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Resumen

La obesidad es originada por una acumulacion excesiva de energia en forma de
grasa en el tejido adiposo. Este exceso de energia acumulada induce disfuncién en
adipocitos, la cual se caracteriza por resistencia a la insulina y por incremento en lipolisis,
estrés oxidativo y la secrecion de citocinas pro-inflamatorias. El objetivo de este trabajo
es evaluar el efecto de las subfracciones de Cucumis sativus sobre la resistencia a la
insulina en adipocitos disfuncionales in vitro e in vivo. Para satisfacer dicho objetivo, se
indujo disfuncion a los adipocitos con dexametasona o IL-1B3, posteriormente fueron
incubados con diferentes concentraciones de las tres subfracciones (SF1, SF2 o SF3)
de Cucumis sativus durante 24 horas. Se evaluo la resistencia a la insulina, a través del
consumo de 2-desoxiglucosa y la liberacion de glicerol. Con base en estos resultados se
construy6 el modelo de superficie, lo que permitié determinar 5 posibles mezclas de las
subfracciones (M1, M2, M3, M4 y M5). Se indujeron adipocitos disfuncionales con 1 ng/ml
de IL-1B y se evaluo el efecto de las 5 subfracciones en la resistencia a la insulina aunada
al estrés oxidante y al estado proinflamatorio. Las mezclas M4 (SF1 40 ug/mL: SF2 60
pg/mL: SF3 30 ug/mL) y M5 (SF1 40 ug/mL: SF2 60 pg/mL: SF3 10 ug/mL) controlaron
con mayor eficiencia los parametros evaluados de manera satisfactoria dichos
paradmetros

Por otro lado, a ratones C57BL/6J se les indujo obesidad mediante la ingesta crénica
de una dieta hipercalérica durante 15 semanas, y se trataron por 10 semanas mas con
la combinacién M5 via oral. Los pardmetros metabolicos (triglicéridos, colesterol, curvas
de tolerancia a la glucosa, a la insulina y a la glucosa con insulina), fisicos (peso e indice
de Lee), fueron evaluados en la semana 0, 15y 25. La concentracién de citocinas (IL-6,
IL-10 y TGFpB) se evalud a la semana 25 en tejido adiposo subcutaneo e higado.

Los resultados in vitro indicaron que la SF1 (40 pg/mL) y SF2 (40 ug/mL) y SF3 (20
pg/mL) inducen un consumo de 2-deoxiglucosa del 87%, 57% y 87%, respectivamente.
Por otro lado, SF1 (5 ug/mL) y SF2 (5 pg/ml), y SF3 (40 pg/mL) incrementan la secrecion
de glicerol un 10.6%, 18.9% y 11.8%, respectivamente. El modelo de superficie mostro
5 combinaciones efectivas, de las cuales M4 (SF1 40 ug/mL: SF2 60 pg/mL: SF3 30
pg/mL) y M5 (SF1 40 pg/mL: SF2 60 pg/mL:SF3 10 ug/mL) fueron capaces de controlar
la resistencia a la insulina, el estado pro-oxidante y el estado pro-inflamatorio evaluadas
en adipocitos 3T3-L1 disfuncionales. Los compuestos presentes en las subfracciones
son principalmente glicina, asparagina y arginina.

En ratones obesos, la combinacién M5 no modificé 4 parametros: el peso, indice de
Lee, triglicéridos ni colesterol; pero si fue eficiente para el control de la intolerancia a la
glucosa y la resistencia a la insulina, asi como también indujo un ambiente inmunoldgico
regulador en tejido adiposo subcutaneo e higado al disminuir la concentracion de IL-6 y
aumentar la concentracion de IL-10 y TGF-B. En conclusion, las subfracciones SF1, SF2
y SF3 de la fraccion acuosa de Cucumis sativus y sus combinaciones M4 y M5 son
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efectivas para el control de adipocitos disfuncionales y la combinacion M5 para el control
de la intolerancia a la glucosa, la resistencia a la insulina y el estado proinflamatorio en
ratones obesos.



Abstract

Obesity is caused by an excessive storage of energy as fat in adipose tissue. This
excess of stored energy induces adipocyte dysfunction, characterized by insulin
resistance and by an increase in lipolysis, oxidant stress, and the secretion of
proinflammatory cytokines. This work is aimed to evaluate the effect of various Cucumis
sativus subfractions on insulin resistance in dysfunctional adipocytes in vivo and in vivo.
To satisfy this objective, dysfunction was induced to adipocytes with dexamethasone or
IL-1B, subsequently they were incubated with differing concentrations of the three C.
sativus subfractions assayed (SF1, SF2, or SF3) for 24 h. Insulin resistance was
evaluated, through the consumption of 2-deoxyglucose and the release of glycerol. Based
on these results, the surface model was constructed, which allowed determining 5
possible mixtures of the subfractions (M1, M2, M3, M4 and M5). Dysfunctional adipocytes
were induced with 1 ng/ml of IL-18 and the effect of the 5 subfractions on insulin
resistance combined with oxidative stress and proinflammatory state was evaluated. The
M4 mixtures (SF1 40 pg/mL: SF2 60 ug/mL: SF3 30 ug/mL) and M5 (SF1 40 ug/mL: SF2
60 pg/mL: SF3 10 pg/mL) controlled the evaluated parameters with greater efficiency
satisfactorily said parameters

On the other hand, C57BL/6J mice were induced obesity by chronic intake of a
hypercaloric diet for 15 weeks, and were treated for 10 more weeks with the M5
combination orally. The metabolic parameters (triglycerides, cholesterol, glucose
tolerance curves, insulin and glucose with insulin), physicists (weight and Lee index),
were evaluated at week 0, 15 and 25. The concentration of cytokines (IL-6, IL-10 and
TGFB) was evaluated at week 25 in subcutaneous adipose tissue and liver.

The in vitro results indicated that that SF1 (40 pg/mL) and SF2 (40 ug/mL) and SF3
(20 pg/mL) induce a 2-deoxyglucose consumption of 87%, 57% and 87%, respectively.
On the other hand, SF1 (5 pg/mL) and SF2 (5 pg/mL), and SF3 (40 ug/mL) increase the
secretion of glycerol by 10.6%, 18.9%, and 11.8%, respectively. The surface model
showed 5 effective combinations, of which M4 (SF1 40 ug/mL: SF2 60 pg/mL: SF3 30
pg/mL) and M5 (SF1 40 ug/mL: SF2 60 ug/mL: SF3 10 ug/mL) were able to control insulin
resistance, the pro-oxidant state and the pro-inflammatory state evaluated in



dysfunctional 3T3-L1 adipocytes. The compounds present in the subfractions are mainly
glycine, asparagine and arginine.

In obese mice, the M5 combination did not modify 4 parameters: weight, Lee index,
triglycerides or cholesterol; but it was efficient for the control of glucose intolerance and
insulin resistance, as well as it induced a regulatory immunological environment in
subcutaneous adipose tissue and liver by decreasing the concentration of IL-6 and
increasing the concentration of IL-10 and TGF-B. In conclusion, the subfractions SF1,
SF2 and SF3 of the aqueous fraction of Cucumis sativus and its combinations M4 and
M5 are effective for the control of dysfunctional adipocytes and the combination M5 for
the control of glucose intolerance, insulin resistance and the proinflammatory state in

obese mice.



La presente investigacion fue apoyada por el Consejo Nacional de Ciencia y
Tecnologia (CONACyYT) basico (CB-2012-169011).
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1. Introducciéon

1.1. Tejido Adiposo y su funcién

El tejido adiposo blanco (TAB) juega un papel critico en el almacenamiento y
homeostasis de energia. Dicha energia se almacena en forma de triglicéridos y es
liberada en forma de acidos grasos no esterificados en casos de inanicién (Arner and
Langin 2014). Ademas de los adipocitos, el TAB, también presenta otros tipos celulares
como son células endoteliales, pericitos y macréfagos (Vidal et al., 2008). Este tejido se
diferencia en tejido adiposo visceral (TAV) y tejido adiposo subcutaneo (TAS). Siendo el
primero, mas notable en individuos obesos ya que es el principal depdésito de energia
(Palomer 2005; Cachofeiro et al., 2006), y se caracteriza porque sus adipocitos son de
mayor tamafio, mas vascularizados y con gran nimero de receptores 3 adrenérgicos por
lo que presentan una mayor actividad metabdlica (Vega 2010). Entre las que se
encuentran: 1) Lipogénesis: que es el almacenaje y sintesis de acidos grasos; y 2)
lipolisis: que es la movilizacion o hidrdlisis de triglicéridos (Sanchez et al., 2005).

Por otro lado, en afos recientes se ha observado que el TAV secreta varias
moléculas llamadas adipocinas y se encuentra regulado por diferentes estimulos
hormonales, por ello se ha definido como un érgano endocrino dindmico (Sanchez et al.,
2005; Vega 2011). Estas adipocinas median multiples procesos incluyendo sensibilidad
a la insulina, estrés oxidativo, homeostasis del metabolismo energético, coagulacién

sanguinea y respuesta inflamatoria (Kaur 2014).

1.2 Adipocitos disfuncionales y obesidad

Los adipocitos, ademas de liberar acidos grasos, otros lipidos y metabolitos, secretan
mas de 600 factores bioactivos conocidos como adipocinas (Bastard et al., 2006), las
cuales modulan no solo la adipogénesis, el metabolismo y la funcion de los adipocitos
sino también el apetito y saciedad, distribucion del tejido adiposo, secrecion y
sensibilidad a la insulina, liberacion de energia, inflamacion, presidon sanguinea,

homeostasis y funcién endotelial (Ahima 2006). Por lo que, actian no solo a nivel del
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tejido adiposo sino también a nivel de cerebro, higado, masculo, endotelio, corazén y
células B pancreaticas (Yao et al., 2014). Este patron de secrecion refleja la funcidon de
los adipocitos, ya que un desequilibrio en la secrecién de adipocinas se relaciona con el
desarrollo de patologias, entre ellas la obesidad (Bliher 2014).

La obesidad es un padecimiento crénico, complejo y de etiologia multifactorial,
producto de un desequilibrio entre la energia ingerida y la energia gastada. El exceso de
dicha energia se convierte en grasa y se acumula en los adipocitos, haciendo que estos
aumenten de tamafio (hipertrofia), asi como en numero (hiperplasia) (Cachofeiro et al.,
2006, Blancas 2010, De Ferranti 2009). Por otro lado, la prevalencia de la obesidad en
paises industrializados ha aumentado el doble en estas Ultimas tres décadas y es
considerada como una pandemia. La obesidad se relaciona con la reduccion de la
calidad de vida, aumentando el riesgo prematuro de muerte y la generacion de
enfermedades crénicas, incluyendo enfermedad coronaria, hipertension, diabetes tipo 2
y ciertos tipos de cancer (Freedman 2011; Fernandez et al., 2011). De acuerdo con la
Encuesta Nacional de Salud y Nutricién 2012 la prevalencia de la obesidad en México
aumentd del 2006 al 2012 un 14.3%, lo que indica que 7 de cada 10 mexicanos adultos
son obesos. Debido a esta incidencia se ha buscado combatir la obesidad con base en
una dieta baja en calorias, evitar el sedentarismo y generar estrategias farmacoldgicas

gue modulen la obesidad asi como sus patologias asociadas (Gutiérrez et al., 2012).

