cual los
péptidos inmunomoduladores cjercen sus
cfectos finales. Esta falta de informacion
persiste a la fecha. y podria atribuirse a
la falta de la caracterizacion estructural
de los péptidos involucrados.

Con estos antecedentes
que ponen de manifiesto la falta de in-
formacion mas amplia y precisa para de-
finir un patrén estructural que represente
a los péptidos inmunomoduladores. el
enfoque de csta revision comprende la
descripcion de una lista de secuencias
reportadas de aminodcidos con efecto
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sobre cl sistema inmune, en relacion a
su longitud y composicion, asi como fi-
sicoquimicamente. Se discute también la
dindmica sugerida para estas sccuencias
en el organismo con base en datos repor-
tados en la bibliografia para péptidos
bioactivos. Con los datos presentados se
espera contribuir con informacion que
permita conjuntar las caracteristicas de la
variedad de péptidos inmunomoduladores
que a la fecha han sido reportados y asi
dar un primer paso para orientar estudios
futuros en busqueda de evidencias que
aclaren la relacion estructura-funcion de
los péptidos inmunomoduladores.

Capacidad Inmunomoduladora de
Péptidos Derivados de Proteinas
Licteas

Los péptidos bioactivos
obtenidos a partir de proteinas de la leche
son derivados de la hidrolisis derivada de
diferentes métodos de protedlisis. Pueden
ser producidos in vivo, mediante digestion
gastrointestinal (la mucosa del intestino ex-
presa al menos 15 peptidasas), asi como
por enzimas derivadas de la microbiota hu-
mana (Kilara y Panyam, 2003: Korhonen y
Pihlanto, 2003; Hartmann y Meiscl, 2007).
La produccion in vitro involucra la libera-
cion de péptidos por la adicion de enzimas
(tripsina, pepsina o quimosina) o por la ac-
tividad metabolica de bacterias acido lacti-
cas (BAL) probiodticas u otros microorganis-
mos (Lactobacillus helveticus, L. delbruec-
kii,  Saccharomyces  cerevisiae) (Hebert
et al., 2010; Espeche Turbay ef al., 2012;
Chatterton et al., 2013; Juillerat-Jeanneret
et al., 2011). Gill et al., (2000) seialan que
la leche de vaca contiene de forma natural
algunos péptidos con actividad inmunogéni-
ca en estado preformado o cerca de ser for-
mados. que no requicren ninguna o una mi-
nima modificacion gastrica para ser biologi-
camente activos.

No obstante, a pesar del
esfuerzo de algunos trabajos por aportar
nuevas alternativas para mejorar la salud
en este aspecto, varios de cllos reportan
¢l cfecto de un conjunto de eclementos
contenidos en hidrolizados completos o
fracciones derivados de proteinas ldcteas
(Li y Mine, 2004; Mercier ef al., 2004;
Prioult er al., 2004; Saint-Sauveur ef al.,
2009: Maldonado Galdeano et al., 2011;
LeBlanc ef al., 2002: Vinderola et al..
2007) y muy pocos han logrado demos-
trar la actividad inmunomoduladora de
péptidos individuales especificos o la
combinacion de algunos de cllos. Cabe la
posibilidad de que solo algunos y no el
conjunto de péptidos reportados en esos
hidrolizados o fracciones pudicran ser los
responsables del efecto observado (Tellez
et al. 2010).
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El mecanismo de accion
por medio del cual estas secuencias ac-
tian sobre el sistema inmune no esta to-
talmente explicado. Se sabe (Kayser y
Meisel. 1996) que interactian con el teji-
do linfoide asociado a la mucosa intesti-
nal (GALT), de manera que atraviesan cl
cpitelio intestinal y entran a la circula-
cion, o se unen directamente a receptores
de la superficie celular intracpitelial espe-
cifica. Tal interaccion desencadena dife-
rentes funciones fisiologicas a través de
la senalizacion celular, al suprimir o esti-
mular ciertas respuestas que involucran
tanto al sistema inmune innato como al
adaptativo (Gill er al., 2000: Hancock y
Sahl, 2006; Oclschlacger, 2010). El efecto
culmina en la regulacion de respuestas in-
munes especificas (activacion y prolifera-
cion de linfocitos, sintesis de anticuerpos,
expresion de citocinas) v/o inespecificas
(actividad fagocitica de macrofagos. fun-
ciones de células granulociticas y natural
killer) (LeBlanc et al., 2002; Danquah y
Agyei, 2012).

Existe escaza cvidencia
que muestre las vias de sefializacion que
podrian estar involucradas para que los
péptidos puedan llevar a cabo su efecto
inmunomodulador. Un mecanismo impli-
cado es la via de sefalizacion por AMPc
(adenosin  monofosfato ciclico), que se¢
sabe actua como segundo mensajero al
activar la PKA (proteina cinasa A) y/o la
Epac-1 (proteina de intercambio activada
directamente por AMPc). EI AMPc ha
mostrado efectos inhibidores sobre varias
funciones en macrofagos alveolares al in-
hibir la fagocitosis (Aronoff et al., 2004)
y la produccion de mediadores inflamato-
rios (Rowe et al., 1997). Otra via involu-
cra la estimulacion de la proteina cinasa
activada por mitogenos (MAPK) y el fac-
tor nuclear NF-kB, ya que posterior a la
adicion de glicomacropéptido (GMP) bo-
vino en una linea celular de monocitos
tumorales y otra de monocitos normales,
se incrementé la sintesis de citocinas
proinflamatorias como TNF-a, IL-1f ¢
IL-8 (Requena ef al., 2009).

La ecvidencia obtenida
hasta ¢l momento ha demostrado cl efecto
sobre el sistema inmune de un conjunto
de sccuencias que son derivados de pro-
teinas de origen lacteo, las cuales se deta-
llan en la Tabla I, donde se¢ observa que
los péptidos inmunomoduladores reporta-
dos derivan casi en su totalidad de la ca-
seina (proteina) de la leche (22/23 sc-
cuencias, equivalentes al 96%), los cuales
se distribuyen como sigue: oy 22%. oy
4%, B 61% y x 9%. La sccuencia restante
corresponde a un péptido derivados de
proteinas del suero (una secuencia, equi-
valente al 4%, que corresponde al péptido
lactoferricina o LF).

La informacion anterior
denota que existe escasa informacion
sobre péptidos individuales derivados de
proteinas del sucro de la leche con
cfecto inmunomodulador. Sin embargo.
se ha reportado el efecto de estas pro-
teinas sobre ¢l sistema inmune cuando
presentan su estructura completa o de
hidrolizados de las mismas que contic-
nen un conjunto de péptidos que po-
drian presentar dicha actividad de forma
individual (Mercier et al.., 2004 Prioult
et al., 2004; Saint-Sauveur ef al., 2009;
Tellez et al, 2010; Maldonado Galdeano
et al., 2011, LeBlanc et al., 2002:
Vinderola et al., 2007).

Caracteristicas estructurales y
fisicoquimicas de péptidos
inmunomoduladores

Caracteristicas estructurales

Como se¢ muestra en la
Tabla 1. los valores de la longitud de los
péptidos inmunomoduladores es muy am-
plio y variable (2-64 aminoécidos), siendo
los mas frecuentes aquellos con 6-7 ami-
nodcidos en su secuencia. El hecho que
estas sccuencias presenten longitudes de
cadena muy variadas sugicre que los pép-
tidos inmunomoduladores pueden tomar
diferentes rutas de transporte en el epite-
lio intestinal una vez que son ingeridos,
de lo cual dependera su biodisponibilidad,
asi como el mecanismo de accion, que
culminard en una bioactividad especifica
sobre el sistema inmune.

En relacién a la compo-
sicion de aminodcidos presentes en las
proteinas, todos se encuentran distribui-
dos en ¢l conjunto de las secuencias in-
munomoduladoras, con al menos dos re-
siduos en la secuencia que lo contiene.
Esto resalta ¢l aporte nutricional en adi-
cion a su actividad bioldgica. De ahi ra-
dica la importancia de incorporarlos a la
dicta. Swaisgood (1992) describio la
composicion de aminodcidos contenidos
en las principales proteinas de la leche y
reporté la abundancia de los residuos
prolina (Pro), acido glutamico (Glu),
glutamina, leucina (Leu) y lisina (Lys).
De ¢stos, Pro y Glu son los aminoédcidos
mas frecuentes en los péptidos inmuno-
moduladores aqui enlistados, con el 13,5
y 12.4% de residuos. respectivamente, en
cl total de las sccuencias.

Pro esta presente en
practicamente todas las secuencias de este
estudio. excepto en las dos sccuencias
mas cortas que corresponden a un di- y
un tripéptido. En un estudio, Dziuba
et al. (2009) realizaron una proteélisis si-
mulada con herramientas informaticas de
proteinas de la leche. Los resultados
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TABLA 1

EFECTO ESPECIFICO DE PEPTIDOS INMUNOMODULADORES DERIVADOS DE PROTEINAS DE LA LECHE

N° Proteina Péptido Enzima Efecto inmune Refl
P 10 tra infeccion por Staphylococeus aureus en raton.
a,-CN (1-23) RPKHPIKHQGLPQEV Rty 4 oF Ay st W Lahov y Regelson, 1996
Isracidina (N-terminal) LNENLLRF Q 1t respuesla ‘fagocmca en raton mfeplado con Candida albicans Protege Minkiewicz ef al.. 2000
a vacas y carnellos contra mastitis,
; : ; ) Juillerat-Jeanneret ef al.,
2 aeON (173 NEMLLRFRVAPRPEVRG  BAL DADRMla cosiew MMP9 o0 citvis HIO y SWHN qoe misaposet’ - g9
durante el de de colon.
Chatterton e/ al., 2013
a,-CN (59-79) QMEAESISSSEEIVPN T 1 Produccion de IgG en células de bazo de raton. Hata ef al.. 1998
Caseinofosfopéptido SVEQK 1 IgA sérico e intestinal en raton. K
5 1 Expresion del gen MUCSAC y la secrecion de mucina en células .
¢ %-CN (143-149) £ N HT29-MTX., proporcionando un efecto de barrera intestinal, Martinez-Maqueda, 2013
5 -CN (144-149) YFYPEL NR 1 Expresion del gen MUCSAC y la secrecion de mucina en células Martinez-Maqueda, 2013
HT29-MTX.
KNTMEHVSSSEESIISQE ’ . Hata ef al., 1999
6 ay-CN (1-32) TYKQEKNMAINPSK T Efecto estimulador sobre células del bazo. Otani ef al,, 2000
B-CN (1-25) RELEELNVPGEIVES T 1 Proliferacion de células del bazo y timocitos de placas de Peyer en raton. Hata ef al.. 1998
Caseinofosfopéptido LSSSEESITR 1 Produccion de inmunoglobulina en células de bazo de raton. v
B-CN (1-28) RELEELNVPGEIVESLS 1 Proliferacion de linfocitos. o
Caseinofosfopéptido SSEESITRINK T 1 Niveles IgA en cultivos celulares. Otani ¢! al, 2000
ZiE 4 5% i : g Parker ef al., 1984
9 p-CN humana (54-59) VEPIPY T 1 Fagocitosis de en células peritoneales murinas, Gattegno ef al,, 1988
B-CN (60-66) | Proliferacion de linfocitos a bajas I
i p-casomorfina-7 YRRPGEI MR 1 Proliferacion de linf a altas Kayser y Meisel, 19%
1 Formacion de anticuerpos. Migliore-Samour y
it PN (2:%8) ROEEN AR 1 Fagocitosis de macrofagos murinos. Jolles, 1988
7 | Proliferacion de linfocitos. Migliore-Samour y
12 p-casomorfina (60-70) YPFPGPIPNSL NR T Rosinisicia o inficeidan por Rlabiilla o— Tolles, 1988
. . S M o Rival ¢f al., 2001
13 B-CN (98-105) VKEAMAPK T Inhibe a lipooxig la p vascular. Chatterton et al.. 2013
1 Expresion de los genes MUC2 y MUC4 v la secrecion de mucina en
m B-CN (94-123) GVSKVKEAMAPKHKE NR células HT29-MTX. Plaisancié ef al., 2013
MPFPKYPVEPFTESQ 1 Numero de células de Paneth y células calciformes (células de Goblet) Chatterton et al., 2013
en un modelo murino proporcionando un efecto de barrera intestinal.
it Bt v Rival et al., 2001
15 B-CN (169-176) KVLPVPQK NR  Inhibe a lipooxig enzima ap Chatterton et al., 2013
, 5 - ; o p . Rival et al., 2001
16 B-CN (170-176) VLPVPQK T Inhibe a lip enzima ap inflamatorios. Chatterton ef al.. 2013
: " . qi bl ; 3 Rival et al., 2001
17 B-CN (177-183) AVPYPQR T Inhibe a lipooxig enzima ap inflamatorios. Chatterton ¢f al.. 2013
1 Formacion de anticuerpos. Berthou ef al., 1987
18 B-CN (191-193) LLY T 1 Fagocitosis. Gill et al., 2000
1 Proliferacion de células T dependiente de antig Clare y Swaisgood, 2000
Modula la proliferacion de linfocitos.
10 PO (192:009) LYQEPVLOFVRGPERILY PQ Efecto mitogénico sobre nodulos linfaficos y células de bazo en rata. Coste et al, 1992
20 P-casocinina-10 (193-202) YQEPVLGPVR NR 1 Proliferacion de linfocitos en rata a altas concentraciones. Kayser y Meisel, 1996
Kayser y Meisel, 1996
21 k-CN (38-39) YG NR 1 Proliferacion de linfocitos, Gill et al., 2000
Otani ef al., 2000
KON (106-169) MAIPPKKNQDKTEIPTINTIAS 1 Secrecion de TNF, IL-10.
n Glicomacronéntido GEPTSTPTTEAVESTVATLED ~ Q  Nommaliza la expresion de IL-1f, IL-17, IL-23, IL-6, TGF- e IL-10. Requena et al., 2009; 2010
IoomacIopep SPEVIESPPEINTVQVTSTAV Presenta actividad antiinflamatoria relacionada con linfocitos Thl yTh17.
Actividad fagocitica de neutrofilos humanos. : .
FKCRRWQWRNKKLG ! 8 : Miyauchi et al., 1998
23 LF (17-41) APSITCVRRAF P~ | Respuesta a IL-6 cuando se estimula con LPS, Clare y Swaisgood, 2000

1 Lit on de IL-8 de |

Los simbolos aqui utilizados para denotar las enzimas son Q: quimosina, BAL: enzimas derivadas de bacterias dcido-licticas, T: tripsina,
NR: no reportado o no se utilizaron enzimas debido a la utilizacion de péptidos sintéticos, P: pepsina.
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evidenciaron que los péptidos con activi-
dad inmunomoduladora, ademas de pépti-
dos con otras bioactividades. que contic-
nen Pro dentro de su secuencia son hidro-
lizados por prolin-oligopeptidasas. En re-
ferencia con lo anterior, se puede inferir
que hay una gran probabilidad de que los
péptidos inmunomoduladores sufran de-
gradacion por efecto de enzimas digesti-
vas cuando son ingeridos via oral. Esto
podria suponer la posibilidad de que el
mecanismo de transporte de estos pépti-
dos es el seguido por péptidos pequeiios,
los cuales son transportados mediante
transportadores expresados en los entero-
citos. Estos datos deben considerarse para
el diseiio de péptidos bioactivos cuando
intervengan enzimas digestivas durante su
estudio. En el orden de las ideas anterio-
res que resaltan la importancia de Pro
como clemento de importancia para efec-
tuar una actividad biologica, se encontrd
que péptidos sintéticos con una longitud
de al menos 15 residuos de aminodcidos.
con una Pro en la posicion 6 estimuld la
liberacion de IL-1 y TNF-a en monocitos.
La sustitucion de Pro en esa posicion por
otro residuo convirtio al péptido en inac-
tivo (Lopez-Moratalla et al., 1994).

Glu tambié¢n podria ser
un aminodcido clave en la estructura de
los péptidos inmunomoduladores, pues sc
encontré que al formar parte de diferentes
glicopéptidos sintéticos puede estimular la
produccion de células formadoras de anti-
cuerpos en ¢l bazo de ratén, o si se cam-
bian las condiciones de su estructura pue-
de actuar como wun inmunosupresor
(Kondratenko ef al., 2006). Bajo el mis-
mo enfoque que resalta la importancia del
Glu en péptidos imunomoduldores,
Lépez-Moratalla er al. (1994) demostra-
ron ¢l efecto sobre el sistema inmune de
secuencias con aminoacidos como valina,
Leu, isoLeu, glicina, alanina o Lys en la
posicion 2, y Glu o dcido aspartico (Asp)
en la posicion 11. La sustitucion de resi-
duos en la posicion 2 y 11 por otros resi-
duos aminoacidicos disminuyeron las pro-
piedades inmunomoduladoras descritas, o
llevo a la pérdida de la actividad en con-
junto. Glu tiene importancia fisiologica y
metabolica, pues es critico para la funcion
celular y un importante neurotransmisor,
ademas de actuar como precursor para la
biosintesis de glutation, arginina (Arg) y
Pro (Sapolsky, 2005; Okubo ef al., 2010).

