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RESUMEN

El efecto antihipertensivo de leche fermentada por Lactococcus lactis NRRL B-50571 (FM-
571) ha sido reportado en ratas espontdneamente hipertensas y el efecto fue atribuido a péptidos
bioactivos. Sin embargo, aun se desconoce la bioaccesibilidad y biodisponibilidad de los péptidos
responsables de este efecto, asi como el efecto protector de FM-571 como tratamiento preventivo
en el desarrollo de la hipertension. Por lo tanto, el objetivo fue evaluar la bioaccesibilidad y
biodisponibilidad de péptidos bioactivos derivados de FM-571 y el efecto protector en un modelo
murino con hipertension inducida con angiotensina II. Se obtuvieron fracciones peptidicas con
actividad inhibidora de enzima convertidora de angiotensina (ECA) de FM-571 después de ser
sometida a digestion gastrointestinal simulada (DGS) y a un modelo de absorcion ex vivo. Los
péptidos absorbidos en el compartimento serosal fueron identificados mediante HPLC/MS-MS;
posteriormente, se determind cudles secuencias podrian presentar union a la ECA mediante un
analisis in silico. Los resultados mostraron que el ICso para la actividad inhibidora de la ECA
disminuy6 (p<0.05) después de DGIS y de la absorcion. Ademas, la bioaccesibilidad increment6
(»<0.05) a 58% después de DGIS mientras que la abundancia de péptidos disminuy6 después de
la absorcion resultando en una biodisponibilidad de 1.36 + 0.1%. Se identificaron 113 nuevos
péptidos de los cuales 13 se reportaron previamente con inhibicion de ECA. Adicionalmente, 14
péptidos presentaron alto potencial de union al sitio activo. Por lo tanto, los resultados sugieren
que nuevos péptidos derivados de FM-571 con potencial antihipertensivo fueron biodisponibles
para ejercer su efecto. Respecto al efecto protector, los resultados mostraron que la presion
sanguinea sistolica y diastdlica no fueron significativamente (p>0.05) diferente entre los grupos en
las primeras dos semanas de administracion del tratamiento. Sin embargo, después de la induccion
de hipertension, la presion sanguinea sistdlica y diastolica en los grupos FM-571 y Captopril fueron
significativamente (p<0.05) mas bajos que en el grupo control negativo (administrado con Ang II
+ agua). Las actividades ECA, Glutatién Peroxidasa y Peroxidacion Lipidica (malondialdehido) en
plasma no fueron significativamente diferentes (p>0.05) entre los grupos. Sin embargo, la
actividad de Catalasa fue significativamente mas alta (p<0.05) en el grupo FM-571.
Adicionalmente, el indice de estrés oxidativo fue significativamente mas bajo (p<0.05) en el grupo

FM-571. Los resultados sugieren que FM-571 puede ser usada como tratamiento preventivo para



el desarrollo de hipertension mediante el mejoramiento del sistema de defensa antioxidante

primario y disminucion del indice de estrés oxidativo.

Palabras clave: digestion gastrointestinal simulada, intestino invertido, leche fermentada,

biodisponibilidad, tratamiento preventivo, hipertension inducida



ABSTRACT

The antihypertensive effect of fermented milk by Lactococcus lactis NRRL B-50571 (FM-
571) has been previously reported in spontaneously hypertensive rats and the effect was attributed
to bioactive peptides. However, the bioaccesibility and bioavailability of the responsible peptides
of this effect, as well as the protective effect of FM-571 in an induced hypertensive model has not
yet been reported. Therefore, the aim of the present study was to evaluate the bioaccessibility and
bioavailability of bioactive peptides derived from FM-571 as well as the protective effect of FM-
571 as a preventive treatment in an induced hypertension model with angiotensin Il. Peptide
fractions with angiotensin-converting enzyme (ACE) inhibitory activity were obtained from FM-
571 after being subjected to simulated gastrointestinal digestion (SGD) and an ex vivo absorption
model. HPLC/MS-MS identified the absorbed peptides into serosal compartment; subsequently,
their binding potential to the active sites of ACE was determined by in silico analysis. Results
showed that the 1Cso for ACE inhibitory activity decreased (p<<0.05) after SGD (1259.55 pug/mL)
and absorption (p<0.05) (10.02 ug/mL). Moreover, the bioaccessibility increased to 58% after
SGD, whereas peptide abundance (p<0.05) decreased after absorption resulting in a peptide
bioavailability of 1.36 + 0.1%. Moreover, 113 novel peptides were identified from which 13 were
previously reported as ACE inhibitors and 100 novel potential ACE inhibitory peptides were
identified. Additionally, 14 peptides showed high binding potential to the active sites of ACE.
Henceforth, these results suggest that novel peptides derived from FM-571 with antihypertensive
potential were bioavailable to exert their effect. Additionally, results showed that systolic and
diastolic blood pressure were not significantly (p>0.05) different among groups during the first
two weeks of run-in periods of treatment administration. However, after hypertension induction
with angiotensin 11, SBP and DBP in the FM-571 and Captopril groups were significantly (p<0.05)
lower than in the negative control group (water). ACE activity, glutathione peroxidase and lipid
peroxidation (malondialdehyde) in plasma were not significantly different (p>0.05) among groups.
Nevertheless, catalase activity was significantly higher (p<0.05) in the FM-571 group. Moreover,
the oxidative stress index was significantly lower (p<0.05) in the FM-571 group. Altogether, these
results support the fact that FM-571 may be used as a preventive treatment for the development of

hypertension by enhancing the primary antioxidant defense system and decreasing the oxidative



stress index.

Key words: Simulated gastrointestinal digestion, everted gut, fermented milk, bioavailability,

preventive treatment, induced hypertension
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1. SINOPSIS

1.1. Justificacion

Las enfermedades cardiovasculares son la primera causa de muerte en el mundo y la principal
preocupacion de las autoridades de salud en los paises desarrollados, siendo la hipertension el
principal factor de riesgo (Zhang et al., 2021). Las primeras recomendaciones para disminuir estas
enfermedades son cambios de estilo de vida, en especifico, los factores modificables tales como
los patrones dietarios y el sedentarismo (Gallego, Mora y Toldra, 2018). Adicionalmente, diferentes
farmacos para el tratamiento de la hipertension arterial son recomendados; no obstante, estos tienen
algunos efectos secundarios. En este sentido, mediante la busqueda de nuevas alternativas mas
saludables para el manejo y control de la hipertension, se ha evidenciado que los alimentos
funcionales no solo proveen nutrientes al organismo, sino también tienen el potencial de coadyuvar
como tratamiento no farmacoldgico en el control de factores de riesgo de enfermedades
cardiovasculares (Brown et al., 2018; Karami y Adergani, 2019), como tal es el caso de las leches
fermentadas.

La evidencia cientifica sugiere que los péptidos con efecto antihipertensivo derivados de leche
fermentada son secuencias de 3 a 12 residuos, poseen aminoacidos hidrofobicos en la posicion
terminal C y prolina que confieren resistencia a la hidrélisis. Por otro lado, durante la digestion
gastrointestinal tiene lugar el mayor grado de hidrolisis de las proteinas por accion de las enzimas
del tracto digestivo aumentando la bioaccesibilidad de la fraccion proteica del alimento funcional
(Kopf-Bolanz et al., 2012). En especifico, estudios han reportado que en este proceso ocurre
hidrolisis del 50% de las proteinas lacteas, y adicionalmente, el 10% de los péptidos liberados son
hidrolizados a aminoécidos libres.

Posteriormente, los péptidos bioactivos pueden ser absorbidos intactos a través de las células
epiteliales, estar biodisponibles y exhibir el efecto biologico; mientras que algunos oligopéptidos
son hidrolizados por peptidasas de la membrana cepillo-frontera y por lo tanto, estas secuencias
mas cortas pueden ser absorbidas (Wang et al., 2019). Lo anterior, estd en funcion de las

caracteristicas fisicoquimicas del péptido conferidas por los aminoacidos constituyentes. En
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conjunto, el proceso tecnoldgico de fermentacion, asi como la digestion y absorcion proveen al
organismo de péptidos bioactivos con potencial para coadyuvar en el control y manejo de la
hipertension.

En nuestro grupo de investigacion, estudios in vitro demostraron que leche fermentada por
Lactococcus lactis NRRL B-50571 (FM-571) present6 actividad inhibidora de la enzima
convertidora de angiotensina (ECA) (Rodriguez-Figueroa et al., 2010) y se identificaron las
secuencias peptidicas inhibidoras de ECA después del proceso de fermentacion (Rodriguez-
Figueroa et al., 2012). Posteriormente, en un estudio clinico aleatorizado controlado doble ciego se
demostro el efecto antihipertensivo en personas prehipertensas (Beltran-Barrientos et al., 2018).
Ademas, se estudio el efecto antihipertensivo en un modelo murino con ratas espontaneamente
hipertensas (REH) (Rodriguez-Figueroa et al., 2013) y se elucidaron los mecanismos responsables
del efecto, los cuales estuvieron asociados a la inhibicion de la ECA, el efecto antioxidante y la
produccion de 6xido nitrico (Beltran-Barrientos et al., 2018b).

No obstante, es imprescindible evaluar la bioaccesibilidad y biodisdisponibilidad de los péptidos
de FM-571 liberados después el proceso de digestion gastrointestinal y los que fueron absorbidos
en el lumen intestinal que presentan potencial efecto antihipertensivo. Adicionalmente, es necesario
determinar el potencial efecto protector de FM-571 ante el desarrollo de hipertension arterial en un

modelo murino con hipertension inducida.

1.2. Antecedentes

1.2.1. Obtencion de Péptidos Bioactivos

El constituyente proteico de los alimentos funcionales provee al organismo aminoéacidos y
secuencias de péptidos cortos, cuyas funciones como péptidos bioactivos han sido objeto de estudio
en los Ultimos afios (Korhonen, 2009). Los péptidos se encuentran inactivos en las proteinas; éstos
se han definido como fragmentos especificos (2-12 aminoacidos) que tienen un impacto positivo

en las funciones del cuerpo y pueden influir en la salud (Kitts y Weiler, 2003). Entre los efectos
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benéficos a la salud que se atribuyen a péptidos bioactivos estan las bioactividades antihipertensiva,

antioxidante, antitrombdtica, antimicrobiana, opioide e inmunomoduladora (Korhonen, 2009).

En el caso de la bioactividad antihipertensiva, la inhibiciéon de ECA juega un papel fundamental,
ya que cataliza la conversion de angiotensina I en angiotensina II en el sistema renina-angiotensina;
en el cual la angiotensina II es un vasoconstrictor enddégeno que incrementa la presion arterial. Por
lo tanto, la inhibicion de ECA por péptidos bioactivos puede ser un coadyuvante en la prevencion,
tratamiento y control de la hipertension. Los compuestos quimicos inhibidores de ECA pueden ser
sintéticos (como el farmaco Captopril®) o péptidos bioactivos derivados de alimentos que se
pueden obtener de alimentos proteicos mediante algunos procesos tecnoldgicos. A continuacion, se

describen los principales procesos utilizados para la obtencion de péptidos bioactivos.

1.2.1.1. Hidro6lisis enzimatica de proteinas. Para llevar a cabo la hidrélisis enzimatica es importante
determinar algunos parametros (e.g. temperatura, pH y tiempo de hidrélisis) para optimizar la
liberacion de péptidos a partir de la proteina nativa. Lo anterior, debido a que se relaciona con el
grado de hidrolisis, lo cual influye en el tamafio y composicion de aminoacidos, y por lo tanto, la
bioactividad de las secuencias liberadas (Marcianik et al., 2018). Posterior a la hidrolisis, con la
aplicacion de técnicas de separacion, analiticas e instrumentales se realiza la identificacion de las
secuencias peptidicas para llevar a cabo analisis mas especificos.

Las enzimas mas empleadas en la hidrélisis de proteinas alimentarias son la papaina, pepsina de
mucosa gastrica porcina (Mohan et al., 2015), tripsina, quimotripsina y proteasas comerciales (Ngo
et al., 2015). Abdel-Hamid et al. (2017) hidrolizaron leche descremada de bufala utilizando
papaina, pepsina y tripsina para obtener péptidos inhibidores de ECA. El hidrolizado con papaina
y tripsina, presento la actividad inhibidora de ECA mas alta (p<<0.05; ICs0 <50 pg/mL) con respecto
al hidrolizado con pepsina (ICso ~ 100pug/mL). En otro estudio, Ibrahim et al. (2017) hidrolizaron
caseina y proteinas de suero de leche de cabra con pepsina para obtener péptidos inhibidores de
ECA. Los autores reportaron que el péptido PEQSLACQCL derivado de B-lactoglobulina f(113-
122), ARHPHPHLSFM derivado de k-caseina f(96-106) y QSLVYPFTGPI derivado de 3-caseina
f(56-66) mostraron actividad inhibidora de ECA comparable al Captopril.

Corolasa PP es una proteasa comercial que posee las enzimas quimotripsina, elastasa, dipeptidasa,

tripsina y aminopeptidasas, por ser un preparado enzimatico de amplio espectro que hidroliza
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productos y subproductos alimentarios a pH alcalino, se ha empleado para la obtencion de péptidos
con actividad antioxidante y péptidos inhibidores de ECA (Guan et al., 2018). Quir6s et al. (2012)
utilizaron caseinato como sustrato con diferentes tratamientos para optimizar la hidrolisis
empleando la metodologia de superficie de respuesta. La hidrdlisis con Corolasa PP a una
concentracion de 60 mg/g de proteina durante 24 h a 37 °C permiti6 obtener la concentracion mas
alta del péptido HLPLP. Por otro lado, Guan et al. (2018) utilizaron tratamiento a altas presiones
hidrostaticas combinado con hidrdlisis con Corolasa PP para obtener péptidos antioxidantes e
inhibidores de ECA; determinaron que la hidrolisis con Corolasa PP a 200 MPa fue mas eficiente
para la obtencion de péptidos, ademas, disminuyo la hidrofobicidad superficial de los hidrolizados.
Fujita et al. (2010) hidrolizaron diferentes alimentos con enzimas; la hidrélisis de musculo de pollo
la realizaron con termolisina, mientras que ovoalbumina fue hidrolizada con pepsina, tripsina,
quimotripsina y termolisina. De los péptidos obtenidos con actividad inhibidora de ECA, el que
presentd la mayor actividad de inhibicion fue IKW con un valor ICso de 0.21uM. También
observaron que los péptidos 1Y, LW, IKW, LAP, LKP, LKPNM, y IWHHT presentaron actividad
antihipertensiva similar después de ser administrados via intravenosa (10mg/kg) a ratas
espontaneamente hipertensas. Asi mismo, los péptidos 1Y, LW, KW, LKP, LKPNM, IWHHT,
IVGRPR, y IVGRPRHQG también presentaron actividad antihipertensiva después de ser

administrados via oral (60 mg/kg).

1.2.1.2. Procesado de alimentos. Las proteinas poseen propiedades nutricionales, bioldgicas y
funcionales que se ven modificadas durante el procesamiento de los alimentos (Toldra et al., 2018;
Kopf-Bolanz et al., 2014); entre los principales procesos se encuentran la fermentacion y el curado.
En carnes fermentadas y proteinas de pescado, la fraccion proteica se hidroliza por peptidasas
microbianas y enzimas endoégenas musculares (Mora et al., 2016). En el caso de la leche, el
tratamiento térmico influye directamente en la liberacion de péptidos de B-lactoglobulina durante
la digestion gastrica (Kopf-Bolanz et al., 2014; Sanchez-Rivera et al., 2015). Ademas, la actividad
proteolitica de microorganismos iniciadores de la fermentacion lleva a la liberacion de péptidos
bioactivos y aminoécidos libres por accion de proteasas extra e intracelulares (Herndndez-Ledesma

et al., 2007; Litopulou-Zanetaki y Tzanetaki 2014).
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1.2.1.3. Digestion gastrointestinal. La digestion gastrointestinal in vivo es un proceso dindmico en
donde tiene lugar la liberacion secuencial de enzimas gastricas (pepsina) e intestinales (tripsina,
quimotrisina, elastasas, carboxipeptidasas, etc.) junto con cambios en el pH durante el tiempo de
residencia de la matriz alimentaria en el tracto gastrointestinal. Adicionalmente, los movimientos
peristalticos en la fase géstrica e intestinal tienen un efecto en la tasa de liberacion y desintegracion
de la matriz alimentaria. Durante el proceso tiene lugar la hidrolisis secuencial de las proteinas, lo
cual provee péptidos y aminoacidos al organismo donde la absorcion tiene lugar en el duodeno y
en el jejuno superior (Sanchez-Rivera et al., 2015).

Con el fin de simular la digestion gastrointestinal in vivo, se han desarrollado modelos de digestion
gastrointestinal estatica y dindmica para diferentes matrices alimentarias (Kopf-Bolanz et al., 2012;
Kopf-Bolanz et al., 2014, Egger et al., 2019). Uno de los modelos mas empleados para la digestion
gastrointestinal simulada de leche, es el método estatico desarrollado por Kopf-Bolanz et al. (2012),
el cual se realiza en tres fases: fase oral, gastrica e intestinal. El porcentaje de hidrdlisis de proteinas
reportado es del 53.9%, siendo di y tripéptidos las secuencias mayoritarias, de estos, el 10% es
hidrolizado a aminoacidos libres. Este método fue validado comparando los resultados con los
valores reportados de estudios de digestion humana. Por otro lado, aunque los métodos de digestion
dinamica simulan de manera mas cercana el proceso digestivo que ocurre en el organismo, los
resultados no presentaron diferencias en la hidrélisis de proteinas de la leche al comparar un método
estatico y uno dindmico; adicionalmente, estos no fueron diferentes al compararlos con la digestion

in vivo (Egger et al., 2019).