1.2.1 Metainflamacion

Como ya se mencion6 anteriormente, el tejido adiposo ademas de su funcién como
reservorio de lipidos, también es conocido como un érgano activo endocrino que produce
y secreta una variedad de adipocinas (Bastard et al., 2006; Manabe 2011). En
condiciones de obesidad, su secrecion normal se ve alterada por lo que su homeostasia
se ve interrumpida. Este evento estimula multiples cascadas de sefializacion, entre ellas
la de NF-kB, que llevan finalmente a la produccién de diferentes marcadores biolégicos
de inflamacion (Bastard et al., 2006) tales como proteina C reactiva (PCR), TNF-q,
interleucina (IL) 6, IL-1B, Leptina, Angiotensina Il, inhibidor del plasmindgeno tisular (PAI-

1), P-selectina o VCAM-1 (Cachoferio et al., 2006). Asi como también una liberacién
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exacerbada de acidos grasos libres debido a la activacion de la lipolisis (Manabe 2011).
Por otro lado, la secrecion de adiponectina disminuye conforme aumenta la masa grasa,
este efecto perjudica el almacenaje de triglicéridos e incrementa la liberacién de acidos
grasos libres (Bastard et al., 2006). Por lo que, el aumento del consumo de acidos grasos,
que induce hipertrofia en los adipocitos y una alteracion en la secrecion de adipocinas,
genera una respuesta inflamatoria mediada tanto por células del sistema inmune innato
(macréfagos) como adaptativo (linfocitos T). Esta respuesta se denomina inflamacién
cronica de bajo grado asociada a la obesidad, también conocida como metainflamacion
(Bastard et al., 2006; Vidal et al., 2008; Yao et al., 2014). En condiciones normales la
homeostasis del tejido adiposo esta mantenida por la presencia de IL-10 y TGF-B, las
cuales son secretadas por las células T reguladoras (Treg) y macréfagos tipo |l con perfil
antiinflamatorio. Sin embargo en condiciones de obesidad aumenta la secrecion de IL-6
y TNFa, potenciando el proceso de metainflamacion (Yao et al., 2014). En afios recientes
se ha visto que en obesidad la presencia de TGF-, IL-17 e IL-6 induce una respuesta
inmune inflamatoria Th17 (Chen et al., 2014).

La leptina, una adipocina, es producida principalmente por el tejido adiposo. Su
funcion es la de regular la ingesta de alimento asi como el gasto energético y sus niveles
estan relacionados directamente con el tamafio del adipocito (Abella et al., 2014). En
condiciones de obesidad aumenta su produccién, sin embargo se presenta un proceso
de “resistencia a la leptina”, por o que no se puede controlar el apetito ni mantener el
indice de masa corporal (Ahima 2006). Ademas, los altos niveles de leptina potencian la
metainflamacion, ya que es capaz de activar macréfagos e inducir la secrecion de TNF-
a (Bastard et al., 2006).

Otras adipocinas con propiedades proinflamatorias que se encuentran aumentadas
en obesidad son TNF-q, IL-1B e IL-6. Estas, de manera metabdlica generan resistencia
a la insulina, debido a que inducen la fosforilacion de residuos de serina y treonina; y no
de tirosina como es normalmente en los Sustratos del Receptor de Insulina (IRS),
impidiendo asi la translocacion del transportador de glucosa 4 (GLUT 4) (Arner y Lagin
2014). Otro efecto metabdlico ocasionado por estas adipocinas, es la induccion de la
secrecion en el higado de Lipoproteina de muy baja densidad (VLDL) y triglicéridos por

el higado (Yudkin et al., 2000; Maachi et al., 2004). Por otro lado, la secrecion de estas
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adipocinas induce la infiltracion de macréfagos tipo | que secretan IL-1[3, que, aunado a
la secrecion de leptina, PCR y resistina por el adipocito potencian la produccion de TNF-

a e IL-6 y con ello la metainflamacion (Figura 1) (Manabe 2011; Harford et al., 2011).
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En estudios recientes se ha observado que existe una relacion entre los
Lipopolisacaridos (LPS) provenientes de la dieta y el desarrollo de la metainflamacion, la
cual estaria promoviendo las patologias asociadas a la obesidad (Hersoug et al., 2018).
Los LPS se unen a los TLR4 presentes en la superficie de los adipocitos y estos en
respuesta inducen la secrecion de IL-6 (Ying et al., 2000).

1.2.2 Estrés metabdlico y oxidante

En condiciones de obesidad, el incremento de acidos grasos libres, la hiperglucemia
y la hiperinsulinemia, estan relacionados con la disfuncibn en los adipocitos,
principalmente el estrés metabdlico en reticulo endoplasmatico (RE) y en mitocondria
(estrés oxidante) (Chen 2006). El primero se refiere al mal funcionamiento del RE, por lo
que el correcto plegamiento y modificacion de proteinas, sintesis lipidica vy
almacenamiento de Ca?* estan inhibidos. Se han descrito dos manifestaciones del estrés
del RE: 1) el incremento de lactato y la produccion de la Proteina Homologa C/EBP
(CHOP), lo que disminuye la produccion de adiponectina; y 2) la respuesta de proteinas
mal plegadas (URP, por sus siglas en inglés Unfolded Protein Response), las cuales se

agregan en el citosol interfiriendo con las funciones de la célula. Ambas manifestaciones
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pueden aumentar la secrecion de lipidos y adipocinas potenciando la metainflamacién
(Gregor y Hotamisligil 2007; Hosogai et al., 2007). En cuanto al estrés de la mitocondria u
oxidativo se da por un desequilibrio en los niveles de especies reactivas de oxigeno (ROS)
vs moléculas antioxidantes durante el procesamiento del exceso de acidos grasos libres,
el cual produce un desacoplamiento en la cadena respiratoria. Los niveles elevados de
ROS, por ejemplo, el anion superoéxido (O27), promueven la oxidacion de glucosa y lipidos,
generando Productos Finales de la Glicacion Avanzada (AGEs) y Productos de la
Lipoperoxidacion Avanzada (ALEs) respectivamente (De Ferranti et al 2009; Murdolo et
al., 2013, Ott et al., 2014).

Por otro lado, en adipocitos cultivados con diferentes concentraciones de
corticoesteroides o citosinas proinflamatorias, se aumenta la liberacién de acidos grasos
libres, glicerol y citosinas proinflamatorias, los cuales interaccionan con los complejos | y
Il de la cadena respiratoria lo que induce un incremento en la concentracion de Oz,
potenciando el estado disfuncional del adipocito (Martyn et al., 2008; He et al, 2017;
Schonfeld et al., 2008).

1.2.3 Intolerancia a la glucosa y resistencia a la insulina

El aumento de lipidos y de estrés oxidativo observado en la obesidad da como
resultado consecuencias tanto intracelulares (locales) como sistémicas. Las primeras se
refieren a la produccién y secrecién exacerbada de adipocinas y &cidos grasos libres, asi
como la intolerancia a la glucosa y la resistencia a la insulina en adipocitos (De Ferranti
2009). Entre las segundas figuran la resistencia a la insulina, la intolerancia a la glucosa,
la dislipidemia y la disfuncion endotelial (Manabe 2011; Bastard et al.,, 2006;
Wajchenberg et al., 2009).

La glucosa es el principal combustible usado en humanos y es la Unica fuente de
energia para el cerebro. Su homeostasis esta controlada por la insulina (Abdul et al.,
2006), una hormona sintetizada por las células B del pancreas, que es secretada a la
sangre y ejerce su accion por union a su receptor. Una vez activado el receptor, se
generan “segundos mensajeros” que estimulan dos vias de accién: |) La via de PI3K

(cascada de reacciones de fosforilaciéon por una cinasa), que favorece el transporte de
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glucosa al interior de la célula; y 1l) la via MAPK que promueve el crecimiento, la
diferenciacion y proliferacion celular (Menéndez et al, 2009). La insulina es una hormona
pleiotrépica ya que no solo estimula la captacion de la glucosa por el musculo, higado y
tejido adiposo, si no también activa la sintesis de glucogeno en higado y musculo; asi
como la deposicién de lipidos en tejido adiposo (Jeevendra et al., 2008).

Sin embargo, cuando la secrecion de insulina y su accion se deterioran, las células
B del pancreas se tornan incapaces de sostener el estado de hiperinsulinemia lo que
induce una hiperglucemia cronica, el cual es un rasgo caracteristico para el desarrollo de
Diabetes Mellitus tipo 2 (DM2) (Proenga et al., 2014). Otro efecto es la resistencia a la
insulina, la cual es definida como la disminucion de la capacidad de la insulina para
ejercer sus acciones biolégicas en tejidos diana tipicos, como son el musculo
esquelético, el higado o el tejido adiposo. Estos eventos resultan en intolerancia a la
glucosa con alteracién de la via de PI3K, en el que los residuos de serina y treonina se
fosforilan en lugar de los residuos de tirosina habituales en los IRS, inhibiendo la
expresion de GLUT 4 en la superficie de la célula y con ello el transporte y la utilizacion
de glucosa. Por otro lado, la hiperinsulinemia sobre estimula la via MAPK que potencia
la accion mitogénica y la migracion de las células musculares lisas de los vasos,
favoreciendo la aterogénesis (Menéndez et al, 2009) (Figura 2). Como se mencioné
anteriormente la presencia de adipocinas y estrés metabdlico disminuye la sensibilidad
a lainsulina (Arner y Lagin 2014). Es por estos eventos que las personas que presentan
obesidad tienden a desarrollar DM2 (Gideon et al., 2008).
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Figura 2. Resistencia a la insulina e inflamacion. La insulina se une a la subunidad a del receptor de
insulina, y estimula la autofosforilacion de la subunidad (3 y la activacion del receptor. Con ello se fosforilan
los IRS. Los cuales estimulan otras cascadas de sefializacion, entre las que se encuentra la catalizada por la
enzima Plz cinasa la cual media la sintesis de glucégeno; inhibicion de la lipolisis y gluconeogénesis; la
translocacion de GLUT4 a la superficie de la célula y con ello la internalizaciéon de glucosa. Al haber un
incremento de acidos grasos libres se estimula la generacion de ROS que activan otras vias de sefializacion
como la PKC la cual inhibe la autofosforilacion de los IRS impidiendo de esa forma la expresion de GLUT4
incrementando las concentraciones de glucosa libre. La via de NFkB la cual regula la expresion de citocinas
proinflamatorias. Potenciando el proceso inflamatorio y la RI.

1.2.4 Dislipidemia

La dislipidemia se caracteriza fundamentalmente por el aumento de triglicéridos y de
lipoproteinas de baja densidad (LDL), asi como una disminucion de lipoproteinas de alta
densidad (HDL) (Proencga et al., 2014). Las lipoproteinas son particulas formadas por
una fraccion proteica llamada apoproteina y una fraccion lipidica, su funcién es la de
solubilizar y transportar lipidos en el plasma. El aumento de las LDL caracteriza al
fenotipo aterogénico. Entre las caracteristicas bioquimicas que incrementan este
fenotipo, se sefala el menor contenido en fosfolipidos y colesterol no esterificado en su
superficie, el cual induce cambios en la conformacion de la apolipoproteina B-100 lo que
conduce a la mayor afinidad de estas particulas por proteoglicanos arteriales; también

se sefiala su mayor facilidad para el transporte dentro del espacio subendotelial y mayor
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susceptibilidad a la oxidacién lipidica (Gideon et al., 2008). Cuando la capacidad del
tejido adiposo es sobrepasada, la conversion a VLDL o particulas semejantes se retrasa
y se da la hipertrigliceridemia, por lo que el almacenamiento de grasa se vuelve ectépico

dafiando higado, musculo, pancreas y corazén (Laclaustra et al., 2007).

1.3 Tratamientos farmacolégicos

La obesidad es un problema a nivel mundial y el tratamiento convencional consiste
en la administracion cronica de medicamentos que actlen venciendo la resistencia a la
insulina, disminuyendo la presion arterial asi como los niveles séricos de lipidos y glucosa
(Nuernberg et al., 2011). Debido a que alun no se cuenta con un medicamento que
controle la obesidad y sus patologias asociadas, es necesario que el paciente sea tratado
a través de una polifarmacia que puede causar efectos secundarios, ademas de ser
costosos para el paciente y el pais (Hwang et al., 2011).

Los tratamientos que se prescriben normalmente son: un antihiperglucémico como
la metformina que actta disminuyendo la gluconeogénesis en el higado y permitiendo la
captura de glucosa por la célula muscular. Sin embargo el uso cronico de este
medicamento puede inducir insuficiencia renal, hepatica y cardiaca, asi como acidosis
metabdlica aguda o cronica (Mata 2008); y un anti-dislipidémico como el fenofibrato el
cual es un agonista del PPARa por lo que disminuye la concentracion de triglicéridos, sin
embargo el consumo de este medicamento puede provocar molestias gastrointestinales,
nauseas, debilidad muscular (Uchida et al., 2010). Por ello es importante generar
estrategias farmacoldgicas integrales que controlen la obesidad y sus patologias

asociadas.

1.4 Flavonoides, polisacaridos y aminoacidos para el control de la disfunciéon en

adipocitos

El uso de extractos de plantas en la medicina tradicional para el tratamiento de una
amplia gama de trastornos en la salud ha ido en aumento. Y debido a los grandes

beneficios que se han observado en el control de las patologias asociadas a la disfuncién
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de adipocitos, es que se ha desarrollado la busqueda de los compuestos responsables
de esos beneficios, por lo que se han encontrado que los polisacaridos, flavonoides y
aminoacidos, son los responsables de conferir esas propiedades.