Uno de los aminodcidos
mas frecuente en estas secuencias es seri-
na (Ser). Aunque solo ocho de las 23 se-
cuencias lo conticnen en su estructura,
esta presente en clevada proporcion en las
mismas. Al momento no hay estudios que
respalden su importancia en los péptidos
bioactivos: no obstante, esta revision re-
salta un patron estructural en la region
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interna de las secuencias indicadas con
los nimeros 3, 6, 7y 8 en la Tabla I,
donde sobresalen las secuencias repetidas
SSSEEXI y ESXSSSEEX, (las letras S, E
¢ I corresponden a residuos de Ser, Glu ¢
isoLeu, y la X corresponde a Leu, isoLeu
o Ser). Esta informacién deberia estudiar-
s¢ a profundidad para conocer su relacion
con ¢l efecto inmunomodulador de estas
secuencias.

También puede observar-
se en las secuencias reportadas en la
Tabla 1. que en su extremo amino-termi-
nal destaca ¢l aminodcido tirosina (Tyr). ¥
Lys en el extremo carboxilo-terminal, asi
como Arg en ambos extremos. Los extre-
mos N-terminal y C-terminal son impor-
tantes, pues existe cvidencia que sugiere
que aminodcidos como Arg en la region
amino- o carboxilo-terminal de péptidos
bioactivos es la entidad dominante que
reconocen receptores de la superficie de
linfocitos y macrofagos, promoviendo su
maduracion y proliferacion (Meisel y
FitzGerald. 2003; Haque y Chand, 2008,
Phelan et al.. 2009).

Propiedades fisicoquimicas

La forma de transporte
de los péptidos bioactivos a nivel intesti-
nal depende no solo de sus caracteristicas
estructurales, sino también de sus propie-
dades fisicoquimicas. La descripcion fisi-
coquimica para los péptidos inmunomo-
duladores de esta revision se apoy6 en

herramientas  informaticas  del  servidor
Expasy  (http://www.expasy.org), como
son ProtParam y SAPS (Gasteiger ef al..
2005), para lo cual se contemplo la ocu-
rrencia de frecuencia de pardmetros como
¢l peso molecular (PM), mimero de resi-
duos con carga negativa, nimero de resi-
duos con carga positiva, promedio de hi-
dropaticidad, punto isocléctrico tedrico
(pD) y vida media (VM) (Tabla II).

Con una relacion direc-
tamente proporcional a la longitud. los
PM de los péptidos inmunomoduladores
incluidos en esta revision son variables y
en general corresponden a  estructuras
<7kDa, siendo la mayoria (18 de 23) de
las sccuencias <3kDa: algunas (4/23) os-
cilan entre los 3-4 kDa y la secuencia co-
rrespondiente a GMP es de 6-7kDa. El
intervalo de tamafios de los péptidos bio-
activos que han sido estudiados en gene-
ral van de di, tri y oligopéptidos a poli-
péptidos de alto PM (Hernandez-Ledesma
et al., 2005). En un estudio donde se uti-
liz6 un modelo de digestion gastrointesti-
nal in vitro se evaluo la capacidad de so-
brevivencia de fracciones peptidicas de
diferentes PM. Los resultados mostraron
que péptidos con PM>3kDa fueron mas
faciles de digerir que aquellos <3kDa
(Chen y Li, 2012). Se ha reportado que
los péptidos mas pequefios son transporta-
dos intactos a la circulacion a través de
enterocitos, mediante transportadores de
péptidos expresados en intestino como
por cjemplo PepT1 (Matsui et al., 2002,

TABLA 11
RESUMEN DE PARAMETROS FISICOQUIMICOS DE PEPTIDOS
INMUNOMODULADORES
N° de PM I Residuo: Residuo: VM Promedio de
secuencia  (Da) P () (+) (h) hidropaticidad
1 27642 999 Glu (2) Arg (2). Lys (2) 1 -0,987
2 19963  4.53 Glu (2) Arg (1) 1.4 0.406
3 23215 398 Glu (5) Lys (1) 0.8 -0.781
4 9020 40 Glu (1) 0) 44 0,100
5 8309 40 Glu (1) (0) 28 -0.183
6 36690 563 Glu (5) Lys (4) 1.3 -1.238
7 28030 4.12 Glu (7) Arg (2) 1 -0.596
8 31584 436 Glu (7) Arg (2). Lys (1) 1 -0.636
9 7168 4 Glu (1) 0) 100 0.117
10 7899 5,52 0) ) 28 0,114
11 5936 596 (0) (0) >20 -0.700
12 12013 552 (0) (0) 28 -0.287
13 8730 856 Glu (1) Lys (2) 100 -0.400
14 34179 834 Glu (4) Lys (5) 30 -0.887
15 908.1 10,0 0) Lys (2) 1.3h -0.287
16 7799 872 0) Lys (1) 100 0.229
17 8299 879 © Arg (1) 44 -0,229
18 ND ND (0) (0) ND ND
19 19944 60 Glu (1) Arg (1) 5.5h 0.667
20 11573 6.0 Glu (1) Arg (1 2.8h -0.420
21 ND ND 0) 0) ND ND
22 67074 404 Asp (2), Glu (8) Arg (3) 30 -0,370
23 31087 11.84 0) Arg (5). Lys (3) 1.1 -0.370
PM: peso molecular. pl: punto isoeléctrico, VM: vida media. ND: no disponible.
87
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Foltz et al., 2007), mientras que los oli-
gopéptidos pueden ser absorbidos por
transporte pasivo a través de regiones hi-
drofébicas de la membrana cpitelial o
por via paracelular a través de uniones
estrechas (Fei et al.. 1994. Satake et al.,
2002; Shimizu, 2004; Darewicz et al.,
2011). La via paracelular no es una ruta
de transporte degradativa al mantener los
péptidos transportados intactos y la mo-
dulacion de la estructura de las uniones
estrechas por sustancias de los alimentos
facilita ¢l transporte paracclular (Tsukita
et al., 2001). Ademas. los oligopéptidos
también pueden ser transportados por
transcitosis (transporte transcelular me-
diado por vesiculas) (Shen et al., 1992)
y en algunos casos no ¢s necesario que
los péptidos scan absorbidos para cjercer
sus propicdades biologicas, como sucede
con algunos péptidos que se unen a co-
lesterol y actian en el tracto gastrointes-
tinal (Wang y Gonzilez de Mgjia, 2005).
Cabe resaltar que la bioactividad de pép-
tidos demostrada cn estudios in vifro no
s¢ traduce gencralmente en cfectos en
estudios in vivo, ya que pueden influir
condiciones relacionadas con la absor-
cion, biodisponibilidad y susceptibilidad
de los péptidos a la degradacion por en-
zimas fisiologicas en fragmentos inacti-
vos (Hemandez-Ledesma er al., 2005).
En este sentido. s¢ ha reportado que la
bioactividad in vitro de péptidos con me-
nor PM representa el mayor grado lo ob-
servado in vivo (Qian ef al. 2011).

Los péptidos que han
sido sefialados como inmunomoduladores
muestran una diversidad de cargas a pH fi-
siologico que oscilan entre -7 y +8. ubi-
candolos como péptidos cationicos, neutros
y anionicos. Esto sc debe a la variacion en
la presencia de Arg y Lys (residuos carga-
dos positivamente). en relacion con Asp y
Glu (residuos cargados negativamente) en
su secuencia. Estos péptidos presentan ma-
yoritariamente una carga neta de 0 (30%
de las sccuencias) y en menor proporcion
presentan cargas totales de -1 y +1 (21 v
17%., respectivamente) y =7, =5, -4, +2 y
+8 distribuidas para el resto.

Hasta ¢l momento el
cfecto de la carga en relacion a la fun-
cion de los péptidos inmunomoduladores
no ha sido descrito a profundidad. En un
estudio en que se evalud a la lactoferrici-
na (LF), péptido cationico de 25 aminoa-
cidos aislado después de la escision gas-
trica de la lactoferrina, una enzima multi-
funcional transportadora de hicrro (Haug
y Svendsen, 2001; Richardson er al.,
2009). se reporté que los residuos de cis-
teina en su estructura generaron un puen-
te disulfuro que une la region N-terminal
cargada positivamente 'y la  region
C-terminal del péptido, aunado a su alto

contenido en aminoacidos basicos que le
dan una carga de +7.84 a pH 7.0. Estas
caracteristicas podrian estar relacionadas
con su funciéon inmunomoduladora.
Ademas, en la bibliografia se reporta cl
alcance de secuencias con caricter catio-
nico, que permite su interaccion con fos-
folipidos anionicos de la membrana bacte-
riana o de otros patégenos, permiticndo la
interaccion péptido-membrana previo a la
actividad  antimicrobiana (Hancock vy
Patrzykat, 2002: Hancock y Rozek,
2002). El pH del medio donde se encuen-
tre ¢l péptido es también esencial para
determinar sus propiedades dcido-base,
aspecto importante pues de cllo dependen
las propicdades quimicas y la funcionali-
dad biologica de los péptidos.

Continuando con la des-
cripcion de las propiedades fisicoquimicas
de los péptidos inmunomoduladores, se
predijo ¢l indice de hidropatia. La herra-
micnta informatica empleada para cllo fue
ProtScale  (http://web.expasy.org/protsca-
le), la cual obticne la polaridad relativa
de cada aminodcido, que se ha determina-
do experimentalmente midiendo ¢l cam-
bio de energia libre al trasladar un resi-
duo dado de un solvente hidrofobico al
agua. La cnergia libre de transferencia
varia desde muy exergonica para residuos
cargados o polares a muy endergonica
para aminodcidos con cadenas laterales
aromaticas o alifaticas, y finalmente el
programa suma las cnergias libres de
transferencia para dichos residuos. La ve-
rificacion se realizo en conjunto para 21
secuencias de la Tabla I, de acuerdo a la
escala de Kyte-Doolittle (1982), que con-
sidera a las regiones de las secuencias
analizadas con indice >0 en ¢l promedio
de hidropatia como hidrofobicas, v aque-
llas con valor negativo como hidrofilicas.

La informacion obtenida
de la Tabla Il para cada péptido indivi-
dual muestra que ¢l 72% de las sccuen-
cias son hidrofilicas, siendo ¢l restante de
caracter hidrofobico. No fue posible la
verificacion de dos secuencias, al no con-
tar con la longitud minima de cinco ami-
nodcidos que ¢l programa requicre. El he-
cho que los péptidos inmunomoduladores
scan mayoritariamente de caracter hidrofi-
lico implica una baja afinidad por las
membranas de células u organclos subce-
lulares, por lo que este podria ser un dato
util para inferir el mecanismo de trans-
porte de cada péptido.

Dentro de las caracteris-
ticas fisicoquimicas se incluyen también
cl punto isocléctrico y la vida media, da-
tos que pueden aportar una idea sobre la
cstabilidad del péptido. El punto isoeléc-
trico ¢s un parametro a considerar al mo-
mento de verificar ¢l comportamiento de
los péptidos en solucion. En ¢l punto

isocléctrico de la proteina la solubilidad
generalmente aumenta con la hidrolisis,
va que es principalmente el resultado de
la reduccion en peso molecular y del au-
mento en ¢l nimero de grupos polares
(Slattery y Fitzgerald, 1998: Caessens
et al., 1999). Por otro lado, la vida media
indica el tiempo que toma a la mitad de
la cantidad de proteina presente para des-
aparccer de una célula (Gasteiger ef al.,
2005). En el presente trabajo. el cilculo
s¢ hace para estudios en humanos ¢ in vi-
tro. ProtParam estima la vida media con-
templando ¢l aminoacido N-terminal de la
secuencia a investigar. Se ha demostrado
que la identidad del residuo N-terminal
de una proteina juega un papel importante
para determinar su estabilidad in vivo, al
participar en los procesos de degradacion
proteolitica via ubiquitina  (Gasteiger
et al., 2003), para lo que se han creado
proteinas beta-galactosidasa por mutagé-
nesis sitio-dirigida con diferentes aminoa-
cidos en la regiéon N-terminal. De este
modo, las proteinas disefiadas presentaron
diferentes tiempos de vida in vivo de mas
de 100h y al menos 2min, dependiendo
de la naturaleza del aminodcido en la re-
gion N-terminal y del modelo experimen-
tal (levadura in vivo, reticulocitos de ma-
mifero in vitro, . coli in vivo). Asi, se
puede ordenar ¢l conjunto de aminodcidos
individuales respecto a la vida media que
cllos conficren cuando estan presentes en
la region N-terminal de una proteina
(Bachmair er al., 1986. Gonda er al.
1989: Tobias ef al.. 1991).

Conclusiones

Esta revision describe la
longitud y composicion de secuencias li-
neales de aminoacidos con actividad in-
munomoduladora demostrada en la bi-
bliografia disponible, asi como sus pro-
piedades fisicoquimicas. La informacion
muestra que las proteinas de la leche,
principalmente las cascinas, dan lugar a
la gran mayoria de péptidos inmunomo-
duladores estudiados a la fecha. Los
péptidos inmunomoduladores revisados
presentan una longitud de cadena muy
variada, sugiriendo las diversas rutas de
transporte que pucden tomar en ¢l epite-
lio intestinal. Muestran un nimero cleva-
do de residuos de Pro y Glu, aminodci-
dos que podrian ser clave en estas se-
cuencias para realizar su funcion. La
abundancia de Pro en estas sccuencias
sugiere una gran probabilidad de que los
péptidos inmunomoduladores sufran de-
gradacion por efecto de enzimas digesti-
vas cuando son ingeridos via oral.
Presentan sccuencias repetidas ricas en
Ser, mientras que Tyr y Lys estan pre-
sentes en  mayor proporcion en los
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extremos N-terminal y C-terminal, res-
pectivamente. Se confirmé la presencia
de Arg en la mayoria de estas sccuencias
en el extremo N-terminal o C-terminal.
sugiriendo el reconocimiento de estos
péptidos por receptores especificos de
membrana. Los pesos moleculares co-
rresponden a estructuras <7kDa, aunque
los de mayor incidencia son aquellos
<3kDa. En base a la evidencia existente
s infiere que estas sccuencias muestran
una disminucion en la probabilidad de
sufrir degradacion intestinal para pépti-
dos <3kDa. Las cargas que presentan sc
encuentran en un intervalo entre -7 y +8.
Mayoritariamente son de caricter hidro-
filico, dato que sugicre una baja afinidad
por las membranas de células u organe-
los subcelulares. Estos datos son utiles
para inferir en ¢l mecanismo de trans-
porte, por consiguiente su biodisponibili-
dad, asi como ¢l mecanismo de accion,
que culminard en una bioactividad espe-
cifica sobre ¢l sistema inmune. Con esta
informacion es posible asumir que la
existencia de una gran diversidad de
péptidos inmunomoduladores se debe a
su variada estructura quimica, que le
conficre una diversidad de propicdades
fisicoquimicas. En respuesta a cllo, los
mecanismos de accion son variados.
Esto hace a los péptidos inmunomodu-
ladores dificiles de estudiar, pero al
mismo tiempo mas inter Cabe

prop and three-di ional of
two tripeptides from human and cow caseins.
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and structure of the N-end rule. J. Biol.
Chem. 264: 16700-16712.

H. k REW, Patrzykat A (2002) Clinical deve-

drolysis. II. Peptide identification, SH/SS ex-
change, and functional properties of hydro-
lysate fractions formed by the action of plas-
min. J. Agric. Food Chem. 47: 2980-2990.

Chatterton  DEW. Nguyen DN, Bering SB,
Sangild PT (2013) Anti-inflammatory mecha-
nisms of bioactive milk proteins in the intes-
tine of newbomns. /nt. J. Biochem. Cell Biol.
45: 1730-1747.

Chen M. Li B (2012) The effect of molecular
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P after the simul d gas-
trointestinal digestion. /nnov. Food Sci.
Emerg. Technol. 16: 341-348.

Clare DA, Swaisgood HE (2000) Bioactive milk pep-
tides: a prospectus /. Dairy Sci. 83: 1187-1195.

Coste M, Rochet V. Leonil J, Molle D, Bouhallab
S. Tome D (1992) Identification of
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Immunol. Lett. 33: 41-46.