1.2.2. Bioaccesibilidad y Biodisponibilidad de Péptidos Bioactivos

1.2.2.1. Bioaccesibilidad y estabilidad de péptidos bioactivos. Bioaccesibilidad se define como la
cantidad o fraccion que se libera de la matriz alimentaria en el tracto gastrointestinal y estd
disponible para su absorcion (Carbonell-Capella et al., 2014). Esto incluye la transformacion que
tiene lugar en la digestion y esté listo para la absorcion en el epitelio intestinal y finalmente, el
metabolismo pre-sistémico. Por otro lado, Carbonell-Capella et al. (2014) reportaron que la

biodisponibilidad se define como la porcion y el grado en el cual un compuesto del alimento es
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absorbido y es disponible en circulacion sistémica para el metabolismo celular del hospedero. En
este sentido, en estudios de digestion gastrointestinal simulada de leche se reportd que el 53.9% de
las proteinas fueron hidrolizadas a di y tripéptidos; y al comparar estos resultados con estudios in
vivo no se observaron diferencias en el porcentaje de bioaccesibilidad (Kopf-Bolanz et al., 2012;
Egger et al., 2019). Por lo tanto, los di y tripéptidos asi como otras secuencias de oligopéptidos
bioaccesibles durante la digestion gastrointestinal pueden ser absorbidas en el intestino.

Para el caso de otras matrices alimentarias como semilla de lenteja, soya, frijol pinto y semilla de
quinoa, la bioaccesibilidad que se reporta estd en rangos que van de 21.92 a 50% expresada como
grado de hidrolisis. Adicionalmente, después de la digestion gastrointestinal simulada, las
secuencias peptidicas liberadas presentaron actividad inhibidora de ECA, antioxidante y
antimicrobiana en ensayos in vitro (Guo et al., 2020; Jakubczyk y Baraniak 2013; Capriotti et al.,
2015; Tagliazucchi et al., 2015). No obstante, después del proceso de digestion, el bolo alimenticio
esta en contacto con las peptidasas de membrana cepillo-frontera previo a su absorcion, por lo cual,
podrian ser posteriormente hidrolizado. Por lo tanto, las secuencias peptidicas y la bioactividad

observada pueden ser modificadas después de la absorcion.

1.2.3. Absorcion de Péptidos Bioactivos

La absorcion de péptidos bioactivos en epitelio intestinal estd en funcion de diferentes factores,
entre los principales se encuentran: a) el estado de ayuno o condiciones postprandiales al momento
de la administracion; b) las interacciones entre los componentes del bolo alimenticio en el tracto
gastrointestinal; c¢) la competencia con otros nutrientes que comparten la misma ruta de absorcion;
d) el estado fisiologico (salud o enfermedad) del organismo, y la edad (Shen y Matsui, 2017; Ozorio
et al., 2020). Por lo anterior, es importante determinar la absorcion de péptidos potencialmente
bioactivos.

Los estudios de absorcion se realizan mediante ensayos in vitro con el uso de lineas celulares, o
mediante estudios ex vivo empleando modelos basados en tejido intestinal bajo condiciones
fisioldgicas. El cultivo de la linea celular Caco-2 en monocapa es utilizado debido a que después
de su diferenciacion presenta caracteristicas funcionales y estructurales similares a enterocitos

maduros, con microvellosidades de cepillo-frontera, uniones estrechas entre células y expresion de
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enzimas y transportadores de membrana (Shen y Matsui 2017), esto lo hace un buen modelo para
elucidar los mecanismos de absorcion de péptidos especificos asi como su resistencia o hidroélisis
por las peptidasas de membrana cepillo frontera (Vij et al., 2016). Por otro lado, los modelos ex
vivo han sido utilizados para determinar la absorcion de farmacos con resultados satisfactorios al
compararlos con estudios de absorcion humana, ya que presentan permeabilidad celular
comparable al epitelio del intestino delgado, tienen presencia de mucosa y expresan enzimas de
membrana cepillo frontera (Alvarez-Olguin et al., 2022). A continuacién se describen los

mecanismos de absorcion de péptidos bioactivos en el epitelio intestinal.

1.2.3.1. Transportador de Péptidos Peptl. PepT1 es un transportador de péptidos miembro de la
familia de transportadores dependiente de H+, transporta di y tripéptidos del lumen intestinal a
través de los enterocitos mediante el gradiente de protones entre el lumen intestinal (pH 5.5-6.0) y
las células epiteliales (pH 7.0). El gradiente electroquimico se mantiene a través del intercambiador
H+/Na+ el cual es balanceado por la ATPasa basolateral de Na+/K+ (Xu et al., 2019). Entre las
secuencias peptidicas que transporta PepT1 se encuentran los péptidos antihipertensivos IPP, LKP,
IQW (Glesson et al., 2017), el péptido antihipertensivo y antioxidante IRW (Bejjani y Wu 2013) y
el péptido YPI (Miguel et al., 2008). PepT1 realiza el transporte de péptidos con carga neutra,

hidrofobicos, y se une a residuos ricos en aminoacidos no polares (Xu et al., 2019).

1.2.3.2. Ruta paracelular pasiva. La ruta paracelular pasiva es mediada a través de las uniones
estrechas entre enterocitos, las cuales consisten de la zéonula de ocludinas-1, ocludinas y claudinas
que forman una barrera bioldgica estrecha con penetracion selectiva. Esta via de transporte
independiente de energia permite la absorcion de oligopéptidos por difusion pasiva. Entre los
péptidos bioactivos transportados por esta via de absorcidon estan los previamente reportados con
actividad antihipertensiva KVLPVP (Sun et al., 2009), HLPLP (Quiros et al., 2008), RLSFNP (Guo
et al., 2018) y con actividad antioxidantes DHHAPQLR, WDHHAP (Xu et al., 2018), RWQ y WQ
(Fernandez-Musoles et al., 2013).

1.2.3.3. Transcitosis. Este mecanismo de transporte transcelular de péptidos es dependiente de
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energia, se realiza a través de interacciones hidrofobicas entre péptidos y la superficie apical de los
enterocitos, lo cual lleva a la formacion de vesiculas donde los péptidos son embebidos;
posteriormente las vesiculas son internalizadas en los enterocitos. La absorcion mediante este
mecanismo se realiza en péptidos con alta hidrofobicidad con mas de cuatro aminoacidos en su
estructura. Entre las secuencias peptidicas que se absorben por esta ruta esta el péptido antioxidante
YWDHNNPQIR compuesto por aminoacidos hidrofébicos (Xu et al., 2017), y los péptidos
VLPVPQK y RPPGFSPFR (Vij et al., 2016).

1.2.4. Péptidos Bioactivos en el Lumen Intestinal

Diversos estudios en modelos in vivo han evidenciado que solo un 0.059 al 5.18% de péptidos
bioactivos bioaccesibles son absorbidos en el lumen intestinal (Sanchez-Rivera et al., 2014; Van
der Pijl et al., 2008; Yamada et al., 2015). No obstante, los péptidos y aminoacidos que no se
absorben en el intestino delgado, pudieran ejercer funciones especificas a nivel del epitelio
intestinal.

Estudios recientes sugieren que los péptidos juegan un papel importante en la regulacion de la
microbiota intestinal (Asaholu, 2020). Adicionalmente, pueden tener interacciones moleculares
con la microbiota y ser metabolizados por ésta, generan nuevas secuencias de péptidos bioactivos,
aminoacidos y acidos grasos de cadena corta con funciones especificas a través de su interaccion
con receptores intestinales (Wu et al., 2017). En especifico, ha sido previamente reportado que
péptidos pueden estimular o inhibir el crecimiento de microorganismos especificos (Liu y Ho,
2018), modular la produccion de la mucina (Shimizu, 2004; Martinez-Augustin et al., 2014), ser
catabolizados como fuente de nitrogeno y carbono, ser metabolizados a acidos grasos de cadena

corta (Gentile y Weir, 2018) y asi mejorar la disbiosis intestinal (Beltran-Barrientos et al., 2021).

1.2.5. Biodisponibilidad in vivo

Una vez que los péptidos son absorbidos, estos estan en contacto con peptidasas del torrente
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sanguineo donde pueden ser objeto de una hidrolisis final antes de ejercer el efecto bioactivo
(Sanchez-Rivera et al., 2014). En este sentido, los estudios de farmacocinética después de la
administracién oral o intravenosa de péptidos especificos permiten dar seguimiento al
metabolismo, el efecto bioactivo y conocer los péptidos resultantes. En el caso especifico del
péptido LHLPLP, este fue hidrolizado por las peptidasas de membrana cepillo frontera en estudios
in vitro (Quir6s et al., 2008) con hidrdlisis entre los enlaces leucina-histidina liberando el
pentapéptido HLPLP. Posteriormente, Sdnchez-Rivera et al. (2014) observaron que el pentapéptido
ejerce efecto antihipertensivo en REH; adicionalmente, el péptido fue hidrolizado a las secuencias
LPLPy HLPL por peptidasas del torrente sanguineo. No obstante, se desconoce si los tetra-péptidos
resultantes tienen efecto antihipertensivo.

Por otro lado, la biodisponibilidad que se reporta para las secuencias peptidicas antihipertensivas
es relativamente baja, siendo de 5.18% para el péptido LHLPLP que fue administrado por la via
oral (Sanchez-Rivera et al., 2014); mientras que para secuencias mas cortas como los tripéptidos
IPP, LPP y VPP a pesar de no ser hidrolizados por peptidasas de torrente sanguineo, la
biodisponibilidad reportada en cerdos fue de 0.059 a 0.077% (Van der Pjl et al., 2008). No
obstante, atin con la baja biodisponibilidad in vivo, los péptidos presentaron efecto antihipertensivo.
Yamada et al. (2015) observaron efecto antihipertensivo dependiente de la dosis del péptido '*C-
MKP después de una administracion oral intragastrica en REH, el porcentaje del péptido intacto
después de 4 h fue de 3.6% con la concentracion mas alta de 0.9 uM a los 8 min después de la
administracion.

Por otro lado, en los estudios donde no se evalaa la farmacocinética de péptidos, estos reportan el
efecto bioactivo in vivo mediante la medicion de una variable de respuesta primaria. En nuestro
grupo de investigacion, se reporto el efecto antihipertensivo FM-571 en personas prehipertensas
(Beltran-Barrientos ef al., 2018a) y un modelo murino REH (Rodriguez-Figueroa et al., 2013;
Beltran-Barrientos ef al., 2018b). De manera similar, se demostré que los mecanismos del efecto
hipotensor debido al consumo de esta leche fermentada fueron: la inhibicion de la actividad ECA
in vivo, la produccion de 6xido nitrico y efecto antioxidante (Beltran-Barrientos et al., 2018b). El
efecto antihipertensivo FM-571 fue atribuido a péptidos bioactivos liberados durante la
fermentacion de la leche y la digestion gastrointestinal. No obstante, para validar las propiedades
funcionales de FM-571 ademas de la actividad inhibidora de ECA in vitro y la bioactividad in vivo,
es necesario identificar los péptidos liberados después del proceso de digestion gastrointestinal y

que se absorben en el lumen intestinal y tienen efecto antihipertensivo, asi como las secuencias
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peptidicas que no fueron absorbidas en el lumen intestinal. Adicionalmente, aun es necesario
determinar la prevencion del desarrollo de la hipertension arterial por FM-571 en un modelo

murino.

1.2.6. Estudios de Prevencion de Hipertension

La hipertension es el principal factor de riesgo para el desarrollo de enfermedades cardiovasculares
(Zhang et al., 2021). Las primeras recomendaciones para disminuir estas enfermedades son
cambios de estilo de vida, en especifico, los factores modificables tales como los patrones dietarios
y el sedentarismo (Gallego, Mora y Toldra, 2018). En este sentido, los alimentos funcionales
pueden ser empleados como un coadyuvante en el manejo de la hipertension arterial. En particular,
algunos estudios han probado el efecto antihipertensivo de leche fermentada en modelos murinos
de hipertension espontanea y en personas hipertensas; sin embargo, pocos estudios han probado el
efecto protector de estos alimentos al desarrollo de hipertension.

Sipola et al. (2001) reportaron que la administracion ad libitum de leche fermentada por
Lactobacillus hevelticus LBKH16 adicionada con los péptidos IPP y VPP a concentraciéon entre
2.5 — 3.5 mg/kg/dia, asi como los péptidos disueltos en agua a la misma concentracion, atenuaron
el desarrollo de hipertension en ratas SHR al administrar los tratamientos durante 12 semanas;
adicionalmente, sugirieron que el posible mecanismo del efecto preventivo fue la inhibicién de
ECA in vivo. En un estudio similar realizado por Jauhiainen et al. (2005) observaron que leche
fermentada por Lactobacillus hevelticus LBKH16 adicionada con los tripéptidos VPP e IPP a
concentracion de (1.8 — 2.0 mg/100g) atenuaron de manera mas efectiva el desarrollo de
hipertension en ratas SHR al comparar con los péptidos puros y la mezcla de péptidos y minerales
(Potasio, Calcio y Magnesio).

Por otro lado, en un modelo murino de hipertension inducida con Angiotensina I, se observo efecto
protector al desarrollo de hipertension al administrar el péptido DPYKLRP por intubacion gastrica
a concentracion de 10 mg/kg (Garcia-Tejedor et al., 2015). En un estudio similar, El-Fattah et al.
(2017) observo efecto antihipertensivo durante cuatro semanas cuando se administrd leche
fermentada con Lactibacillus rhamnosus B-1445, O-114, YC-X11 y Lactibacillus helveticus Lh-B

02 en un modelo de hipertension inducida con Dexametasona via subcutanea.

20



De manera similar, Kamkar-Del et al. (2020) demostraron efecto protector al desarrollo de
hipertension al administrar dos extractos de Ziziphus jujuba durante cuatro semanas previo a la
induccion de hipertension con Ang via intravenosa. Los autores sugieren que el efecto protector
fue debido a los fenoles y flavonoides presentes en los extractos. Angiotensina II via su receptor
AT es un fuerte activador del estrés oxidativo vascular mediante el estimulo de la produccion de
NADPH oxidasa, enzima que actia como una de las més importantes fuentes del ion peroxido y

anion superoxido.

1.3. Hipotesis

Hipotesis Primaria
Péptidos derivados de leche fermentada con Lactococcus lactis NRRL B-50571 estan
biodisponibles ya que presentan inhibicion de la enzima convertidora de angiotensina después de

haber sido sometidos a un modelo de absorcidn ex vivo.

Hipotesis Secundaria
Leche fermentada por Lactococcus lactis NRRL B-50571 previene el desarrollo de hipertension en

un modelo murino.

1.4. Objetivo General

e Evaluar la biodisponibilidad de péptidos bioactivos derivados de leche fermentada con
Lactococcus lactis NRRL B-50571 con actividad inhibidora de la enzima convertidora de
angiotensina.

e Evaluar la prevencion del desarrollo de hipertension por leche fermentada con Lactococcus

lactis NRRL B-50571 en un modelo murino.
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1.5. Objetivos Especificos

Evaluar la bioaccesibilidad y biodisponibilidad de péptidos inhibidores de ECA derivados
de leche fermentada con Lactococcus lactis NRRL B-50571 después de ser sometida a un
modelos de digestion gastrointestinal simulada y absorcion ex vivo.

Identificar por LC-MS/MS los péptidos inhibidores de ECA derivados de leche fermentada
con Lactococcus lactis NRRL B-50571.

Determinar las propiedades fisicoquimicas, bioactividad y afinidad de unién de los péptidos
al sitio activo de ECA por analisis in silico.

Evaluar el efecto de leche fermentada por Lactococcus lactis NRRL B-50571 como
tratamiento preventivo en el desarrollo de hipertension arterial inducida con angiotensina
IT en un modelo murino.

Evaluar si el efecto de prevencion de desarrollo de hipertension por Lactococcus lactis

NRRL B-50571 es por inhibicion de la ECA y/o actividad antioxidante.

1.6. Seccion Integradora del Trabajo

Los articulos que integran esta tesis son tres, a continuacion se describen brevemente.

Articulo 1. Current trends and perspectives on bioaccesibility and bioavailability of food

bioactive peptides: in vitro and ex vivo studies.

Este articulo presenta una revision actualizada relacionada a los ensayos in vitro y ex vivo que se

han realizado para evaluar la bioacesibilidad y biodisponibilidad de péptidos bioactivos derivados

de alimentos. En este sentido, se hace énfasis en la hidrélisis de la matriz alimentaria durante la

digestion gastrointestinal, asi como en la estabilidad y propiedades bioactivas de los péptidos

liberados bajo los diferentes microambientes en cada una de las etapas de la digestion. La revision

permiti6 realizar un andlisis critico de los protocolos de digestion gastrointestinal simulada para

diferentes matrices, asi como las ventajas y desventajas que presenta cada uno. Se evidencid que
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los métodos estaticos, a pesar de no simular exactamente la digestion gastrointestinal in vivo como
lo hacen los protocolos de digestion dindmica, no presentan diferencias significativas con la
digestion in vivo.

Por otro lado, se reportd que péptidos especificos bioaccesibles pueden ser hidrolizados por las
peptidasas de membrana cepillo frontera antes de la absorcion, y que las secuencias mas cortas
pueden tener el efecto bioactivo. Adicionalmente, entre los métodos mas empleados para los
ensayos de absorcion in vitro son las lineas celulares Caco-2, mientras que en ensayos ex vivo, el
protocolo Ussing chamber e intestino invertido son utilizados para evaluar la absorcion global de
péptidos y la permeabilidad intestinal. En especifico, las lineas celulares Caco-2 son utilizados para
elucidar los mecanismos de absorcion de diferentes compuestos; no obstante, este modelo no logra
simular la permeacion intestinal humana. En este sentido, el epitelio intestinal incluye mucosa
intestinal, células M, células enddcrinas y células caliciformes, las cuales no estan consideradas en
la linea celular Caco-2; por lo que este modelo presenta menor transporte de absorcion que el
intestino delgado. Por todo lo anterior, estudios recientes han utilizado los modelos ex vivo
(utilizando tejidos animales) debido a que consideran estos componentes. Asi mismo, el protocolo
ex vivo de intestino invertido destaca por presentar una adecuada permeabilidad paracelular,
estructura intestinal y capa de mucosa similar a las condiciones in vivo durante el tiempo de ensayo.

Este articulo fue publicado en la revista J Sci Food Agric.

Articulo 2. Bioaccesibility and bioavailability of peptides from fermented milk after
gastrointestinal digestion and ex vivo absorption.