Por ejemplo, se ha visto que los flavonoides provenientes de Crataegus pinnatifida
disminuyen el colesterol y la concentracion sérica de triglicéridos; ademas de disminuir
la actividad de la lipasa lipoproteica en tejido adiposo con lo que se disminuye la
acumulacion de grasa (Liang et al., 2010). Chen y colaboradores (2010) observaron que
el resveratrol tiene la capacidad de inhibir la adipogénesis al actuar directamente sobre
C/EBPa y PPARYy. Los flavonoides y taninos provenientes del fruto de Cucumis sativus
pueden actuar como “scavenger” de radicales libres, por lo que son considerados como
antioxidantes y antiinflamatorios (Kumar D. et al., 2010; Singh N. et al., 2010). En cuanto
a los polisacéaridos, se ha observado que participan en la regulacion de la respuesta
inmune, ya que tres polisacéridos llamados lentinan, schizophyllan y polisacérido unido
a proteina (PSK), aislados de Lentinan edodes, Schizophyllum commune y Coriolus
versicolor, respectivamente, inducen la secrecion de citocinas inmunomoduladoras,
como IL-10, asi como sus receptores (Ooi V.E.y Liu F. 2010). Otra propiedad de los
polisacaridos que se ha observado, es la de reducir las concentraciones del colesterol y
triglicéridos plasmaticos; y por otro lado aumenta las concentraciones de HDL (Zhong et
al., 2010; Ning N et al., 2013) indicando que, estos compuestos, juegan una papel
importante en la regulacion tanto el estado inmunol6gico como el estado metabdlico. Por
otro lado, los aminoacidos, ademéas de su papel como constituyentes de proteinas y
polipéptidos, son reguladores importantes en las vias necesarias para el mantenimiento,
crecimiento y reproduccién celular, asi como para el metabolismo sistémico y la
inmunidad, favoreciendo el procesamiento de nutrientes y la acumulacion de proteinas,
disminuyendo la adiposidad y mejorando la salud. Por otro lado, se ha observado que el
aminoacido S-metil cisteina sulfoxido (SMCS), proveniente de Allium cepa, no solo
controla la concentracién de glucosay lipidos en suero y tejidos, si no también normaliza
la actividad de la hexoquinasa hepatica, glucosa-6-fosfatasa y de la HMGCOoA reductasa
(Kumari K et al., 1995). Y aminoacidos provenientes de Panax ginseng, han demostrado
su actividad como “scavenger” de radicales libres (Eun et al., 2008), controlando de esa

manera el estado oxidante que se presenta en condiciones de obesidad (Chen 2006).
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1.5 Modelo de superficie de respuesta

El modelo de superficie de respuesta es un conjunto de técnicas matematicas que
permite analizar un efecto que estd influenciado por varias variables de caracter
cuantitativo. Su objetivo es encontrar los valores 6ptimos de las variables independientes
para encontrar la variable dependiente o de respuesta que se busca. Para ello, es
necesario que la variable de respuesta que se desea analizar se encuentre
adecuadamente establecida (Zambrano et al., 2014).

En la fase inicial del estudio se trata de identificar la region de respuesta Optima y
para ello se utilizan parametros factoriales completos 2% o fraccionarios 2K, para cada
factor se consideran tres niveles, que pueden codificarse en los valores +1(mas alto), 0
(intermedio) y -1 (més bajo). Considerando todas las posibles combinaciones de los
niveles de los K factores, se obtiene una matriz de disefio de 2k filas, cada una de las
cuales representa un tratamiento. Dado que el disefio de experimentacion consta de tres
niveles en cada factor, se escribe un modelo de segundo orden dado por la siguiente

ecuacion:

3 3 3
Y, = bo + z bX; + z buX} + Z bijXiX;
i=1

i=1 i<j=1
Donde Yn es la respuesta de las variables, bo es el coeficiente de regresion y Xies el
nivel codificado de cada variable independiente.

En la figura 3 se observa la representacion grafica del modelo de superficie.

| Superficie de respuesta |

Nivel 6ptimo
de respuesta

Respuesta

ye't

20
2
Variable 1 N

Figura 3. Representacion grafica del modelo de superficie (Alfaro Villanueva J. 2014)
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2. Antecedentes

2.1 Taxonomia y botanica de Cucumis sativus (pepino)

Planta herbacea anual, recubierta de pelos erizados, de raices fasciculadas y
desarrollo bastante superficial. Tallos trepadores o rastreros muy ramificados en la base,
con cuatro angulos marcados y zarcillos simples. Sus hojas son largamente pecioladas,
fuertemente cordadas en la base, con el &pice acuminado, en cuyo limbo se aprecian de
3 a 5 I6bulos. Sus Flores son unisexuales, de localizacion axilar y color amarillento;
inicialmente se forman las flores masculinas y posteriormente las femeninas (Maroto
2002). Los frutos son pepoénides de tamafio y forma variables. El color de su corteza
puede ser verde, amarillo o blanco, mientras que la pulpa es siempre blanca y acuosa.
Las semillas son alargadas, ovales, aplastadas y de color amarillento. La viabilidad de
las semillas dependera de las condiciones ambientales y del origen de la semilla, que
puede ser desde unas semanas hasta 5 afios (Maroto 2002; Monroy y Monroy 2006).

Pertenece a la familia de las Curcubitaceae y su nombre cientifico es el de Cucumis
sativus (Pepino) (Maroto 2002).

Informacién taxonémica
REINO : Plantae
DIVISION : Magnoliophyta
CLASE : Magnoliopsida
ORDEN : Violales
FAMILIA : Cucurbitaceae
GENERO : Cucumis L., 1753
ESPECIE : Cucumis sativus L., 1753

2.2 Etnofarmacologia de Cucumis sativus

Cucumis sativus fue introducida al pais después de la conquista, motivo por el cual

no se tiene registrado su uso etnofarmacolégico en la Medicina Tradicional Mexicana.

28



Sin embargo, en las revistas indizadas se tienen registros formales del uso de plantas de
la familia de las Cucurbitaceae a la que pertenece el pepino, asi como del género
Cucumis y solo algunos para la especie sativus para el control en forma aislada de la
inflamacion, del estrés oxidante, de la hiperglucemia, diabetes, dislipidemia y de la
hipertension (Ghule et al., 2009; Naik et al., 1980; Naito et al., 2005; Veeramani et al.,
2010; Vouldoukis et al., 2004; Zuhair et al., 2000).

Algunos de los compuestos activos presentes en Cucumis sativus que podrian estar
participando en algunas de las propiedades antes mencionadas han sido descritos. Estos
son: a) Cucurbitacinas: miembro de los triterpenos, caracterizadas por dar el sabor
amargo y su toxicidad, la conforman 12 miembros de los cuales Cucumis sativus tiene la
A, B, C,D, Eel.(Rice etal., 1981); b) C-glucosidos flavonas: Cucumerina Ay B, Vitexina,
Isovitexina, Orientina, Isoorientina, saponarina, acido 4-hidroxycinnamico (Aboud-Zaid et
al., 2001); c) Megastigmane: | y li(Kai et al., 2007); d) Flavonoides: Kaempferol,
guercetina, Isoramnetina(Krauze-Baranowska y Cisowski W. 2001); e) Compuestos
fendlicos: p-coumarico, caffeic, acido ferulico; f) Lutein; (+)-(1R,2S,5R,6S)-2,6-di-(4'-
hydroxyphenyl)-3,7-dioxabicyclo (3,3,0) octane; indole-3-aldehyde; indole-3-carboxylic
acid y adenosina(Kai et al., 2007).

2.2.1 Los extractos: acuoso y acetoetilico de Cucumis sativus, controlan la

inflamacion y las patologias asociadas a la obesidad

En estudios recientes se observd que la fraccion acuosa de la fruta de Cucumis
sativus (Ag-Cs) puede actuar como antioxidante y antiinflamatorio (Kumar et al., 2010;
Naresh et al., 2010) gracias a la presencia de flavonoides y taninos, los cuales indican
que pueden actuar como “scavenger” de radicales libres. Por otro lado, Mohsen Minalyan
y colaboradores (2011) demostraron su efecto antihiperglucemiante de los extractos
hidroalcohdlico y etandlico de las semillas de Ag-Cs en ratas diabéticas inducidas por la
administracion de Estreptozotocina. Mientras que Mercy y colaboradores (2008)
observaron que el aceite de la Ag-Cs reduce los niveles de LDL disminuyendo la tasa

aterogénica. Este efecto ya habia sido observado por Roma-Ramos y colaboradores
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(1995). Estos resultados indican que la Ag-Cs tiene propiedades que pueden ser
utilizadas para controlar al sindrome metabadlico.

En un trabajo previo de nuestro grupo de investigacion, fue evaluado el efecto del
extracto hidroalcohdlico (HA-Cs), y las fracciones acetoetilica (AE-Cs) y Ag-Cs sobre el
estado de metainflamacion en la obesidad y sus patologias asociadas. Para ello se utilizd
un modelo murino inducido por la ingesta crénica de una dieta hipercalérica (DHC)
durante 12 semanas, elevando peso, densidad, glucosa, IL-6, IL-10 e IL-1,
posteriormente se administraron via oral él HA-Cs, y las AE-Cs y Ag-Cs, de manera
individual, durante 10 semanas, confirmando que la Ag-Cs y HA-Cs normalizaron los
niveles de glucosa, IL-6, IL-10 e IL-1[3. Este estudio sefala el interés de ambos extractos
para normalizar el estado glicémico e inflamatorio asociado a la obesidad (Arteaga et al.,
2011).

2.2.2 La fraccion acuosa de Cucumis sativus induce un ambiente inmunoregulador

tanto in vivo como in vitro

Con la intencién de conocer la base de los resultados anteriores y si se relacionaban
con la regulacion de la respuesta inmune en obesidad, se evalué la capacidad del Ag-Cs
para inducir un ambiente inmunoregulador a través de la expresion de IL-10 y TGF- en
tejidos adiposos y rifion. Ademas de la capacidad de inducir células T reguladoras
Foxp3*/CD4*/CD25* (Treg) en condiciones inductoras de TH17. Ya que se ha reportado
gue las Treg son una poblacion celular que controla la respuesta inmune, que también
se han visto involucradas en controlar el ambiente originado por la obesidad y la
metainflamacion (Cipolletta et al., 2011). Para ello, se utilizé el mismo modelo murino de
obesidad y se cuantificd la secrecion de citocinas reguladoras antes mencionadas. Los
resultados obtenidos indicaron que los compuestos presentes en el Ag-Cs, posiblemente
controlaron la meta-inflamacién y las alteraciones metabdlicas presentes en ratones
obesos a través de la induccion de un ambiente regulador. Después de 10 semanas de
tratamiento, el Ag-Cs disminuyd la acumulacion de TAVE y TAS, vencio la intolerancia a
la glucosa vy la resistencia a la insulina e indujo un ambiente regulador a través de la

expresion de IL-10 y TGF-B en los tejidos adiposos. La capacidad de los extractos de
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generar Treg se comprob6 in vitro ya que indujo estas células en condiciones inductoras

de TH17 a manera dosis dependiente (Méndez et al., 2014).

3. Justificacion

Debido a los malos habitos que se han adquirido en los recientes afios, tales como
sedentarismo, ingesta de alimentos altos en calorias, entre otros, ha aumentado el riesgo
de padecer sobrepeso y generar obesidad. Esta enfermedad es un problema de salud
grave y creciente que se asocia a un estado proinflamatorio crénico de bajo grado que
juega un papel muy importante en la generacién de patologias como resistencia a la
insulina, intolerancia a la glucosa, dislipidemia y disfuncion endotelial que a su vez llevan
a DM2 y a enfermedades cardiovasculares, que en conjunto se conoce como SM. México
ha sido ubicado por la Encuesta Nacional de Salud y Nutricion 2012 como el primer lugar
de prevalencia mundial en obesidad, lo que indica que se deben generar estrategias
farmacoldgicas alternas para el control de esta patologia. Sin embargo, a la fecha no
existe un farmaco que sea capaz de controlar de manera integral al SM, por lo que debe
ser controlado de manera individual. Esta polifarmacia genera, por un lado gastos
econdémicos muy altos tanto a los pacientes como al pais y por otro lado efectos
secundarios propios del tratamiento ingerido. Una alternativa es el uso de
fitomedicamentos que segun la ley general de Salud de 1998 los define como un extracto
vegetal conformado por una mezcla de compuestos que pueden modificar la evolucién y
las complicaciones de una enfermedad, por lo tanto, son una alternativa real, para el
control integral del SM.