Danquah MK. Agyei D (2012) Pharmaceutical
applications of bioactive peptides. O
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(2011) The preventive potential of milk and
colostrum proteins and protein fragments.
Food Rev. Int. 27: 357-388.
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proteins as precursors of bioactive peptides.
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recordar que los datos fisicoquimicos de
cada secuencia se¢ obtuvicron como una
ctapa predictiva empleando herramientas
informaticas para su andlisis: por lo
tanto, la informacion relacionada con la
dinidmica de estas cstructuras debe ser
confirmada mediante estudios in vitro ¢
in vivo para poder soportarla, ya que
dependerda de la naturaleza del modelo
de estudio, la dosis, la duracion del tra-
tamiento, la genética y el estado fisiolo-
gico, entre otros. El avance logrado en
cl entendimiento de estas secuencias re-
presenta informacion que deberia ser
importante como un primer paso en los
discfios experimentales.
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IMMUNO-MODULATING PEPTIDES OBTAINED FROM MILK PROTEINS
Aline Reyes-Diaz, Aaron F. Gonzilez-Cordova, Adrian Herndndez-Mendoza and Belinda Vallejo-Cordoba

SUMMARY

Milk proteins are the subject of numerous investigations,
as they represent a supply of bioactive peptides beneficial to
health. The characterization of the peptides is a fundamental
step in order to understand how they exert their function. The
present paper gathers, from a number of different studies, a
list of peptidic sequences derived from milk proteins that have
shown to have effect on the immune system. These sequences
are described as to their length and aminoacid composition,
as well as physical-chemical properties. The data shows that
their length comprises 2 to 64 aminoacids. The most frequent
ones are proline and glutamic acid. Tvrosine and lysine are

present in in the extreme N-terminal and C-terminal, respec-
tively, while arginine is at both extremes. These peptides have
molecular weights <7kDa, although those <3kDa are most
abundant. Also, their charges differ widely at physiological
pH, between -7 and +8, being mainly of hydrophyllic charac-
ter. The analysis of the gathered information in the present
review could be of importance for the determination of the
structural pattern and in turn the function of immuno-modu-
lating peptides, as at present the structure-function relation-
ships and the mechanisms employed by this peptides to exert
the final effects are not completely elucidated.

PEPTIDEOS IMUNOMODULADORES DERIVADOS DAS PROTEINAS DO LEITE
Aline Reyes-Diaz, Aaron F. Gonzilez-Cordova, Adrian Hernandez-Mendoza ¢ Belinda Vallejo-Cordoba

RESUMO

As proteinas do leite sao objeto de numerosas investigagoes
devido ao aporte que apresentam em beneficio para a saide
como fonte de peptideos bioativos. A caracterizagdo dos pepti-
deos é um passo primordial e importante para poder der

Destacam-se tirosina e lisina no extremo N-terminal e C-termi-

nal, respectivamente, e arginina em ambos os extremos. Estes

peplideos apresemam pesos moleculares <7kDa, ainda que sdo
d I

como realizam sua fungdo. A partir de diferentes estudos, neste
trabalho foi elaborada uma lista de sequéncias peptidicas deri-
vadas de proteinas do leite que tém mostrado um efeito sobre
o sistema imune. Estas sequencms sdo descritas por seu com-
primento e composi¢do de idos, assim como caracteris-
ticas fi. slco—quimicas Os dados mostram que seu comprimento
compreende entre 2 e 64 aminodacidos. Os aminodcidos mais

Jfrequentes nestas sequéncias sao prolina e acido gl 0.

mais ab <3kDa. Da mesma forma, ostentam
uma diversidade de cargas a pH fisiologico, que oscilam em
entre -7 e +8, sendo principalmente de caracter hidrofilico. A
andlise da informagdo recolhida nesta revisdo poderia ser de
importdncia para determinar o padrao estrutural e por sua vez
a fungdo dos peptideos i duladores, ja que no

a relagdo estrutura-fun¢do e os mecanismos através dos quais
evlev peptideos exercem seus efeitos finais ndao tém sido com-

elucide
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Abstract

Milk protein-derived peptides have shown immunomodulatory properties either
singly or in a mixture. However, sufficient information on the behavior of these
compounds is lacking, complicating their further study. This review summarizes
current knowledge on immunomodulatory milk protein-derived peptides,
including hydrolysates, peptide fractions and single peptides, based on the
existing scientific literature. The evidence shows that hydrolysates derived from
both casein and whey proteins exhibit an immunomodulatory effect. With regard
to single peptides, their immunomodulatory effect may be mainly attributed to
the protein sequences that are derived from caseins. The identification of
peptides and their sequences in hydrolysates, as well as their characterization,

is necessary in order to increase knowledge on these compounds.

Keywords: Immunomodulatory peptides, milk proteins, hydrolysates, lactic acid
bacteria.
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Introduction

Food proteins are a nutritious source of amino acids and also form the
precursors of biologically active peptides. Bioactive peptides are defined as
fragments released from proteins; these interact with specific receptors and
stimulate or inhibit certain effects on the immune system, resulting in an overall
positive impact on human health (Muro et al. 2011; Choi et al. 2012; De Gobba
et al. 2014; O’Keeffe and FitzGerald, 2015). Although proteins engage in a wide
array of activities, in most cases protein hydrolysates containing peptides or
single peptides have displayed better bioactivity than their parent proteins
(Lonnerdal, 2003).

Several reviews have described the different biological effects of food protein-
derived peptides (Hartmann and Meisel, 2007; Udenigwe and Aluko, 2012;
Agyei and Danghua, 2012). Particularly, immunomodulatory activity has been
shown in the hydrolysates of major milk proteins (Gill et al, 2000; Brandelli et al.,
2015; Hsieh et al 2015; Nongonierma and Fitzgerald 2015; Park and Nam,
2015). However, the evidence for this bioactivity is limited, as few studied have
addressed this topic. Research has been subsequently focused on in vitro
studies, in which the effect of hydrolysates on cells of the immune system is
observed, as well as in vivo studies, in which processes of enzymatic
degradation, absorption and transport of hydrolysates and peptides to specific
receptors are monitored. However, the molecular mechanisms by which
bioactive peptides exert their immunomodulatory effect are not yet well-defined.
Each of these peptides has a unique structure that could differentially affect
downstream immunological responses and cellular functions (Hernandez-
Ledesma et al. 2014).

Therefore, it is necessary to gather existing information and identify the specific
sequences that have demonstrated immunomodulatory effects. Due to the fact
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that the immunomodulatory peptides previously reported on are mostly derived
from milk proteins, the aim of this article consists in reviewing the available
scientific literature on milk-derived peptides. This review includes and describes
the existing evidence on the immunomodulatory effect of hydrolysates, peptide
fractions and single peptides, which have been experimentally proven, in
addition to identifying the specific milk proteins that are sources of these

bioactive products.
Production of bioactive peptides

Peptides remain inactive while encrypted in their native protein but may be
released by specific enzymes that break down peptide bonds in a process called
proteolysis (Li-Chan, 2015). Hence, hydrolysis of proteins is an important
process for the liberation of potent bioactive peptides (Nagpal et al, 2011). In
order to study this process, different strategies may be employed, for example
the simulation of gastrointestinal processes, proteolysis by microbial
fermentation or other in vitro techniques using specific proteinases (Simone et
al., 2009).

During the gastrointestinal process after oral ingestion, proteins are digested in
the stomach by pepsin under acidic conditions. Then, digestion products are
hydrolyzed by pancreatic enzymes, such as trypsin, chymotrypsin and
peptidases, which are derived from the intestinal brush border membranes, as
well as released by other enzymes of the human microbiota (Saavedra et al.
2013). Finally, to exert their physiological effects in vivo, bioactive peptides must
reach their target sites at the luminal side of the intestinal tract or at specific
peripheral organs, following their absorption (Segura-Campos et al., 2011,
Wada and Lonnerdal, 2014). In this regard, gastrointestinal enzymatic

processes have been simulated to resemble the normal human digestion of
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proteins and evaluate the possibility of bioactive peptide release after normal
consumption of food proteins (Udenigwe and Aluko, 2012).

Concerning proteolysis by microbial fermentation, it has been reported that the
metabolic activity of lactic acid bacteria (LAB) can generate de novo bioactive
peptides from milk, via the enzymatic degradation of parent proteins (Hayes et
al.,, 2007). Production of bioactive peptides achieved by the
fermentation/ripening process of protein substrates or precursors may be
performed using several microorganisms, mainly bacteria, e.g., Lactobacillus
helveticus, Lactobacillus delbrueckii subsp. bulgaricus and Lactobacillus
delbrueckii subsp. lactis. These microorganisms have cell envelope-associated
proteases that are responsible for the breakdown of proteins and consequently
the release of peptides (Hebert et al. 2008; Kamau et al. 2010; Espeche Turbay
et al. 2012). However, the presence of other biomolecules in fermented products
may also exert biological effects. For example, other components originating
from the bacteria (peptidoglycans, lipoteichoic acid, bacterial DNA,
exopolysaccharides) or derived from bacterial synthesis and fermentation
processes may be present in the fermented medium (lactic acid,
oligosaccharides, gamma aminobutyric acid, growth factors, hormones and/or
bacteriocins) and exhibit an additional effect. Hence, it is inconclusive as to
whether the observed bioactivities are due to the peptides that are specifically
released during fermentation (Abdou et al., 2006; Granier et al., 2013; Agyei et
al. 2016).

Proteolysis carried out in vitro involves the use of single or multiple specific or
nonspecific proteases to hydrolyze proteins and release peptides of interest.
This technique produces hydrolysates with predictable peptide fractions, due to
the specificity of enzymes in cleaving certain bonds of the protein chain (Kamau
et al. 2010). Post-hydrolysis processing is used to isolate bioactive peptides
from a complex mixture of other inactive molecules (Wang and Gonzalez De

38



118
119
120
121
122

123
124
125
126
127
128
129

130

131
132
133
134
135
136
137
138
139
140
141

142

International Journal of Dairy Technology

Immunomodulatory milk-derived peptides

Mejia 2005; Aluko, 2008). In addition to this, bioactive peptides may be purified
from protein hydrolysates by different separation techniques and then assayed
to confirm their bioactivity. Lastly, physiologically active peptides may be
chemically synthesized to confirm the biological properties associated with a

specific amino acid sequence (Clare and Swaisgood, 2000).

In addition to the above, informatics tools are helpful to optimize the production
of bioactive peptides and to conduct different studies on peptides. Such tools
enhance the understanding of different mechanisms of interaction between
receptors and bioactive peptides. Furthermore, these may simplify the
production of peptides and predict which peptides may be obtained from known
food proteins by performing in silico studies prior to wet-laboratory synthesis
(Agyei and Danquah, 2012).

Milk proteins: a source of bioactive peptides

Although potential bioactive peptides have been identified in several animal or
plant proteins belonging to the current human diet, milk proteins are recognized
as a major source of bioactive peptides (Hafeez et al. 2014). In fact, in a study
carried out by Dziuba et al., (2009), the function of milk proteins as bioactive
peptide precursors was evaluated in a computer-aided proteolysis simulation.
The occurrence of bioactive motifs and their associated effects are listed at
following, in order of greater to lesser frequency: antihypertensive, dipeptidyl
peptidase IV inhibition, opioid, opioid antagonism, antioxidative, antithrombotic,
immunomodulatory, bonding and transporting of metals and metal ions,
antibacterial, antiviral, and contraction of smooth muscles. However, some

peptides are known to display multi-functional properties (Saavedra et al. 2013).

Immunomodulatory properties of milk-derived peptides
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An adequate functioning of the immune system is essential to maintain health.
However, strategies to effectively modulate the immune response have not been
well-explored. Although different drugs exist to slow the progression of specific
diseases in humans, their side-effects may sometimes outweigh their benefits
(Nongonierma and Fitzgerald, 2015). In this context, some peptides have been
shown to stimulate or to inhibit certain functions of the immune system,
depending on the dose administered, the experimental conditions and their
functioning in the body. As a whole, such activities may be labeled as
‘immunomodulation” (Werner et al. 1986). Immunomodulation is necessary to
control the consequences of a deregulated immune system, and bioactive
peptides represents a potential alternative for disease management, as they
have low toxicity and do not tend to accumulate in body tissues (Gokhale and

Satyanarayanajois, 2014; Agyei et al, 2016).

Immunomodulation via bioactive peptides occurs when peptides bind to a
specific receptor and downstream immunological responses and cellular
functions are consequently promoted, concluding in the suppression or
stimulation of either specific (lymphocyte activation and proliferation, antibody
production, cytokine expression) and/or non-specific (functioning of
macrophages, granulocytes and natural killer cells) immune responses (Meisel,
2004; Gauthier et al. 2006).

Studies on hydrolysates that contain immunomodulatory peptides as well as
single sequences of immunomodulatory peptides are considered in this review.
First, the hydrolysates and peptide fractions are described, and then, the single
sequences are presented. Both groups are summarized in Tables 1 and 2,

respectively.

The immunomodulatory action of casein hydrolysates from bovine milk and their
effects on the proliferation of spleen lymphocytes and rabbit Peyer's patch cells
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of mice have been evaluated. Pancreatin and trypsin hydrolysates of asi-casein
and [(-casein significantly inhibited proliferative responses; pancreatin and
trypsin hydrolysates of k-casein also showed an inhibitory effect (Otani and
Hata, 1995). Meanwhile, Sutas et al. (1996) found that peptides derived from the
pepsin/trypsin hydrolysis of k-casein significantly stimulated the mitogen-induced
proliferation of human lymphocytes. However, in this same study, k-casein
hydrolyzed by L. casei GG-derived enzymes showed a consistent suppressive
effect on lymphocyte proliferation. In addition, the effect of glycomacropeptide
(GMP), a fragment of 64 aminoacids derived from casein, on human peripheral
blood monocytes has been tested; the hydrolysis of GMP by pepsin resulted in
higher proliferative and phagocytic activities. This indicates that the pepsin-
hydrolysated fragments of GMP enhanced immunostimulatory activities (Li and
Mine, 2004).

Regarding whey proteins, it has been shown that a-La hydrolysate enhanced
the humoral immune response in mice; this effect involves the modulation of the
activities of both B lymphocytes and T helper cells (Bounous, 1981; Bounous
and Kongshavn, 1985). In addition, Miyauchi et al. (1997) evaluated a
hydrolysate of bovine lactoferrin. The results showed a stimulatory effect on B
cells and immunoglobulin, as well as increased production of Peyer's patch
cells, suggesting that the use of the lactoferrin hydrolysate is beneficial for
enhancing mucosal immunity. Furthermore, the immunomodulatory properties of
the enzymatic hydrolysates (trypsin/chymotrypsin) of commercial whey protein
were evaluated, in which it was found that hydrolysates significantly increased
the proliferation of lymphocytes (Mercier et al. 2004). Whey proteins have been
evaluated as a whole complex and also after their hydrolysis. For example,
another report has shown that both whey protein and its peptide fractions,
obtained with trypsin/chymotrypsin, modulated the immune system when

administered to mice (Saint-Sauveur et al. 2009). It is also known that B-
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Lactoglobulin is the most abundant whey protein and is a carrier of small,
hydrophobic molecules, including retinoic acid, which is a potential modulator of
lymphocyte responses (Guimont et al. 1997). For instance, Elitsur et al. (1997)
found that trans-retinoic acid has activity to potentially enhance the mitogen-
stimulated proliferation of lymphocytes (LPL) derived from human colonic lamina
propria. This effect was not seen when lymphocytes preparations were depleted
of macrophages, suggesting that trans-retinoic acid might affect accessory cells

during lymphocyte proliferation.

Beyond the addition of specific or unspecific enzymes, evidence on the activity
of peptides derived from milk fermented by LAB continues to increase. For
example, Lactobacillus paracasei NCC2461 may help to prevent allergy to milk
intake in mice by inducing oral tolerance to B-lactoglobulin. Likewise, it was
demonstrated that the addition of L. paracasei resulted in hydrolyzed peptides
and induced tolerance to [-lactoglobulin, thereby suppressing lymphocyte
proliferation, stimulating interleukin-10 (IL-10) production and down-regulating
IFN-y and IL-4 secretion (Prioult et al. 2004).

Furthermore, the effects of a probiotic fermented milk and a bacteria-free
supernatant of probiotic fermented milk on the reconstitution of the intestinal
mucosa and the stimulation of local and systemic immunity were evaluated, as a
part of a re-nutrition diet considering a murine model of non-severe protein-
energy malnutrition (Galdeano et al. 2011). These treatments improved the
intestinal microbiota and increased the number of IgA cells, macrophages and
dendritic cells. The production of different cytokines (IFN-y, TNF-a, IL-12) by
these cells and the phagocytic activity in the peritoneum and spleen also
increased (Galdeano et al. 2011). Similarly, the effect of peptides containing
nonbacterial fractions of milk fermented by Lactobacillus helveticus on the
growth of the humoral immune system were evaluated; these fractions

significantly increased intestinal IgA-producing cells in mice (LeBlanc et al.
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2002). Correspondingly, it was found that these fractions also modulated
mucosal immunity and resulted in an increase in the number of IL-10, IL-2 and
IL-6 cells. Particularly, IL-6 was affected in the epithelial cells of the small
intestine (Vinderola et al. 2007).