En este articulo se evalu6 la bioaccesibilidad y biodisponibilidad de péptidos derivados de leche
fermentada con Lactococcus lactis NRRL B-50571 (FM-571) después de haber sido sometidos a
un modelo de absorcion ex vivo. Primeramente, la leche fermentada fue sometida a digestion
gastrointestinal simulada (DGS) con un protocolo de digestion estatica validado para leche.
Después, se determino la actividad inhibidora de ECA en FM-571, FM-571 después de haber sido
sometida a la DGS y después de haber sido sometida a DGS y absorcion en el modelo ex vivo. El
ensayo de absorcion ex vivo se realizd empleando el modelo del intestino invertido utilizando un
segmento de jejuno de rata macho Wistar, montado en un dispositivo disefiado para tal efecto. El

contenido absorbido en el compartimento serosal fue fraccionado mediante RP-HPLC y se
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determind la inhibicion de la ECA, para posteriormente identificar por LC-MS/MS, las fracciones
cromatograficas con mejor ICso de actividad inhibidora de ECA. Finalmente, con los péptidos
identificados se realizaron ensayos in silico para determinar sus propiedades fisicoquimicas, la
bioactividad previamente reportada, la probabilidad de poseer una bioactividad de acuerdo a su
composicion de aminoacidos y secuencia, asi como la afinidad de union de éstos al sitio activo de
ECA.

En general, se observo la absorcion de péptidos bioactivos intactos derivados de la fermentacion
que fueron estables durante los procesos de digestion y absorcidon ex vivo. Adicionalmente, se
observo que algunos péptidos fueron hidrolizados por peptidasas de membrana cepillo frontera del
epitelio intestinal del tejido ex vivo. Entre los péptidos bioactivos identificados, en su mayoria
fueron hidrofobicos, e incluso se identificaron trece péptidos previamente descritos como
inhibidores de ECA y otros con propiedades antihipertensivas y antioxidantes. Se identificaron 100
nuevas secuencias de péptidos con potencial actividad inhibitoria de ECA. Finalmente, mediante
el andlisis in silico se identificaron 14 secuencias con alto potencial de unién al sitio activo de la

ECA in vivo. Este articulo se encuentra en revision en la revista ACS Food Science & Technology.

Articulo 3. Fermented milk as preventive treatment in an induced hypertension murine
model with Ang II.

En este articulo se evalud el efecto de leche fermentada con Lactococcus lactis NRRL B-50571
para prevenir el desarrollo de hipertension en un estudio in vivo con ratas macho Wistar sanas. En
este estudio, las ratas fueron aleatorizadas y asignadas a cuatro tratamientos: 1) Control sano
(agua); 2) Control negativo (administradas con Ang II para induccion de hipertension + agua); 3)
Control positivo (administradas con Ang Il para induccion de hipertension + Captopril®); 4) FM-
571 (administradas con Ang II para induccion de hipertension + FM-571). Los tratamientos se
administraron durante dos semanas, y en la tercer semana, los dias 15 y 21 se administrd por via
intravenosa (i.v.) una sola dosis de Ang II. La presion arterial se determind cada semana y después
de 7 semanas de tratamiento, se les dio muerte a las ratas y se colectd la sangre para evaluar en
plasma las actividades enzimatica de ECA, catalasa y glutation peroxidasa, asi como la
peroxidacion lipidica e indice de estrés oxidativo. Los resultados mostraron que se observo efecto

protector de FM-571 como tratamiento preventivo en el desarrollo de hipertension; adicionalmente,

24



se observo efecto antihipertensivo de FM-571 durante 7 semanas. Respecto a la actividad
enzimatica en plasma, se observo que la inhibicion de ECA in vivo no es un mecanismo por la cual
se regula la presion sanguinea en este modelo de hipertension. Por otro lado, la actividad de catalasa
en el grupo FM-571 increment¢ significativamente respecto a los grupos control, y la actividad de
glutatién peroxidasa no fue estadisticamente diferente entre los grupos. De manera similar, los
productos de peroxidacion lipidica expresados como malondialdehido no presentaron diferencias
significativas entre los grupos, mientras que el indice de estrés oxidativo fue estadisticamente
menor en el grupo FM-571. Los resultados sugieren que el efecto protector al desarrollo de
hipertension en el modelo murino de hipertension inducida puede deberse al mejoramiento del
sistema de defensa antioxidante primario y a la disminucion del indice de estrés oxidativo durante
la administracion de FM-571. Por lo tanto, FM-571 podria ser administrada como un coadyuvante

en la prevencion de hipertension.
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Current trends and perspectives on
bioaccessibility and bioavailability of food
bioactive peptides: in vitro and ex vivo studies
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Belinda Vallejo-Cordoba’

Abstract

The bioaccessibility and bioavailability of food-derived bioasctive compounds are important issues when assessing their in vive phys-
ialagical h ating effects. Foad nents such as proteins and peptides are to different proteases and pepti-
dases during gastrointestinal digestion and absorpiion. Different in vitro approaches have therefore been developed to evaluate
the biosccessibility and stability of bicactive peptides. The static simulated gastrointestinal digestion model (SGD) was widely
reported to aisess the bioaccessibility of bioactive peptides. On the ather hand, althowgh the dynamic SGD model may better sifmu-
late human digestion, it has rarely been explored in biosccessibility studies of food bisactive peptides due to its high cost and lack off
standardization. For bioavailability studies, the Caco-2 cell monalayer model has been used extensively for the assessment of food
bioactive peptides. In fact, very few reports using alternative methods for determining transepithelial transport of bioactive peptides
have been employed. In this sende, ax ivo tiisse-based models such as the Lesing chamber and the everted sac gut have been used.
‘Current evidence supports the fact that using SGD with cell-based models for evaluating the bicaccessibility, absorption, and bicavail-
ability of food-derived bioactive it the most commonly used approach. Nevertheless, SGD with ex vive tissue-based models
sunch a4 the everted sac, remains to be further explored because it seems to be the model that better mimics the physiological process

- it is also fast and inexpensive, and several compounds may

be tested simultanecusly. In the present revies, we disouss information

available on the different in vitro approaches for the determination of bicaccessibility and bioavailability of food-derived bicactive
with special emphasis on ex wive tissue-based models such as the everted sac and the Ussing chamber models.

© 2022 Society of Chemical Industry.

Keywords: simulated gastraintestinal digestion; bicaccessibility; bioactive peptides; bisactivity

INTRODUCTION
Ir recent decades there has besen b strang and grawing intensst in
sudying and developing foods with health-promating effects,
gles known as functional foads. These health effects are in addi-
tion to their natursl nutritional contribution,’ and are attributed
to bisactive compounds found in the feod matrix” Among them,
profeing are fundamental mecromaleculas playing an impartant
rode, nat anly fram the paint of view of nutritien and tissue ferma-
ticn but alio becawse they are & rich source of potential bioactive
peptides. These peplides must be released from the native pra-
teing in arder 1o exert 8 beneficial elfect. In general, peptides ane
released during gastrointestinal digestion;” howevear, they may
also be praduced through different technobogical processes dur-
ing food processing” such as by fermentation, the addition of
commercial enzymes, food curing, and ripening " The reswulting
peptides rray possess different bioactive properties, which
depand on their amino acid compodition and sequence.”

The biosctivity of different food-derived peplided have besn
studied by i witre and in whva studies including antioxidant, anti-

convening enzyme inhibitery [ACEI) {antihypenensivel sctivity.”
Hewewer, to condlude that peplides have a potential bereficial
effect, it is eszential to consider how these compounds reach their
target tssues, how they interact with bicrmolecules, and how they
are transformed 1o induce a physiclogical respanse” This, it &
important (o determine the stability of biocactive peptides
because they may interscl with ather food companents or may
be further hydrolyzed during gastrointestingl digestion.” Fusthes-
rare, when peplides are absorbed, the sction of peplidates in
the enterscytes and proteases fram the Bload stream may alia
hydrolyze and affect their bicactivity.' ' The quantification of bic-
awailable bisaciive peplides i therefore more impormant than

* Lowrespongdence lo- 8 VaVno-Cordoba, Jentre de Invsihipacidn an Abmentp-
{Mﬂ;ﬂwummACMAEJm&smmEnﬁqMMNrMHms
Mo 48 (ol Lo Woono Heemoolo, Sonore 855040 Mento Emaol
valgn@cind my

" The gutthors contributed sgualy fo Mo poper

Eﬁhgl.‘ﬂl'll.. antirmicrobial, ﬂhﬁﬂliﬁg dlpﬁpl:ldﬂ pépliﬂﬂiﬂ! ') Cooedinacide de Tecoolnoa de ADv e O Asimal, Centro de Mwes
[DPP-IV) inhibitory, and - the most studied - andgiolensin Hepaoidn en Al vy O %o, H Mo, Mewico
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determining the amaunt of peptides preseat in the Tood matrix '
Heree, studies assessing the bicsccessibiling, bioavailability, and
bioactivity of bicactive compaunds are necessary |

Clinical triak are the gold standard in food and Autrition reseanch;
rrvertheless differsnt in wiro rodels have been devel oped 1o el wd-
date the bisacoessibdity and stability of bioadive peplides, and
thias, seduce it vive trials” In this regard, static and dynarnic sirmu-
lated gastrointestinal  digestion (3600 models  have been
ermployed.* Callbased models are alio used commanly s predic-
tive tools to determine the bisavailabdity of food bioactives, such as
dairy peptides” Curent krowledge an the medhanistic ranspart
pathways sorass the intestingl epithelial barder of bicactive pep-
tidess'® apel peptide absomtion through the Caca-2 cell ranolayer
modsl have besn reviemad” Nevertheless, s wvo lissue-based
modals that have been extensively uied lor studying phamrmsceuti-
cal drugs bioavailability have rarely been applied to study food bis-
Active peplides and ans yel 1o be reviewsd.

The airm af the present review i therefore 1o present available
infarmation on the differsnt in wire approaches for the detsrmi-
nation of the bioaccessibility and bicavailability of food-derived
bisactive peplides with special emphasis on ex vive tissue-based
madets.

BIOACCESSIBILITY AND STABILITY OF FOOD

DERIVED-PEPTIDES
Bisaccessibility is defined as the portion af a fosd rmatric that is
relesied in the gastrointestinal tact, with the polential to be
absorbed into the intestinal lumen and meach the blood
srream.'* ' However, 1o understand how enzyme sctivity during
gastraintestinal digestion may afect bioactive peptides, it is
impartant 1o know this process specifically for proteins.® In this
regard, protein digestion beging in the stamach at an acid pH with
the setivity of pepiin, which exhibits preferential clesvage of pep-
tides having ararmatic or dicarboxylic L-armine acds regidues;'
menetheles, major hydrelysis sccurs in the intestinal lirmen and
the brush border membrane of the spithelial celis,®

I the inbestinal lumen with an alkaline environrrent, pancrestic
prateases duch as brypsin, e-clymotrypsin, elastase, and carbouypep-
ticdases hydralyze the polypeptide, releass oigopeptides, and free
amine atds Then, aligopeptides undergo a secand hydrolysis with
peplicdases [aminopeplidaied, endopeptidases, dipeptidases, and
carbaxypeplidases) present in the intestinal willi and the pancrestic
fuid, releasing tripeplides, dipeptidas, and other arming acids,"
Orce peplides s abiorbed, ather prateass in the booddteam
iy alia further hydrolyze these peplides. On the ather hand, unab-
safbed peptides frorn the small intestine enter the large intestine
and be hydrolyzed by gut microbiota or may be absorbed
intact.'™" Food prateirs and peptides undergo a complex process
of hrydrobysis, 10 ks therefore impoanant 1o determing the stabiity of
bisactive peplides or the bisactive peplided in a food matris, prefer-
abily with dinical tists; hewever, this is not absays ethical or finan-
cially possible”” For this purpose, simulsted gastrointestingl

tan models have besn validated o mamic the in wie pro-

eais ™ Bigindeernatic ansbsis and s v ctudies have also Bean
developad for differsnt Tood matrices & alernative pratecal ™

SIMULATED GASTROINTESTINAL

DIGESTION MODELS
Arong the different protocols of simulated gastrointestinal
digestion (SGD), the static and dynamic models sre the rmost

comrmonly wied A static reodel is a fast method o evaluate gas-
trointestinal digestion and seversl samples may be tested simulia-
neaush: however, as it s owersimpdified, it does not inclede
dynarmic aspects of gastrointestinal digestion'® O the other
hand, dynamic digestion medels were develaped taking inta
accaunt several digastion canditions, such as fasting, pesistaltic
mavemeants, rate of gastric and pancreatic enzymes rel=ase and
time elapsad between gastric and intestinal phases ™" This
methad clasely simulates the digestive praceds that takes place
inn wive; nonetheless, the main disadvantage is that saphisticated
equiprnent is reguired to assemble the methad and anly & few
samples may be tesped ©

Omoa the Tood matrix has besn subjected 1o simulated gastroin-
testingl digestion, the rext step i o detenming the bioaccessible
fraction that may potentially be absorted into the intestinal lumen.
It has been reporied that, in a food matrix 0% af the proteing ane
degraded into dipeptides and vipeptides, and 10% of those pep-
tides wre further hydralyzed into free amino sod * Moresver, -
eral key pararmeters 1o detenmine the degree of hydrolysi have
besn amploped. In this regand, rinitrobenzenesulionic acd [TNES],
pH-stan, foemnal tiration and c-phthaldialdebyde (OPA) are the
methods rrost Trequently wed ™"

Static simulated gastrointestinal digestion studies

The static SGD riodel is & Tast method that only cormprised two of
three steps sirrulating the mouth (orall, the starmach [gastric), the
wmall intestine (intestinal), and aceasionally the fermentation of
the large intestine. |t includes & single or & combination of
engyries for sach step, with a fied pH and temparature (37 °C)°
(Fig. 10a}). In facy, seweral static S0 models have besn prapased
o predict the digestibility and bioaccessibility af specific com-
pounds fram a laad matrix that may be avaiable for abzemption
thicugh the dmall intestine * Moverheloss, several differenee
have been obierved between models, duch as the variety of
enzyrnes employed from different sources (eg, parcine, rabbir,
of hurman), which may vary their activity. Other factors, such ag
pH. mineral type, onic strength and digestion time, may alia
affect the suteomes between studies and caise them to differ™
Intereatingly, anly few studies consider a contral sample of gastra-
intestinal juices and enzyme with water instead af the food sam-
ple |t has alse bepn reparted that the Toad matrix structune
may influence nutrient release because the srganization af mutri-
ents may directly aflect the digestion process.

In this regard, Tabde 1 surnmarizes some examples of sudies
that determine the bioaccassibility and stability of peptides from
different food sources afier static simulated gastraintestinal
digestion. 17 general, udies reported in-house methods far
SG0 facusing an deternining the bisaccassibility ol the sampla
ol interest; hawees, thay were approsched differently depending
on the foeod matrix. 17 this sense, peptide studies in food samples
varied, including the whale faod matrix, protein isalates and syn-
thetic peptides. Oaly & few studies af satic 5G0 models included
the aral phase and most studied Tocused an gastric and intestinal
digestion with proteases. Mot all studies cansidersd the inclusion
of digested water a3 the contral; and it is essential o include it
becauge it has been predicted by in siics studies that endogenou
gastraintestingl proteing may be a source of bisactive peptides
Finally, it is impartant to highlight that most of these indhouse
static SGD0 miodels did nat present validation studies. Neverthe-
less, it is essential o validate the SG0 madel for 2ach type of Taad
sample under investigation. In this regard, validation studies
imvalved Tollowing the evolution and decompasition of
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Figure 1. Gastrointestnal digestion conditions for static (al and dynamic (b] in wirc models according to Kopf-Bolanz er al® and Egger et ai®

macranutients in a particular food, a3 was the case for homoge-
mized and pasteurized whale milk aver the entire gastraintestinal
digestive proceds. Redults for all maoranutrients in milk were con-
sistent  with hurman  physiological wvalues reparted i the
literanure.**

Most SGD models originsted fram  presisusly  repored
methods, although there i@ substantial vasistion betwesn studies,
making it difficult te comparne arnd contrasn the sutcames amang
or reach condisgions.™ An intemational network frarm 32 coun-
tries therelare cansalidated & simulated gastrointestinal digestion
protacal [OOST Action INMFODGEST), which indludes aral, gastric,
and intestinal phases 1o improsve standardization and provide
reprodudibdity of results amang researchers This protacal was
validated with milk proteing using pigs as an animal model.™
The gastrointestinal digestion of milk prateins by the INFOGEST
protocel was compared with in wheo digests collected from hurman
jejunium and it wai concluded that, although some differences
wiere found, the i wire protacal was a good approsimation o
what aecur in the & wiee intestinel digestion in relation te protein
degradation and peptide releass

An i wilre batch fermentation protocal was recemtly reported
Tor studying the cantribution of food 1o gut microbiota composi-
tion and furcticnality following an i wire gastraintestinal diges-
tion madel® These consecutive i vilro protocols were wsedul
teals for screening work when many food sarmples were studied.
Although the i wire batch fermentation pratacal B beyand the
icape of this review, it was propoied 1o be used in conjunction
with the INFOGEST pratocsl ™

Intarestingly, specific additional factors such as the simulation
of gastraintestinal conditiond of an infant or an eldedy perdon
shauld alia be taken into account.™ Fumhenmans, this digestion

protocal is canstamby improved by the intemational neteoark of
researchers mentioned above ™ The information presented hers
highlights the wefulness of the SG0D madel for stwdying the
bioaccessibility and stabiity of peplides derived from different
foad sowross Serme studies evaluate in vitre bisactivity alfter sub-
jecting foods 10 SG0. but athers only perform biainformatic anal-
ysis 1o pradict potential bisactivity."”