Con base en lo anterior surge la siguiente pregunta de investigacion, ¢lLas

subfracciones de Cucumis sativus contrarrestan la disfuncion en adipocitos?
4. Hipotesis

Las subfracciones de Cucumis sativus contrarrestan la resistencia a la insulina

en adipocitos disfuncionales
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5. Objetivo general
Evaluar el efecto de las subfracciones de Cucumis sativus sobre la resistencia a la

insulina en adipocitos disfuncionales in vitro e in vivo

6. Objetivos particulares

° Identificar las subfracciones efectivas de Ag-Cs y su concentracién para el
control de la resistencia a la insulina de adipocitos 3T3-L1 disfuncionales.

° Evaluar las mezclas de las subfracciones efectivas de Ag-Cs para controlar
la expresion de IL-6 y de Oz por adipocitos 3T3-L1 disfuncionales.

° Identificar los compuestos mayoritarios presentes en las subfracciones
efectivas del Ag-Cs

° Evaluar in vivo la combinacion efectiva de las subfracciones del Ag-Cs para
el control de la resistencia a la insulina y expresion de interleucinas pro-inflamatorias en

adipocitos disfuncionales en condicién de obesidad

7. Metodologia

7.1 Fraccionamiento de la fraccion acuosa de Cucumis sativus

Las partes aéreas de Cs, incluido el fruto, se recolectaron de un cultivo comestible
libre de pesticidas y fertilizantes en Xochitepec, Morelos, México, en el periodo de julio a
agosto. El material vegetal se mantuvo alejado de la luz a temperatura ambiente y se
secO en un horno a 50 °C durante 36 h. El material de la planta seca se tritur6 en un
molino eléctrico hasta que se obtuvieron particulas de menos de 4 mm de didmetro. Este
polvo se macero con etanol/agua (60:40) a temperatura ambiente. El HA-CS se
concentrd a presion reducida y luego se liofiliz6. El extracto (50 g) se fraccion6 por
cromatografia liquido-liquido usando una mezcla 1:1 de acetato de etilo/agua. La fase
organica se sometio a un proceso de destilacion a baja presion para eliminar el acetato
de etilo y las particulas remanentes de este disolvente se eliminaron mediante extraccion
a alto vacio. El volumen de la fraccion acuosa (Aqg) se redujo por destilaciéon a baja

presién obteniendo una muestra semisélida que finalmente se secd mediante un proceso
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de liofilizaciéon (Figura 4A). Esta ultima mezcla (Ag-Cs, 35 g) se suspendié en metanol
(700 ml) durante 24 h, después de la filtracion, la fase soluble se concentr6 en un
evaporador rotatorio (Laborota 4000, Heidolph, Schwabach, Alemania), para obtener la
subfraccion SF1 (13,3 g). El precipitado resultante se resuspendié en acetona (700 ml)
obteniéndose una solucidon verde que se concentré por destilacion a baja presion
obteniendo la subfracciéon SF2 (4,7 g) y un precipitado amarillo el cual se le denominé
subfraccion SF3 (3,2 g) (Figura 4B).

A) AceET:H,0
1:1 L.
Fraccion
acetatode etilo SF1
Extracto (AceEt) MeOH
hidroalcohdlico 1:6 Sobrenadante 1
(HA) (CsAgSN1) SF1
i6 Acet
EOH:H,0 Fraccion “a sobrenadante 2
60:40 Acuosa (Cs-Aq) (CsAgSN1)
Solido 1 Rotavapors lid d
CsAqS1 olido verde
( ast) (CsAqgS2.1) SF2
Solido 2
(CsAqgS2)
Solidoamarillo SF3
(CsAqgs2.2)
B)
SF1 SF1
Sobrenadante 1 —
(CsAqSN1)
Sobrenadante 2
(CsAqSN2)
Sélido Verde
{CsAqS2.1) SF2
Sélido 1 Sélido 2
C S1
(CsAas1) (CsAqS2)
Sélido amarillo

SF3

(CsAqS2.2)

MeOH acetona

Figura 4.Fraccionamiento del Ag-Cs. El extracto HA-Cs fue diluido con Agua:acetato de etilo (1:1), se
obtuvo las fracciones acuosa (Ag-Cs) y acetoetilico (AE-Cs). El Ag-Cs se diluyo con 1:6 metanol (MeOH),
el sélido precipitado se diluyd con acetona en una relacion 1:2 (v/v). El sobrenadante fue definido como
SF1 vy el precipitado formado fue subfraccionado y se obtuvo las SF2 y SF3.

7.2 Cuantificacién de LPS en las subfracciones obtenidas a partir del Ag-Cs

Con la intencion de evaluar la presencia de LPS en las subfracciones obtenidas a
partir del Ag-Cs, se utilizé la prueba cromogénica de lisados de amebocitos Limulus (LAL)
CAMBREX pyrogent® plus (QLC-1000™). En el cual se usan lisados de amebocitos de

33



Limulus, que al interaccionar con los LPS se produce la escision de un sustrato sintético
y liberan para-nitrolinina (pNA) la cual genera un color amarillento, siendo la
concentracion de pNA proporcional a la concentraciéon de LPS. Para ello se incubé 50
de las subfracciones de Ag-Cs con 50 pl de una solucion de LAL a 37°C durante 10
minutos. Pasado el tiempo de incubacion, se agregaron 100 pl de la solucidn de sustrato
y se incubd durante 6 minutos a 37°C. Al término de la incubacion, la reaccion fue
detenida con 100 pl de la solucién de paro (acido acético, 25% v/v en agua), y la
absorbancia fue determinada a una A 405-410 nm en un lector de microplacas
VERSAmax (Molecular Devices, Sunnyvale, CA, EE.UU.). La concentracion de

endotoxina fue calculada a partir de una curva estandar.

7.3 Cultivo celular

Los fibroblastos murinos 3T3-L1 se adquirieron de la American Type Culture
Collection (ATCC CL-173; Rockville, MD) y se cultivaron en medio de Eagle modificado
con Dulbecco de alta glucosa (DMEM) (ATCC 30-2002) suplementado con 10% suero
bovino de ternera (Corning 35-022-CV, NY), gentamicina 20 ug/ml (Gibco 15710-64,
Grand Island, NY) a 37 °C en atmédsfera de CO2 al 5%, y se incub6 durante 48 h. En el
segundo dia después de la confluencia, los fibroblastos se diferenciaron en adipocitos
con dexametasona 1,0 uM (Sigma D1881, St. Louis, MO), metilisobutilxantina 0,5 mM
(MIBX, Sigma 15879) y 1,0 pug/ml de insulina (Sigma 1882) en DMEM mas 10% de suero
bovino fetal (FBS, Gibco 16000-069). Dos dias mas tarde, el medio se reemplaz6 por
DMEM fresco mas 10% de SFBy 1,0 uyg/ml de insulina, y las células se dejaron madurar
durante 6 dias. Las células se procesaron cuando el 95% de ellas mostraron rasgos
tipicos de adipocitos (dia 8) (Fortis 2012).
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Linea de tiempo de diferenciacion a adipocitos:

Medio de Medio de

Medio de Crecimiento diferenciacion mantenimiento

DMEM 10% SFB,

Q,
DMEM 10% STB, Glucosa 25mM

DMEM 10 % SFB

Glucosa 26mM Dexametasona 1.0 PM, Insulina 1 pg/ml
- = 2 - IBMX 0.5 mM
Proliferacion de fibroblastos Insulina 1.0 pg/mi Diferenciacién

Una vez establecida la disfuncion en los adipocitos como se describe a continuacion,
se agregaron cinco concentraciones (5, 10, 20, 40 u 80 ug / ml) de las tres subfracciones
de la Ag-Cs (SF1, SF2 o SF3) al cultivo y se dejaron reposar por 24 h. Se incluyeron
silimarina 50 ug/ml o metformina 1 mM. La silimarina se us6é como control antioxidante y
antiinflamatorio, mientras que la metformina se usé como control antihiperglucémico.

Posteriormente se realizd la evaluacion antiinflamatoria y antioxidante de las

combinaciones de las fracciones efectivas, las cuales se muestran en la siguiente tabla:

Tabla 3: Combinaciones obtenidas del modelo de superficie

SFI SF2 SF3
M1 2.5 ug/mi 20 pg/ml 7.5 pg/ml
M2 2.5 ug/ml 20 pg/ml 2.5 ug/ml
M3 2.5 ug/ml 20 pg/ml 5 pg/mi
M4 40 pg/mi 60 pug/ml 30 pg/ml
M5 40 pg/ml 60 pg/ml 10 pg/ml

Para evaluar la viabilidad celular a través del ensayo MTT vy realizar los ensayos de
consumo de 2-desoxiglucosa (2-DG), se sembraron adipocitos a una concentracion de
1,5X10° células/pozo en placas de 96 pozos. Para evaluar la liberacion de glicerol, la
concentracion de IL-6 y la presencia de Oz, las células se sembraron en una
concentracion de 4,5 x 10 células/pozos en placas de 12 pozos y se procesaron

posteriormente.
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7.4 Evaluacion de viabilidad celular por MTT

Con la intencion de evaluar el efecto de las subfracciones sobre la viabilidad celular,
los adipocitos maduros fueron incubados durante 24 horas con diferentes
concentraciones de las tres subfracciones del Ag-Cs (5,10, 20, 40 o 80 pg/ml), silimarina
(50 pg/ml), Metformina (1 nM) o DMSO 60%. Después del tiempo de incubacién, se
agregd 5 mg/ml de una solucion de Bromuro de 3-(4,5-dimetiltiazol-2-ilo)-2,5-
difeniltetrazolio (MTT, sigma, M 2128) y se incubd en oscuridad a 37°C, pasado el tiempo
de incubacion se agregaron 100 yl de una solucion de SDS 10% con HCI 0.01 N (1:1)
a cada pozo y se incubaron 2 horas mas a 37°C. Al término de la incubacion se cuantifico
la absorbancia a una A de 570 nm en un lector de microplacas VERSAmax (Molecular
Devices, Sunnyvale, CA, EE.UU.). El porcentaje de las células viables fue calculado

utilizando la siguiente formula:

% Viabilidad = DO células tratadas *100

DO células control

7.5 Induccion de adipocitos 3T3-L1 disfuncionales

Con la intencién de evaluar la capacidad de las subfracciones para controlar la
disfuncién en adipocitos. Los adipocitos maduros se incubaron durante 24, 48, 60 0 72 h
con 0,1 uM o 1 uM de dexametasona, con o sin insulina 1 uM. En otro experimento, para
inducir adipocitos disfuncionales, las células se cultivaron en presencia de 1 ng/ml de IL-
18 (DB Biosciences 51-26666E, San Diego, CA) durante 24, 48, 60 o 72 h, con o sin
Insulina 1 yM. Como se menciond anteriormente, la densidad celular final utilizada

dependia del ensayo que se realizaria.

7.6 Consumo de 2-Deoxiglucosa

El consumo de 2-DG se determind para seleccionar las condiciones mas eficientes

para inducir adipocitos disfuncionales, y para evaluar la efectividad de las
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concentraciones de las subfracciones de la Ag-Cs evaluadas para controlar la disfuncion
metabdlica. El consumo de 2-DG se determiné mediante un ensayo colorimétrico con el
kit Uptake 2-DG (Sigma MAKO083), siguiendo las instrucciones del fabricante.
Brevemente, las células se lavaron dos veces con Buffer de fosfatos salino (PBS) y se
incubaron en DMEM sin FBS durante 4 h. Las células se lavaron tres veces y se
incubaron durante 40 min en buffer KRPH (HEPES 20 mM, KH2PO4 5 mM, MgSOa4 1 mM,
CaCl2 1 mM, NaCl 136 mM y KCI 4,7 mM) mas albamina bovina al 2%. Posteriormente,
las células se estimularon con insulina 1 yM durante 20 minutos; se anadié 10 mM 2-DG,
se mezcld y se incubd durante 20 minutos. Las células fueron lisadas en ciclos de
calentamiento-congelacion, y se afiadio la solucion de reaccion A (buffer de ensayo mas
mezcla de enzimas en una proporcién de (8: 2); las placas se incubaron a 37 ° C durante
60 minutos en la oscuridad; luego, se afiadid buffer de extraccion y se dejé reposar
durante 5 minutos, y la reaccion se detuvo afiadiendo la solucién de reaccion B (53% de
glutation reductasa, 42% de sustrato DTNB y 5% de mezcla de reciclado). Las placas se
mezclaron completamente y la absorbancia se midié a 412 nm. La concentracion de 2-

DG fue calculado a partir de una curva estandar.