While the immunomodulatory effects of hydrolysates and peptide fractions
derived from milk proteins have thus far been reviewed, some research studies
have also indicated that single peptides are capable of exerting a beneficial
effect on the immune system. Casein, for example, has been evaluated for its
capacity to liberate immunomodulatory peptides. These findings have revealed
that asi-casein, following chymosin hydrolysis, releases the N-terminal segment
(1-23), which protects mice against Candida albicans by stimulation of both
phagocytosis and an immune response (Lahov and Regelson, 1996). Moreover,
casein-derived peptides inhibit enzymes related to the inflammatory process,
e.g. the peptide derived from asi-casein NENLLRFFVAPFPEVFG (17-33)
inhibited matrix metalloproteinase 9 (MMP-9) activity in HT-29 and SW480 cells
(Juillerat-Jeanneret et al. 2011; Chatterton et al. 2013). Another peptide derived
from asi-casein corresponding to residues 142-149 (LAYFYPEL) was proven to
be an effective inducer of CD8-positive T-cells. Variants of this peptide induced
more IFN-y secretion than residues 142-149 from specific CD8 (+) T cells
(Totsuka et al. 1998).

Among the biologically active peptides derived from milk proteins, some of the
most studied are casein phosphopeptides (CPPs). These phosphopeptides may
form complexes with calcium or other minerals and have several interesting
applications (Otani et al. 2000). The sequence 59-79 of asi-casein (peptide
isolated from the phosphoserine-rich region) has showed a humoral
immunostimulatory — activity in  cell cultures, significantly enhancing
immunoglobulin production (IgG, IgM and IgA). Also, this sequence inhibited the

concanavalin A-induced proliferation of mouse spleen cells and rabbit Peyer's
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patch cells, while enhancing the lipopolysaccharide- and phytohaemagglutinin-
induced proliferation of both cells (Hata et al., 1998). On the other hand,
Kitamura and Otani (2002) demonstrated that ingestion by healthy humans of
CPP-enriched cakes, consisting of asz-casein fragment 1-32 and [-casein
fragment 1-28, induced an increase in the faecal IgA content, suggesting a
positive effect on mucosal immunity. Bovine B-casein (1-28) purified from a
commercially available preparation of casein phosphopeptides also enhanced
immunoglobulin activity and cytokine production in human T, B and monocytic
cell lines (Kawahara and Otani 2004). Moreover, residues 1-25 from the
phosphoserine-rich region of bovine (-casein had a similar effect on the
proliferation of spleen cells and rabbit Peyer's patch cells of mice, whether or not

these were stimulated by the commercial mitogen (Hata et al. 1998).

The immunomodulatory effect of other peptides derived from -casein has also
been demonstrated. An hexapeptide (54-59) derived from human B-casein by
enzymatic hydrolysis with non-pretreated trypsin was purified, sequenced and
synthesized, demonstrating the capacity to stimulate phagocytosis by murine
peritoneal macrophages of opsonized sheep red blood cells. This hexapeptide
administered in a murine model enhanced resistance to infection by Klebsiella
pneumonia (Parker, 1984). B-Casomorphin-7, another peptide derived from [3-
casein, was evaluated for its effect on human lymphocyte proliferation; at low
concentrations, its effect was suppressed, although it increased at higher
concentrations. Coste et al. (1992) observed that the C-terminal sequence 192—
209 of bovine B-casein, isolated from a pepsin-chymosin hydrolysate, induced a
significant proliferative response on the primed lymph node cells and unprimed

spleen cells of rats, at high concentrations.

Kayser and Meisel (1996) found that Tyr-Gly (38-39) and Tyr-Gly-Gly (18-20)
sequences in the primary structure of bovine k-casein and a-lactalbumin,
respectively, significantly enhanced the proliferation of peripheral blood
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lymphocytes (SRBC). In contrast, B-casomorphin-7 (residues 60-66) and -
casomorphin-10 (residues 193-202) derived from bovine B—casein suppressed
proliferation at low concentrations yet stimulated proliferation at high

concentrations.

GMP, as previously mentioned, is probably the most studied immunomodulatory
peptide. For example, Otani et al. (1995) confirmed that GMP inhibited effects to
the immune system in spleen cell cultures of mice in presence of SRBC, and
also confirmed that both the lipopolysaccharide (LPS)- and phytohaemaglutinin
(PHA)-induced proliferative responses in the spleen and rabbit Peyer's patch
cells. Moreover, GMP enhanced the proliferation and phagocytic activity of
human macrophage-like cells (Li and Mine, 2004). Requena et al. (2009)
demonstrated that GMP enhanced the expression of TNF, IL-1B and IL-8 in

monocytes, depending on its concentration.

There is evidence that some peptides derived from milk whey proteins exhibit an
immunomodulatory effect. One of them is lactoferricin B, a peptide derived from
the N-terminal region of bovine lactoferrin, obtained by hydrolysis with pepsin. It
was found that this peptide promotes the phagocytic activity of human
neutrophils via dual mechanisms that may involve direct binding to the
neutrophil and opsonin-like activity (Miyauchi et al. 1997).

Moreover, it was found that the synthetic peptide Gly-Leu-Phe, corresponding to
the sequence f51-53 from a-LA, significantly increased phagocytosis of SRBC
by murine peritoneal macrophages and protected mice from lethal Klebsiella
pneumoniae infections (Berthou et al. 1987). This peptide also stimulated, in a
dose-dependent manner, the binding of human senescent RBC to human
monocytic-macrophage cells, as well as phagocytosis by these cells (Gattegno
et al. 1988). This activity is correlated with the presence of specific binding sites
on phagocytic cells in human blood (Jaziri et al. 1992).
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The immunomodulatory peptides considered in this review have mainly been
derived from casein. This may be attributed to the abundance of casein in the
composition of milk, versus that of whey proteins. Nevertheless, it has been
reported that some regions of the primary structure of caseins contain
overlapping peptide sequences that exert different biological effects. These
regions have been referred to as “strategic zones,” which are partially protected
from proteolytic breakdown (Meisel, 2004). This behavior was confirmed by
Juillerat-Jeanneret et al. (2011), whom reported that the hydrolysates of milk
proteins (B-casein in particular) obtained by the addition of LAB produce peptide
resistance to the proteolytic enzymes that are involved in several human
diseases. Thus, the abundance of immunomodulatory peptides derived from
casein and their functioning may be due to the resistance of specific sequences

inside this protein to proteolysis.
Structural characteristics and functionality of immunomodulatory peptides

Bioactive peptides derived from milk proteins differ in amino acid sequence and
length, including the peptides described in this review. The structural
characteristics of proteins might influence the degree of proteolysis and type of
peptides released, as well as their localization in the human body, which in turn
is dependent on their absorption and bioavailability (Fiat and Jolles, 1989). For
example, although many peptides derived from asi-, B- or k-caseins have been
detected in the stomachs of adult humans after ingestion of milk proteins, small
peptides derived from casein and lactoferrin have also been recovered from
duodenum. Furthermore, two long peptides, the k-caseinoglycopeptide and the
N-terminal peptide of asi-casein, have been absorbed and detected in plasma
(Chabance et al. 1998). Thus, peptides with biological functions have specific
structures, although these may be susceptible to the action of peptidases in the
medium to which they were administered or within the in vivo system. The
survivability of bioactive peptide fractions with different molecular weights has
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been evaluated in vitro considering a gastrointestinal digestion model; the
distribution showed that larger peptides (> 3 KDa) were more easily digested by
gastric digestion than smaller peptides (< 3 KDa; Chen and Li, 2012). Therefore,
the results of in vitro assays should be validated with in vivo trials, in considering
that the activity of these sequences depends on their absorption and
bioavailability, which are strongly related to their structure (Hernandez-Ledesma
et al. 2014).

In further addressing the importance of the structure of bioactive peptides, the
peptides identified in this review to have immunomodulatory activity ranged from
2 to 64 amino acids, which are shown in Table 2. The molecular weights of the
sequences reported in this review are around or below 3 KDa, which are
proportional to length, except for the sequence corresponding to GMP.
However, the majority of these studies have been performed in vitro; therefore,
the immunomodulatory effects of these sequences exposed to peptidases in
living systems are unclear. The generation of smaller peptides could result in

similar physiological effects as the parent sequence, or potentially disable them.

Furthermore, the varied length and molecular weights of these sequences
suggest that they may also take different transport routes in the intestinal
epithelium. This may influence their bioavailability and mode of action, or they
may exert a specific bioactivity on the immune system. In some studies on
bioactive peptides, di- and tri peptides have been shown to be actively
transported via a specific transporter (PepT1), while oligopeptides may be
passively transported via the paracellular route across the cell monolayer (Fei et
al. 1994; Satake et al. 2002). In addition, oligopeptides can be transported by
transcytosis (vesicle-mediated transcellular transport; Shen et al. 1992). The
presence of key amino acids also imparts different, specific functionalities. For
example, the presence of arginine in the N-or C-terminal region of peptides
represents an important structural component that is recognized by specific
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membrane bound receptors (Pagelow and Werner, 1986). Likewise, arginine
was positioned at the N- or C-terminal in some of the sequences considered in

this review.

In general, the structural characteristics, hydrophobicity and basicity, as well as
the composition and sequence of amino acids, play a crucial role in determining
the biological activities triggered by bioactive peptides (Hancock and Sahl, 2006;
Korhonen and Pihlanto, 2006). Hence, in addition to the identification of
immunomodulatory sequences, the characterization of these sequences should
form a key step in future investigations, followed by an exploration of how

immunomodulatory peptides perform biological functions.
Conclusions

Immunomodulatory activity is one of the benefits exhibited by milk protein-
derived peptides. Thus far, the evidence indicates that hydrolysates and peptide
fractions derived from both casein and whey proteins have an important
immunomodulatory effect. Casein is assumed to be the most studied protein in
regards to the production of immunomodulatory peptides, although several
reports have also focused on whey protein-derived peptides. However, upon
evaluating specific single sequences, the results have shown that the vast
majority of immunomodulatory peptides are derived from caseins. Accordingly,

B-casein was the major source of the peptides identified in this review.

Several studies have shown the immunomodulatory capacity of hydrolysates
derived from milk proteins in the presence of bacteria, for example LAB, and the
corresponding effects on the modulation of the immune system. However,
hydrolysates have shown this effect independently of the presence of live
bacteria. In these cases, the resulting effects may be linked to the components

of bacterial cells and not solely to immunomodulatory peptides. On the other
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hand, since natural fermentation processes occur in the gut, bioactive
components such as immunomodulatory peptides might be produced de novo.
In both cases, the identification of sequences related with immunomodulatory

activities is necessary.

The molecular mechanisms by which milk protein-derived peptides exert their
immunomodulatory effects are not yet defined. In this review, the existence of
immunomodulatory sequences of variable length is evident, which in addition to
other structural characteristics, leads to a nonspecific action for their targets.
Therefore, the identification of new sequences of immunomodulatory peptides
and their characterization are necessary in order to support existing information,
to discover the mechanisms behind their functioning and finally, to understand

their potential biological effects.

Finally, although studies covered in this review only addressed the biological
activities of milk hydrolysates or peptides, other important issues such as their
organoleptic properties should be considered since bioactive peptides produced
during milk protein hydrolysis may possess bitter taste. Thus, before these
hydrolysates or peptides may be utilized as food products, appropriate
processing technology should be used for reducing bitterness without impairing

bioactivity.
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Table 1. Immunomodulatory effect of milk protein-derived hydrolysates and
peptide fractions.

Protein Enzyme or LAB Immune effect Reference
as1-CN Pancreatin/trypsin | proliferation of lymphocytes Otani and Hata,
1995
B-CN Pancreatin/trypsin | proliferation of lymphocytes Otani and Hata,
1995
k-CN Pancreatin | proliferation of lymphocytes Otani et al. 1995
Trypsin | proliferation of lymphocytes Otani et al. 1995
Pepsin/trypsin 1 proliferation of lymphocytes Sutas et al. 1996
Lactobacillus GG* | proliferation of lymphocytes
GMP (k-CN) Pepsin 1 proliferation of monocytes Li and Mine, 2004
1 phagocytic activity
a-LA NR 1 B lymphocyte and T helper cell Bounous 1981
activities Bounous and
Kongshavn, 1985
LF Pepsin 1 proliferation of splenocytes Miyauchi et al.
1 1g A from Peyer's Patch cells 1997
Whey Trypsin/chymotry 1 proliferation lymphocytes Mercier et al. 2004
proteins psin 1 proliferation of splenocytes Saint-Sauveur et al.
1 total Ig A 2009
tserum IFN-y
1 TGF-B1
B-LG Trypsin Carries retinoic acid Guimont et al. 1997
| lymphocyte blastogenesis Elitsur et al. 1997
Lactobacillus 1 IL-10 production Prioult et al. 2004
paracasei | proliferation of lymphocytes
NCC2461* ! IFN-y and IL-4 secretion
Milk proteins  Lactobacillus. t1gA, macrophages and Galdeano et al.

delbrueckii subsp.
bulgaricus,
Streptococcus
thermophilus and
Lactobacillus
casei DN-114-
001*
Lactobacillus
helveticus R389*

dendritic cells

1 IFN-g, TNF-a, IL-12 production
1 phagocytic activity
t1gA-producing cells

t1L-10, IL-2 and IL-6 cells

2011

LeBlanc et al. 2002
Vinderola et al.
2007

CN: casein, LA: lactoalbumin, LF: lactoferrin, LG: lactoglobulin, NR: not reported, *enzymes
derived from acid lactic bacteria.
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Table 2. Immunomodulatory effect of the specific sequences of milk protein-

derived peptides.

Protein Peptide Enzyme Immune effect Reference
as:-CN  RPKHPIKHQGLPQ  Chymosin 1Phagocytic activity Lahov and
EVLNENLLRF Regelson, 1996
Isracidin (1-23)
NENLLRFFVAPFP  LAB* | activity of MMP-9 Juillerat-
EVFG (matrix metalloprotease), Jeanneret et al.
(17-33) related to inflammatory 2011,
process Chatterton et al.
2013
QMEAESISSSEEIV trypsin 1 immunoglobulins Hata et al. 1998
PNSVEQK production (IgG-lgM-I1gA)
Casein 1t or | mitogenic effect
phosphopeptide type mitogen-dependent
(59-79) on spleen or Peyer's
patch cells
LAYFYPEL (142- NR 1 IFN-y production Totsuka et al.
149) 1 IgE production 1998
as2-CN KNTMEHVSSSEE  NR 1 fecal Ig A levels Kitamura  and
SIISQETYKQEKN Otani, 2002
MAINPSK
Casein
phosphopeptide (1-
32)
B-CN RELEELNVPGEIV  trypsin 1 or | mitogenic effect Hata etal. 1998
ESLSSSEESITR mitogen-dependent or
Casein independent on spleen or
phosphopeptide Peyer’s patch cells
(1-25)
RELEELNVPGEIV  NR 1 Proliferation of T, B and Kawahara y
ESLSSSEESITRIN monaocyte cells Otani 2004;
K 1 1g A production Kitamura  and
Casein 1 mRNA expression of IL- Otani, 2002
phosphopeptide (1- 6
28)
VEPIPY (54-59) trypsin 1 phagocytosis Parker et al
1984
YPFPGPI NR | lymphocyte proliferation  Kayser and
-casomorphine-7 at lower concentrations Meisel, 1996
(60-66) 1 lymphocyte proliferation
at higher concentrations
LYQEPVLGPVRGP pepsin- tproliferation of lymph Coste et al.
FPIIV chymosin node and spleen cells 1992
(192-209)
YQEPVLGPVR NR | lymphocyte proliferation  Kayser and
B—casomorphin-10 at lower concentrations Meisel, 1996
(193-202) 1 lymphocyte proliferation
at higher concentrations
K-CN YG (38-39) NR 1 lymphocyte proliferation  Kayser and
Meisel, 1996
MAIPPKKNQDKTE Chymosin | Spleen or Peyer’s patch  Otani et al. 1995

IPTINTIASGEPTST
PTTEAVESTVATL
EDSPEVIESPPEIN

cells PHA and LPS-
induced
| antibody produccién

Li and Mine,




LF

TVQVTSTAV
Glicomacropeptide
(106-169)
FKCRRWQWRNK
KLGAPSITCVRRA
F Lactoferricin B
(17-41)

LLY (18-20) NR

Pepsin

GLF (51-53) Trypsin

1 phagocytic activity

1 expression of TNF, IL-
18 and IL-8

1 phagocytic activity

1 lymphocyte proliferation

1 phagocytic activity

2004
Requena et al.
2009
Miyauchi et al.
1997

Kayser and
Meisel, 1996

Berthou et al.
1987, Gattegno,
et al. 1988,
Jaziri et al. 1992

CN: casein, LF: lactoferrin, LA: lactoalbumin, NR: Not reported, *enzymes derived from lactic
acid bacteria.
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Abstract

The potential immunomodulatory effect of milk fermented by specific
strains of Lactobacillus spp. on serum cytokines levels was evaluated in a
lipopolysaccharide (LPS)-induced murine model. Firstly, 13 strains of
Lactobacillus were evaluated for their technological properties such as
proteolytic and acidifying activities. The selected strains (J20, J23, J25 or J28)
were used for milk fermentation administrated in the in vivo study. Then, animals
were daily gavaged with different fermented milk daily for 4 weeks: fermented
milk (FM), pasteurized fermented milk (PFM) and <10 KDa fraction of PFM
(PFM10).