Dynamic simulated gastrointestinal digestion studies
Az mentioned previously, the static G0 madel has it limitations
because it do=s nat mamic real physiological conditions (ransit
time, pH, and enzymatic conditions) (Fig. 1(a1). Dynamic 56D i
therefore a mare sccurate model that determines the biosccessi-
bility and stability of food compounds™ In this regard, the
dynamic SG0 model consists of variouws steps where food @ trans-
ferred through different compartments with specific physiologi-
cal conditions (pH, digestive enzymes, and ionic strength) (Fig. 1
(5}, depending on the physicachemical properties of fosd ™ Neyv-
ertheledd, to the bBeot of aur knowledge, only two studies have
employed the dynamic gastrointestinal digestion model to deter-
mine the stability of food-derived bisactive peptides with
ACEL'™ " anticaddant, opioid and antibacterial™ activity (Table 2.
Sanchez-Aivera ef al*” investigated the impact of heat treat-
ment on hydralysis with dynamic SG0 of bovire milk proteing
and the release of bioactive peptides. To achieve this, twa recon-
atituted skim milk powders {unheated and heated] wene used.
Afterwards, milk samples were subjected ta dynarmic SGD. After
engyrnatic digestive hydrolyeis, caseing from hested milk pre-
sented increased resistance to pepsin. Contrany to this, lactoglob-
ulim was more vulnerable to proteckysis. A tatal of 12 peptides
ware jdentifed in both (heated and unheated) skim milks. Six
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Table 1. Seme examples of bicacoessibilitg and stabiity of fosd-dered peptides after sanic simulated gastrainestinal digestion
Static smulated Hydeolysis
gastraintestinal degree
Fand Saurde Dhigested sample aligestion mads afer 550 Bicactivity of nedulling peplides Referaree
Butala milk Geang, loe Cream, Snatic mathod: gagtric le] Ditabase seardh: antihyperiende, =
dainy sarmgles Pedarzarela, Ricents, arel intestinal phse i chulateey, icraibisl,
Scarnees and Yoghum aitidalbetic, anticancer and
from Bullale mik alicmidant scniving
‘Whey protein Synthetic peptides Exatic method: gastnc MWD I wiro assay: &CE inhibiton =
con<entrate and intestinal phase
Leritil seeds Isofated lentdl globulins Sxatic method: oral, 31.55% M witro assay: &CE inhibiton "
gastric and imtestinal
phase
Pen seeds Iscdared pea globuding Seatic method: oral, LG Ky witen assay: ACE irdibiton .
gadnric and innedtinal
phase
Saybean seed Extracted proteins from Exatic method: gastnc M Database search: antimicrohial, ACE =
and soybean soybean seed and phase and mhibitar, antiaxdant,
milk soybean milk bioinformiatic
analysis
Finta bean Firvio beans Snatic method COST 50% Ky Wit assay: ACE inkibition -
IFhaseaks Actior FAT00S: ora,
wigaTi) @adnric and intestinal
phase
‘Wwhale, semi- Whols, semi-skimmed and  Szatic method: gastric I0.70% In wirn assay: antiocidant Database o
skimmeed and skimmed bovine milk and intestinal phase search: DPPY inhibitar, ACE
skirmimeed mhibigian, arbood dand
bowine milk
Ol palm kernel Iscdaved cil palm kermel Suatic method: gasiric 23.44- K witegr assays: ACE irhibition, .
expeller expelber ghielin-2 arel intestinal phse I61TH aliaidant In wvo Bs s
Betibgpertensive eflect
il Winter soluble extracs of Suatic method COST [L1=] K il assays: Antiowidar, antimicrabial =
doniey milk fermeenibed milks Action FA1005: oral, and HCE inhibiton
gastric and intestinal
phase
Fermented goat  Fermented goat mik Seatic method: gastnc 47 70% 0 sieo assay: ACE inhibitar, a
milk and investinal phse alibypertensive, antiasidant,
arel bigirdormatic anlibacterial, DFF-IV inhibitos
analysis
Qdran seed Extrascted gquinca protiin Suatic method: gasiric 21 92%: e weigre s say: ACE imhibiton i whao assay; a
probein and intestinal phase amtibypertensive effect
Abbreviations: ACE, Angiotensin conserting enryrme; DRP-I Dipepticy] peptidace IV 560 Simulated g mtestinal digestions ND, not descrived,

Table 2. Bucacrexubility and stability of food-derived peptides after dynamic simulated gaatrointestinal digestion

Pameral Hepdredysis
B Ty 1] pretein Seiirce of pratein Bioactivity Afiakysis degnee (] Refeners
AYFYPEL, RYLGY i 1-cassin Skirnmed milk ACE] Dyramic digesticn an e
poreder DiDG*
EEYPSY k-casein Chpioid B
VIOHAMEPWIOPKTEVIPYVEYL  alfas2-casein Arttibacterial 11
MULDTOL, WHILHA ND Flaiseed protein ACEI Dymamikc modiel 4878 =

Albbreviation: ACE] Angiobensin converting enzymes inhibition; ND: not described.

________________________________________________________________________________________________________________________|]
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pepltides were identifed only in the heated milks lnfacy, after bia-
infarmatic analysis, angiotendin converting engyrme [ACE) inhibi-
tion, apioid, antimicrobisl and antioxidant activity was repored
on the peptides that were identified *

Mararmibe ef al”™ investigated whether laxseed proteins may be
& souree all ACE] peptides, with patential cardiowascular benelhcial
effects. Firsy, proteing were extracted from laxieed, and then they
wisne subjected to static and dynarmic SG0. In Tact, after digastion
eapasure, results showed that the dynamic SG0 model presented
a sigmificantly higher hydralysis degree (46.75%] than the static
5G0 madel (43 95%). The dynamic 5G0 model predented signifi-
cantly higher ACEl activity than the static SGD rodel. Further-
maoare, woe peptides were identified MALDTOKL and WHILLMA,
which may be patentially absorbed through the intestinal epithe-
lium; howeser, further i vive studies ane pecedsary to confierm this
facL™

Bisanailabillity of bisactive compoundd includes the full procsis
of ingestion, digestion, sbiomption. and metabsbism, reaching
bloed croulation where they may exen their physiological effect.
Bioavailabiity is therefore frequently measured by in vive siudies
wing animal models o clinical wial"™ However, Caco-2 call
manolayers and & vive lsue-baied models have been alio used
to study the bisavailability of bicactive compounds or drugs.'
After evalusting the stability of bioactive peptides expoded 1o
5G0, further experiments detemining bioavailability are there-
fore wsually carfied sur.

ABSORPTION AND BIOAVAILABILITY OF

FOOD DERIVED-PEPTIDES

Bicwvailabiity iz defined as the portion and degree to which any
foad compound iz absarbed and becormed available in systemic
circulation far the celiular metabalism of the hast '™ 7 genseral,
biavaiability is deterrnined with in who (animal) and dlinécal
studies by quantifying & determined compound in plasma cireula-
tion after the sdministration of & specific dose ' In fact, bioavail-
ability depends sirictly on stability after gastraintestinal digestian,
thee release Mrorm the lood matrix, and the efficiency of abiarption
thraugh the ransepithelial cslls”

This barrier containg numenous peplidases, which further hydna-
lyze peptides and thus affect thair bioactivit.”' This, it is necas-
sary 1o evaluate the abisrplion process by in vilro or ex weo
tests that clegely mamic the in wive absanption n aorder 1o further
determine the potential bioactivity ol the absarbed peptides. In
this senze, the most widely wed model @ the Coco-2 cell lines
manalayer™ Othar studies have sxplared in witre lissus-based
madels, also called ex wha models 1o determine bioactive pep-
tides ahsm}:ﬁan. such as the Ussing chamber and the eversd
sae gut.' > Tissue-based models use living functional tisiues
of argans dolated fram an organisen that are cultivated autside
the arganism under contralled canditions, and they present say-
eral adwantages aver call-bated models such ad sdequale parscel-
lular permeabiling provided by the srmall intestinal egithelurm and
the presence of a mucus layer™

Caco-2 cell line monolayer

Caca-2 cells culture madels are originally obtained from colon car-
cimemas, Despite their arigin, these diferentiated cells may main-
tain soime marphological and functional traits from Pt

enteracytes,” Interestingly, this maodel has bean widely used
complement the in wire gastrointestinal models and help predict
the bioavailability of bissctive food compounds and differant

drugs'® a: they comprise numerous peptidases and possess
carrier-riediated  trandpart  syterns  and  functional  tight
Jumm_zuﬂ.s;

Several studies have evaluated the abisrption of bioactive pep-
tides from different lood sources with the Caco-2 cell monolayer
radels (Table 3). In thiz regard, studies have locused an detes-
mining and identifying which bioactive peplides ae resistant 1o
brush border peptidazes and ane absorbed from the apical 1o
the basalateral chambers [Fige 2 Interest , results have
shawn that DFPV inhibitary peptides fram milk,”” ACE peptides
frorm spent hen™ and Tilapia skin gelatin®™ and anticadant pep-
tides from sovbean™ and rapesesd™’ may be abiorbed intact
thraugh the ransepithelial cells and exert their biological effect.
Other studies with the Caco-2 cell manalayer models have shown
that peptides may still be susceptible v brush border peptidases
and new sequences are further absarbed, =228

Paptide abzomion has been suggedted to e thraugh thres dil-
ferent mechanisms (Fig. 31 In this sense, paracellular transport via
tight junclions & an energy-independent passive pathway Tar
water saluble low molecular compounds such as aligopeptides.
Absomption by gpecific carfier proteins such ag PepT1 (H -coupled
peplide bidirectional ransparter] may also ranspen di- and ri-
peplides. Finally, transcylosis via endocytosis by celld has alia
bsen abserved Mechaniams of absarplion may occur in a single
made of in eambination,™

Interestinghy, the Caco-2 cell models have alio been employed
o explore and identify the mechanistic ranspom of specific pep-
tides.” I this regard, inhibitors for the specific transpa rmecha-
migms mentioned above have been used, such as Gly-Ser for
FPepT1, woramanin far randeytasis inhibition and cytachalasin
D far gap junction disruption.®* 7" In fact, small pegptides that wera
resistant ta further brush border peptidases, such ag YPL™ IRy
and other larger peptides such as VLPWPOE, were randported
intact by the mechanism of absarption of PepTl."" Alss, paracel-
lular pathways have been abierved in BV and wi ™ RvpsL™
THGHR™ and QAGLEPVE™ bioactive peptides. Finally, the tranacy-
tesis route has bean reported in YWDOHRNPOIR. ™ nterastingly, as
presdously rrenticned, sorme peptides may be absorbed with dil-
farent rrechanisms, as observed with ACE peptides IWH,*" LEP
and BIW,"" and the anti-inflammatory peptide pr-glutarmyl valine,
which wire transported by PepTl and parscellular pathisays *®

Im general, althowgh several studies have employed the Caca-2
cell monalayer madels o ducidate machanisrms of absarption, 1o
date it is il uncertain if it ey mirmic hurman ntestinal penme-
ation. In this last asgect, the intetinal epithelium alio imvalees
goblet cells, endoorine cells, M cells and muous, which are not
considenad in the Caco-2 cell monolayer model. ™ It has besn
suggested that the Caco-2 cell madel presents lower transport
activity than the human small intestine™ Thus, ex vive models
hiave been praposed 1o caver theie aipects using anirmal
tisswes

Ex wive tissue-based models: Wising chamber, jejunal
segment and everted gut

The Ussing chamber (UC) is am i wilre system appled lor evaluat-
ing the absorplion and the permeability of peptides and drug
over an excised intestinal animal tissue segment (Fig. 4.7 In
the UL, & saction of the intedtinal tissue is excited, cut in segments
of appropriate size, and opened to form & flar sheer, which @
placed between the two halves of the chamber filled with a phys-
iological buffer cantinuously gassed with carbogen (35% O,, 3%
C0y) and maintained st 37 °C The compound to be teied i
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Figure 2. Schematic deawing of Caco-2 cells monolayer as a model 1o predict intestinal absorption of food peptides, Peptides are absorbed from the
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Figure 3. Mechanisms for peptice absorption (adagted from Gleeson ef ol and Xu et af.'")

placed in the buffer at the apical chamber side and samples are
removed for evaluation from the basolateral chamber. The vol-
ume of sample removed in the basolateral chamber & then
replaced by the same volume of prewarmed buffer to maintain
a constant volume ™

Interestingly, this model has been used widely to determine
drug absorption, as a satisfactory association has been observed
with human absorption studies™ In fact, compared to the
Caco-2 cell model, the UC may be a more adeguate model,

because it offers & paracellular permeability more comparable to
the small intestine epithelium, the presence of & mucus layer,
and more expression of metabolic enzyrmes and transport pro-
teins.”® Studies with food compounds such as peptides may
therefore also be suitable ™ So far, only few transepithelial studies
with the UC model have been explored.

In this regard, Foltz er al™ re three different absorption
madels to study the biocavaiability of ACEl peptides (IPP and
VPP). The authors explored the Caco-2 cell model, the UC model,
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Figure 4. Schemabc drasing of Ussing chamiber as in wire system apolied for evaluating the absorption and permeabiloy

of peptides. Intestinal tissue

must be miounied flat between two films, that ane placed bebween tavo half chamibers (apical and basclaterall. The epithelial side i exposed to the apical

IS all comgammeen and the laming prepia B expoded in the baselateral (erosall

e with gas Mo (B5% O, 5% COG)

and i sty intestinal perfusion with rats. Interestinghy, results with
the UC madel shawed that the absarption was 5-fold and 10-4ald
higher for IPP and VPP, respectively, in comparison with the
Caca-2 cell model. Thus, the authors conduded that the Cace-2
cell madel may undersstirmate parmeaability. Moreover, althaugh
thee in situ intestingl perfugion rmicdel may represent & mone appro-
priate rrodel, a2 blood flow B presenced, results shawed that it
wiad ol & suitable technigue Because the axpeariment wad not
reproducible. However, the authors suggested that the UIC rade]
wiad Frvofe vigorous in terms of reprodudbility and was rone suit-
able for explorirg peplide absomptian,™

Similarly, the sability and intestinal permeation af Dawa antiby-
pertensive peptides (IFF and LEP) were determined with the WC
maded using rat intestinal tissse.” They were stable sgainat brash
bordar, intestinal, and lver pratealyic eneymes, which may indi-
cate that thede peptides may be transpored intact into the diew-
lation daystem. Monetheles, ster expodure in the UC model, the
resuls  shoswed  bow  permeability  even  with  permeation
enhancers. The authars therefore concluded that further in wvo
iudied with permestion enhancers ane nesded 1o deterrmine bn
in wive hypotensive effect” Later on, the suthars determinad
the mechanizm of absorption and ransport studies with the
Ear_u-.z call monslayer and the UC madel af IPP and LEP pep-
tides " After several axperiments, the results elucidated that the
PepT1 and paracellular routes were the main mechanisms of
absomption.”™

Orario of . explored the stabiity and the bioavailability of a
digested and a rondigested vasodilatory whey pratein hydraly-
sate with the UC model employing a piglet praxirmal jejunum.
The resuls evidenced intense ypdrolysiz activity frarm brush bor-
der cellz in the UC model. Alsa, 360 and 286 new peptides from
undigested and digested whey hydrolyiates were detected in
the basolateral cormpartment in the UC with & pighet prosirnal jeju-
num, suggesting that peptides with different mobecular weighits

E . Chambsen. ane keprat 37 °C ansd cortinually anygee-

are able 1o be sbsarbed in the small intestine. Finally, the authors
suggedted that SG0 caupled 1o the UC model miay represent &
new approach o study bicavailability of food companents. This
is atill under resiew by the INFOGEST international network an
foad digestian.””

The everted sac moadel s another éx wvo aisay employed o
atudy intedtinal transpart, specifically of drugs and nowsdays of
foad components (Fig. 55, In the evened sac model, & srmall plecs
of int=stine is remaved frarm snesthetized animals; it is flushed
with bulfer and evered cver a tibe with the derose par inside
the sac and the mucose side facing the bulfer solution. Bath ends
of the sac are tied and filled with oxygenated buller and placed in
the beaker with the compound to be evaluated. SAccurnulation of
the sample in the inner compartment is measured after a speci-
fecl Rirmee pariod =

Major disadvantages of the everted sac rodel are the wiabilicy
of the tissue, the morpholagical damage while everting™ and
the patential for severs damage, which would reducs the rmetab-
oliging capacity of the everted sac during the freezing and thew-
ing procedd. Furthermore, a potential disadvantage al this
approach is the presence of the muscularis mucesa, which i@ usu-
ally nat remaved from the everted sac preparations. Meverheless,
it is & fast and an inexpensive model, Several compounds may be
tested simultaneousty. A misous layer is present snd presents &
large surface area available for absonption.

Mareayver, it is important to take notios that the viability of this
madel is approsimately 7 by nonetheless, it s corsidered a weful
toad lo soreen intestingl abssrption.”™ To the best af sur knowl-
edge, anly ome study has explored the stability and transpart of
DFP-IV egg white peptides with the Caco-2 calls manalayer rodel
and the everted rat sac model.™ nterestingly, results evidencad
thiat LGAKDSTRT, DGSROPYDM, VMDLOGKTS, and GEEDPVLED
peptides werne identified in the basolateral compartment af the
Caca-2 cell manalayers and the serous side af the everted rat
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Figure 5. Schematic drawing of everted gut as an in witro system used for evaluating the absonpbon and permeabiity of peptides. iIntestinal bssue must
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iz is placed in the beaker provided with & water bah (37 “C)and continually expgenated with gas fow [95% O, 5% OO0 (adagied from Disit er ol ™),

sac, indicating resitance 1o border brush peptidases. Althaugh
there ware more peptides in the everted rat sacs than in the
Caco-2 cell moenolayer, it presented less perrmeabiliny: thus, the
evarted rat sac may be characterized hg- highear brush bordar
membrane peptidase-induced hydrolysis ™

A thres-dimensional intestinal model, using organceds, B &
mowvel promising in wire rmodel for studying nutrient transpart
and drug abanption. Interestingly, organoids comprize all kinds
of intestinal epithelium calls, thus, presenting all of the epithelium
intestinal functions. However, this madel has been used lor study-
ing the bicavailability of some fosd compounds such as phyta-
chemicals™ ™ and has not been wsed for studying food
bisactive peptides.