7.7 Cuantificacion de glicerol en el medio de cultivo

La liberacion de glicerol fue determinada para seleccionar las condiciones 6ptimas
para inducir la disfuncion de los adipocitos y para evaluar la eficacia de las
concentraciones de las subfracciones de la Ag-Cs evaluadas para revertir la disfuncion.
La concentracion de glicerol se cuantifico en el medio usando el kit Colorimetric Assay
Glycerol (Sigma MAK117). Brevemente, se transfirieron 10 pl de medio de cultivo de
cada condicidén a placas de 96 pozos y se afiadieron 100 pl/pozo de Master Reaction
Mix; después, las placas se incubaron durante 20 minutos a temperatura ambiente, en
oscuridad. Luego, se midi6 la absorbancia a 570 nm. La concentracion de glicerol fue
calculado a partir de una curva estandar usando la siguiente ecuacion:

C=(As70)muestra/pendiente

C: Concentracion de glicerol en mM

Pendiente: Pendiente determinada por la curva estandar
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7.8 Modelo de superficie de respuesta

Se construyé un modelo de superficie de respuesta para determinar la combinacion
de las concentraciones efectivas de las subfracciones que puedan controlar a los
adipocitos disfuncionales. El disefio experimental consistio en evaluar el efecto de las
variables X1, X2 y X3, que corresponden a concentraciones efectivas de las subfracciones
SF1, SF2 y SF3 en dos variables de respuesta Y1 e Y2 (consumo de 2-DG y liberacion
de glicerol). Esto, debido a que las concentraciones de las subfracciones de la Ag-Cs
gue aumentaron el consumo de 2-DG fueron de 40 ug/ml (SF1y SF2) y 20 ug/ml, y las
concentraciones que disminuyeron la liberacién de glicerol fueron de 5 ug/ml (SF1y SF3)
y 40 yg/ml (SF2). El disefio factorial se ajusté a 23! modelos polindmicos cuadraticos,
con cinco combinaciones en total (M1-M5). Las variables fueron codificadas acorde a la
siguiente ecuacion:

x; = (X1 — Xo)/AX;

Donde xi es el valor codificado para la variable independiente; Xi es el valor real de
la variable independiente; Xo es el valor de la variable independiente en el punto central,
y Axi es el valor de incremento de la variable independiente.

El modelo predictivo para el punto optimo fue expresado acorde a la siguiente

ecuacion:

3 3 3
Yn = bo + Zbin- +Zb”Xlz + Z bl]XlX]
i=1 i=1

i<j=1

Donde Yn es la respuesta de las variables, bo es el coeficiente de regresion y Xies el
nivel codificado de cada variable independiente. Los datos fueron analizados aplicando
el procedimiento de regresion para la superficie de respuesta, usando el software
Minitab® v18.1. Tres niveles fueron codificados para las variables independientes,

maximo, intermedio y el minimo, la amplitud de cada nivel fue del 50%.
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Tabla 2. Variables independientes experimentales y niveles usados

Niveles
Variable Codificado Codificado
-1 0 1

Liberacion de SF1 X1 2.5 pug/mL 5 pg/mL 7.5 pug/mL
glicerol SF2 X2 20 pyg/mL 40 pyg/mL 60 pg/mL
SF3 X3 2.5 yg/mL 5 pg/mL 7.5 pg/mL

Consumo de SF1 X1 20 pg/mL 40 pg/mL 60 ug/mL
2-DG SF2 X2 20 pg/mL 40 pg/mL 60 pg/mL
SF3 X3 10 pg/mL 20 pg/mL 30 pg/mL

7.9 Cuantificacion de citocinas mediante la técnica de ELISA en sandwich

Los adipocitos se trataron durante 24,48, 60 o 72 horas con dexametasona 1 uM o
con IL-1B8 1 ng/ml. Después de la incubacion, el medio de cultivo fue recogido y la
concentracion de IL-6 fue cuantificada por ELISA (OptEIA™ BD, 555240, San Diego)
siguiendo las instrucciones descritas por los fabricantes. Previamente se sensibilizaron
placas de 96 pozos con 100 pl por pozo de anticuerpo de captura a una concentracion
de 1:250 diluido en buffer de Carbonatos de sodio 0.1 M pH 9.5. Se incubé toda la noche
a 4 °C. Al dia siguiente se realizaron lavados con PBS-Tween 20 al 0.05%, los pozos
fueron bloqueados con PBS-SFB 10% y se incub6 durante una hora, al terminar el tiempo
de incubacion las placas se lavaron, se adiciono 100 pl de muestra y/o curva estandar a
cada pozo y se incub6 durante 2 horas, después la placa fue lavada y se agregd 100 pl
por pozo de una concentracién 1:500 del anticuerpo de deteccion en PBS-SFB 10%
acoplado a la enzima HRP (1:250) y se incubd durante 1 hora, pasado el tiempo de
incubacion se realizaron lavados. La lectura de densidad optica se realizdé después de
unos 10 a 30 minutos de incubacion con el substrato TMB (Life technologies, 002023) y
su posterior paro de reaccion con H2SO4 2 N en un lector de ELISA a 450 nm. La
concentracion de IL-6 fue calculada como pg/mg de proteina en una curva estandar. La
cuantificacion de proteinas se realizo mediante el método de Bradford (Sigma B6916-
500ML).
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7.10 Cuantificacion de Oz a través de Dihidroetidio

El O2- se detecto mediante el uso de dihidroetidio (DHE) el cual se oxida a etidio por
este ROS (Pedraza et al., 2009). Brevemente, los adipocitos se cultivaron en placas de
12 pozos y se incubaron con o sin dexametasona 1 pM y/o insulina 1 yM; o 1 ng/ml de
IL-1B y/o insulina 1 uyM durante 24, 48, 60 o 72 h. Cinco minutos antes de finalizar el
tiempo de incubacién, se afadi6 DHE 20 uM (Sigma D7008). Luego, las placas se
lavaron tres veces con PBS. Se afadi6 DMEM méas 10% de FBS, y las células se
analizaron y fotografiaron usando un lector de placas multimodal de imagen celular
Cytation 5 (Biotek Instruments, Winooski, VT), usando el software Gen 5 (instrumentos
Biotek) bajo un objetivo 20X. La intensidad de fluorescencia se cuantificé con el software

MetaMorph Image Analysis v.6.1. (Molecular Devices, Sunnyvale, CA).

7.11 Determinacion de compuestos presentes en las subfracciones por

cromatografia en capa fina

Con la intencién de conocer el perfil quimico de las subfracciones obtenidas de la
Ag-Cs, se realiz6 Cromatografia en Capa Fina (CCF) tanto de fase normal como de fase
reversa. Para ambas, se utilizd una fase estacionaria recubierta por silica gel
(Cromatofolio de silica gel 60 F2s45, Merck), a la que se le marcaron los puntos de
aplicacion de la muestra con un espacio de 0.5 cm en el borde inferior. Posteriormente
se colocé la muestra y los estandares comerciales para flavonoides (Rutina),
aminodcidos (glicina, alanina, serina, valina, leucina, asparagina, acido aspartico, lisina,
acido glutamico y arginina) y polisacaridos (glucosa). Luego la placa con las muestras se
coloco en una parrilla con la intencion de eliminar el disolvente y se coloco en una camara
cromatografica la cual ya contenia la fase movil. Para la fase normal se utilizaron diversos
sistemas de diferente polaridad, entre ellos Diclorometano:metanol (7:3 v/v), acetato de
etilo:metanol:agua:acido acético glacial (7:2:2:0.5 v/v) y n-butanol:acetona:acido acético
glacial:agua (35:35:10:20 y 70:70:20:10 v/v), mientras que para la fase reversa se utilizd
un sistema de agua:acetonitrilo (7:3 v/v). Las placas se retiraron de cada sistema cuando

alcanzaron el 90% de corrimiento de manera que quedara un espacio de 0.5 cm entre el
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limite de la corrida y el final superior. Las placas se acomodaron en la parrilla para
eliminar el solvente y se observaron bajo luz UV. Posteriormente a las placas se les
aplicaron los reveladores Naftol (Sigma) para la determinacion de polisacaridos,
Ninhidrina (Merck) para determinar aminoacidos, 4-hidroxibenzaldehido (Merck) o
revelador para flavonoides (difenilborato de aminoetanol) (Sigma) siguiendo las
instrucciones del proveedor. Una vez reveladas las placas fueron secadas en la patrrilla,
se observaron los patrones de manchas bajo luz UV y luz visible, y se compararon entre

fracciones.

7.12 Analisis ULPC-MS

Para identificar los compuestos bioactivos, las subfracciones SF1, SF2 y SF3 se
sometieron a un analisis cromatografico utilizando un Acquity UPLC (Waters, Milford MA,
EE. UU.), el cual cuenta con una bomba cuaternaria y una columna con inyector
automatico. La cromatografia de liquidos se realiz6 a 30° C, utilizando una columna
Acquity UPLC BEH 1.7 C18 (2.1 x 10 mm, 1.7 mm). Dicha columna se eluy6 con un
sistema de gradiente que consistia en &cido férmico al 0,1% en agua (A) y acido férmico
al 0,1% en acetonitrilo (B) con un caudal de 0,3 pl/min. La columna se mantuvo al 100%
de A durante 2 minutos y posteriormente se elevo al 100% de B (curva 6) durante 14
minutos, seguido de un periodo de 1 minuto al 100% de B, antes de un rapido retorno al
100% de A, y un periodo de equilibrio de 2 min. El tiempo de corrida fue de 20 minutos.
El volumen de inyeccidon de las muestras fue de 5 uL. El andlisis de espectrometria de
masas se realizé y analizé en un espectrometro de masas TQD de triple cuadrupolo
(Waters, Milford, MA) a través de una fuente de iones de electropulverizacion Z-spray,
en un modo ESI positivo. Las temperaturas de fuente y desolvatacion fueron de 150 y
450° C respectivamente. Se utilizé6 una combinacion de voltaje de cono de 20V y voltaje
capilar de 2.5 kV. Se empled nitrégeno tanto para el gas de desolvatacion como para el
gas de cono. Las condiciones Optimas de deteccion se determinaron mediante la infusion
constante de soluciones estandar (50 pM) en disolvente. La exploracion de MS se realizo
utilizando argbn como gas de colision. Las condiciones de deteccién se determinaron

mediante infusion constante de soluciones estandar (50 pg/ml) en agua acidulada (acido
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trifluoracético al 0.05%). Para identificar los principales aminoécidos contenidos en cada
fraccion se utilizaron como estandares cromatograficos los estandares comerciales de
glicina (6-7126), arginina (A-4881), asparagina (A-8131), lisina (L-6001), leucina (L-
7750), isoleucina (1-2627), aspartato (A-8881) y glutamato (6-1001) (todo de sigma).

7.13 Induccién de obesidad murina

Se utilizaron ratones machos de la cepa C57BL/6J de 18 a 20 gramos que se
alimentaron con una dieta hipercal6rica (DHC) (Harlan TD.06414 Adjusted Calories Diet
(60/Fat)) de manera cronica. Al inicio del experimento, los ratones fueron evaluados de
manera individual en cuanto a peso, indice de Lee (proporcional al indice de masa
corporal en humanos); asi como glicemia, colesterol y triglicéridos en ayunas, curvas de
tolerancia a la glucosa e insulina, lo que se repitié a las 15 semanas de ingesta de la
dieta, momento en que los ratones presentaban obesidad. Posteriormente, la
administracion de la combinacion M5 se llevé a cabo durante 10 semanas mas, en donde
al final se evalué el efecto de esta combinacién sobre los parametros metabdlicos y
fisicos. El manejo de los animales de laboratorio se realiz6 con estricto apego a la NOM
vigente (Norma Oficial Mexicana NOM-062-Z00-1999, especificaciones técnicas para la

produccion, cuidado y uso de los animales de laboratorio).