Results showed that milk fermented by the selected strains of Lactobacillus
reduced pro-inflammatory (IL-6 and TNF-a) and increased anti-inflammatory (IL-
10) serum cytokines concentration. Furthermore, these effects were enhanced
with pasteurization. On the other hand, pro-inflammatory cytokines were
reduced for animals treated with PFM10 from milk fermented with J20 or J28.
Therefore, the anti-inflammatory effect was related to components present in
fermented milk, not necessarily associated to viable cells. Thus, peptides that
may be involved in cytokine regulation were identified, which were mainly
derived from whey proteins and presented molecular weight < 3 KDa. Several of
these peptides presented the amino acid Arg at the extreme of the sequence,
hence they have the potential to be recognized by the receptors on the immune
cells and in consequence modulate the immune system. Also, several peptides
presented a net positive charge, which could bind to the negatively charge LPS
molecule, thus diminishing its effect. In conclusion, fermented milk with these
specific strains of Lactobacillus show potential as novel functional foods for the
prevention of systemic inflammatory disorders.

In conclusion, fermented milk with these specific strains of Lactobacillus
are proposed as novel functional food for the prevention of systemic

inflammatory disorders.
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Introduction

Lactic acid bacteria (LAB) are a large heterogeneous group of Gram-
positive, low G+C content, acid-tolerant and nonspore-forming rods or
coccobacilli microorganisms. The common agreement is that there is a core
group consisting of four genera; Lactobacillus, Leuconostoc, Pediococcus and
Streptococcus. Recent taxonomic revisions have proposed several new genera
and the remaining group now comprises the following: Aerococcus,
Alloiococcus, Carnobacterium, Dolosigranulum, Enterococcus, Globicatella,
Lactococcus, Oenococcus, Tetragenococcus, Vagococcus, and Weissella.
(Khalid, 2011). Among the genera comprising the LAB, Lactobacillus is the
largest genus (Claesson et al., 2007).

Taxonomically, Lactobacillus belongs to the phylum Firmicutes, class
Bacilli, order Lactobacillales and family Lactobacillaceae. They have limited
biosynthetic abilities, and require preformed amino acids, B vitamins, purines,
pyrimidines and (usually) a sugar as a carbon and energy source, which is
fermented to produce lactic acid as a common end product. These nutritional
requirements restrict their habitats to those in which the required compounds are
abundant. Nevertheless, Lactobacillus occupy a variety of niches including milk
and the gastrointestinal tract of humans and other animals (Wells, 2011).
Several Lactobacillus have an excellent safety profile and they are considered in
a “generally-as-safe” status. Besides, they have a preservative action due to
their high acidifying activity, contributing to flavor, texture and nutrition
enhancement (lraporda et al.,, 2014). Thus, a widespread number of
Lactobacillus species are involved in food production. Hence, these
microorganisms play a key role in industrial and artisan food fermentation,
including a large variety of fermented dairy products (Kleerebezem et al., 2010).

Lactobacillus of human gut flora are believed to be beneficial to health. In

consequence, fermented dairy products have been associated with the ability to
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confer and improve health benefits when they are consumed (Bourrie et al.,
2016). Moreover, these microorganisms have cell-envelope-associated
proteases; thus, fermentation of milk can also serve to create, enrich, or release
new milk-associated functional components e.g. peptides, capable of providing
health benefits (Hayes et al., 2007; Hebert et al. 2008; Kamau et al. 2010;
Espeche Turbay et al. 2012).

Beneficial effects of LAB include the modulation of the immune system
(von der Weid et al., 2001; Morita et al., 2002; Prioult et al., 2004; Galdeano et
al., 2007; Neumann et al., 2009; Juarez et al, 2013). Lactobacillus can elicit
innate and adaptive immune responses in the host via binding to pattern
recognition receptors (PRR) expressed on immune cells and many other tissues
including the intestinal epithelium. PRR recognize conserved molecular
structures known as microbe-associated molecular patterns (MAMPSs). The
PRR-MAMP complex induces the signal for the production of cytokines,
chemokines and other innate effectors (Wells, 2011).

Cytokines are mediator molecules distinguished for their activities
associated with immune response. The concentrations and variety of cytokines
released are considerably increased following stimulation by a diversity of
inducers (Fernandez-Martinez et al., 2004). Proinflammatory cytokines,
including interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a), are produced
in response to lipopolysaccharide (LPS) and high levels of these cytokines could
trigger serious complications to health with alteration to the immune response
(Bastos-Pereira et al, 2014). It has been shown that specific LAB orally
administered to animal models can regulate the systemic production of
cytokines (Haller et al., 2000; Chiu et al., 2013; Juarez et al, 2013).

Lactobacillus have been investigated for their immunomodulatory effects
and these effects have shown to be strain dependent. The health promoting
effects ascribed to bacteria and fermented dairy products arise not only from
bacteria themselves but also from molecules derived from milk fermentation
(Macho et al., 2011; Granier et al., 2013; Mortaz et al., 2015; Agyei et al. 2016).
Particularly, milk peptides liberated during fermentation by LAB might have a
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crucial role in immunomodulatory activity (Hsieh et al 2015). Studies confirm that
hydrolysis of milk proteins by specific strains of Lactobacillus have the potential
to influence the specific immune response through the modulation of
inflammatory cytokine secretion (Prioult et al. 2004; Vinderola et al. 2007;
Maldonado Galdeano et al. 2011). Therefore, the aim of the present study was
to evaluate between 13 strains of Lactobacillus those with desirable
technological properties, including proteolytic and acidifying capacities. Then,
capacity of milk fermented by the selected strains of Lactobacillus on the
inflammatory cytokine production was evaluated in an LPS-stimulated murine
model. Since fermented milk contain a wide range of potentially active
components, including bioactive peptides, the effect of peptide fractions (< 10

KDa) derived from milk fermented by Lactobacillus were also tested.

Materials and Methods

Substrates and chemicals

Lactobacilli MRS Broth was purchased from Difco (Sparks, MD, USA).
Nonfat dry milk was obtained from Dairy America (Fresno, Cal, USA). O-
Phthaldialdehyde (OPA) was purchased from Fluka (Linz, Austria), and TCA,
sodium borate, SDS, 2-mercaptoethanol and E. coli O11: B4-LPS from Sigma
Chemical Co. (St. Louis, MO).

Strains and growth conditions

All the strains of Lactobacillus (Lb. fermentum, Lb. pentosus and Lb.
plantarum species) were obtained from the culture collection from the Dairy
Laboratory at the Food Research and Development Center, A.C. (CIAD, A.C.,
Hermosillo, Sonora, Mexico). These strains were isolated during the making of
artisanal Mexican Cocido cheese (Heredia, 2011) and previously identified,
based on 16S rRNA gene sequencing (Table 1) (Heredia et al., 2015). Prior to
all analyses, the strains of Lactobacillus were cultured from glycerol at -80°C in

10 mL of sterile MRS Broth. Three consecutive subcultures were inoculated at
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1% and incubated for 24, 18 and 12 h respectively at 37 °C in order to obtain
fresh cultures. The initial average population of inoculum was obtained (plate

counting method) from the 12 h fresh culture.

Preparation of fermented milk

Reconstituted nonfat dry milk (0.1 g/mL) was pasteurized at 110 °C for 10
min, immediately cooled at 4 °C and stored overnight at the same temperature.
Fresh cultures of each strain were used to inoculate the reconstituted milk at 1%
level and at 37 °C, which were incubated for 12 h at the same temperature and
later they were used as starter culture. For the production of fermented milk (FM
treatments), an aliquot (3%) of the starter cultures were used to inoculate the
reconstituted milk. Then, inoculated milk was incubated for 48 h at 37 °C. pH
measurements were directly taken in samples of fermented milk using a pH
meter (Orion 4 Star, Singapore). Additionally, titratable acidity was monitored
during fermentation. Pasteurized fermented milk (PFM treatments) were
prepared by heating fermented milk at 75 °C for 20 min and immediately placed
them into the ice bath. Finally, in order to obtain <10 KDa fractions of PFM
(PFM10 treatments), PFM was centrifuged at 4500 rpm (J2-21 rotor, Beckman,
USA) for 40 min at 4 °C, supernatants were collected and ultra-filtered through
10 KDa cut-off membranes (Pall life Sciences, USA) in an ultrafiltration unit
(Millipore Amicon 8050, USA). Permeates were collected, frozen at -80°C and
lyophilized with a freeze dryer (Labconco, USA). Samples were storage until
peptide sequence was identified by HPLC mass spectrometry analysis.

Proteolytic Activity

Samples of FM were taken at different times (18, 24 and 48h) of
fermentation for the determination of proteolytic activity. Proteolysis in fermented
milk was quantified by using the OPA method (Donkor et al., 2007). For this
purpose, 5 mL of 0.75 N trichloroacetic acid were added to 2.5 mL of fermented
milk and vortexed for 1 min. Samples were kept at 4 °C for 30 min, then, they

were centrifuged (4500 rpm, 40 min, 4 °C). The supernatants were filtered using
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Whatman no. 2 paper. All filtrates were frozen at —20°C until analysis. The OPA
reagent was freshly prepared. A 30-uL sample aliquot containing TCA-soluble
peptides were added to 600 uL of the OPA reagent. After 2 min at 20°C,
absorbance was immediately measured at 340 nm using a spectrophotometer
Nanodrop 2000 (Thermo Scientific, USA). Unfermented milk was used as a

control, and measurements were taken in duplicate.

Assay in a murine model

This study was approved by the ethical committee of the Food Research
and Development Center, A.C. (protocol number CE/007/2015) and was carried
out in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the Mexican Official Regulations (Aluja, 2000) and
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animals Resources (NRC, 2011). All sacrifices were performed
under chloroform anesthesia, and efforts to minimize animal suffering were
made during the study.

Male Wistar rats (5-6 weeks old, weighing 110-160 g) used in this study
were obtained from Bioinvert & Aprexbio SA de CV, (CDMEX, México). Rats
were given rat chow (Standard Rodent Laboratory-Chow 5001 Diet, Purina
Feeds, Inc., St. Louis, MO, USA) and purified water ad libitum. Animals were
kept in a sanitized bioterium, maintained with a relative humidity between 40 to
60%. The temperature was kept at 22 + 2 °C, with 12 h light/dark cycles. Rats
were housed in sanitized polycarbonate cages (60 x 40 x 30 cm) with sterile
sawdust bedding that was replaced daily. Cages were arranged on racks and
hygiene was continuously monitored.

The animals were adapted (first week) and randomly assigned in pairs to
experimental groups (n = 6). Bioassay included the following groups: AM group
(acidified milk, positive control), FM, PFM and PFM10 groups administered with
milk fermented by each selected strain (treatments), all of them stimulated with
LPS. Also, a PBS (phosphate-buffered saline) group was included as a negative

control, with no LPS stimulation.
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Treatments lasted 4 weeks during which animals were daily gavaged with
1 mL samples. After 28 days of treatment, animals were subcutaneously
injected with LPS (7.5 mg/kg diluted in milliQ water) to induce a systemic
inflammatory process. Finally, rats were sacrificed at 6 h post-stimulation and
blood samples were taken. Blood samples were centrifuged at 2500 rpm for 8
min. Serum was collected, and kept at -20 °C until cytokine analyses were

performed (Figure 1).

Cytokine Determinations

Serum cytokine concentrations were determined by the ELISA method
(Enzyme-Linked Immunosorbent Assay) using commercially available kits
(Thermo Scientific, Rockford, IL). These tests comprised recombinant cytokines
from E. coli and antibodies against IL-10, IL-6 and TNF-a (3, 5 and 15 pg/mL
detection limit respectively) rat cytokines. The results were calculated based on
the absorbance of complex cytokines-antibodies. Cytokine concentrations were

obtained from calibration curves.

Analysis of peptides by Tandem Mass Spectrometry

Mass spectrometry (MS) analysis was performed using a 1100 Series
LC/MSD Trap (Agilent Technologies Inc., Waldbronn, Germany) equipped with
an electrospray ionization source (LC-ESI-MS). The nanocolumn was a C18-300
(150 mm x 0.75 um, 3.5 um; Agilent Technologies Inc.) The sample injection
volume was 1 pL. Solvent A was a mixture of water-acetonitrile-formic acid
(10:90:0.1, vol/vol/vol) and solvent B contained water-acetonitrile-formic acid
(97:3:0.1, vol/vol/vol). The gradient was based on the increment of solvent B,
which was initially set at 3% for 10 min and it took 23 more min to reach 65%.
The 0.7 pL/min flow rate was directed into the mass spectrometer via an
electrospray interface. Nitrogen (99.99%) was used as the nebulizing and drying
gas and operated with an estimated helium pressure of 5 x 102 Pa. The needle
voltage was set at 4 kV. Mass spectra were acquired over a range of 300 to

2,500 mass/charge (m/z). The signal threshold to perform auto MS analyses
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was 30,000. The precursor ions were isolated within a range of 4.0 m/z and
fragmented with a voltage ramp from 0.35 to 1.1 V. Peptide sequences were
obtained from mass spectrometry data using the Mascot server (Perkins et al.,
1999) through the UniProtKB/Swiss-Prot database
(http://www.matrixscience.com/help/seq_db_setup_Sprot.html) sequences. Net
charges of peptides in this study were also calculated using the informatic tools
ProtParam and SAPS (Gasteiger et al., 2005) in the server Expasy
(http://www.expasy.org).

Statistical analysis

For statistical analysis, data normality was tested as a prerequisite before
one way analysis of variance (ANOVA) was carried out in order to compare
groups. Differences among means were assessed by Fisher’'s least significant
difference multiple comparison test and considered significant when P<0.05.
Data analyses were performed by using the NCSS 2007 statistical program
(Hintze, 2007). Resulting data were expressed as means = S.E.M. of six rats in

each group.
Results and discussion

Strain selection

Proteolysis is an important process for the liberation of potent bioactive
peptides (Nagpal et al, 2011; Li-Chan, 2015). Production of bioactive peptides
could be achieved during the fermentation process by the action of several LAB.
These microorganisms have cell-envelope-associated proteases that are
responsible of the breakdown of proteins and consequently the release of
peptides (Hebert et al. 2008; Kamau et al. 2010; Espeche Turbay et al. 2012). In
this study, proteolytic activity was used for the evaluation of Lactobacillus
species, in order to select those strains with the highest proteolytic activity and
thus the greatest potential for bioactive peptide production. A total of 13
Lactobacillus strains from three species (L. fermentum, L. pentosus and L.

plantarum) (Table 1) were evaluated and compared.
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Proteolytic activity assessed at 18, 24 and 48 h of fermentation showed
differences between the strains of Lactobacillus and it was time- and strain-
dependent (Figure 2). The strains of Lactobacillus J20, J23, J25 and J28 had by
far the highest proteolytic activity of all, which increased significantly (P < 0.05)
over time. Although J31 also increased significantly over time, it was less
proteolytic than the strains of Lactobacillus J20, J23, J25 or J28 at all
fermentation times. On the other hand, the strains J10, J24, J26, J27, J32, J34,
J37 and J38 could be considered as weakly-proteolytic. These results were
similar as those reported by Leclerc et al. (2002), who demonstrated a linear
increase in the extent of proteolysis over fermentation time for L. helveticus.
Results showed a high proteolytic activity for species L. fermentum and L.
plantarum (strains J20, J23, J25 and J28) at 48 h of fermentation and it was
related to a powerful proteolytic system for these strains. These differences in
the amounts of amino groups released during milk fermentation could probably
be associated to the different proteinases and peptidases produced by these
strains (Shihata and Shah, 2000).

In addition, acidifying activity of Lactobacillus strains was evaluated by
monitoring pH and titratable acidity at different times of fermentation (0, 12, 18,
24 and 48 h) (Figure 3 and 4). pH significantly decreased over time for the
strains of Lactobacillus J20, J23, J25 and J28. On the other hand, pH did not
change for the rest of these strains (Figure 3).

Similarly, lactic acid concentration evaluated by titratable acidity was
significantly (P < 0.05) different over time for the strains of Lactobacillus J20,
J23, J25 and J28 (Figure 4). On the other hand, titratable acidity did not change
over time for the rest of the strains (Figure 4).

As it appears, the rate of lactic acid production and pH decrease by
Lactobacillus was strain dependent and could be explained in terms of
differences in metabolic ability and growth requirements. This fact was
previously reported by Widyastuti et al. (2014). Certain strains of lactic acid
bacteria can utilize lactose fully as opposed to some others than can mainly
convert a part of lactose, namely glucose, into lactic acid (Donkor et al., 2007).
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While pH decrease over time depends on the amount of lactic acid and
other organic acids released, which is directly linked to the culture metabolic
capacity, titratable acidity depends only on the lactic acid produced (Widyastuti
et al., 2014). Organic acids, included lactic acid, is the end product of
carbohydrate metabolism by LAB, as a hallmark among other metabolites that
may contribute to product characteristics (Garrote et al., 2015).