Althouwgh tissus-based models, such ag the UC, have besn used
Tar the evaluation of fosd peptide absarption, high threughput
syaterns based on the UC, such as the InTESTine™ have been goa-
posed far studying human intestinal absorption af digested
Toads.™ This system studies multiple segments (duodenurn, jeju-
murm, leum, and colbon) in parallel, wing a disposable multi-well
selting and standardized culure conditions in a humidified high
03/00; incubatar an & rocker platform. The presence of the
miucis layer allaws nteitinal sbiarption 1o be studied in the
abzapce or presence of microbiota, which is an sdvantage aser
Caca-2 calls ™ Thus, this high throsghput system offers potential
Tor studying food bicactive peptides intestinal absomption.

FUTURE PERSPECTIVES AND COMNCLUSIONS

Arrang the different i witre models wsed 1o evaluate the stability
and bioavailability of biocactive peptides (gimulated gaseroantesti-
mal digestion, Caco-2 call line manalayer, Ussing chambers, and
evarted rat sacs), further hydralysis may be abserved eithers by
thee action of the digestive enzymes, by the brush barder mem-
brame peptidages, or by intracellular enzymes during the transpart

procesd. Mevertheles, only a few studied determined peptide bio-
activity after absorption evalustion. Comparisan between dilfes-
ent abgarption models [cell-baged versus tissue-based) is alsa
receisary for bioavailability evaluation of feod bisactive peptides
because the Caco-2 cell manolayer madel was the only raodel
extensively studied. n fact, organsids constitute a novel proemis-
ifg in virra madel for bioavailability evalustion. Mevertheless, this
el has ol yet been explored with bioactive faad peplides.
KEmoeledge of the affect of feod companents an gut micrabiota
compasition and functionality by an i vitre batch fermentation
procedure carried owt after in witra gastraintestinal digestion
may alin be useful in arder te sudy the relationship between
forad peprides, gut microbiota, and health.
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Abstract

The present study aimed to determine the bicaccessibility and bicavailability of peptide fractions with
angiotensin-converting enzgvime (ACE) inhibition obtained from fermented milk with L. factis NRRL B-
50571 (FM-571) after being subjected 1o simulated gastrointestinal digestion (SGD) and an ex wvive
absorption model. First, FM-571 was subjected to 5GD, and then, the absorption process was carried out
with an ex wive model using the everted sac. Afterward, peptide identification with HPFLC/MS-MS was
carried out, and an in sifico analysis was performed to identify which peptide sequences may be present
with potential ACE binding. Results showed that ACE inhibition increased (p<0.05) (93.66 + 7.33%)
after 53GD and decreased after absorption (p<0.05) (32.88 + 13.20%). Conversely, the ICs, decreazed
(pr=0.05) after SGD (123955 peg/mL) and after absorption (p<0.05) (10.02 pp/mL). Moreover, as
expected, peptide abundance increased (p<0.05) by 58% after 5GD  indicating augmented
bioaccessibility. On the other hand, peptide abundance (p-<00.05) decreased after absorption, resulting in
a calculated peptide bicavailability of 1.36 £ 0. 1%. Nevertheless, RP-HPLC collected fractions from the
serosal (absorbed) compartment exhibited the lowest ICs;; ranging from 17.8 o 62.69 pg/mlL. One
hundred thireen peptides were identified in the serosal compartment, from which 13 were previously
reported with ACE inhibition. Thus, 100 novel potential ACE inhibitory peptides were identified.
Additionally, 14 peptides showed high binding potential to the active sites of ACE. Henceforth, these
results sugpest that novel peptides derived from FM-571 with antihvpertensive potential were
binavailable to exert their effect.

Keywords: ACE inhibitory peptides, simulated gastrointestinal digestion, fermented milk, everted gut,

bioavailabiliry.

ACS Faragon Plus Environment

43



age 3 of 47 ACS Food Science & Technology

L= - R R = B - I - R R = e e - - - IR VI = - R = B T R =

45

46

47

48

49

30

51

52

53

54

55

56

57

58

59

a0

6l

62

63

it

65

Lili]

67

it ]

INTRODUCTION

Recently, fermented milk (FM) with specific Lacfococcus factis was reporied o present an
antihypertensive effect'”. In particular, FM with L. [actis NRRL B-50571 (FM-571) presented
antihypertensive and hypocholesterolemic effects in spontaneously hypertensive rats®. Additionally, the
antihypertensive efTect in prehypertensive subjects reated with FM-571 was observed in a double-blind,
randomized, controlled clinical study®. Furthermore, angiotensin-1 converting enzyme (ACE) inhibition,
nitric oxide production enhancement, and antioxidant effect were the mechanistic pathways establizhed
for the antihypettensive effect of FM-571°. However, which peptides may be responsible for this effect
i still unknewn since they need to show stability and reach target organs.

In this sense, bioaccessibility is the fraction of available peptides for absorption released from the food
mattix during gastrointestinal digestion. Additionally, these peptides become bicavailable in the
bloodstream after absorption and reach the target ongan to exert a specific effect”. Over the last decades,
different ir witre models have been developed to determine the bioaccessibility and bioavailability of
other peptides. In this regard, simulated gastrointestinal digestion (SGD) models have been used to assess
the bicaccessibility and stability of bioactive peptides after exposure 1o gastrointestinal proteazes and
peptidases’, where the hydrolysis degree of proteins is reported around 53% corresponding to peptides
with & — 10 amino acids™ ', These outcomes are comparable to digests obtained from fn vive tests™ 1%,
Moreover, o establish the bioavailability of peptides, the Caco-2 cell monolayer model is the most widely
used: however, er wive tissue-based models (the Ussing chamber and the everted sac gut) have recently
been employved™, since they may better mimic the physiological process, Additionally, several studies
have simultaneously determined bioaccessibility and bioavailability by using SGD followed by cell-
based models'; however, it is still uncertain if cell-based models may mimic intestinal permeation®.
Thus, SGD with an ex vive tissue-based model may be a promising tool for assessing bioaccessibility and

binavailability.
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Om the other hand, integrating into in wire studies with the *omics’ approach has recently gained interest.
Several universal protein and peptide databases, such as UniProtl B, SwissProt, PepBank, and BIOFPEP,
predict peptides with potential bioactivity'?. Additionally, knowledge about the possible binding between
peptides and ACE is noteworthy to help elucidate which peptides are potentially responsible for the
antihvpertensive effect. Therefore, the present smudy aimed to determine the bioaccessibility and
bicavailability of peptides with ACE inhibition obtained from FM with L. laciiy NRRL B-50571 after
being subjected to SGID and an ex vive model. Additionally, peptide identification with HPLC/MS-MS
was carried out, and an i sifice analysis was performed to identify which peptide sequences may present

ACE binding potential.

MATERIALS AND METHODS

Materials and chemicals

Pepsin (E. C. 3.4.23 1), pancreatin (EC: 232-468-9), bile salis, a-amylase (EC: 3.2.1.1), lysozyvme (EC:
32.1.17), galactose, glucosamine and irifluoroacetic acid (TFA) were purchased from Sigma-Aldrich
Chemical Co. (St Louis, MO USA). M1T broth and lactose were purchased from DIFCO (Sparks, MD
USA). The DC Lowry profein assay was obtained from Bio-Rad Laboratories (Hercules, CaA, TISA).
Acetonitrile was purchased from Honeywell (Charlotte, WC, USA) grade HPLC. All reagents used for

the simulated fluids were analytical grade.

Strain and growth conditions

The prowth and propagation of Lactecocous lactis NEEL B-50571 were carried out as previously
reported by Rodriguez-Figueroa et al ?. Lactococcus lactis NRRL B-50571 was obtained from the Dairy
Laboratory Collection at Centro de Investigacion en Alimentacion v Desarrollo, AC. (CLAD, AC.,

Hermosillo Sonora, México). First, sterilized MI17T broth was prepared with lactose (10% wi'v) and
4
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inoculated with Laciococcus laciis NRRL B-50571 at (1% v'v). Then, tubes were incubated at 30 *C for
24 h. This procedure was repeated twice to obtain a fresh pre-culiure and reach a concentration of viable
colonies between 10°-107 UFC/mL. Finally, a fresh preculture was then inoculated (3% w/v) in
reconstituted sterilized (110 "C/10 min) skim milk (10% w/'v) and incubated at 30 "C for 12 h o obtain

the working culture.

Fermented milk with Lactoecoccus lactis NRRL B-50571 (FM-571)

Skim commercial milk was reconstituted (10% wiv) and pasteurized at 80 °C for 30 min, and after
cooling, it was inoculated with the working culture (3% wiv). Afterward, it was incubated at 30 "C for 48
h to obtain the FM. Then, fermentation was stopped by heat treatment at 75 °C for 15 min and cooled in

an ice bath?. Finally, samples were frozen at —20 °C for further analysis.

Simulated gastrointestinal digestion model (SGIY)

FM-571 or water (blank) was subjected to 5GD, as previously reporied by the validated method of Kopf-
Bolanz et al.®. The process consisted of three phases: oral, gastric, and intestinal. First, samples (9.5 mL)
were mixed with saliva solution (13 mL) and incubated for 5 min at pHl 6.8, with orbital agitation (55
rpin) at 37 °C. Afterward, gastric solution (25 mL) was added, pH was adjusted to 2.2, and incubated for
120 min at 37 *C. Afier that, pancreatic (25 mL) and bile juices (12.5 mL) were added, pIT was increased
to 6.8, and incubated for 120 min at 37 "C. Afier digestion, samples were cooled in an ice bath. Digestion
enzymes were inactivated at B0 °C for 10 min and then cooled. Finally, digested samples were frozen at

=20 *C until further analysis.
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Ex vive experimental protocol

Atotal of twelve male Wistar rats (% weeks old: 275 £ 10.5 g body weight (BW)) were randomly placed
in individual stainless-steel cages at 22 4+ 2 °C, 12 h light-dark cyveles, and 55 + 3% relative humidirty,
with an oo [ibifem standard rodent diet (Labdiet 5008, México City, México) and purified water. After
one week of adaptation, rats were randomized (p=0.98) into two groups of six rats (n = 6) 1) Water
(negative control) and 2) FM-571. Then, with some modifications, the ex vivo assay was performed, as
previously reported by Dixit et al.'%. Rats were fasted for 24 h, anesthetized (sodic pentobarbital 40 ma'kg
BW), and euthanized. A segment of 3 cm from the small intestine (jejune) was obtained, submerged in
Krehs solution at 4 °C, and carefully washed to remove the remaining intestinal content. Afterward, the
intestinal segment was gently everted using a glass rod to avoid damage to the intestinal epithelium
(Figure 1) and placed in a beaker of 100 mL containing 85 mL of each digested treatment. The basolateral
(serosal compartment) was filled with 15 mL of Krebs solution. The beaker was placed in a water bath
at 37 *C and homogenized with a magnetic stirrer at 55 rpm. It was also aerated with 3% O and 5%
COy (40 bubbles/min). After 45 min, the absorbed content on the serosal compariment was recovered
and ultra-filtered (stirred ultrafiltration cell model 8050, Amicon, Bedford, MA USA) through 3 kDa cut-
ol membranes (Ultracell 3 kDa, Millipore, Billerica, MaA, TTSA). The recovered fraction was filtered in
a pore diameter of 020 pm (Millex Millipore, Billerica, MA, USA) and frozen to -20 "C, for further
analvsis. The experimental protocol was approved by the Bioethics Cominittee of the Research Center

for Food and Development (CLAD, A C., Hermosillo Sonora, México) (CEMOIT2019).
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Figure 1. General scheme of the simulated gastrointestinal digestion and ex vivo everted gut model.

Adapted from Alvarez-Olguin et al.5.

Angiotensin I-converting enzyme inhibitory activity

ACE inhibitory activity was determined in FM-571, FM-571 subjected to SGD and FM-571 after SGD
and ex vivo absorption model, as previously reported by Wu et al.'” with modifications by Renddn-
Rosales et al.'®. Briefly, 2.17 mM hippuryl-histidyl-leucine (HHHL) was used as substrate and prepared in
a 100 mM sodium metaborate solution (containing 300 mM NaCl, pH 8.3). And the enzyme was prepared
at 0.2 U/mL. All solutions and samples were tempered at 37 °C for 10 min before mixing, and 50 pL of
HHL were added to 10 pL of the peptide absorbed sample and 10 pL. of ACE solution and incubated for
40 min (37 °C, 450 rpm; Eppendorf thermomixer, Brinkmann instruments, NY, USA). The reaction was
stopped with the addition of 85 uL of HCI 1 M, vortexed, and the released hippuric acid (HA) was
analyzed by HPLC using a ZORBAX 300Extend-C18 (4.6 x 250 mm, 5 pm) column in an Agilent 1260

HPLC system (Agilent Technologies, Waldbronn, Germany) equipped with OpenL AB Chromatography
7
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Data System version A 02,02 (Agilent Technologies, Germany). Solvent A was water, and solvent B was
acetonitrile, containing 0.05% TFA. A pradient elution from 5% to 60% (solvent B in A) for 10 min was
wsed. After 2 muin, 60% solvent B in A was used, then decreased fromm 60% to 5% between 12-13 min,
and was maintained for 5 min at 5%. The flow rate was adjusted to 0.5 mL/'min for a sample injection of

200 ul. and detection at 228 nm. ACE inhibitory activity was calculated using the equation: ACE

A

inhibitory activity (%) = ( ;E o 100

Where A was the peak area of HA because of the ACE reaction with the substrate HHL and B was peak
area of A after the ACE reaction with the substrate in the presence of the digested sample. The ICs,
(peptide content necessary to inhibit ACE by 50%4) was calculated. Based on the Lowry method, the

peptide content was determined with the DC protein assay, and bovine serum albumin was used as the

standard (7.25-500 pg/ml.).

Peptide profiles by reverse-phase HPLC

Peptide profiles from the absorbed contents were analyzed by reverse-phase HPLC (1100 series; Agilent
Technologies Japan Lid., Tokyo, Japan) following the methodology by Torres-Llanez et al.'® with the
modifications of Reyes-Diaz et al 2. Injected sample (20 pL) was separated with an Eclipse AAA C-18
column (€6 mm x 150 mm, 3.5 um paricle size, Agilent Technologies, Santa Clara, CaA, TISA) at a
temnperature of 30 “C with a solvent flow of 0.25 mL/min. Solutions were eluted with solvent A (0.01%
TFA in water) and solvent B (0.01% TFA in acetonitrile). Onee equilibrated the column with solvent A,
20 pl of the sample was injected, and samples were eluted in a linear gradient of solvent B in solvent A
from 0. 1% to 60% for 30 min and of 60% to 99.9% between 30 and 35 min, finally from 99.9% o 0.1%
berween 35- and 40-min. Profile peptides were monitored at 214 am of absorbance. Afterward, eight
peptide fractions were collected and Iyvophilized for ACE inhibition determination and peptide

identification analysis.
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Additionally, bicavailability (%) was calculated as previously reported by Xie et al ®! with modifications.
In this regard, bioavailability was based on the area under the curve (AUC ) of the peptide profiles from
digested FM-5T1 and the AUC: from the absorbed content in the serosal compariment. Bioavailability

(%) = (AUC AUC ) x 100,

Analysis of peptides by Tandem Mass Spectrometry

Masz spectrometry was performed using a 1100 series LC/MSD Trap (Agilent Technologies Inc.,
Waldbronn, Germany) equipped with an electrospray ionization source (LC-ESI-MS). The natnocolumn
was Zorbax 3MOSB-C18 (0075 = 150 mm, 3.5 pm; Agilent Technologies Inc.). The sample injection
volume was 1 ul, where Solvent A was a mixture of water-acetonitrile-formic acid (10:90:0.1, vwviv)
and zolvent B contained water-acetonitrile-formic acid (97:3:0.1, vwv/v). The gradient was based on the
increment of solvent A in B that started at 3% for 10 min; at 20 min, solvent A increased to 45%, 97%
was reached at 35 min, finally, it decreased to 3%% at 37 min. The sample injection volume was 1 pL with
a flow rate of 0.5 pL/min directed into the mass spectrometer via an electrospray interface.

The flow was directed into the Mass Spectrometer via an elecirospray ionization source. Mitrogen (99%)
was used as nebulizing and drying gas and operated with an estimated helium pressure of 5x10° Pa. The
needle vollage was set to 4 KV, and the mass-charge ratio was 50-2200 (m/z). The signal threshold w
perform auto MS analvsis 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 o 1.1 V. Peptides sequences were obtained from mass

specirometry data using the Mascot server (UnitProtEB/Swiss-Prot database sequences).

Prediction of peptide sequences nsing in silico analysis
The daiabase Peptide Ranker tool (hitp:/distilldeep.ucd.ie/PeptideFanker’) was used to predict the

probability of bicactivity on peptide sequences that were nol previously reporied as bioactive in the

9
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BIOPEF database. Such prediction iz based on the phyvsicochemical characteristics of peptides where a
threshold of 0.5 or higher was labeled as bicactive. Additionally, the chemical properties of these
peptides, such as isoelectric point, charge, and hydrophobicity, were predicted using PepDraw (Tulane
University, 2001). Furthermore, fractions with the lowest ICs value were subjected to an in silfcoe
analysizs with Pepsite 2 database (Pepsite 2) (htip:/‘pepsite2.russelllab.org) to predict specific peptide
binding to ACE. Finally, the ACE (1086) PDB code number from homo sapiens was used as an enzgvime

model; peptides with high binding potential were considered statistically significant when p-<0.01.

Statistical analvsis

Daia are presented as means + 530, Daia normality was evaluated as a prereguisite before the one-way
ANOVA fesl. DifTerences among means were assessed by Scheffe for multiple comparison tests and
considered significant when p<{L05. Kruskal-Wallis test was performed for data that did not present a
normal distribution and were considered significant when p<{.05; and are presented as medians. All data
analyses were performed using the STATA 11 statistical program (version 11, StataCorp., College

Station, TX, USA).

RESULTS AND DISCUSSION

Bioavailability of fermented milk with L. factis NRRL B-50571

The chromatographic peptide profiles of FM-571 before and afier SGD and after absorption are depicted
in Figure X. The peptide profile of FM-5T71 before being subjected to simulated gastrointestinal digestion
showed a total area of 100100 mAT. As expected, the total area (p<0.05) significanily increased to

158,660 mALl after SGD, indicating an increment in the peptide abundance of 58%, augmenting

10
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bioaccessibility. However, after that, the total area significantly (p=0.05) decreazed o 2,086.67 mAU

after absorption in the serosal compartment. In fact, in the mucosal comparment, results showed a total

area of 130,696 mAL for the unabsorbed peplides.
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Figure 1 Chromatographic peptide profiles obtained by RBP-HPLC from fermented milk with
Lactococcus lactis NERL B-505T71 a) before and b) after simulated gastrointestinal digestion; and after

the absorption process from the ¢) serosal and d) mucoszal compartments.