7.14 Grupos experimentales

Los ratones fueron agrupados de acuerdo al tratamiento que recibieron. Los ratones
del grupo control ingirieron la dieta isocaldrica (DIC) durante 25 semanas. Dos grupos
mas fueron alimentados con una dieta hipercalorica (DHC) también por 25 semanas,
para el desarrollo de obesidad. A las 15 semanas de alimentacién con la DHC a un grupo
de ratones se le administré via oral de la combinacién M5 (SF1= 40 pg/ml; SF2= 60
pa/ml; SF3= 10 pg/ml).
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7.15 Medicién del peso

Los ratones fueron pesados al inicio de la ingesta de la DHC (semana 0), y al
inicio de la administracion de la M5 (semana 15) y al final de la administracion de la M5
(semana 25).

7.16 Determinacion del indice de Lee

Una vez pesados los ratones, se determinaron las longitudes naso-anales para
calcular el indice de Lee de obesidad que es proporcional al indice de masa corporal en
humanos, usando la formula:

indice de obesidad de Lee = peso (g) x 0.33/ (longitud naso-anal (cm))2
El indice de Lee, se calculdé en las mismas semanas en que fueron pesados los

ratones, semana 0, 15y 25.
7.17 Determinacion sérica de glucosa en ayunas y curva de tolerancia a la glucosa

Para la determinacién sérica de glucosa al inicio del experimento (semana 0), al
intermedio (15 semanas) y al final del experimento (25 semanas), se tomd una muestra
de sangre periférica (de la vena caudal) después de un ayuno de 6 horas. Para la curva
de tolerancia a la glucosa, se tom6 una muestra inicial como se explicé anteriormente,
gue sera el basal, y posteriormente se administré oralmente una solucion de glucosa con
una concentracion de 2 g/Kg de peso del ratén. Se tomd muestras de sangre cada 30
min hasta los 120 min. Las determinaciones se realizaron con un glucometro de la marca
Accu-chek Performance de Roche. Con los datos obtenidos se construy6 la curva de
respuesta y se calcul6 el area bajo la curva mediante el método del Trapezoide, a través

de la siguiente férmula.

D an @ 8X = 1y h1Gi +3) +201 + 72 + 3+ yni]

x0
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7.18 Determinacion indirecta de la resistencia a la insulina

Para la determinacion de manera indirecta de la resistencia a la insulina, se realizo
una curva de tolerancia a la insulina. En la cual los ratones se sometieron a 4 horas de
ayuno y se obtuvo una muestra de sangre periférica (vena caudal) de los animales, se
cuantifico la concentracion de glucosa (mg/dl) utilizando un glucémetro (tiempo 0) y
posteriormente se administrd insulina humana de accion rapida (Humulin-R Lilly France,
S.A., Francia) via intraperitoneal a una concentracion de 0.25 UI/Kg y se cuantifico
nuevamente la glucemia a los 15, 30, 60, 90 y 120 minutos posteriores a su aplicacion.

7.19 Determinacioén sérica de triglicéridos y colesterol en ayunas

Con la intencion de evaluar el efecto tanto de la ingesta de la DHC (semana 15) asi
como de la administracion de la M5 (semana 25) sobre la concentracion sérica de
triglicéridos y colesterol. Se obtuvo una muestra de sangre de la vena maxilar, la cual fue
centrifugada a 1500 rpm durante 8 minutos y se obtuvo el suero. Para cuantificar estos
parametros se utilizaron los kits comerciales de Quimica clinica aplicada S.A.: Colesterol-
LQ (990159) y triglicéridos-LQ (41031), siguiendo las instrucciones del fabricante. Para
ello, se agregaron 250 ul/pozo del reactivo de color correspondiente a cada parametro a
evaluar (colesterol o triglicéridos, segun el kit), y se adicionaron 2.5 ul de la muestra a
evaluar. Se dejé incubar durante 10 minutos a temperatura ambiente en oscuridad y
posteriormente se realiz6 la lectura de la absorbancia a 505 nm en un lector de

microplacas VERSAmax (Molecular Devices, Sunnyvale, CA, EE.UU.).

Los calculos se realizaron mediante la siguiente formula:
A: absorbancia
Amuestra  y concentracion del estandar = mg/dl colesterol o triglicéridos

A estanda,
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7.20 Determinacién de citocinas en extractos acuosos tisulares

Con la intencion de evaluar el efecto antiinflamatorio de la M5, después de las 10
semanas de la administracion de la M5 se obtuvo higado y tejido adiposo subcutaneo
(TAS). Los cuales fueron procesados para obtener extractos acuosos tisulares en
presencia de un inhibidor de proteasas de serina el PMSF al 0.1% en una dilucion 1:10
con respecto al peso del érgano o tejido. Posteriormente se cuantificd la concentracion
de citocinas proinflamatorias y antiinflamatorias en dichos extractos acuosos tisulares,
mediante la técnica de ELISA, siguiendo el protocolo descrito anteriormente y usando los
siguientes kits: IL-10, IL-6, TGF-B e IL-183, todos de BD OptEIA.

7.21 Andlisis estadistico

Todos los parametros se recopilaron en una base de datos utilizando el programa
Excel. Las diferencias entre grupos se realizaron con una prueba de ANOVA y una
prueba a posteriori de Tukey-Kramer. Todos los datos se analizaron con el programa

INSTAT para realizar los analisis uni y multivariados. Con un valor de P<0.05.

8. Resultados

8.1 La concentracion de LPS presente en las subfracciones de la Aq-Cs son menores
a 4 UE/ml.

El LPS es el mayor componente glucolipido de la membrana exterior de las bacterias
gram negativas, esta conformado por cadenas de oligosacéaridos y polisacaridos, asi
como una parte lipidica (lipido A), este ultimo al unirse al TLR4 inicia una sefalizacién
en cascada que resulta en la activacion de una respuesta pro-inflamatoria y un aumento
de estrés oxidante (Nabil et al., 2015). Saber su concentracion en las subfracciones, era
importante debido a que se ha observado una relacién entre el desarrollo de la
metainflamacion en tejido adiposo durante la obesidad con la concentracion de LPS
(Hersoug et al., 2018).
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En la figura 5, se muestran las concentraciones de LPS representadas por unidades
de endotoxinas por ml (EU/ml), presentes en los tratamientos, en donde se puede
observar que el agua inyectable (blanco) (0.1 EU/mI), el agua destilada utilizada para la
preparacion de las subfracciones (0.3 EU/ml) y la SF3 (0.2 EU/mI), no presentan
diferencias significativas (p>0.05) indicando la ausencia de LPS. Por otro lado, las
subfracciones SF1 y SF2 tienen un 2.8 y 3.2 EU/mI, respectivamente, que, aunque son
significativamente mas altos que el control negativo (p<0.05) se encuentran dentro de los

valores que no inducen una respuesta pro-inflamatoria (Ying et al., 2000).

(EU/ml)

O B N W B 0 o N
T R TR TR B

Blanco Agua LPS SF1 SF2 SF3
destilada liofilizado

Figura 5. Cuantificacion de LPS. Se realiz6 el ensayo LAL, el cual cuantifica la concentracion de
unidades de endotoxinas por ml (EU/ml), en el agua destilada, LPS liofilizado, SF1, SF2 y SF3. Los valores
son representados como mediatDE. Los valores con significancia estadistica son considerados con un
valor de P< 0.05. Los asteriscos indican diferencias estadisticas significativas.

8.2 Las subfracciones obtenidas a partir de la Ag-Cs no afectan la viabilidad de los

adipocitos evaluada por MTT

La determinacion del efecto de las subfracciones sobre la viabilidad en el adipocito
€S un requisito critico para analizar su capacidad para controlar la resistencia a la
insulina y/o las condiciones pro-inflamatorias y pro-oxidantes inducidas por
dexametasona o IL-13. Como se muestra en la Fig. 6, todas las concentraciones de las
subfracciones evaluadas (5, 10, 20, 40 u 80 ug/ml) arrojaron valores de viabilidad celular
que oscilan entre 74,4% y 100% con respecto a adipocitos metabdlicamente sanos
(Adipocito con 1 pM Insulina); en contraste, el tratamiento con 60% de DMSO causo6
una disminucion significativa del 89.5% en la viabilidad de los adipocitos con respecto a

las células sanas (P < 0.05).
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Figura 6. Efecto de las subfracciones de la CsAqg sobre la viabilidad de las células 3T3-L1. Las
células 3T3-L1 fueron tratadas con 0.016, 0.08, 0.4, 2 0 10 ug/ml de las SF1, SF2, SF3 y con DMSO 60%
durante 24 horas. Otras células no recibieron tratamiento. La viabilidad celular se evalué por el ensayo de
MTT Los valores son representados como promedio + DE. Los asteriscos indican diferencias estadisticas
significativas (p<0.05).

8.3 En adipocitos maduros se induce disfuncion con 1 uM de insulina y 1 uM de

dexametasona

Se ha demostrado que una administracion constante de glucocorticoides como la
dexametasona ha demostrado que induce resistencia a la insulina, la cual es una
caracteristica clave de la disfuncién. En adipocitos en cultivo, la resistencia a la insulina
se observa como una disminucion en el consumo de glucosa y/o la incapacidad para
almacenar lipidos. Como se muestra en la Fig. 7A, la dexametasona 0.1 uM no altero el
consumo de 2-DG (un analogo de glucosa) a las 24 horas de incubacion, mientras que
la dexametasona 1 uM disminuy6 significativamente (14.3%, P < 0.05) el consumo de 2-
DG con respecto a los adipocitos sin insulina (Fig. 7A). Después de 48 h, se observd una
disminucién significativa (P < 0.05) de 45.8% (0.1 pM) y 43.3% (1 uM) con respecto al
control. Finalmente, no se observaron diferencias significativas en el consumo de 2-DG
con respecto al control solo a las 60 y 72 h de incubacion.

La concentracion de glicerol en el medio se cuantific6 como otro marcador de la
disfuncion de los adipocitos. No se observaron diferencias significativas a las 24 h de

incubacion con 0.1 uM o 1 uM de dexametasona (P> 0.05) con respecto a los adipocitos
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tratados sélo con insulina (Fig. 7B). Mientras tanto, se observé un aumento significativo
(P< 0.05) de 54%, 40.1% y 25.2% en células tratadas con dexametasona 0.1 uyM a 48,
60 y 72 h de cultivo, respectivamente. La liberacion de glicerol aumentd un 67.8% y un
63.4% y disminuyd un 37.4% en los adipocitos tratados con dexametasona 1 uM en
comparacién con los controles a las 48, 60 y 72 h, respectivamente. Estos resultados
indican que las células tratadas con 1 yM de dexametasona mas 1 uM de insulina y 0.1
MM de dexametasona mas 1 pM de insulina durante 48 h indujeron insensibilidad a la
glucosa y aumentan la lipdlisis como manifestacion de la disfuncion de los adipocitos.

Por otro lado, se evalud la capacidad de la dexametasona para inducir un estado
pro-inflamatorio y un estado pro-oxidante; sin embargo, la dexametasona no indujo un
aumento significativo en la secrecion de IL-6 con respecto a los adipocitos con insulina
en los tiempos evaluados (Fig. 7C). Y se obtuvo un resultado similar en la cuantificacién
de O2- (Figura 8).
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Figura 7. Cinética de induccion de disfuncién por Dexametasona. Se incubaron adipocitos con
0.1 uMy 1 uM durante 24, 48, 60 o 72 horas y se cuantifico: A) consumo de 2-DG; B) Concentracion
de glicerol; y C) Concentracion de IL-6 en el medio de cultivo. Los valores son representados como

media = DE. Asteriscos significan diferencias estadisticas significativas (p<0.05).
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Figura 8. Expresién de DHE inducido por Dexametasona. Se incubaron adipocitos con 0.1 u M
y 1 uM durante 24, 48, 60 o 72 horas y se cuantificd él % de intensidad de DHE. Los valores son

representados como media = DE. Asteriscos significan diferencias estadisticas significativas (p<0.05).
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8.4 En adipocitos maduros la IL-1B (1ng/ml) aumenta la expresion de IL-6 y la

produccion de Oz

Los adipocitos disfuncionales se caracterizan no solo por una disminucion en el
consumo de glucosa y un almacenamiento inadecuado de lipidos, sino también por un
estado pro-inflamatorio (aumento de las concentraciones de IL-6) y estrés oxidativo
(aumento de los niveles de Oz citosolico) (Fortis et al., 2013; Rotter et al., 2003). Y dado

que la presencia de dexametasona no indujo esas condiciones, se evaluo la capacidad
de la IL-1 para inducir un aumento en la secreciéon de IL-6 y en la expresion de Oz

En los resultados se observé un aumento significativo, casi del doble (P < 0,05) en
la secrecion de IL-6 cuando los adipocitos se cultivaron solos y con IL-13 con o sin
insulina durante 24 h (Fig. 9A). A las 48 horas se observo que la presencia de la IL-1B
ya sea en presencia o ausencia de la insulina hay un aumento significativo en la
concentracion de IL-6 en los tiempos evaluados a las 48 horas (aumento de 2,1y 1,7
veces), 60 horas (aumento de 2 y 1,3 veces) y 72 horas (aumento de 2,8y 1,4 veces).