Since the strains of Lactobacillus J20, J23, J25 and J28 showed the
highest proteolytic and acidifying activities, they were selected for further
studies.

Previous to bioassays, the initial average population of inoculum for milk
fermentation with the selected strains was established. Growth during 24 h was
monitored for the strains of Lactobacillus J20, J23, J25 and J28 and the point
corresponding to the end of the exponential phase, that reached 10° CFU/mL at
12 h, was chosen as the initial average population for milk inoculum (Figure 5).

Cytokine analysis in an LPS-stimulated murine model

Milk fermented by the four different strains of Lactobacillus previously
selected were evaluated according to their capacities to modulate the production
of IL-6, TNF-a and IL-10 in a LPS-stimulated murine model. Results showed an
increase in the production of each serum cytokine evaluated in groups
stimulated with LPS. PBS group (with no LPS stimulation), showed
concentrations near to zero for all cytokine determinations.

FM treatments with the strains of Lactobacillus J20, J23, J25 or J28 did not
modified the values of IL-6, TNF-a and IL-10 compared to AM-LPS control
group, except for milk fermented by the strains of Lactobacillus J25 or J28,
which significantly reduced TNF-a serum levels (figure 6).

PFM treatments with the strains of Lactobacillus J20, J23, J25 or J28
decreased the pro-inflammatory cytokines values compared to AM-LPS control
group. PFM decreased IL-6 levels and this decrease was significant for PFM
with strains Lactobacillus J23, J25 or J28. On the other hand, decrements for

TNF-a, were significant for PFM with each one of these four strains. Moreover,
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serum levels of IL-10 were significantly increased for all treatments except for
treatment with Lactobacillus J28 (figure 7).

Additionally, in this study the administration of PFM10 treatments were
assessed on cytokine production. These results showed that treatments with the
strain Lactobacillus J28 significantly decreased levels of IL-6 and treatments
with the strains Lactobacillus J20 or J28 significantly decreased the levels of
TNF-a. However, IL-10 did not show differences compared to the control AM-
LPS (Figure 8).

TNF-a is the most important pro-inflammatory cytokine and it is considered
to play a key role in the acute inflammatory response. It is released by
monocytes and macrophages in response to various stimuli, including bacterial
LPS and their overproduction is associated with a wide range of pathologic
conditions. (Chamulitrat et al., 1995; Marriot et al., 1998). Therefore it is
necessary to find ways to down-regulate its production or inhibit its effects in
vivo. In this study, the milk fermented by the strains J25 or J28 showed a
regulatory effect over this cytokine since TNF-a production was decreased.

On the other hand IL-6, another important pro-inflammatory cytokine
produced by monocytes/macrophages, showed high levels of production at 6 h
after stimulation with LPS compared to the others cytokines in this study.

IL-10 is a potent and pleiotropic anti-inflammatory cytokine produced by
lymphocytes and macrophages (Thompson et al., 1998). It inhibits the synthesis
of pro-inflammatory cytokines, such as IL-6 and TNF-a, by T helper type 1 cells,
mono/macrophages, and polymorphonuclear cells, and reduces T-cell activation
in vitro and in vivo (Louis et al., 1997; Sang et al., 1999). This cytokine was
regulated in the present study, since PFM treatments enhanced the cytokine IL-
10 production.

The regulatory effect on pro and anti-inflammatory cytokines production
after the administration of fermented milk (with or without pasteurization) on a
LPS-stimulated murine model was demonstrated. Nevertheless, this effect was

more pronounced after the administration of pasteurized fermented milk.

74



Some reports have demonstrated that molecules, possibly bioactive
peptides, released by LAB during fermentation are able to modulate the
production of cytokines and therefore, to modulate the immune system (Abdou
et al., 2006; Granier et al., 2013; Agyei et al. 2016). Additionally, it has been
reported that heat treatment changes the structural conformation of proteins and
peptides in milk. The formation of bioactive peptides through digestion could
also be affected by heat treatment, as different protein bonds will be available

for enzymes in the gastrointestinal tract (Sanchez-Rivera et al., 2015).

Identification of peptides in milk fermented by L. fermentum with

regulatory effect on cytokine production

The decreased on IL-6 or TNF-a serum levels at 6 h after LPS-induction
with PFM10 treatments obtained from milk fermented by L. fermentum J20 and
J28 could be associated to the presence of peptides present in these fermented
milk. Therefore, peptides in fractions (< 10 KDa) of milk fermented by these
strains were identified by tandem mass spectrometry (Table 1).

The proteolytic activity of L. fermentum J20 or J28 targeted mainly whey
proteins, especially lactotransferrin. Twenty six and fifteen peptide sequences
derived from theses proteins were identified in milk fermented by L. fermentum
J20 and J28, respectively. The proteolysis process gave rise to medium-sized
peptides, in a length ranging from 7 to 34 amino acid and a molecular weight
mostly < 3 KDa. These sequences were variable and different in the type and
order of amino acids, which was dependent on the strain used for milk
fermentation. This variability suggests that L. fermentum J20 and J28 may
present different proteolytic systems and consequently release different
peptides. Peptides listed in Table 1 showed the action of mainly serine
proteases, specifically trypsin, which cleaves the peptide chains mainly at the
carboxyl side of the amino acids lysine or arginine (Rodriguez et al., 2008).

A key point in identified sequences is the type of amino acid in the N-

terminal and C-terminal positions. The evidence suggests that arginine (Arg) in

75



the extreme of bioactive peptides is the dominant entity recognized by receptors
on macrophages and lymphocytes, which enhances their maturation and
proliferation (Meisel and FitzGerald, 2003; Haque and Chand, 2008). In this
study, six sequences had the amino acid Arg in the N-terminal and C-terminal
positions of peptides identified in milk fermented with Lactobacillus J20. These
peptides were NLNREDFR, GCAPGSPR, WDQVKR, DSALGFLR, RPKHPIK
and KVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVR. On the other hand, only
one sequence with Arg (RYPSYGLN) was present in milk fermented with
Lactobacillus J28. These sequences could be recognized by receptors in
immune cells and in consequence, they could show an immunomodulatory
effect.

Based on the presence of arginine and lysine (positively charged
residues), as well as aspartic acid and glutamic acid (negatively charged
residues) in the sequence, peptide net charge was calculated. Results showed
that these sequences had a net charge ranging from -4 to +3 at physiological
pH. These peptides were identified as anionic (35 and 40 %), neutral (23 and 7
%) and cationic (42 and 53 %), when derived from milk fermented by L.
fermentum J20 and J28, respectively.

Lipopolysaccharide (LPS) is the major constituent of the outer membrane
of Gram-negative bacteria that when released into the bloodstream causes
inflammation via activation of monocytes and endothelial cells. It can lead to
septic shock and even death. One strategy to opposing endotoxic shock is to
neutralize the most conserved part and major mediator of LPS activity (lipid A),
which present negatively charged phosphoryl groups by positively charged LPS-
binding molecules, such as proteins or peptides (Van Amersfoort et al., 2003;
Martinez-Sernandez et al., 2016).

In this study, nineteen sequences with a net positive charge were identified
that may bind to LPS thus reducing its toxicity. The identified sequences were:
VPVLAENRK, GCAPGSPR, WDQVKR, GECAQKKI, KHSSLDCVLRPT,
EKNRLNF, IHAEKTK, MSFVSLLLVGILFHATQAE, AVAKFFSASCV,
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GPVRGPFPIIV, RPKHPIK, KTKIPAVFK, AIAEKKA, AKKTYDS, AMTNLRQ,
RYPSYGLN, VLPVPQKAV, QVLLHQQALFGKNGKNCPDK and KYLLFCM.

The literature has reported the immunomodulatory effect of peptides
mainly derived from caseins (Reyes-Diaz et al., 2016). In this study, a large
number of the identified peptides in milk fermented by L. fermentum J20 or J28
were derived from whey proteins. Thus these results open the possibility for
finding de novo sequences with immunomodulatory activity. However, more
studies are needed in order to identify the role of these peptides on the

observed effect.

Conclusions

It was concluded that milk fermented by specific strains of Lactobacillus
are able to modulate the balance of LPS-stimulated pro- and anti-inflammatory
serum cytokines. The potential immunomodulatory effect was possibly due to
components present in fermented milk, not necessarily associated to viable
cells, since pasteurized fermented milk and fractions < 10 KDa also showed an
effect. Thus, cytokine modulation could be associated to peptides present in
fractions (<10 KDa) obtained from fermented milk. Mass spectrometry analyses
showed that these peptides were mainly derived from whey proteins and had a
molecular weight < 3 KDa. Some of these structures presented the amino acid
Arg at the extreme of the sequence, hence they have the potential to be
recognized by the receptors on the immune cells and in consequence modulate
the immune system. Also, several peptides in fermented milk presented a
positive charge, which could bind to the negatively charge LPS molecule.
However, more studies are needed in order to identify the components
responsible for the observed effect. In conclusion, fermented milk with these
specific strains of Lactobacillus show potential as novel functional foods for the

prevention of systemic inflammatory disorders.
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Table 1. Lactobacillus strains under
study (Heredia-Castro et al., 2015).

Strain code LAB
J10 Lactobacillus fermentum
J20 Lactobacillus fermentum
J23 Lactobacillus fermentum
J24 Lactobacillus pentosus
J25 Lactobacillus plantarum
J26 Lactobacillus pentosus
J27 Lactobacillus pentosus
J28 Lactobacillus fermentum
J31 Lactobacillus pentosus
J32 Lactobacillus fermentum
J34 Lactobacillus pentosus
J37 Lactobacillus pentosus
J38 Lactobacillus fermentum
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Figure 1. Experimental design for bioassay in a LPS-stimulated murine model.
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Figure 7. Serum concentration of IL-6, TNF-a and IL-10 determined by ELISA in
Wistar rat (n=6) daily administrated for 4 weeks with pasteurized fermented milk
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Figure 8. Serum concentration of IL-6, TNF-a and IL-10 determined by ELISA in
Wistar rat (n=6) daily administrated for 4 weeks with <10 KDa fraction of
pasteurized fermented milk (PFM10) by strains of Lactobacillus J20, J23, J25 or
J28. At day 29, rats were injected with LPS (7.5 mg/kg). Six hours after injection,
rats were sacrificed and blood samples were taken. In addition, phosphate-
buffered saline (PBS) and acidified milk (AM) groups were included. Columns
represent means + SE. Different letters indicate significant differences (p < 0.05)
between groups.
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Table 1. Identification of peptides in < 10 KDa fractions of milk fermented by specific Lactobacillus fermentum strains.

Sample! Experimental Theorical Molecular lon Protein fragment Secuence
mass mass (m/z) selected for
MS/MS? (charge)
J20
F1 678.2127 677.3385 679.2 (+1) Lactotransferrin (f209-215) AGDVAFV
1025.5507 1024.6029 342.9 (+3) Lactotransferrin (f427-435) VPVLAENRK
1062.4654 1062.5206 532.2 (+2) Lactotransferrin (f582-589) NLNREDFR
743.0782 743.3385 248.7 (+3) Serotransferrin (f506-513) GCAPGSPR
F2 2150.9927 2152.1602 2152.0 (+1) B-CN (f93-112) TQTPVVVPPFLQPEVMGVSK
829.7250 830.4398 415.9 (+2) as2-CN (f124-129) WDQVKR
875.2962 875.4537 438.7 (+2) B-Lg (f80-87) GECAQKKI
978.3448 978.5023 490.0 (+2) B-Lg (f147-154) EALEKFDK
877.2025 877.4657 293.4 (+3) Lactotransferrin (f321-328) DSALGFLR
1343.2166 1343.6544 448.7 (+3) Lactotransferrin (f364-375) VVWCAVGPEEQK
1343.5166 1343.6544 448.8 (+3) Lactotransferrin (f364-375) VVWCAVGPEEQK
1355.0333 1354.7029 1356.0 (+1) Lactotransferrin (f438-449) KHSSLDCVLRPT
920.3655 919.4876 461.2 (+2) as2-CN (f172-178) EKNRLNF
F3 1277.6482 1277.6690 426.9 (+3) Serotransferrin (f48-59) ILESGPFVSCVK
740.7333 740.3857 371.4 (+2) B-CN (f77-83) FPGPIPN
1179.8125 1178.6336 1180.8 (+1) as1-CN (43-52) FPEVFGKEKV
800.5854 801.4960 401.3 (+2) B-Lg (f87-93) IIAEKTK
2075.2257 2075.1125 2076.2 (+1) a-La (f2-20) MSFVSLLLVGILFHATQAE
2075.6397 2074.8898 2076.6 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
2074.0397 2074.8898 2075.0 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
F4 1129.6703 1128.5638 377.6 (+3) Lactotransferrin (f167-177) AVAKFFSASCV
1150.0854 1150.6863 576.1 (+2) B-CN (f214-224) GPVRGPFPIIV
874.2993 874.5501 438.2 (+2) as1-CN (16-22) RPKHPIK
F5 3949.5839 3948.9499 1975.8 (+2) B-Lg (f107-140) KVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVR
2074.8397 2074.8898 2075.8 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
2074.3397 2073.9058 2075.3 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
J28
F1 1591.2874 1590.7810 531,4 (+3) a-La (f100-113) LDDDLTDDIMCVKK
2028.5295 2028.0892 2029.5 (+1) B-Lg (f48-65) LDAQSAPLRVYVEELKPT
F2 1877.7400 1878.8694 1878.7 (+1) as:-CN (50-66) EKVNELSKDIGSESTED
708.2083 708.3443 237.1 (+3) a-La (f33-39) DLKGYGG
F3 1029.8579 1030.6539 344.3 (+3) B-Lg (f91-99) KTKIPAVFK
729.2214 729.4385 244.1 (+3) Lactotransferrin (f67-73) AIAEKKA
3409.0424 3409.7340 1705.5 (+2) Lactotransferrin (f73-104) ADAVTLDGGMVFEAGRDPYKLRPVAAEIYGTK
2036.3834 2036.8710 2037.4 (+1) Lactotransferrin (f564-581) NDTVWENTNGESTADWAK
810.6544 811.4075 407.3 (+2) Serotransferrin (f668-674) AKKTYDS
831.4441 832.4226 832.4 (+1) Serotransferrin (f683-689) AMTNLRQ
F4 967.9454 968.4716 484.9 (+2) K-CN (f55-62) RYPSYGLN
949.2333 949.5961 317.4 (+3) 3-CN (185-193) VLPVPQKAV
2236.1196 2237.1739 2237.1 (+1) Lactotransferrin (f628-647) QVLLHQQALFGKNGKNCPDK
F5 916.0054 916.4550 459.0 (+2) B-Lg (f117-123) KYLLFCM
1133.6193 1133.5023 284.4 (+4) Lactotransferrin (f523-533) LCAGDDQGLDK

1 Fractions collected from milk fermented with L. fermentum J20 and J28. 2MS/MS: tandem mass spectrometry.
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ABSTRACT

The potential immunomodulatory effect of milk fermented by two specific
strains of Lactococcus lactis NRRL B-50 571 or NRRL B-50 572 was evaluated
on serum cytokines levels (IL1-B8, IL-6, TNF-a, and IL-10) in a LPS-stimulated
murine model. Three treatments were evaluated: fermented milk (FM),
pasteurized fermented milk (PFM) and <10 KDa fraction of PFM (PFM10).
Results showed the regulation of the production of these cytokines. The FM
treatment with NRRL B-50 571 decreased TNF-a serum levels, the FM
treatment with NRRL B-50 572 increased IL-10 serum levels and the PFM and
PFM10 treatments with NRRL B-50 571 or NRRL B-50 572, respectively
decreased IL-6 serum levels at 6 h after LPS-induction. Cytokine regulation by
the administration of fermented milk could be related to the presence of peptides
derived from milk proteins. Mass spectrometric analysis of identified peptides
revealed that they had a molecular weight < 4 KDa and were mainly derived
from whey proteins. Several of these peptides presented arginine at the
extremes that may be recognized by receptors in immune cells. Additionally,
several positively charged peptides were identified which could bind to the
negatively charged LPS molecule thus reducing its toxic effect. In conclusion,
fermented milk by these specific strains of Lactococcus lactis present potential
as novel functional foods with immunomodulatory effect for the prevention of

LPS-induced systemic disorders.

Keywords: fermented milk, cytokines, Lactococcus lactis,

lipopolysaccharide.
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INTRODUCTION

Lactic acid bacteria (LAB) from both plant and animal origin, play an
important role in food processes. They are gram positive bacteria that include
Lactococci, streptococci, and lactobacilli, which have long been used as starters
for food fermentation, mainly in dairy and meat products (D’Souza et al., 2012).
Therefore, they are among the most studied microorganisms in food research.
Fermented dairy products with LAB usually contain bioactive components that
have shown several benefits for human health (Griffiths & Tellez, 2013). Most of
these benefits have been displayed by different species of LAB, mainly by
Lactobacillus species that have been widely studied for their probiotic properties
and bioactive peptide production (Widyastuti et al., 2014).