Moreover, a caleulated bicavailability of 1.36 £ 0.1% was observed after the ex wive absorption model.
Cr resulis showed that peptide abundance decreased 76 times afier absorption, potentially negatively
affecting bioavailability. Thizs difference may be due to peptide resistance to intestinal peptidases and,
thus, affecting the absorplion process.

It has been widely repotted that bioactive peptides must be bioaccessible (released from the food matrix
in the gastrointestinal tract) and bicavailable (absorbed in the intestinal lumen) to interact with a specific

11
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organ and exert physiological effects®®. In this regard, the gastrointestinal tract is a significant barrier for
bicactive components such as peptides?®; since it includes several peptidases that may affect
bioavailability {.-i]varez-[}lgu[n et al., 2022)% Therefore, several studies have been focused on simulating
the absorption process with different models, mainly Caco-2 cells®.

In this sense, Wang et al > studied the bioavailability of antioxidant peptides from casein after SGD and
the absorption process with the Caco-2 cell model. They reported a nitrogen peptide reduction afier
absorption. Nevertheless, Wang et al.™ showed that the everted sac model presented higher brush border
membrane peptidase-induced hydrolysis than the Caco-2 cells. Moreover, the Caco-2 cells model helps
to elucidate mechanisms of absorption; however, they may also underestimate permeability, since they
may not mimic the intestinal permeation like tissue-based models®. Henceforth, the present study
determined bioavailability with the everted zac, a tissue-based model (ex vive). Also, it has been reported
that the bicavailability of antihypertensive peptides derived from dairy proteins is berween 5 to 23%
using the Caco-2 cell line monolayer as the absorption model™. While bioavailability of 5.1% was
reported for specific peptides in wee studies™ | the nanomolar concentration of peptides was also reported

in human plasma®™,

ACE inhibitory activity in milk fermented with L. factis NRRL B-50571

The ACE inhibitory activity and ICsz, values of FM-571 before and after being subjected to 5GD and
after the absorption model are depicted in Figure 3. FM-571 showed 37.8 + 14.65% ACE inhibition
and significantly (p=0.05) increased after SGD, reaching 83,66 * 14.65% of inhibition. However, after
fraction absorption from the serosal compariment, ACE inhibition significantly (p=0.05) decreased o
3287 £+ 13.20%. Moreover, FM-571 showed the highest (p<0.05) ICs; value (2520 = 979 pp'ml), and
after S8GD, the ICs;; decreased to 1903 + 14849 pp/ml. Interestingly. affer absoaption, the ICs,

significantly decreased (p<0.05) to .26 + 0.B3 pup/mL.
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Figure 3. Angiotensin converting enzyvme (ACE) inhibitory activity (%, bar) and IC.q (B) from fermented
milk with Lactococows factis WRRL B-50571 (FM-571) before and after simulated gastrointestinal
digestion (5GDN), and after absorption. Data are presented as means + SD. Different letters indicate
significant differences (p-<0.05) between samples for ACE inhibitory activity (uppercase) and ICs,
(lowercase).

Similarly, several siudies have determined the stability or resistance of ACE inhibitory peptides in
fermented milk after SGDY. For example, an increased ACE inhibition was observed in fermented whey
protein (reaching 100% inhibition)®, commercial fermented milk (2 to 3-fold)®™, kefir (8-fold)® and
fermented milk (1.2-fold)*' after being subjected to SGD. Thus, this may suggest that gastrointestinal
digestion may enhance the release of new active ACE inhibitory peptides. On the other hand, peptides
may also resist degradation by gastrointestinal enzymes; specifically with proline in their sequence®?,
Additionally, other studies have determined the stability and concentration of ACE inhibitory peptides

after the absorption process™7; and 1o the best of our knowledge, there are no studies that determine
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ACE inhibition after thiz process. Moreover, afier absorption, peptides may be further hydrolyzed by
peplidases in the enterocytes and serum proteases, affecting their bicactivity®. Therefore, after
absorpiion, the chromatographic peptide profile from FM-571 was subjected to further fractionation (F1
to F&; Figure 4), and ACE inhibition was determined (Figure 5). Results showed that F2, F3, F4, and F7
showed the highest (p=<0.05) ACE inhibition, followed by F1, F6 and FE, and were significantly (p=<{.05)

different between them. In fact, F1, F7 and FE showed the lowest (p<0.05) ICs,: followed by F2 and F4.

- Fi F2 Fé F7? FE
1 in n i |
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Figure 4. Peptide fraction profile (F1-FE) from water-soluble extracts (<= 3 kDa) obtained from
fermented milk with Lactococcus lacts WRRL B-50571 after the absorption process (basolateral

campartent).
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Figure 5. Angiotensin converting engyme (ACE) inhibitory activity (%, bar) and [Ceg (O) from collected
fractions from fermented milk with Lactococeus foctis NERL B-530571 after ex vive absorption model.
Data are presented as median and were analveed by non-parametric test (Kruskal-Wallis p<0.05).
Different letters indicate significant differences (p<0.05) between fractions for ACE inhibitory activity

(uppercase) and ICs; (lowercase).

Recently, structure-activity siudies have suggested that the ACE inhibitory activity of peptides is sirongly
related to the number and specific amino acid residues in their sequence, particularly in the hydrophobic
amine acids ratio™. Also, it has been widely reported that amino acids in the C-terminal position are the
most viable to bind ACE, specifically aromatic and hydrophobic residues and proline™. Additionally,
peplides with 2 (o 12 amino acid residues contribute to ACE inhibitory activity since they may easily
bond to the active sites of ACE than larger peptides?’. On the other hand, Gleeson et al.® reported that

ACE inhibitory peptides containing proline were highly permeable and may be absorbed into the small

15

ALE Paragon Plus Environment

56



ACS Food Science & Technology Pag

intestinal epithelium. Therefore, in the present siudy, these specific amino acid sequences may be present
and absorbed into the basolateral compartment and be responsible for the ACE inhibitory activity. Hence,

these fractions’ bicavailable potential ACE inhibitory peptides were further identified with LC-ESI-MS.

Identification of peptides by Tandem Mass Spectrometry

Creerall, 113 peptides were identified in the serosal compartment after absorption (Table 1). These
digested and absorbed peptides were from the native milk proteins f-casein (33%0), aS1-casein (16%), -
casein (12%), S-lactoglobulin (10%%), lactotransferrin (9%), aS2-casein (8%), a-lactalbumin (7%) and
serotransferrin (5%). Additionally, these peptides presented a mass ranging from 20790 1o 117380 Da
and showed from 2 to 10 amino acid residues in their sequence. Figure 6 depicts a typical MS/MS
spectrum of peptides identified in F4 (SDIPNPI) and F5 (FPITV). Moreover, the structaral characteristics
and the physicochemical properties of peptides esiablish the mechanism of absorption'?, the potential
function and the bicactivity they may provide®! =+,

In this regard, it has been widelv reported that peptide absorption may be through three different
mechanisms: paracellular transport via tight junctions, protein carriers (e.g. PepT1), and transcylosis via
endocytosis®, Specifically, PepT1 shows a preference with neutral di and tri peptides®; and in the present
study, only 7 peptides were neutral. Furthermore, although differences in the transport of negatively and
positively charged peptides have been hypothesized, it is still unclear which peptide charge is more
favorable™. However, authors have suggested that hydrophilic and negatively charged peptides may be
absorbed via paracellular transport, while hydrophobic and positively charged peptides may be absorbed
via transcytosis®***, In particular, results showed that 22 peptides were positively charged from the
serosal compariment, which may have been absorbed through transcyviosis. Meanwhile, 40 negatively

charged peptides were alzo identified and may have been absorbed by paracellular transport.
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Figure 6. Tandem mass {MS5/M5) spectra of ion se® a) 7549 and b) 5889 from fractions 4 and 5.
Following sequence interpretation and database searching, the spectrum was matched to SDIPNPI and

FPIIV, respectively.

In fact, 71 peptides showed proline in their sequence, which may have also favored resistance to
degradation and permeability’?77. Conversely, nine different peptides from F1, F5, F&, FT and F8 were
further hydrolyzed during absorption; specifically, QLPLPPT, NVWPGEIVE, SKVLPVE, NAYVPITPT,
EIWPNSVEQE, LPLPLLY), DMIPNPL, DIGSESTE and %SLP; and the resulting peptides were also
absorbed. Hence, brush border peptidases may have degraded these peptides™. Smmilarly, VLPWVP() from
B-CN {f170-1745)} and LNVPGE from B-CN (f6-12) were reported after SGI of cascin with the

INFOMGEST Protocol. When brush border membrane peptidases isolated from porcine jejune were added,

they were hydrolyzed to minor fragments™.
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Additionally, it has been reported that specific amino acid residues in the N-terminal of tetrapeptides,
such as leucine, methionime, valine, 1soleucine, and cysteine, may show high permeabality'*. Notably, in
this study, four tetrapeptides presented leucine n the M-terminal. Finally, it has been sugpgested that
oligopeptides {tctrapeptides or longer pepiides) may not be easily transporied mio the bloodstream;
however, other studies have evidenced their presence in plasma®. In this sense, 8% oligopeptides (= 4
aming ackd residues) were ideniified in the serosal compartment; nevertheless, these peptides must also
show Tesistance to serum proteases in the bloodstream and exert the physiological effect™.

OUm the other band, 110 unabsorbed pepiides were identified in the mucosal compartment (Table 2
Interestingly, 21 peptides identified in the serosal compartment were also present m the mucoszal
compartment. Morcowver, 48 identified peptides were further hydrolyzed into smaller fragments, although
not absorbed. Recent studies have suggested that peptides may play a role in the modulation of gut
microbiota through different mechanisms™. In this regard, peptides may enhance the production of
mucin’ ", may affect the biochemical response during microbiome-host or microbiome-microbiome
interactions’", act as prebiotics™ or provide essenitial carbon and nitrogen™. Owerall, this modulation may
affect microbial diversity and composition of gut microbiota’™, Alse, put dvsbiosis has been associated
with different discases such as hypertension. Therefore, it has been suggested that fermented dairy
products may improve gut microbiota balance™. In fact, it has been suggested that kefir's attenuation of
clevated blood pressure was associated with restoring  nmiestinal  structure and  reducing
neuroinflammation’”. Henceforth, 1t is noteworthy to determine further how fermented milk and its
peptidic fractions i this study may affect gut microbiota and diminish hyperiension.

Furthermore, each absorbed peptide's probability of possessing bioactivity was analyzed with the Peptide
Ranker program as a predictor {Table 1) In this regard, 23 peptides showed potential bioactieity

presenting score values =05 in F1 (IPP and QPLF), F2 (RYL, YL, LY, PIR, FACQ, and PLRE), F4
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(SDIPNPI), F5 (FPPOQS, FPIIV, QPLPPT, FLPPT and SFMPT), F6 (HLPLF, LPLF, DIPNFPL, IPNPIL, and

SC), F7 (HOQPHQPLPPT and AYPSG) and F8 (LPLPLLO and LCQL). Meanwhile, three previously

reported peptides exhibited predicted bioactive scores =08 in F1 (LPP), F2 (PLP), and F& (LPLFL).

Interestingly, four novel pepilides displaved high predicted scores (>0.8) from F& (PLPL) and F7 (VF,

GL and FPI). It has been reported that the closer the predicting score 15 to 1, the more likely the peptide

will be bioactive™,

Table 2. Identified peptides obtained from the not absorbed (mucosal compartment) from fermented milk

with Lactecoccus factis NERL-B505371

Exp. Mass Molecular lon (k) Suggested fragment of protein Sequence
selected for MS/MS
{charge)

37499 FTE00 0 k-CM {f16-18) LPF
IR5.48 193,75 @3 k-CM {f18-21) LGady
IR5.26 193,64 =0 k-CM {f28-31) PFIR
0413 F05.04 072 k-CM | fhiG-49) YIPL
BTR.70 489 35 50 k-CM {f48-55) FIOY WVLER
[ e 2LLER = k-CM {f53-5T) LSREYF
1057 8a 53094 = k-CM {f54-42) ERYPEYGLM
B26.95 [ R k-CM {fihS-73) PWALIN
F03.00 o401 1 k-CM {f75-78) QFLFP
634,87 63588 1 k-CM {T6-80) FLEYP
119074 596,38 =0 w=CM (fE-118) SOQAQPTTMAR
330,13 33004 07 k-CM {F140-142) IFT
BE9.70 3I0ES = k-CM (Fl41-146) FTIMNTI
1057 a6 525,99 2 k-CM (F145-155) TIASGEPTSTP
BTHE.O4 GBTROS 1 w=CM (Tl 148-154) SGEPTST
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8480 BES.81 () Kk-CM {F175-182) ESPPEINT
42881 42083 (19 Kk-CM (F176-179) SPPE
541.08 54208 1) w-CM {F176- 180} SPPEI
455.11 45612 1) wk-CM {F177-180) PPEI
755.94 T56.95 1) k-CN {f176-182) SPPEINT
626.84 62T 85 (1) B-CN {£21-26} LNVPGE
62799 2RO f-CN {£22-27) NVPGEI
726.85 TATRE 1) p-CH {f22-28} NWVPGEDY
B54.86 B55.87 (=) B-CN {f22-29) NWVPGEIVE
T28.90 T20.9] ) f-CM {F24-30) PGEIVES
617.94 BLEDS 1 f-CM (F58-62) DELGD
620,99 62200 1) B-CN {f74-78) VYPFP
B&T.7S BRE.T6 (1) p-CN {f74-81} VYPEPGPI
52208 $23.08 1) B-CHN {f75-78) YPEP
TRE.94 THO.9S (1) f-CN {(F75-81} YPFPGPI
62590 2691 0 f-CM {(fT6-81} PFPGEI
52092 §20.92 (=) B-CN {f77-81) FPGPI
62609 2700 1 B-CN {f77-82} FPGPIP
38180 IBLRL O f-CM {(f78-81} PGP
381 .82 IR2RI O f-CM (f79-82) GPIP
638,93 B4TR f-CM {5 I-86) [PMSLP
110614 §54.08 @) f-CM {fR6E-95) POMIPPLTOT
551.90 552,00 0 f-CM (fRE-92) MNIPPL
653.01 65402 1) f-CN {fEE-93} MIPPLT
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438,00 43802 0 f-CN {fR9-92) IPPL
325,88 32580 019 f-CM {(fS0-92) PPL
T5T.06 T5E.07 1) B-CN {f92-95) LTQTPVW
B38.73 B30.74 1) PB-CN (F33-1040) TOTPVVWVE
54,85 B55.86 017 B-CN (f95-102) TPVVVEPF
0602 BOT.03 0 B-CN (f96-101) PVVVEP
753.03 TH4.04 1) PB-CN (f6-102) PVVVPPF
0296 0397 0 B-CM (129-133) YPVEP
$86.94 SBT. G5 (1) B-CM (F130-134) PVEPF
1151.52 §76.77 2 B-CM (f142-151) LTDVEMLHLP
473.82 T4T 83 (1) B-CIM (F145-148) VEMNL
$77.86 193.63 5 B-CM (F148-153) HLPLP
438.06 438,07 1) B-CHM {f150-153) LPLP
$52.01 §53.02 1 B-CM (f150-154) LPLPL
43808 4380007 B-CN {f151-154) FLPL
650,91 65192 0= B-CN (£164-184) QPLPPT
§22.94 52395 (1= B-CN {f165-184) PLPPT
45,68 4TIES 2 B-CH {£175-183) QSVLSLSQS
04574 47388 2 B-CM (f176-184) SVLSLSQSK
42599 4270009 [-CM (F185- 188) VLEV
52296 52397 0= B-C {F185-189) VLPVP
50,99 52000 [-CM (F185-190) VLPVEQ
439,85 A4 B 0 -CM (F1R7-190) PVPQ
BRG.94 BRT.OS (1= F-CM {F197-203) QRDMPIQ
631.77 211605 B-C {F198-20F) RDMPI
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60287 B03.88 1) [-CM (F199-203) DMPIQ
633,84 63485 1= -CM {f208-212) YQEPY
583.95 S840 1) [-CM {F208-213) QEPVL
375.04 37605 1) B-CM {£220-222) FPI
440,06 44107 1 B-CM {f221-224) PITV
84671 47386 2 s -CM (F15-22) ARPEHPIK
54092 550,93 (1) s 1=-CM (23-27) HOGLP
67785 330,00 147 @s1-CM (£23-28) HOGLPO
65786 B5E.ET ) sy -CN (F40-45) VAPFPE
757.97 TET.OE 0 5i-CM (F40-46) VAPFPEV
$59.01 S60.02 1) s 1=-CM (F41-45) APFPE
BIR.08 BED0R 0 sy -CM (F41-486) APFPEV
450,00 49100 0= ag-CM {f43-46); Lactotransferrin FPEV
(F195-198)
67766 330,84 27 g -CN (F44-49) PEVFGK
04592 47307 2 5i-CM (F50-57) EKVMELSE
56580 ST0.90 1) g -CN (FB5-89; F125-129) EIVPN
56908 ST0.06 1) sy -CN (F124-128) LEIVP
543 .68 4T RS 2 g -CN (F144-151) AQOQKEPMI
BRE.8S RET i 11 s ~CN (Fl148-155) EPMIGVNG
T16.82 TIT.83 0= g -CN (F159-163) YFYPE
32093 330,94 1) g -CN (F175-178) PSGA
421.56 21179 2 sy -CN (F191-194) APSF
640,54 B4 85 0 54O (FL95-2040) SDHPNF
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T53.82 75483 =) g ~CM (F195-201) EDIPFMNPT
554.01 S55.02 0= g <O (F1 96-2040) DIPFME
Bi6.97 BAT.QR 0= g ~CH (F196-2001) DIPMPI
342 88 343 890 g -CB (F197-199); B-CH (fE1-83) IFM
435906 44007 (= g ~CM (F197-2040) IPMP
552.08 55309 0= g <O (F197-201) IFNPI
435 95 A 9 g ~CM (F198-2017 PFMPI
BA3.42 4638 =29 g {FRE- 104} MNEINOQFY
GTE.04 BTE.05 0 awa-CM (F1 15-1207 YOGPTY
51211 51302 0= g~ CM (Fl 6= 12400 OGPV
D65 BET.QT I awa-CM (F129-137T) EMAVPITPT
F11.88 31280 0= awa-CM (F130-134) MAYPI
ElD.89 gLL.90 0= wa-CH (F130-13T) NANPITPT
LEE S 473,80 =29 e~ CM (F211-218) PETEVIFY
F45.010 S46.02 00 B-Lg (f25-29) GLDIC
$63.584 S 85 1 B-Lg (fle6-1T00 EFNPT
52500 530,00 ¢4 a-La [ f3%-43) GOGVELE
65691 657.92 (1= a-La (f3%-44) GGVSLPE
414.91 4159207 a-La | f40-43) WELP
101176 S06.89 20 a-La (f83-T1) MNHDSTEYGL
4ET 98 ELE R Lactotransfierrin (f177-180) SREFP
GTE.O2 BTe03 0 Lactotransferrin (F195-201); Sero- AGDWVAFY
transfesrin (F222-228)
40002 401.03% 1= Lactotransferrin (f225-228) MMESR