Como se muestra en la Fig. 9B, se observo un aumento significativo (P < 0.05) en la
intensidad de DHE (aproximadamente 50% en intensidad de DHE, Fig. 10) en adipocitos
tratados con insulina o con IL-1B3 durante 24 h, indicando niveles mayores de O2". Por
otro lado, el tratamiento con IL-1B durante 48 h causdé un aumento significativo de
aproximadamente el 50% (P < 0.05) en la intensidad del DHE con respecto a las células
con insulina (figs. 10B y 10E). A las 60 h de cultivo, se observo un aumento similar de
aproximadamente 50% (P < 0,05) en la intensidad del DHE en células tratadas sélo con
insulina, y también en aquellas tratadas con IL-1B (Figuras 10C y 10E).

Estos resultados indican que la secrecion de IL-6 y la produccion de ROS
aumentaron en los adipocitos tratados con IL-1 1 ng/ml durante 48 h. Por lo tanto, esta
condicion se selecciond para evaluar la capacidad de las combinaciones de las

subfracciones de la Ag-Cs para controlar estos parametros.
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Figura 9. Cinética de induccidn de disfuncién por IL-1B. Se incubaron adipocitos con 1 ng/ml de
IL-1B durante 24, 48, 60 o 72 horas, con o0 sin insulina y se cuantificé: A) La concentracion de 1I-6 en el
medio de cultivo y B) el porcentaje de intensidad de DHE. Los valores son representados como media+DE.
Asteriscos significan diferencias estadisticas significativas (p<0.05).

51



No Insulina IL-1B  |nsulina No Insulina IL-1B Insulina
tratado _tratado IL-1B

—

A) Campo
claro

S

Merge

||=
—
ge]

24 h 4 DHE 60 h+ - -
Merge : .

B)  [campo D) :
claro : :

48 h 4 DHE 72 h < - -
ER

[

Figura 10. Expresion de DHE inducido por IL-1B Se incubaron adipocitos con 1 ng/ml de IL-13 con
o sin insulina 1 uM durante 24, 48, 60 0 72 horas y se cuantifico la expresion de DHE.

8.5 Las SF1 (5 pg/ml), SF2 (40 ug/ml) y SF3 (5 pg/ml) disminuyen la concentracién

de glicerol en el medio de cultivo de adipocitos disfuncionales

Se indujo disfuncién en los adipocitos mediante el cultivo de adipocitos maduros con
dexametasona 1 uM e insulina 1 uM durante 48 horas. El efecto de las subfracciones de
la Ag-Cs SF1, SF2 y SF3 se evalud midiendo la liberacion de glicerol, y en comparacion
con la silimarina y la metformina.

Con respecto a la concentracion de glicerol en el medio (Fig. 11), los adipocitos
tratados con 1 yM de insulina liberaron 3.7 mg/dL, mientras que los tratados con
dexametasona liberaron 6 mg/dL, produciendo un aumento significativo de
aproximadamente el 40% (P< 0.05) en comparacion con los adipocitos tratados con 1
MM de insulina. Mientras tanto, se observé una disminucion significativa en la
concentracion de glicerol (1,5 mg/dL, P<0,05) en las células tratadas con silimarina;
mientras, las células tratadas con metformina mostraron niveles similares de glicerol en
comparacion con las células incubadas con 1 pyM de insulina (P> 0.05). Las
subfracciones SF1 y SF3 tienen un efecto dependiente de la concentracion en la

liberacion de glicerol, es decir, una mayor concentracion de las subfracciones aumenta
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la liberacion de glicerol, por lo que la concentracion efectiva de estas dos subfracciones
es de 5 yg/ml. Mientras que SF2 induce una respuesta bimodal y se observd que la
concentracion de 40 pg/ml mantenia la concentracion de glicerol similar a los adipocitos

tratados con 1 uM de insulina.
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Figura 11. Efecto de las subfracciones sobre la liberacion de glicerol en el medio de cultivo. Se
incubaron adipocitos con 1 uyM dexametasona durante 48 horas, posteriormente se agregaron los
diferentes tratamientos durante 24 horas més. Los valores son representados como mediatDE. Asteriscos
significan diferencias estadisticas significativas (p<0.05).

8.6 Las SF1 (40 pg/ml), SF2 (40 ug/ml) y SF3 (20 pg/ml) aumentan el consumo de
2-DG en adipocitos disfuncionales

Por otro lado se evalué el efecto de las subfracciones de la Ag-Cs SF1, SF2 y SF3

sobre el consumo de 2-DG en adipocitos disfuncionales con dexametasona 1 uM e

insulina 1 yM durante 48 horas.
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Como se muestra en la Fig. 12, la dexametasona disminuy6 el consumo de 2-DG en

un 70% en comparacion con los controles (P < 0.05). La silimarina no indujo un aumento

significativo en el consumo de DG 2, pero la metformina, un farmaco utilizado para tratar

la hiperglucemia en pacientes diabéticos, permitié a los adipocitos consumir un 65% mas

de 2-DG, produciendo una diferencia significativa con respecto a las células tratadas con

dexametasona (P < 0.05). Por otro lado, SF1 y SF3 inducen el consumo de 2-DG,

mostrando un efecto bimodal, en donde la respuesta maxima esta en la concentracion

de 40 pg/ml para los adipocitos que fueron tratados con SF1 y 20 uyg/ml para SF3.
Mientras que SF2 tiene un efecto dependiente de la concentracion, por lo que la

concentracion efectiva es de 40 pg/mL y en donde el consumo de 2-DG es del 57%
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Figura 12. Efecto de las fracciones sobre el consumo de 2-DG. Se incubaron adipocitos con 1 yM
dexametasona durante 48 horas, posteriormente se agregaron los diferentes tratamientos durante 24
horas més. Los valores son representados como mediatDE. Asteriscos indican diferencias estadisticas

significativas (p<0.05).
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8.7 Se obtuvieron 5 combinaciones de las 3 subfracciones que controlaron la

disfuncion inducida a adipocitos por la dexametasona

Con el fin de encontrar las mezclas mas efectivas de las subfracciones seleccionadas
para regular el consumo de 2-DG y la liberacién de glicerol en adipocitos disfuncionales,
se construyd un modelo de superficie de respuesta. Los resultados experimentales de
dicho modelo se muestran en la Tabla 6 y las 5 combinaciones evaluadas se muestran
en la Tabla 7. Los resultados indican que los valores obtenidos son comparables a los
obtenidos en los controles (silimarina y metformina) ya que son superiores a 120 mg/ml
para 2-DG, y entre 1 a 4 nM para de glicerol.

Las graficas tridimensionales se obtuvieron calculando la respuesta de superficie
para el consumo de 2-DG vy la liberacién de glicerol (Figura 13A y 13B). Tal como se
muestra, las combinaciones M1, M4 y M5 tienen un aumento en el consumo de 2-DG,
por lo que se encuentran en el pico de respuesta mas alto en el grafico del modelo de
superficie (figura 13A y tabla 7). Los resultados obtenidos sobre la concentracion de
glicerol indican que, las combinaciones M1, M3, M4 y M5 mantienen esta concentracion
en el rango de 1-2 nM, valores que pertenecen a los niveles mas bajos del gréafico del
modelo de superficie (Fig. 13B y tabla 7).
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Figura 13. Grafico de superficie de respuesta. Se construyo un modelo de superficie de respuesta
para identificar las combinaciones 6ptimas de subfracciones a una concentracion efectiva. Para esto, se
agregaron combinaciones de las subfracciones efectivas a los adipocitos 3T3-L1 disfuncionales y se
incubaron durante 24 h adicionales. Se evalué el efecto de las combinaciones en el consumo de 2-DG
(A) y la liberacion de glicerol (B). La gréafica muestra el efecto de las combinaciones de las subfracciones
efectivas para ambos parametros.
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Tabla 6. Resultados experimentales del disefio factorial fraccional

SF1 SF2 SF3 Consumo 2-  Liberacion de
DG glicerol
Tratamiento X1 X2 X3 Y (pmol/dL) Y (nM)

1* -1 -1 -1 149.5 2.1
2% -1 -1 0 126.5 1.8
3* -1 -1 1 162.4 15
4# 0 1 -1 194.9 1.6
5# 0 1 1 160.2 15

*1,2,3: x1 = ((X1 — 5)/2.5), x2 = ((X2— 40)/20), x3 = ((X3 — 5)/2.5)
#4,5: x1 = ((X1— 40)/20), X2 = ((X2— 40)/20), X3 = (X3 — 20)/10)

Tabla 7. Combinaciones efectivas acorde al modelo de superficie de respuesta

Combinacion SF1 SF2 SF3
M1 2.5 yg/mL 20 pg/mL 7.5 yg/mL
M2 2.5 yg/mL 20 pg/mL 2.5 yg/mL
M3 2.5 yg/mL 20 pg/mL 5 pg/mL
M4 40 pyg/mL 60 pg/mL 30 pg/mL
M5 40 pg/mL 60 pg/mL 10 yg/mL

8.8 Las combinaciones M4 y M5 disminuyen la expresion de IL-6 y de Oz

Para determinar si las subfracciones exhiben actividad antiinflamatoria y antioxidante
cuando se administran juntas, las cinco combinaciones obtenidas en el modelo de
superficie de respuesta se evaluaron experimentalmente en condiciones de disfuncion
inducida por IL-18.

Los adipocitos tratados con IL-1B (figura 14A), aumentaron casi el 50% en la
concentracion de IL-6 con respecto a los adipocitos con insulina 1 uM (P < 0.05). Las
combinaciones M4 y M5 mantuvieron las concentraciones de IL-6 en el medio similar a
los adipocitos tratados con insulina y silimarina (P> 0.05). Por lo que estas
combinaciones son eficientes en su actividad anti-inflamatoria. Mientras que M1, M2 y
M3 su disminucién en la concentracion de IL-6 fue significativa, sin embargo, no fueron

tan eficientes como M4 y M5.
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Para evaluar la capacidad antioxidante de las combinaciones de las subfracciones
de la Ag-Cs, se determinaron los niveles de Oz en adipocitos disfuncionales. Como se
muestran en las Figs. 14B y 15, al tratar a los adipocitos con IL-1f se indujo un aumento
de cinco veces en los niveles de O2- con respecto a los adipocitos tratados con insulina
(P = 0.05). La silimarina, un flavonoide con actividad antioxidante, disminuyo los niveles
de O2- en un 84.3%. La combinacion M2, M4 y M5 mostraron un efecto similar al de la
silimarina, mientras que M1 y M3 disminuyeron los niveles de Oz en 54.9% y 35%,
respectivamente, comparado con los adipocitos tratados con IL-1B3, aunque estas
diferencias no fueron significativas (P > 0.05). Estos resultados indican que los

compuestos en las combinaciones mostraron una capacidad antioxidante similar a la de

1M Insulina - + - - - - - - - 1M Insulina - + -
IL-1png/ml - - 1 + + + + + + IL-1p Ing/ml - - 1
Silimarina pg/mL . - - 50 - - - - - Silimarina pg/mL - - - 50 - - - - -
Combinacién - - - - M1 M2 M3 M4 M3 Combinacion - - - - M1 M2 M3 M4 M3
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Figura 14. Efecto de las mezclas de las subfracciones en adipocitos disfuncionales. Se
incubaron adipocitos con 1 ng/ml IL-1B (a y b) durante 48 horas, terminado el tiempo de incubacién se
agregaron los tratamientos durante 24 horas, y se cuantific6: a) Concentracion de IL-6 en el medio de
cultivo; y b) Porcentaje de intensidad de DHE. Los valores son representados como mediatDE. Asteriscos
indican diferencias estadisticas significativas (p<0.05), con respecto a las células incubadas solo con
insulina.
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No Insulina - Silimarina M1 M2 M3 M4 M5

Figura 15. Efecto de las mezclas de las subfracciones en adipocitos disfuncionales. Se
incubaron adipocitos con 1 ng/ml durante 48 horas, pasado el tiempo de incubacion se agregaron los
tratamientos y se incubaron durante 24 horas mas. Y se cuantifico la expresion de DHE. Se muestran las
imagenes en campo claro, campo oscuro.