It is generally recognized that milk proteins are some of the best sources of
biologically active peptides (Agyei et al., 2016). These peptides, encrypted in
food proteins show different physiological effects; such as satiety,
cardiovascular function, gut-brain axis, microbial inhibition and others
(Korhonen, 2009; Pessione & Cirrincione, 2016).

Among the physiological effects, immunomodulation is one of the most
interesting effects exhibited by bioactive peptides. Immunomodulation has been
reported mainly for strains of Lactobacillus and Bifidobacterium, which are
effective at enhancing innate and adaptive immunity. In addition, specific strains
of these genera have shown to prevent gastric mucosal lesion development,
alleviate allergies and put up defense against intestinal pathogen infection
(Yueh-Ting et al., 2012). Specific strains of LAB may enhance immune
responses, such as T-cell proliferation (Marin, 1998), antibody production
(Perdigon, 1990) and regulation in pro- and anti-inflammatory cytokines
production (Mozzi et al., 2015).

Thus, since an effective way to enhance the immune response is by the
action of immunomodulatory peptides, it is feasible to increase their production
in dairy products by milk fermentation with strains of highly proteolytic LAB.

Peptides produced are dependent on specific proteolytic and peptidolytic

96



systems present in the bacterial cells (Hugenholtz, 2008). In fact, the
immunomodulatory effect is clearly strain-dependent and modulated by growth
within a fermented product (Hak-Jong et al., 2015; Foligne et al., 2016). For
instance, L. lactis, an important component of most starter cultures used in
cheese manufacture, has complex amino acid requirements. Thus, for optimal
growth in milk, it relies on a sophisticated proteolytic system that includes a cell
wall-associated proteinase, several membrane-located peptide transport
systems, and an array of intracellular peptidases (Picon, 2010). As result of this
complex proteolytic system, L. lactis is one of the most well-studied LAB
because of its importance as part of commercial starter cultures used in the
manufacture of fermented dairy products (Odamaki, 2011). However, in
comparison to Lactobacillus, few studies have been related to the regulation of
immune system including strains of Lactococcus.

Studies by Yang et al. (2015), have demonstrated that L. lactis induced
cytokine production in the J.774.1 mouse cell line and ovomucoid-specific
responses in mice (Kimoto et al., 2004). In vaccination applications, the strain L.
lactis D1813 isolated from kuruma shrimps induced IFN-gamma production and
helped to resist the infection of Vibrio penaeicida (Maeda et al., 2014). L. lactis
subsp. cremoris Al7 isolated from Taiwan fermented cabbage, induced IFN-
gamma production in human peripheral blood mononuclear cells, suggesting an
immunomodulatory activity toward the T-helper cell type 1 response (Hui-Ching
et al., 2013).

On the other hand, L. lactis IL-27 significantly reduced inflammatory
cytokines levels such as IL-17 and increasing the production of IL-10 in a colitis
model (Hanson et al., 2014).

Previous studies in our laboratory have shown that milk fermented by
specific strains of L. lactis isolated from native ecosystems were able to reduce
blood-pressure in a murine model (Rodriguez-Figueroa et al., 2013). Since
beneficial effects were shown for these fermented milk, it is interesting to

explore another important bioactivities, such as the regulation of cytokine
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production, directed to an anti-inflammatory response. Therefore, the objective
of the present study was to evaluate the anti-inflammatory potential of milk
fermented by specific strains of L. lactis on the regulation of LPS-induced

cytokines in a murine model.
MATERIALS AND METHODS

Substrates and chemicals

M17 Broth was obtained from Difco (Sparks, MD, USA). Nonfat dry milk
was obtained from Dairy America (Fresno, CA, USA) and E. coli O11: B4-LPS
from Sigma Chemical Co. (St. Louis, MO, USA).

Strains and growth conditions

The strains of L. lactis (NRRL B-50 571 and NRRL B-50 572) were
obtained from the Dairy Laboratory collection at the Food Research and
Development Center, A.C. (CIAD, A.C., Hermosillo, Sonora, Mexico). These
strains were deposited in the Agricultural Research Service Culture Collection
(NRRL, Peoria, IL) of the US Department of Agriculture and were selected for
showing a high proteolytic activity in milk (Rodriguez-Figueroa et al, 2010). The
strains of L. lactis maintained in glycerol at -80°C were reactivated by inoculation
into sterile M17 broth supplemented at 10 % (vol/vol) with a sterile solution of
lactose (10 % wt/vol). Three consecutive subcultures were prepared using 1%
inoculum and incubation conditions of 24, 18 and 10 h, respectively, at 30 °C in
order to obtain fresh cultures. The initial average population of inoculum was
obtained from the 10 h fresh culture, reaching 108 cfu/mL as enumerated on

M17 agar.

Preparation of fermented milk

Reconstituted nonfat dry milk (0.1 g/mL) was pasteurized at 110 °C for 10
min, immediately cooled at 4 °C and stored overnight at the same temperature.
Fresh cultures of each strain were used to inoculate the reconstituted milk at 1%

level and at 30 °C, which were incubated for 10 h at the same temperature and
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later they were used as starter culture. For the production of fermented milk (FM
treatments), an aliquot (3%) of the starter cultures were used to inoculate the
reconstituted milk. Then, inoculated milk was incubated for 48 h at 37 °C. pH
measurements were directly taken in samples of fermented milk using a pH
meter (Orion 4 Star, Singapore). Additionally, titratable acidity was monitored
during fermentation. Pasteurized fermented milk (PFM treatments) were
prepared by heating fermented milk at 75 °C for 20 min and immediately placed
them into the ice bath. Finally, in order to obtain <10 KDa fractions of PFM
(PFM10 treatments), PFM was centrifuged at 4500 rpm (J2-21 rotor, Beckman,
USA) for 40 min at 4 °C, supernatants were collected and ultra-filtered through
10 KDa cut-off membranes (Pall life Sciences, USA) in an ultrafiltration unit
(Millipore Amicon 8050, USA). Permeates were collected, frozen at -80°C and
lyophilized with a freeze dryer (Labconco, USA). Samples were storage until
peptide sequence was identified by HPLC mass spectrometry analysis.

Assay in a murine model

This study was approved by the ethical committee of the Food Research
and Development Center, A.C. and was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of
the Mexican Official Regulations (Aluja, 2000) and the Committee on Care and
Use of Laboratory Animals of the Institute of Laboratory Animals Resources
(NRC, 2011). All sacrifices were performed under chloroform anesthesia, and
efforts to minimize animal suffering were made during the study.

Male Wistar rats (Bioinvert & Aprexbio SA de CV, CDMEX), 5-6 weeks old
weighing 110-160 g were used in this study. Rats were given rat chow
(Standard Rodent Laboratory-Chow 5001 Diet, Purina Feeds, Inc., St. Louis,
MO, USA) and purified water ad libitum. Animals were kept in a sanitized
bioterium, maintained with a relative humidity between 40 to 60%. The
temperature was kept at 22 + 2°C, with 12 h light/dark cycles starting at 06:30

a.m. Rats were housed in sanitized polycarbonate cages (60 x 40 x 30 cm) with
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sterile sawdust bedding that was replaced daily. Cages were arranged on racks
and their hygiene was continuously monitored.

The animals were adapted (first week) and randomly assigned in pairs to
eight experimental groups (n = 6). The bioassay included the following groups:
FM (fermented milk), PFM (pasteurized fermented milk) and PFM10 (fraction <
10 KDa from PFM) all of them obtained with the strains L. lactis NRRL B-50 571
or NRRL B-50 572. Moreover, LPS and BASAL control groups (with or without
LPS stimulation respectively) were included, both groups were not feeded with
any treatment.

Treatments lasted 4 weeks during which animals were daily gavaged with
1 mL of samples. After 28 days, animals were subcutaneously injected with LPS
(7.5 mg/kg diluted in milliQ water) to induce a systemic inflammatory process.
Finally rats were sacrificed at 6 h post-stimulation. Blood samples were taken
before and after LPS stimulation. Blood samples were centrifuged at 2500 rpm
for 8 min. Serum was collected, and kept at -20 °C until cytokine analyses were

performed (Figure 1).

Cytokine Determinations

Serum cytokine concentrations were determined by the ELISA method
(Enzyme-Linked Immunosorbent Assay) using commercially available kits for IL-
18, IL-6, TNF-a and IL-10 Rat (R&D Systems, Inc., USA). These tests
comprised recombinant cytokines from E. coli and antibodies against rat
cytokines. The results were calculated based on the absorbance of complex
cytokines-antibodies. Cytokine concentrations were obtained from calibration
curves with a 5 pg/mL for TNF-a or IL-1B, 21 pg/mL for IL-6 and 10 pg/mL for IL-

10 minimum detection limit.

Analysis of peptides by Tandem Mass Spectrometry

Mass spectrometry (MS) analysis was performed using a 1100 Series
LC/MSD Trap (Agilent Technologies Inc., Waldbronn, Germany) equipped with

an electrospray ionization source (LC-ESI-MS). The nanocolumn was a C18-300
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(150 mm x 0.75 pm, 3.5 pm; Agilent Technologies Inc.) The sample injection
volume was 1 pL. Solvent A was a mixture of water-acetonitrile-formic acid
(10:90:0.1, vol/vol/vol) and solvent B contained water-acetonitrile-formic acid
(97:3:0.1, vol/vollvol). The gradient was based on the increment of solvent B,
which was initially set at 3% for 10 min and it took 23 more min to reach 65%.
The 0.7 pL/min flow rate was directed into the mass spectrometer via an
electrospray interface. Nitrogen (99.99%) was used as the nebulizing and drying
gas and operated with an estimated helium pressure of 5 x 102 Pa. The needle
voltage was set at 4 kV. Mass spectra were acquired over a range of 300 to
2,500 mass/charge (m/z). The signal threshold to perform auto MS analyses
was 30,000. The precursor ions were isolated within a range of 4.0 m/z and
fragmented with a voltage ramp from 0.35 to 1.1 V. Peptide sequences were
obtained from mass spectrometry data using the Mascot server (Perkins et al.,
1999) through the UniProtKB/Swiss-Prot database
(http://www.matrixscience.com/help/seq_db_setup_Sprot.html) sequences. Net
charges of peptides in this study were calculated using the informatic tools
ProtParam and SAPS (Gasteiger et al., 2005) in the server Expasy
(http://'www.expasy.org)

Statistical analysis

For statistical analysis, data normality was tested as a prerequisite before
one way analysis of variance (ANOVA) was carried out to compare groups.
Differences among means were assessed by Fisher’s least significant difference
multiple comparison test and considered significant when P<0-05. Data
analyses were performed by using the NCSS 2007 statistical program (Hintze,

2007). Data are expressed as means + S.E.M. of six rats in each group.

Results and discussions

Cytokine analysis in an LPS-stimulated murine model
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Cytokines showed a similar behavior in the different animal groups
previous to induction with LPS. Cytokine levels in basal group were below
detection limit and some of the other groups showed a significant slight
increase. However, these levels were much lower when compared with the
levels of cytokines in the same groups after LPS induction. These increases
were attributable to external stressors, such as the effect of oral gavage.

On the other hand; as expected, the levels for all cytokines in all groups
were increased after induction with LPS. IL-18 serum levels were tested;
however, although PFM treatment obtained from milk fermented by L. lactis
NRRL B-50 571 was able to reduce IL-1B levels compared with LPS group,
differences were not significant (Figure 2).

A marked increase was observed for IL-6 levels in all groups after
stimulation with LPS. Both PFM10 treatment obtained from milk fermented by L.
lactis NRRL B-50 572 and PFM treatment obtained from milk fermented by L.
lactis NRRL B-50 571 inhibited IL-6 production (Figure 3).

Additionally, FM treatment obtained from milk fermented by L. lactis NRRL
B-50 571 after LPS-stimulation significantly decreased TNF-a serum levels,

compared with LPS group (Figure 4).

Moreover, levels of IL-10 showed a significant increase for FM treatment
obtained from milk fermented by L. lactis NRRL B-50 572 (Figure 5).

It is known that LPS-induced pro- and anti-inflammatory cytokines, such as
IL-18, IL-6, TNF-a and IL-10, play a key role in the process of inflammatory
diseases. The excessive production of pro-inflammatory cytokines may result in
a systemic inflammatory response. Hence, inhibition of these inflammatory
mediators has become to be an important area of investigation for the regulation
of these systemic disorders. In this study the regulation of pro- and anti-
inflammatory cytokines was observed with fermented milk by L. lactis strains,

with or without pasteurization and their fractions (<10 KDa).
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Identification of peptides in milk fermented by L. lactis with regulatory

effect on cytokine production

PFM and PFM10 treatments obtained from milk fermented by L. lactis with
NRRL B-50 571 or NRRL B-50 572, respectively decreased IL-6 serum levels at
6 h after LPS-induction, this effect could be associated to the presence of
peptides present in this fermented milk. These peptides were identified by
tandem mass spectrometry (Table 1).

Twenty four and fourteen peptide sequences derived mostly from whey
proteins were identified in milk fermented by L. lactis NRRL B-50 572 and NRRL
B-50 571, respectively. These structures had a length ranging from 7 to 41
amino acid and a molecular weight < 3 KDa. Only the sequences serotransferrin
(f172-212) derived from milk fermented by NRRL B-50 572 and B-Lg (f35-72)
derived from milk fermented by NRRL B-50 572 had a molecular weight of 4
KDa.

Arginine (Arg) in the extreme of bioactive peptides is a dominant entity
recognized by receptors on macrophages and lymphocytes, which enhances
their maturation and proliferation (Meisel & FitzGerald, 2003; Haque & Chand,
2008). In this study, four sequences identified in treatments with the strain L.
lactis NRRL B-50 572: NLNREDFR, LGAPITCVRR, TLDGMVFEAGR and
NERYYGYTGAFR, and two sequences identified in treatments with the strain L.
lactis NRRL B-50 571: ACQCLVR and YLGYLEQLLR had the amino acid Arg in
the N-terminal and C-terminal positions. These sequences could be recognized
by receptors in immune cells and in consequence they could show an
immunomodulatory effect. Furthermore, the type of amino acid in the N-terminal
and C-terminal position of the peptides may be related to the action of specific
peptidases and proteinases. Data in table 1 showed the action of mainly serine
proteases, specifically trypsin, which cleaves the peptide chains mainly at the
carboxyl side of the amino acids lysine or arginine (Rodriguez et al., 2008).

Identified peptide sequences presented a net charge ranging from -5 to +2
at physiological pH. These peptides were identified as anionic (29 and 50 %),
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neutral (38 and 21 %) and cationic (33 and 29 %), when derived from milk
fermented by L. lactis NRRL B-50 571 and NRRL B-50 572, respectively.

It has been hypothesized that proteins and peptides with an exposed
positively charged domain could interact with the negatively charged phosphoryl
groups of LPS, thus promoting effective binding via electrostatic forces. Also,
hydrophobic interactions involving the fatty acid residues of lipid A and
hydrophobic amino acids have also been postulated to participate in the
mechanism of LPS binding (Martinez-Sernandez et al., 2016). In this sense,
some examples of cationic molecules with proven LPS-binding ability that can
reduce LPS activity have been reported. Hydrolysates of casein
glycomacropeptide may form a complex with lipid A of LPS and partially inhibit
the LPS-induced release of pro-inflammatory mediators by macrophages
(Cheng et al.,, 2015). Likewise, hydrolysates of whey proteins reduced LPS
binding to surface TLR4, with a decrease on IL-8 secretion induced by TNF-a or
IL-18 on respiratory epithelial cell lines (Iskandar et al., 2013). The peptide
cationic lactoferricin derived from lactoferrin neutralized the effect of LPS-
induced toxicity by binding to LPS. Synthetic peptides derived from human and
bovine lactoferricin have shown interaction with LPS (Sinha et al., 2013).

In the present study, twelve identified sequences could have the potential
to bind LPS, since these were positively charged. These sequences were:
FALPQYLK, LGAPITCVRR, AQEKFGK, NERYYGYTGAFR, KVLILAC,
GPVRGPFPIIV, HLSFMAIPPK, CLLLALALT, ACQCLVR, GALGLCLAAPRK,
KIDALNENKVLVLDTDYK and FFSDKIAK.

Although the literature have reported the immunomodulatory effect of
peptides mainly derived from caseins (Reyes-Diaz et al., 2016), a large humber
of peptides derived from whey proteins in milk fermented by L. lactis were
identified in this study. These results highlight the possibility of finding de novo
sequences with immunomodulatory activity. However, more studies are needed

in order to identify the role of these peptides on the observed effect.