Lactoalbulmin: La, lactoglobulin: L, casein: CM
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Moreover, 34 peptides were previously reported with potential bioactivity. Well-recognized ACE
inhibitory peptides were identified in F1 such as IPPY and LPP*Y, F2 PLP?, RYLY and LY, F4
HOQGLPOQ™; F5 NVPGEIVE™ and VLPVPQ™; and F&6 LNVPGEIVE™, HLPLP*; LPLP* and LPLPL?",
Thus, these results suggest that 100 novel peptides with potential ACE inhibitory activity were identified.
In this regard, hydrophobic and branched amine acid residues at the C-terminal, such as alanine, valine,
leucine, isoleucine, methionine, tyrosine, phenylalanine and tryptophan, may enhance ACE inhibition™,
The structural characteristics and physicochemical properties of peptides provide the function and
bioactivity they exert in vitro or in vive™; these parameters are fundamentals to establish interactions of
enzymatic inhibition®! where the hydrophobicity of a peptide is closely related 1o its ACEI activity™*. The
C-terminal domain of ACE is a hvdrophobic environment, therefore, there is higher afTinity interaction
among hydrophobic peptides and the main active site pockeis of ACE. Also, other studies reported that
glycine, isoleucine, leucine, and valine in the M-terminal may also be adequate for ACE inhibition®.
Interestingly, in the present study, 35 and 14 peptides presented these amino acid residues in the C-
terminal and N-terminal; respectively.

Additionally, an in sifico analysis with Peptide 2 was performed with the selected novel peptides from
the absorbed fractions that showed the lowest ICsg; value for ACE inhibition and presented a peptide
ranker score =05 (Table 3). Fourteen peptides from F1, F2, F4, F5, F7 and FB resulied with significantly
(p=<x0.01) high binding potential to ACE. In this regard, ACE comprises three active sites, 51, 52 and 517,
whereas their interacting residues Ala354, GludB4, and Tyr323 for 51; Gin2#1, His353, Lvs511, His513

and TyrS20 for S2; and Glul 62 for 517 have been reported®®. In this study, all 14 peptides showed binding

potential to the three active sites but not for all the interacting residues.
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Table 3. Potential binding sites between identified bioactive peptides obtained from fermented milk by

Lactococcus factis WERL B-530572 and angiotensin converting enzyme-I using Peptide 2.

Fraction Sequence P-value | Reactive residoes | Bound amine ackds residoes of angiotensin-1 converting
in peptide eMEVTIE

Fl QPLEF <00l L F o I 9 Tyrld6, Hia353, His383, LysS1 1, Phe312, His5 13, Tyr32o,
Tyr523

Fzx PIR <0 PylaRs [His353, Ala%54, Hig383, Glu384, Hig387, Glod11, AspdlF,

Phe45T, His513, Tyrs20, Tyrs23

FADQ <001 FrAaQs His353, Ala354, His3B3, Glu3&4, Ghetl 1, His$13, Tyrszo,
Tyr523
PLR <0.01 P.L:R, [His353, Ala354, His3E3, Glu384, His387, Glud11, Aspdls,

Phe457, His513, Tyr520, Tyr523

F4 SDIFNPI <001 L, BF,L- Trp2 79, Gla281, His353, Ala3sd, His383, Gluisd, His3s?,
Gludl 1, Phed57, Pheds0, LysS1 1, HisS13, Tyr520,
Tyr52%, Phe52T
F5 EPIIY <001 FiP:Ll: His353, Ala35d, His383, Glu3i4, His387, Gludl 1, PhedsT,
His5 13, TyrS20, Tyr523
PLPPT <001 PPR,T, Tyrl46, His353, His383, His387, Glud1 1, Aspdl5, PhedST,

LysS11, PheS 12, HisS13, Tyrs20, Tyrs23

SFNPT =001 FaMN3PyTs His353, Ala354, Serd5s, His383, Gluis4, His387, PhedST,
Lys511, PheS12, His513, Tyr520, Tyrs23

E7 VE <001 V.. Hisz353, Ala354, Ser1S5, His383, GhoB4, His3s7, LysSl1,
Phes12, His513, Tyrs20, Tyrs2s

GL 0.01 GyL, His353, Ala354, Ser3ss, Serdss, His3&3, Glu3sd, His3gT,
His513, Tyrs23
FPI <001 FiPuly His353, Ala3sd, His383, Glu3kd, His387, Gludl 1, PhedsT,
His513, TyrS20, Tyr523
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AYPSG =0.01 AYPS, |Hi5353, Ala3s4, His383, Glu3ad, His3ET, Glud11, Aspdls,
Phed57, Hia$13, Tyr520, Tyr523, Sers2s

F& LPLPLLD =0.01 LPLsP, L3, | Tyrl4s, Trp270, Gln281, His353, Ala3s4, Ser3ss, Alalss,
Glu3s4, His387, Glud1 1, Pheds7, Phedsh, LysS11,
Phes12, HisS13, Tyes20, Tyrs2s

LOQL =0.01 Ly CahLy Tep279, GIn281, His353, Ala3s4, Hisi83, Glu3sd, Glud 1,
PhedS7, Phedt, LysS11, PheS12, HisS13, Tyrs20, TyrS23

Additionally, other ACE residues not characterized as active sites may also participate in the inhibition
of ACE. Molecular docking studies have indicated that these non-catalvtic engvme-peptide complexes
are through hydrogen bond interaction forces™. In fact, lisinopril (a widely known ACE inhibitor) has
been shown to bind to non-catalytic sites, specifically, His353, Ala354, His383, Glu3 84, His387, Glud11,
Lys511 and Tyr320%. Interestingly, all 14 peptides also presented binding to these residues, particularly
SDIPWPI and LOQL from fractions F4 and F&; respectively.

Although ia siffco studies may provide insight at a molecular level, some restrictions must be recognized.
In this sense, these studies do not consider peptide combinations that may influence the binding activiry.
Also, the prediction of peptide binding to the active site of a specific enzvme may not be necessary o
inhibit enzyme activity®. In this sense, it is noteworthy to mention that some peplides may possess
specific interactions with an allosteric site (a non-active site); changing the structure of the active site and
resulting in no enzyme effect’™. Therefore, further structure-activity relationship studies with these
peptides with potential ACE inhibitory effects are necessary.

The present siudy determined the bicaccesability and bioavailability of ACE inhibitory peptides from
fermented milk with Lactococous lactis NRRL B-505T1. A total of one hundred new potential ACE
inhibitory peptides were identified in the serosal compantment after simulated gastrointestinal digestion

and ex vive absorption model. These peptides also showed high binding potential to active sites of ACE.
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Therefore, these peplides may be associated with the in wive antibypertensive effect; nevertheless, further
fm vive studies using synthesized peptides are necessary. Also, it is noteworthy to determine further how

the non-absorbed pepiides identified in this sindy may affect the gut microbiota.

Abbreviations
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Abstract

The mechanistic pathways of the antihypertensive effect of fermented milk by Lactococcus lactis
NRRL B-50571 (FM-571) have been previously reported in spontaneously hypertensive rats.
However, the protective effect of FM-571 in an induced hypertensive model has not been reported.
Therefore, the aim of the present study was to evaluate the effect of FM-571 as a preventive
treatment in an induced hypertension murine model with angiotensin 1l (Ang Il). Results showed
that systolic (SBP) and diastolic (DBP) blood pressure were not significantly (p>0.05) different
among groups during the first two weeks run-in periods of treatment administration. However, after
hypertension induction with Ang II, SBP and DBP in the FM-571 and Captopril groups were
significantly (p<0.05) lower than in the negative control group (water). Angiotensin converting
enzyme activity, glutathione peroxidase and lipid peroxidation (malondialdehyde) in plasma were
not significantly different (p>0.05) among groups. Nevertheless, catalase activity was significantly
higher (p<0.05) in the FM-571 group. Moreover, the oxidative stress index was significantly lower
(p<0.05) in the FM-571 group. Altogether, these results support the fact that FM-571 may be used
as a preventive treatment for the development of hypertension by enhancing the primary

antioxidant defense system and decreasing the oxidative stress index.

Keywords: preventive treatment, induced hypertension, fermented milk, enzymatic activity,

oxidative stress.
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Introduction

Cardiovascular diseases are the leading cause of death worldwide and the main concern for health
authorities in developed countries. Dietary patterns and physical activity are the most
recommended and important lifestyle changes to reduce risk factors. Particularly, hypertension is
a multifactorial disease with systemic implications and one of the main risk factors for the
development of cardiovascular diseases (Zhang et al., 2021). The etiology of hypertension begins
in the renin-angiotensin system (RAS); thus, this system is mainly targeted for the regulation of
blood pressure (Harrison-Bernard, 2009). Specifically, in RAS the angiotensin-l converting
enzyme (ACE) hydrolyzes angiotensin | to release angiotensin-I1 (Ang I1), a potent vasoconstrictor.
Additionally to this, Ang Il possesses other signaling mechanisms with important implications for
physiological and pathophysiological effects (Rajagopalan et al., 1996).

In this sense, it has been reported that Ang Il is related with the production of reactive oxygen
species (ROS) (Masi et al., 2019). In healthy patients, homeostasis in cellular redox is reached by
the balance between ROS and endogenous antioxidants. However, in several diseases such as
hypertension, an enhanced production of ROS takes place, leading to an antioxidant imbalance and
thus, developing an oxidative stress state (Yuan et al., 2012; Masi et al., 2019). Moreover, this
oxidative stress may induce vascular endothelial dysfunction and reduce nitric oxide (NO)
production (Yuan et al., 2012).

Thus, the regulation of blood pressure and neutralization of reactive oxygen species in vivo by food
bioactives can be a good option to ameliorate and adjuvant in the treatment of hypertension. In this
sense, rodent models have proven to be an invaluable tool for testing new possible treatments to
lower blood pressure as well as for studying molecular mechanisms underlying essential
hypertension (Jama et al., 2021). Overall, rodent hypertensive models may be genetic or induced.
Usually, spontaneously hypertensive rats (SHR) (genetic) is the most commonly used hypertension
model, followed by the induced hypertensive model with the of infusion Ang Il (Jama et al., 2021).
Inappropriate regulation of the renin angiotensin-aldosterone system (RAAS) in primary
hypertension has made the Ang Il rodent model a reliable model to study hypertension. Doses of
Ang Il usually range from 200 ng/kg/min to 1440 ng/kg/min over a period of 14— 28 days, and the
effects on blood pressure (BP) may vary (Jama et al., 2021). However, there are advantages and
disadvantages associated with this model. In this regard, although Ang Il can produce immediate

effects on blood pressure; nevertheless, the development of hypertension in humans takes years to
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develop (Gomolak and Didion, 2014). Moreover, higher Ang Il doses (e.g. >1000 ng/kg/min ),
induces a rapid increase in BP (Gomolak and Didion, 2014). On the other hand, repeated doses of
<400 ng/kg/min, results in a gradual increase of BP and has been associated with end-organ
damage, which mimics essential hypertension in humans (Kawada et al., 2002).

Furthermore, the infusion of Ang Il in murine models stimulates the production of NADPH
oxidases, which has been reported to enhance the O, anion production in the vasculature of
kidneys, and thus, increasing reactive oxygen species (ROS) (Lo6pez et al., 2003). The conjunction
of these factors lead to the imbalance of the first line of antioxidant defense with final implications
in the increase of blood pressure, renal damage and endothelial dysfunction (Gomolak and Didion,
2014).

On the other hand, there is a growing body of evidence showing that fermented milks may act as
adjuvants in the treatment of hypertension (Beltran-Barrientos et al., 2016), either by inhibiting
ACE, or by neutralizing reactive oxygen species or both (Beltran-Barrientos et al., 2018a). In
previous studies we reported the antihypertensive effect of fermented milk by Lactococcus lactis
NRRL B-50571 (FM-571) in SHR and in clinical studies (Rodriguez-Figueroa et al., 2013ab;
Beltran-Barrientos et al., 2018ab), where the effect was associated to the delivery of peptides with
ACE inhibitory activity and an antioxidant effect. In particular, these studies were carried out when
hypertension had already developed. Nevertheless, the potential protective effect over the
development of hypertension has not yet been explored. Thus, the aim of the present work was to
evaluate the potential effect of FM-571 as a preventive treatment in a murine model with induced

hypertension by Ang II.

Materials and Methods

Preparation of fermented milk

Fermented milk was prepared as described by Beltran-Barrientos et al. (2018a). The strain
Lactococcus lactis NRRL B-50571 was inoculated at 3% in broth M17 supplemented with sterile
lactose (10%) and incubated at 30 °C for 24 h; this procedure was made repeated twice to obtain a
fresh culture. Reconstituted sterilized skim milk (10%; 110 °C/10 min) was inoculated with fresh
culture (3%) and incubated at 30 °C for 12 h to obtain a fresh inoculum. Finally, fermented milk

was prepared by the addition of the inoculum (3%) to pasteurized reconstituted skim milk (80 °C/30

92



min) and incubated at 30 °C for 48 h. Heat treatment (75 °C/15 min) was applied after fermentation

to inactive the bacteria followed by cooling in an ice bath. FM-571 was frozen at -20 °C until used.

Murine model

Male Wistar rats (n = 28) with a mean weight of 235 + 19.9 g were obtained from the Research
Animal Facility at the University of Sonora (Hermosillo, Sonora, México). Rats were placed in
individual stainless steel cages with water and a standard diet ad libitum, under 12 h cycles of
light/dark at 22 + 2 °C and 50 + 6% relative humidity. After a one-week of period of adaptation,
rats were randomized into four groups (n=7): 1) FM-571, group administered with fermented milk
FM-571; 2) Positive control, group administered with Captopril® (40 mg/kg body weight (BW));
3) Negative control, hypertensive group; and 4) healthy control. The study protocol was approved
by the Bioethics Committee of the Research Center for Food and Development (Spanish acronym,
CIAD), Hermosillo, Sonora, Mexico (CE/017/2019).

Administration of treatments

Groups administered with FM-571 and Captopril® (40 mg/kg) (Positive control) had free access
(ad libitum) during the first two weeks run-in period before the induction of hypertension and four
weeks after induction. Captopril® was dissolved in purified water before administration. The

Negative and Healthy controls had free access to purified water during the experiment.

Murine model of induced-hypertension

The induction of hypertension was carried out during the third week of intervention in two single
intravenous (i.v.) doses (fifteen and twenty-first day) as previously reported by Kamkar-Del et al.
(2020). Ang Il (Sigma Aldrich, México City, México) was dissolved in sterile saline solution
(0.9%; Pisa Laboratories, Jalisco, México) and 50 ng/kg BW were injected i.v. in the FM-571,
Positive and Negative control groups. Healthy control group was also injected i.v. with the same

volume without Ang II.
Systolic and diastolic blood pressure

After randomization, systolic and diastolic blood pressure (SBP and DBP; respectively) were taken

each week. Blood pressure was measured in triplicate using a noninvasive blood pressure system
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CODA® High Throughput System (Torrington, Connecticut, USA). After 7 weeks of treatment,
rats were sacrificed and blood samples were collected to immediately obtain plasma and stored at
-80 °C until used for further assays.

ACE activity in plasma

ACE activity in plasma was measured according to the method reported by Cushman and Cheung
(1970) with modifications. Hippuryl-L-histidyl-L-leucine (HHL) 2 mM was dissolved in a sodium
borate buffer 100 mM (pH 8.3) containing 300 mM NaCl. Briefly, each sample (50 uL) of plasma
was mixed with 50 uL. of HHL and incubated for 30 min at 37 °C. The reaction was stopped by the
addition of 125 uL of HC1 1 mol/L. The formed hippuric acid was analyzed by reverse-phase (RP-
HPLC) (Renddn-Rosales et al., 2022). Then, 10 pL was injected and analyzed on a Zorbax
300extend-C18 (4.6 x 250 mm, 5 pm) column in an Agilent 1260 HPLC system (Agilent
Technologies, Waldbronn, Germany) equipped with OpenLAB Chromatography Data System
version A.02.02 (Agilent Technologies, Germany) and the detector wavelength was set at 228 nm.
The column was eluted (Flow 0.5 mL/min) with acetonitrile with 0.05% trifluoroacetic acid (TFA)
and water with 0.05% of TFA and the area under the curve (AUC) of hippuric acid was determined.

A standard curve of ACE from rabbit lung was carried out to interpolate the AUC of hippuric acid.

Catalase activity

Catalase activity in plasma was carried out according to the method reported by Baer and Sizer
(1952). Hydrogen peroxide (30 mM) in a phosphate-borate solution (pH 7) was used as substrate
and the decrease in its concentration at 37 °C was monitored spectrophotometrically at 240 nm
every 30 s for 5 min. One unit catalase activity was determined as the quantity of enzyme which

removes 1 uM H202/min. Results were expressed as units/mg protein.