104



Conclusions

In this study, the immunomodulatory effect of milk fermented by specific
strains of L. lactis on serum cytokines levels was demonstrated. FM treatment
with NRRL B-50 571 decreased TNF-a serum levels and FM treatment with
NRRL B-50 572 increased IL-10 serum levels at 6 h after LPS-induction.
Moreover, PFM and PFM10 treatments with NRRL B-50 571 or NRRL B-50 572,
respectively, decreased IL-6 serum levels at 6 h after LPS-induction. These
results suggested an inhibitory effect on pro-inflammatory cytokine IL-6
production, attributable to bioactive components present in the fermented milk.
Since the effect was present not only in pasteurized fermented milk but also in
fractions <10 KDa, it may be associated to the presence of peptides derived
from milk proteins. Several of the identified peptides could possibly bind to the
negatively charge LPS molecule, since they presented a positive net charge.
However, further studies need to be carried out in order to determine these

interactions.

Acknowledgments

The authors express their gratitude to the National Council for Science and
Technology (CONACyT) of Mexico for the scholarship granted to author Aline

Reyes-Diaz.

105



References

Agyei, D., Ongkudon, C. M., Wei, C. Y., Chan, A. S., & Danquah, M. K. (2016).
Bioprocess challenges to the isolation and purification of bioactive

peptides. Food and Bioproducts Processing, 98, 244-256.

Aluja A.S. Animales de laboratorio y la Norma Oficial Mexicana (NOM-062-
Z00-1999). 2000. Gaceta Médica de México 138:17-24.

Cheng, X., Gao, D., Chen, B., & Mao, X. (2015). Endotoxin-binding peptides
derived from casein glycomacropeptide inhibit lipopolysaccharide-
stimulated inflammatory responses via blockade of NF-kB activation in

macrophages. Nutrients, 7, 3119-3137.

D’Souza, R., Pandeya, D. R., & Hong, S. T. (2012). Review: Lactococcus lactis:

An efficient Gram positive cell factory for the production and secretion of
recombinant protein. Biomedical Research, 23, 1-7.

Foligne, B., Parayre, S., Cheddani, R., Famelart, M. -H., Madec, M. —-N., PI¢, C.,
Breton, J., Dewulf, J., Jan, G., & Deutsch, S. -M. (2016).
Immunomodulation properties of multi-species fermented milks. Food
Microbiology, 53, 60-69.

Gasteiger, E., Hoogland, C., Gattiker, A., Duvaud, S., Wilkins, M. R., Appel, R.
D., & Bairoch, A. (2005). Protein identification and analysis tools on the
ExPASy server. In Walker, J. M. (Ed.), The Proteomics Protocols
Handbook (571-607). Totowa, NJ: Humana.

Griffiths, M. W. & Tellez, A. M. (2013). Lactobacillus helveticus: the proteolytic

system. Frontiers in Microbiology, 4, 1-9.

Hak-Jong, Ch., Na-Kyoung, L., & Hyun-Dong, P. (2015). Health benefits of lactic
acid bacteria isolated from kimchi, with respect to immunomodulatory
effects. Food Science & Biotechnology, 24, 783-789.

106


http://www.sciencedirect.com/science/article/pii/S0960308516000298
http://www.sciencedirect.com/science/article/pii/S0960308516000298
http://www.sciencedirect.com/science/article/pii/S0960308516000298
http://www.sciencedirect.com/science/article/pii/S0960308516000298

Hanson, M. L., Hixon, J. A., Li, W., Felber, B. K., Anver, M. R., Stewart, C. A.,
Janelsins, B. M., Datta, S. K., Shen, W., McLean, M. H. & Durum, S. K.
(2014). Oral delivery of IL27 recombinant bacteria attenuates immune

colitis in mice. Gastroenterology, 146, 210-221.

Haque, E., & Chand, R. (2008). Antihypertensive and antimicrobial bioactive
peptides from milk proteins. European Food Research & Technology, 227,

7-15.

Hintze, J. (2007). NCSS 2007. NCSS, LLC. Kaysville, Utah, USA.

WWW.NCSsSs.com.

Hugenholtz, J. (2008). The lactic acid bacterium as a cell factory for food
ingredient production. International Dairy Journal, 18, 466—475.

Iskandar, M. M., Dauletbaev, N., Kubow, S., Mawiji, N., & Lands, L.C. 2013.
Whey protein hydrolysates decrease IL-8 secretion in lipopolysaccharide
(LPS)-stimulated respiratory epithelial cells by affecting LPS binding to
Toll-like receptor 4. British Journal of Nutrition, 110, 58—68.

Kimoto, H., Mizumachi, K., Okamoto T., & Jun-ichi, K. (2004). New Lactococcus
strain with immunomodulatory activity: enhancement of Thl-Type

immune response. Microbiology & Immunology 48, 75-82.

Korhonen, H. (2009). Milk-derived bioactive peptides: from science to
applications. Journal of Functional Foods, 1, 177-187.

Maeda, M., Shibata, A., Biswas, G., Korenaga, H., Kono, T., Itami, T., & Sakali,
M. (2014). Isolation of lactic acid bacteria from kuruma shrimp
(Marsupenaeus japonicus) intestine and assessment of
immunomodulatory role of a selected strain as probiotic. Marine
Biotechnology, 16, 181-192.

107



Marin, M. L., Tejada-Simon, M. V., Lee, J. H., Murtha, J., Ustunol Z. & Pestka J.
J. (1998). Stimulation of cytokine production in clonal macrophage and T-
cell models by Streptococcus thermophilus: comparison with
Bifidobacterium sp. and Lactobacillus bulgaricus. Journal of Food
Protection, 61, 859-864.

Martinez-Sernandez, V., Orbegozo-Medina, R. A., Romaris, F., Paniagua, E., &
Ubeira, F. M. (2016). Usefulness of ELISA methods for assessing LPS
interactions with proteins and peptides. PLoS ONE, 11:e0156530.

Mei, H. C., Liu, Y. W., Chiang, Y. C., Chao, S. H., Mei, N. W., Liu, Y. W., & Tsali,
Y. C. (2013). Immunomodulatory activity of Lactococcus lactis A17 from
Taiwan fermented cabbage in OVA-Sensitized BALB/c mice. Hindawi
Publishing Corporation. Evidence-Based Complementary & Alternative
medicine, 8, 287803.

Meisel H., & FitzGerald, R. J. (2003). Biofunctional peptides from milk proteins:
mineral binding and cytomodulatory effects. Current Pharmaceutical
Design, 9, 1289-1295.

Mozzi, F., Raya, R. R., & Vignolo, G. M. (2015). Biotechnology of lactic acid

bacteria: novel applications (2nd edn.). Wiley-Blackwell.

NRC, National Research Council. (2011). Guide for the care and use of

laboratory animals (8th edn.). The National Academies Press.

Odamaki, T., Yonezawa, S., & Sugahara, H. (2011). A one step genotypic
identification of Lactococcus lactis subspecies at the species/strain levels.
Systematic & Applied Microbiology, 34, 429-434.

Perdigon, G., Alvarez, S., De Macias, M. E. N., Roux, M. E. & de Ruiz Holgado,
A. P. (1990). The oral administration of lactic acid bacteria increase the
mucosal intestinal immunity in response to enteropathogens. Journal of
Food Protection, 53, 404—-410.

108



Pessione, E., & Cirrincione, S. (2016). Bioactive molecules released in food by
lactic acid bacteria: encrypted peptides and biogenic amines. Frontiers in
Microbiology, 7, 876.

Picon, A., Garcia-Casado, M.A. & Nuiiez M. (2010). Proteolytic activities,
peptide utilization and oligopeptide transport systems of wild Lactococcus

lactis strains. International Dairy Journal, 20, 156-162.

Reyes-Diaz, A., Gonzalez-Cérdova, A. F., Hernandez-Mendoza, A., & Vallejo-

Cordoba, B. 2016. Péptidos inmunomoduladores derivados de las

proteinas de la leche. Interciencia, 41, 84-91.

Rodriguez, J., Gupta, N., Smith, R. D., & Pevzner, P. A. (2008). Does trypsin cut

before proline? Journal of Proteome Research. 7, 300-305.

Rodriguez-Figueroa, J. C., Gonzalez-Cérdova, A. F., Astiazaran-Garcia, H.,
Hernandez-Mendoza, A., & Vallejo-Cordoba, B. (2013). Antihypertensive
and hypolipidemic effect of milk fermented by specific Lactococcus lactis
strains. Journal of Dairy Science, 96, 4094—4099.

Rodriguez-Figueroa, J. C., Reyes-Diaz, R., Gonzélez-Cordova, A. F., Troncoso-
Rojas, R., Vargas-Arispuro, |., & Vallejo-Cordoba, B. (2010). Angiotensin-
converting enzyme inhibitory activity of milk fermented by wild and
industrial Lactococcus lactis strains. Journal of Dairy Science, 93, 5032—
5038.

Sinha, M., Kaushik, S., Kaur, P., Sharma, S., & Singh, T. P. (2013).
Antimicrobial lactoferrin peptides: the hidden players in the protective
function of a multifunctional protein. International Journal of Peptides,
390230.

Widyastuti, Y., Rohmatussolihat, & Febrisiantosa, A. (2014). The role of lactic
acid bacteria in milk fermentation. Food and Nutrition Sciences, 5, 435—
442.

109



Yang, C. H., Wu, C. C., Cheng, W. S., Chung, M. C., Tsai, Y. C., Chang, C. H.
(2015). A17, the first sequenced strain of Lactococcus lactis subsp.
cremoris with potential immunomodulatory functions. Genome

Announcements, 3, e01563-14.

Yueh-Ting, T., Po-Ching Ch., & Tzu-Ming, P. (2012). The immunomodulatory
effects of lactic acid bacteria for improving immune functions and
benefits. Applied Microbiology and Biotechnology, 96, 853—862.

110



Adaptation
period of the rats

Induction period (6 h)

Treatments
v /\_ v
- ! |
\ | \ !
0 1 2 3 4
Time (weeks) Lps |
v

: Blood sampling and
L > euthanasia after
induction period.

Figure 1. Experimental design for bioassay in a LPS-stimulated murine model.

160 -

Q "o Q
«Q

140 A

120 A

I v
[ PFM
[ PFM10

100 A

80 A

IL-18 (pg / mL)

60 A

40 4

20 A

c
a
a a b
b
b a
b
2 |I|

+LPS +LPS +LPS

CONTROL NRRL B-50 572 NRRL B-50 571

Figure 2. Serum concentration of IL-13 determined by ELISA in Wistar rat
(n=6) daily administrated for 4 weeks with fermented milk (FM), pasteurized
fermented milk (PFM) or <10 KDa fraction of PFM (PFM10) by L. lactis (NRRL
B-50 572 and NRRL B-50 571). After 28 days of treatment, rats were injected
with LPS (7.5 mg/kg) and sacrificed six hours after injection. Blood samples
were taken before and after induction with LPS. BASAL: without treatment, LPS:
lipopolysaccharide. Columns represent means = SE. Different letters indicate
significant differences (p < 0.05) between groups.
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Figure 3. Serum concentration of IL-6 determined by ELISA in Wistar rat
(n=6) daily administrated for 4 weeks with fermented milk (FM), pasteurized
fermented milk (PFM) or <10 KDa fraction of PFM (PFM10) by L. lactis (NRRL
B-50 572 and NRRL B-50 571). After 28 days of treatment, rats were injected
with LPS (7.5 mg/kg) and sacrificed six hours after injection. Blood samples
were taken before and after induction with LPS. BASAL: without treatment, LPS:
lipopolysaccharide. Columns represent means = SE. Different letters indicate
significant differences (p < 0.05) between groups.
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Figure 4. Serum concentration of TNF-a determined by ELISA in Wistar rat
(n=6) daily administrated for 4 weeks with fermented milk (FM), pasteurized
fermented milk (PFM) or <10 KDa fraction of PFM (PFM10) by L. lactis (NRRL
B-50 572 and NRRL B-50 571). After 28 days of treatment, rats were injected
with LPS (7.5 mg/kg) and sacrificed six hours after injection. Blood samples
were taken before and after induction with LPS. BASAL: without treatment, LPS:
lipopolysaccharide. Columns represent means = SE. Different letters indicate
significant differences (p < 0.05) between groups.
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Figure 5. Serum concentration of IL-10 determined by ELISA in Wistar rat
(n=6) daily administrated for 4 weeks with fermented milk (FM), pasteurized
fermented milk (PFM) or <10 KDa fraction of PFM (PFM10) by L. lactis (NRRL
B-50 572 and NRRL B-50 571). After 28 days of treatment, rats were injected
with LPS (7.5 mg/kg) and sacrificed six hours after injection. Blood samples
were taken before and after induction with LPS. BASAL: without treatment, LPS:
lipopolysaccharide, ND: not detectable. Columns represent means = SE.
Different letters indicate significant differences (p < 0.05) between groups.
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Table 1. Peptides identified in fractions (<10 KDa) derived from milk fermented by Lactococcus lactis NRRL B-50 572 and NRRL B-50 571.

Sample! Experimental Theorical Molecular lon Protein fragment Sequence
mass mass (m/z) selected for
MS/MS? (charge)
NRRL B-50 572 978.4975 978.5539 979.5 (+1) as,-CN (f189-196) FALPQYLK
F1 1852.1958 1851.9511 927.1 (+2) as1-CN (f124-139) LEIVPNSAEERLHSMK
1006.9452 1007.4788 504.5 (+2) 3-CN (f123-130) EMPFPKYP
4385.9473 4384.8971 1461.9 (+3) Serotransferrin (f172-212) FSASCVPCADQSSFPKLCQLCAGKGTDKCACSNHEPYFGYS
F2 1063.5454 1062.5206 532.8 (+2) Lactotransferrin (f582-589) NLNREDFR
1062.9254 1062.5206 532.5 (+2) Lactotransferrin (f582-589) NLNREDFR
1062.6254 1062.5206 532.3 (+2) Lactotransferrin (f582-589) NLNREDFR
1171.9770 1171.6495 1173.0 (+1) Lactotransferrin (f48-58) LGAPITCVRR
1250.5927 1251.5918 1251.6 (+1) Lactotransferrin (f77-88) TLDGMVFEAGR
807.6054 806.4286 404.8 (+2) Lactotransferrin (f293-299) AQEKFGK
1888.2537 1889.0080 1889.3 (+1) Serotransferrin (f43-57) ENVLRILESGPFVSCVK
1496.4468 1495.6843 749.2 (+2) Serotransferrin (f537-548) NERYYGYTGAFR
F3 759.5497 758.4724 380.8 (+2) B-CN (2-8) KVLILAC
F4 904.1254 904.4866 453.1 (+2) k-CN (f182-190) TVQVTSTAV
918.9854 919.4321 460.5 (+2) Lactotransferrin (f694-702) CSTSPLLEA
980.1445 649.2670 341.1 (+2) Serotransferrin (f217-223) CLMEGAG
975.9682 975.4331 326.3 (+3) Serotransferrin (f595-603) KPVTDAENC
F5 773.9101 773.3191 387.0 (+2) as>-CN (f20-26) EHVSSSE
665.8777 665.2868 333.9 (+2) as2-CN (f68-74) SIGSSSE
1717.2254 1716.9927 859.6 (+2) B-CN (f209-224) QEPVLGPVRGPFPIIV
1149.8054  1150.6863 575.9 (+2) B-CN (f214-224) GPVRGPFPIIV
925.7854 926.4538 463.9 (+2) K-CN (f75-81) QFLPYPY
1139.7709 1139.6161 570.9 (+2) K-CN (f123-132) HLSFMAIPPK
928.9916 929.5619 465.5 (+2) B-Lg (f3-11) CLLLALALT
NRRL B-50 571
EF1 739.2054 739.4228 370.7 (+2) K-CN (f64-74) PVALINN
4188.2692 4189.1294 2095.1 (+2) B-Lg (f35-72) WYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGDLEI
790.9582 791.3782 264.7 (+3) B-Lg (f134-140) ACQCLVR
1181.3352 1180.5468 394.8 (+3) a-La (f103-112) DLTDDIMCVL
974.4382 975.4331 325.8 (+3) Serotransferrin (f595-603) KPVTDAENC
E2 2075.5237 2074.8898 2076.5 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
E3 2075.7237 2074.8898 2076.7 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
2074.5397 2074.8898 2075.5 (+1) a-La (f95-112) SCDKFLDDDLTDDIMCVK
E4 1168.0751 1168.6750 390.4 (+3) Lactotransferrin (f12-23) GALGLCLAAPRK
1266.0382  1266.6972 423.0 (+3) as3-CN (106-115) YLGYLEQLLR
664.4377 665.2868 333.2 (+2) as>-CN (f68-74) SIGSSSE
2090.9768  2090.1260 2091.9 (+1) B-Lg (f99-116) KIDALNENKVLVLDTDYK
F5 1265.8615 1266.5511 1266.9 (+1) Lactotransferrin (f383-395) QSGQNVTCATAST
954.1854 954.5175 478.1 (+2) K-CN (f38-45) FFSDKIAK

1 Fractions collected from milk fermented with L. lactis NRRL B-50 572 and NRRL B-50 571. 2MS/MS: tandem mass spectrometry
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