Glutathione peroxidase activity

Glutathione peroxidase activity was evaluated according to the method reported by Flohe and
Gunzler (1984). Samples (20 pL) were placed on a microplate and incubated at 37 °C for 10 min
with 140 pL of a mixture containing PBS (100 mM in EDTA 1 mM, pH 7), Glutathione (GSH; 10
mM) and glutathione reductase (0.24 U/L in PBS 100 mM, pH 7) in a ratio 5:1:1. Afterwards, 20
uL of NADPH (1.5 mM in sodium bicarbonate 0.1%) were added and incubated at 37°C for 3 min.
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Thereafter, 20 pL. BHT (Butylated hydroxytoluene) (12 mM) was added and the consumption of
NADPH was monitored at 340 nm every 30 s during 5 min at 25 °C. The decrease in NADPH
concentration was calculated from the linear slope of absorption using the extinction coefficient of
6.22 mM-~1cm. One unit glutathione peroxidase activity was determined as the quantity of enzyme

which oxidized 1 uM NADPH/min. Results were expressed as units/mg protein.

Lipid peroxidation

Lipid peroxidation products were determined with the method of thiobarbituric acid, which
measures malondialdehyde-reactive products (MDA) (Todorova et al., 2005). Samples (0.5 mL)
were mixed with 0.5 mL of trichloroacetic acid (20%) and centrifuged at 2000 xg for 20 min.
Afterwards, 750 pL of supernatant was mixed with 750 pL of thiobarbituric acid (0.67%) and
heated at 96 °C for 1 h. After cooling, the intensity of the pink color in the final product was
determined at 532 nm. The MDA concentration was calculated using the Lambert-Beer equation

and the extinction coefficient of 1.56 x 10° Mtcm™.

Oxidative stress index

The oxidative stress index was calculated taking into account the ratio between lipid peroxidation
products (MDA) and the antioxidant enzymes CAT and GPx (LPO/CAT + GPx) as previously
reported by Ruas et al. (2008).

Statistical analysis

The study was a completely randomized design and the response variables were measured in
triplicates. Data are expressed as mean + standard deviation. One-way ANOVA was performed to
compare treatments and the Tukey-Kramer test was used to compare means among treatments to
establish significant differences using a p-value of 0.05. Data without normal distribution are
presented as medians, analyzed by Kruskal-Wallis test and were considered significant when
p<0.05.

Results and Discussion

Twenty-eight Wistar rats were randomized into four groups and no significant differences (p>0.05)

between groups were observed in the clinical characteristics (weight, SBP, DBP and heart rate)
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(Table 1). Several studies have reported the induction of hypertension after the administration of
different repeated doses of Ang Il with surgical minipumps, over different time periods (Jama et
al., 2021). Also, Zubcevic et al. (2017) administered Ang II (36 pg/kg BW) via intraperitoneal to
Wistar-Kyoto (WKY) rats and the increase in blood pressure returned to baseline within 1 h.
Therefore, the increase in blood pressure and the duration of the effect is dependent on the via
administration of the inductor agent (e.g. Ang Il, dexamethasone) and the damage caused at the
systemic level (Jama et al., 2021). In the present study, hypertension was induced after the
administration of two doses of Ang Il i.v. and this effect lasted three weeks.

Changes in SBP and DBP during seven weeks are depicted in Figure 1. Results showed that after
two weeks of intervention, all groups showed a decrease in SBP and DBP; however, they were not
significantly (p>0.05) different among them; thus, indicating that FM-571 did not show an effect
in normotensive rats. In the third week, Ang Il was administered to FM-571 and the control groups.
SBP and DBP in the Negative control group significantly increased (p<0.05) and were significantly
different from the Healthy control group. Interestingly, for FM-571 and the Positive control groups,
SBP and DBP significantly decreased (p<0.05) and were significantly different (p<0.05) from the
Negative control group from the fourth to the sixth-weeks of intervention. Moreover, after 7-weeks

of intervention, the FM-571 and the Positive control groups maintained low SBP and DBP.

Table 1. Clinical characteristics of Wistar rats.

Healthy control Negative control | Positive control
Groups . . . FM-571 p-value
(Purified water) (Purified water) (Captopril)

Weight (kg) 278.14 +14.47 277.7+15.8 272.6 +£10.9 266 + 15.84 0.4
SBP (mmHg) 126.53 + 16.76 125.5+14.7 128.2+23.1 125.19+21.13 | 0.99
DBP (mmHg) 96.6 £ 17.78 88.8+10.0 92.0+16.9 94.1+14.52 0.8

Heart rate
) 296 + 60.55 365.9 + 63.4 358.9+130.4 |341.6+166.79| 0.66
(beats/min)

SBP: Systolic blood pressure; DBP:
Lactococcus lactis NRRL B-50571.

Diastolic blood pressure; FM-571: Fermented milk with
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Figure 1. Changes in a) systolic and b) diastolic blood pressure (mmHg) from Wistar rats with
induced hypertension administered with different treatments. Healthy and negative control:
Purified water; Positive control: Captopril (40 mg/kg body weight); FM-571: Fermented milk with
Lactococcus lactis NRRL B-50571. Data are presented as means = SEM. Data points not sharing

the same letter within a week were statistically different (p<0.05).

The antihypertensive effect of FM-571 has been previously reported in SHR (Rodriguez-Figueroa
et al., 2013ab; Beltran-Barrientos et al., 2018a) and prehypertensive subjects (Beltran-Barrientos
et al., 2018b). However, the antihypertensive effect of this fermented milk during the development
of hypertension has not yet been reported. In fact, only few studies have reported the protective
effect of fermented milks in the development of hypertension in the SHR model. In this regard,
Sipola et al. (2001) reported that fermented milk with Lactobacillus helveticus and Saccharomyces
cerevisieae significantly attenuated the development of hypertension in SHR. Similarly, after a
long-term administration of a milk casein hydrolysate to SHR, the development of hypertension
was also attenuated (Sanchez et al., 2011).

On the other hand, the antihypertensive effect of fermented milks or dairy peptides has been widely
reported in SHR (Garcia-Tejedor et al., 2015; Beltran-Barrientos et al., 2016). Nevertheless, few
studies have reported this effect in other hypertensive murine models. In this sense, El-Fattah et al.
(2017) injected subcutaneously dexamethasone to Wistar rats to induce hypertension. Then,
fermented milk with Lactibacillus rhamnosus B-1445, O-114, YC-X11 and Lactibacillus
helveticus Lh-B 02 was administered and blood pressure was reduced. Similar to our findings, after
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four weeks of treatment administration, blood pressure was reduced in all groups (El-Fattah et al.,
2017). In fact, Garcia-Tejedor et al. (2015) administered lactoferrin-derived peptides (RPYL and
DPYKLRP) to hypertensive induced (Ang Il) Wistar rats and results showed a blood pressure
lowering effect.

As previously mentioned, it was reported that the antihypertensive effect of FM-571 in SHR was
attributed to an antioxidant effect, nitric oxide production enhancement and ACE inhibition
(Beltran-Barrientos et al., 2018a). Therefore, the mechanistic antihypertensive effect of this
fermented milk on this particular hypertensive induced model was investigated. Results showed no
significant differences (p>0.05) between all groups in ACE activity in plasma. It has been reported
that Ang Il binds into AT1 receptor which enables sodium and water retention, enhances the
production of aldosterone and vasoconstriction. Interestingly, milk-derived lactoferrin peptides
have previously been demonstrated to block AT1 receptors in Ang Il induced vasoconstriction in
an ex vivo model (Fernandez-Musoles et al., 2014). However, further studies are needed to
elucidate if FM-571 derived peptides may bind to AT1 receptors. Nevertheless, these results
suggest that for this particular model of induced hypertension, the antihypertensive effect of this
fermented milk was not associated with ACE inhibition. Hence, other potential pathways could be

leading to the blood pressure lowering effect.
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Figure 2. Angiotensin converting enzyme activity in plasma from Wistar rats with induced
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hypertension administered with different treatments. Healthy and negative control: Purified water;
Positive control: Captopril (40 mg/kg body weight); FM-571: Fermented milk with Lactococcus
lactis NRRL B-50571. Data are presented as means + SD.

It has been widely reported that there is a strong link between oxidative stress and hypertension in
different hypertensive animal models (Griendling et al., 2021). In particular, endothelial
dysfunction caused by oxidative stress contributes to an impaired nitric oxide/ROS balance, and
thus, increasing vasoconstriction, oxidation and inflammation (Briones and Touyz, 2010). In Ang-
I induced hypertension, NOX1 (a nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX)), led to an increment of oxidative stress and blood pressure (Dikalova et al., 2005). Also,
Ang-I1 induced hypertension enhances an impairment of endogenous antioxidant mechanisms
(Lassegue et al., 2003). Therefore, neutralization of ROS may be an alternative as an adjuvant in
the treatment of hypertension. To elucidate the effect of treatments on the antioxidant system of
the murine model of induced hypertension in this study, the activities of the antioxidant enzymes
catalase (CAT), glutation peroxidase (GPx) and lipid peroxidation products (malondialdehyde,
MDA) in plasma were determined.

In this regard, CAT activity in plasma from the FM-571 group was significantly (p<0.001) higher
than the rest of the groups (Figure 3). In fact, CAT from the FM-571 group was 3- and 5-fold
higher than the Negative and Positive control groups; respectively. Thus, these results showed that
FM-571 enhanced CAT activity. Conversely, GPx was not significantly different (p>0.05) among
groups (Figure 4). In fact, GPx from the FM-571 group was lower than Negative and Positive
control groups. On the other hand, no significant differences (p>0.05) between groups were
detected for MDA in plasma (Figure 5). Interestingly, after determining the oxidative stress index
(balance between lipo peroxidation (MDA) and total antioxidant enzyme activity (CAT and GPXx),
results showed that FM-571 was significantly lower (p<0.05) than all groups (Figure 6).
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Figure 3. Catalase activity in plasma from Wistar rats with induced hypertension administered
with different treatments. Healthy and negative control: Purified water; Positive control: Captopril
(40 mg/kg body weight); FM-571: Fermented milk with Lactococcus lactis NRRL B-50571. Data

are presented as means = SD. Data not sharing the same letter were statistically different (p<0.05).
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Figure 4. Glutation peroxidase activity in plasma from Wistar rats with induced hypertension

administered with different treatments. Healthy and negative control: Purified water; Positive
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control: Captopril (40 mg/kg body weight); FM-571: Fermented milk with Lactococcus lactis
NRRL B-50571. Data are presented as means * SD.
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Figure 5. Malondialdehyde levels in plasma from Wistar rats with induced hypertension
administered with different treatments. Healthy and negative control: Purified water; Positive
control: Captopril (40 mg/kg body weight); FM-571: Fermented milk with Lactococcus lactis
NRRL B-50571. Data are presented as means * SD.
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Figure 6. Oxidative stress index in plasma from Wistar rats with induced hypertension
administered with different treatments. Healthy and negative control: Purified water; Positive
control: Captopril (40 mg/kg body weight); FM-571: Fermented milk with Lactococcus lactis
NRRL B-50571. Data are presented as median, and were analyzed by non-parametric test (Kruskal-
Wallis p<0.05). Data not sharing the same letter were statistically different (p<0.05).

It has been evidenced that different sources of bioactive peptides may modulate oxidative stress
and oxidative stress biomarkers (e.g. lipid peroxidation), as well as antioxidant response (e.g.
enhancement of antioxidant enzymes) (Qiao et al., 2021). In this regard, a peptide from buffalo
casein reduced MDA levels and stimulated the production of CAT, superoxide dismutase (SOD)
and Gpx (Sowmya et al., 2019). Other studies with peptides from soybean (Zhang et al., 2019a),
beef shank (Lee and Hur, 2019), corn gluten (Wang et al., 2016) were able to enhance CAT activity
in specific cell lines exposed to different oxidative stress stimulations. Additionally, in vivo studies
with different animal models have reported the enhancement of different antioxidant enzymes. In
particular, Fang et al. (2018) administered Manchurian walnuts (Juglans mandshurica Maxim.)
hydrolysate to healthy mice under exercise conditions. Results showed that this hydrolysate
increased CAT, GPx and SOD activities; and lowered lipid peroxidation. Also, Awad et al. (2016)
reported that when a milk protein concentrate was administered to healthy and diabetic rats, CAT,
SOD and GPx were increased. Furthermore, alcalase hydrolyzed oyster (Crassostrea rivularis)
increased activities of SOD, CAT and reduced MDA levels in normal mice (Zhang et al., 2019b).
Additionally, El-Fattah et al. (2017) reported that when fermented milk was administered to rats
with induced hypertension, SOD, CAT and total antioxidant activities were higher than in the
control groups.

Moreover, derived or synthethized peptides from milk (Tonolo et al., 2020), soybean (Zhang et al.,
2019a), microalgae (Je et al., 2015) and perrilla (Perilla frutescens L. Britton) seed protein
hydrolysates (Yang et al., 2018) have also reported to decrease lipid peroxidation levels in different
cell lines exposed to oxidative stress. Also, in vivo studies have shown a decrease of lipid
peroxidation after the administration of peptides or hydrolysates from potato (Solanum tuberosum)
to SHR (Tsai et al., 2020). In fact, a previous study showed that after the administration of FM-571
to SHR, CAT and GPx were higher than the negative control group. Furthermore, MDA and

oxidative stress index were significantly lower than the negative control (Beltran-Barrientos et al.,
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2018a).

Although the mechanisms underlying the enhancement of enzymatic antioxidant activities have
not yet been fully elucidated, several approaches have been described. In this sense, different
studies have shown that the modulation of the antioxidant response may be through the activation
of Nrf2 transcription factor with specific peptides from milk (Tonolo et al., 2020), potato (Tsai et
al., 2020) or watermelon seed protein hydrolysates (Wen et al., 2019). In fact, molecular modeling
studies have shown that the activation of Nrf2 signaling pathway may be due to the disruption of
Keapl-Nrf2 interaction from peptides and thereafter, the binding to the Nrf2 binding site (Wen et
al., 2019; Fernando et al., 2020; Tonolo et al., 2020; Tsai et al., 2020; Wang et al., 2020).
Furthermore, peptides may also help to decrease oxidative stress and maintain a balance in redox
homeostasis through antioxidant activity by scavenging free radicals and chelating transition
metals (Qiao et al., 2021). However, further studies are needed to elucidate if FM-571 may be
involved in this reported mechanism.

On the other hand, it is noteworthy to mention that gut microbiota also plays an important role in
the regulation of several body systems, and may contribute to the development of several diseases
(Guoetal., 2021). Also, gut microbiota may be modulated through lifestyle changes. In this regard,
dairy fermented products may provide beneficial effects on gut microbiota and health-related
metabolites (Bellikci-Koyu et al., 2019). Although changes in gut microbiota were not determined
in this study, it has been proposed that high abundances of Verrucomicrobiota and
Akkermansiaceae may be related to greater antioxidant profile and antihypertensive effects
(Everard et al., 2013; Gomez-Contreras et al., 2023). Thus, results in the present study may suggest
that changes in gut microbiota may have also participated in the antioxidant and antihypertensive

effects; nevertheless, further studies are necessary to determine these associations.

Conclusion

In the present study, the effect of FM-571 as a preventive treatment in an induced hypertension
murine model with angiotensin 1l was shown. The results suggest that the antihypertensive effect
may be due to the enhancement of the primary antioxidant defense system and the decrease in the
oxidative stress index during the administration of FM-571. Also, contrary to previous studies
where FM-571 was administered to SHR, the antihypertensive effect of this fermented milk in the

model of induced hypertension of this study, was not associated with ACE inhibition. Hence, FM-
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571 may be administered as an adjuvant in the prevention of hypertension.
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5. CONCLUSIONES GENERALES

El efecto antihipertensivo de FM-571 en ratas SHR fue evidenciado a través de diferentes
mecanismos, inhibiciéon de ECA, efecto antioxidante y producciéon de 6xido nitrico (Beltran-
Barrientos et al., 2018a); éste fue atribuido a péptidos bioactivos derivados de la fermentacion y
digestion de la leche. Los hallazgos del presente estudio evidenciaron la bioaccesibilidad y
biodisponibilidad de péptidos inhibidores de ECA de FM-571. En este sentido, se identificaron cien
nuevos péptidos potencialmente inhibidores de ECA en el compartimento serosal después de
digestion gastrointestinal simulada y absorcion ex vivo. En particular, 14 péptidos presentaron la
mas alta afinidad de union al sitio activo de ECA mediante analisis in silico. Por lo tanto, estos
péptidos podrian estar asociados con el efecto antihipertensivo in vivo.

Por otro lado, los resultados del presente estudio evidenciaron que FM-571 ejerce efecto protector
como tratamiento preventivo al desarrollo de hipertension en un modelo murino de hipertension
inducida. Adicionalmente, se observé efecto antihipertensivo prolongado durante 7 semanas. Los
resultados sugieren que el efecto antihipertensivo fue a través del mejoramiento del sistema de
defensa antioxidante primario evidenciado con una alta actividad de catalasa y disminucion del
indice de estrés oxidativo durante la administracion de FM-571.

Ademas, es importante mencionar el importante rol que la microbiota intestinal tiene en el
funcionamiento de los diferentes sistemas del cuerpo; ademas, de su contribucion en el desarrollo
de diferentes enfermedades tales como la hipertension arterial. Diversos estudios han evidenciado
que los cambios en el estilo de vida pudieran modular la microbiota intestinal, tales como el
consumo de alimentos lacteos fermentados. Aunque los cambios en la microbiota intestinal no
fueron determinados en el presente proyecto, ha sido propuesto que altas abundancias en
Verrucomicrobiota and Akkermansiaceae estan relacionados con un alto perfil antioxidante y efecto
antihipertensivo. Por lo anterior, los resultados en el estudio de prevencion del desarrollo de
hipertension en modelo murino pudieran sugerir que se presentaron cambios en la microbiota
intestinal, los cuales pudieran participar en los efectos antioxidante y antihipertensivo; no obstante,

futuras investigaciones son necesarias para determinar estas asociaciones.
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