8.9 Las subfracciones obtenidas a partir de la Ag-Cs contienen aminoacidos,

polisacéaridos y flavonoides

Con la intenciébn de hacer un andlisis cualitativo del perfil quimico de las
subfracciones se realizaron cromatografias de capa fina. En la figura 16 y el anexo 1 se
muestran las placas cromatogréaficas reveladas para aminoacidos, (panel A), flavonoides
(panel B) y polisacéaridos (panel C). Estos resultados indicaron que las subfracciones
presentan estos compuestos, siendo mas marcada la presencia de compuestos que
fueron revelados con ninhidrina, lo que indica que los aminoacidos pudieran ser los
responsables de los efectos bioldgicos de las fracciones observadas en experimentos in

vitro.
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1.  SKF1 8. Serina

2. SF2 9. Acido aspartico
3. SF3 10. Acido glutamico
4. Lisina 11. Alanina

5. Arginina 12. Valina

6. Asparagina 13. Leucina

7. Glicina

1. SF1 8. Serina

2. SF2 9. Acido aspartico
3. SF3 10. Acido glutamico
4. Lisina 11. Alanina

5. Arginina 12. Valina

6. Asparagina 13. Leucina

7. Glicina

1.  SF1 8. Serina

2. SF2 9. Acido aspartico
3. SF3 10. Acido glutamico
4. Lisina 11. Alanina

5. Arginina 12. Valina

6. Asparagina 13. Leucina

7. Glicina

Figura 16: Andlisis de los compuestos por Cromatografia en capa fina. Las subfracciones
obtenidas del CsAq (F1, F2 y F3), se analizaron por cromatografia en capa fina, fase normal y el sistema
n-butanol: acetona: 4cido acético glacial: agua (35:35:10:20 v/v). Y fueron revelados para aminoacidos
(A), con aminoetanol dimetilborato para Flavonoides (B) y 4-hidroxibenzaldehido para polisacaridos (C).

8.10 Los compuestos mayoritarios presentes en las 3 subfracciones son glicina,

arginina y asparagina

Con la intencién de identificar los aminoacidos presentes en las subfracciones de la
Aqg-Cs que podrian subyacer a los efectos biologicos observados, se realizd un analisis
de espectrometria de masas con diversos estandares de aminoacidos. Los resultados
de este analisis se muestran en la Tabla 8 y figura 17. En donde se observa que la
ionizacién positiva produjo pocos picos con un peso molecular de 58.84, 146.97 y 157.01

Da, que corresponden a los estandares de glicina, lisina y arginina, respectivamente. Por
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otro lado, la ionizacién negativa produjo un pico con un peso molecular de 132.98 Da,

gue corresponde al estandar de asparagina.

Tabla 8. Aminoacidos identificados en las subfracciones de la fraccion acuosa de Cucumis sativus por

el analisis de espectrometria de masas.

Espectrograma Pico precursor o Férmula
Amino&cido
lon (m/z) molecular
Positivo 58.96 Glicina C2HsNO:2
Negativo 113.00 Asparagina C4HsN203
Positivo 128.93 Lisina Ce6H14N202
Positivo 157.97 Arginina CeH14N4O2
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Arginina

Figura 17. Espectrometria de masas. A) La SF1 contiene glicina, asparagina y arginina (picos 58.85,
132.98 y 175.02, respectivamente). B) La SF2 contiene glicina y arginina (picos 58.93 y 175.01,
respectivamente). C) La SF3 contiene glicina, lisina y arginina (picos 58.88, 147.00 y 175.06,
respectivamente. D) Estandar de glicina. E) Estandar de asparagina. F) Estandar de lisina. G) Estandar de
arginina.

8.11 La dieta hipercalorica incrementé el peso y el indice de Lee, parametros que

no fueron modificados por M5.

Una de las caracteristicas mas evidentes de la obesidad es la acumulaciéon de masa
grasa, lo que trae por consecuencia el incremento del peso y del indice de Lee. Dicha
acumulacion se da por el consumo de una dieta hipercalorica y el sedentarismo, habitos
que seran dificiles de erradicar cuando el paciente se encuentre en tratamiento, por ello
era importante probar la mezcla en condiciones realistas.

Ambos pardmetros fueron evaluados en ratones alimentados con la DIC, la DHC o
la DHC + M5 al inicio del experimento (semana 0); a las 15 semanas, lo que permitio
evaluar las condiciones del raton por efecto de la dieta y al inicio de la administracion de
los tratamientos y a las 25 semanas, donde lo que se evalud fue el efecto de M5 aunado
a la dieta.
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En la figura 18 se muestra el peso (A) y el indice de Lee (B) a lo largo de las 25
semanas experimentales. Los resultados, indican que a las 15 semanas, los 3 grupos
incrementaron ambas condiciones, pero solo los ratones alimentados con la DHC lo
hicieron de manera significativa (p<0.05). Esta condicion se mantuvo hasta las 25
semanas, lo que indica que M5 no incide en el proceso de acumulacion de masa grasa

inducido por el consumo de una DHC.
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Figura 18. Peso e indice de Lee de ratones macho. Se indujo obesidad a ratones macho mediante
la ingesta de una dieta hipercalérica. Las graficas muestran las evaluaciones en la semana 0, semana 15
y semana 25 de: a) peso, y de b) indice de Lee. Los valores son representados como mediatDE. Asteriscos
significan diferencias estadisticas significativas (p<0.05).

8.12. La combinacion M5 regulé la intolerancia a la glucosa y la resistencia a la

insulina en ratones obesos

La obesidad es uno de los principales inductores de la resistencia a la insulina y de
la intolerancia a la glucosa, lo que trae por consecuencia el aumento de varias moléculas,
entre ellas la glucosa. Esta condicion inducira el desarrollo de diabetes mellitus tipo 2,
gue en si misma es una parte importante del sindrome metabdlico (De Ferranti 2009).
La base de la intolerancia a la glucosa es la incapacidad de las células para internalizar
glucosa, lo que se hace evidente a través de la prueba “curva de tolerancia a la glucosa
(CTG)” en donde se administra glucosa via oral y se espera que las células del organismo
la internalicen. Con la intencidn de evaluar estos parametros en los ratones tratados con

M5, a las 25 semanas experimentales se les realizé una Curva de Tolerancia a la Glucosa

64



con los animales en ayuno y una de Tolerancia a la Insulina en condiciones
postprandiales.

La comparacion de las CTG de los diferentes tratamientos se muestra en la figura
19A. En ella se observa que el grupo tratado con DHC+M5 se comportan
estadisticamente igual que el grupo DIC a lo largo de toda la curva, y ambos presentan
concentraciones significativamente menores (p<0.05) al minuto 30 y 60 (30% y el 25%
respectivamente) de la misma con respecto a la de los ratones con DHC.

Estos resultados indican que la dieta hipercalérica indujo intolerancia a la glucosa
que fue superada por la combinacién M5, por lo que la poblacion de ratones bajo este
tratamiento no presenté diferencia estadistica (p>0.05) con respecto al grupo blanco.

Por otro lado, la Curva de Tolerancia a la Insulina permite evaluar si la intolerancia a
la glucosa se debe a problemas en la via de sefializacion de la insulina por lo que no se
da la translocacion de GLUT4 de manera que las células son incapaces de captar
glucosa a pesar de la presencia de la insulina (Menéndez et al, 2009). Los resultados
en el panel C de la misma figura indican que los ratones tratados con la DHC no modifican
la concentracién de glucosa a pesar de la administracion de insulina. Mientras que los
ratones tratados con la DHC+M5 no presentan diferencias significativas con respecto al
grupo DIC. Ambos grupos fueron diferentes al grupo tratado con DHC a los 30, 60 y 90
minutos (34.9%, 48% y 39.1% respectivamente) mientras que para los 120 minutos
experimentales todos los grupos presentaron la misma concentracion de glucosa,
regresando a los valores iniciales.

A partir de éstas cinéticas se calcul6 el area bajo la curva (ABC), de ambas curvas
(figuras 19B y 19D), en donde se observa que los ratones tratados con DHC+M5 no
presentan diferencias significativas con respecto a los ratones tratados con la DIC,
mientras que los ratones tratados con la DHC incrementaron significativamente (p>0.05)
un 28% (CTG) y un 35% (CTI). Por lo que estos resultados indican que la combinacién
M5 contrarresta la intolerancia a la glucosa y la resistencia a la insulina inducida por la
DHC.
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Figura 19. Evaluacion de tolerancia a la glucosa y resistencia a la insulina. A la semana 25 se
realizaron curvas de tolerancia a la glucosa (a) y curvas de tolerancia a la insulina, a los ratones con
dieta isocalodrica, ratones con DHC y ratones que recibieron la combinacion M5. Por medio del método
del trapezoide se calcul6 el ABC de las curvas realizadas (b y d). Los valores son representados como
media+ DE. Asteriscos significan diferencias estadisticas significativas (p<0.05), con respecto al

grupo que ingiri¢ la DIC.

8.13 M5 controla la metainflamacion en ratones obesos y con resistencia a la

insulina.

La metainflamacion es un estado inflamatorio crénico de bajo grado que se da
presente en individuos obesos y se relaciona con la produccién constante de adipocinas,
entre ellas IL-1B8, IL-6 y TNF-a, producidas por los adipocitos disfuncionales

principalmente (Arner y Lagin 2014). En este estado se rompe el balance homeostatico
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gue hay entre las citocinas proinflamatorias y las reguladoras como la IL-10 y el TGF-
(Yao et al., 2014).

Esta condicion potencia el desarrollo de las patologias asociadas a la obesidad
como la resistencia a la insulina, por ello, es importante evaluar si la combinacion m5
tiene también la capacidad de controlar la metainflamacion en animales que aunado a
su obesidad y resistencia a la insulina continlan consumiendo de manera cronica la
DHC. Para ello, a las 25 semanas experimentales, los ratones fueron sacrificados y se
obtuvieron TAS, TAVE e higado, los cuales fueron procesados para cuantificar la
concentracion de IL-6, IL-18 y TNF-a (citocinas pro-inflamatorias) y de IL-10 y TGF-B
(citocinas reguladoras) mediante la técnica de ELISA.

En la figura 20 se observan las concentraciones de las diferentes citocinas
evaluadas. En TAS (A) se observa que los ratones con DHC en disminucion significativa
(p<0.05) la concentracion de IL-1B, IL-10 y TGF-B (60.7%, 42.5% y 49.9%
respectivamente) comparado con los ratones control (DIC). Mientras que el grupo
tratado con M5 se mantiene baja la IL-1p y aumenta significativamente la IL-10 y el TGF-
B con respecto al grupo DHC (38%, y 21% respectivamente), incluso el TGF- no
presenta diferencias estadisticas con la concentracién de esta misma citocina del grupo
control. La concentracion de la IL-6 y del TNF-a no vario por efecto del tratamiento. En
TAVE (B) no se observan diferencias estadisticas entre los tres grupos evaluados en IL-
1B, IL-6, TNF-qa, IL-10, mientras que en TGF- se observa un aumento significativo del
20% en ratones con la DHC y lo tratados con la combinacién M5. En higado (C) también
se observa la tendencia hacia un ambiente regulatorio, ya que la concentracion de IL-6
disminuye significativamente (p<0.05) (18%) con respecto a la del grupo control aunque
la de las demas citocinas evaluadas no se modificd. Estos resultados indican que los
animales alimentados con DHC tienden hacia un ambiente proinflamatorio que se hace
evidente en TAS y en higado, mientras que la combinacién M5 lo contrarresta llevando

al organismo hacia un ambiente inmunolégico mas regulado.
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Figura 20. Cuantificacion de citocinas. Las graficas muestran la concentracién en pg/mg de proteina
de citocinas anti-inflamatorias IL10, TGFB vy citocinas pro-inflamatorias IL13, TNFa e IL6, en TAS (A),
TAVE (B) e higado (C). Los valores son representados como mediazDE. Asteriscos significan diferencias
estadisticas significativas (p<0.05).

8.14 La combinacion M5 no afectd la concentracion de triglicéridos ni de colesterol en

suero inducidos por la dieta hipercaldrica.

Otros parametros que se observan alterados durante el desarrollo de obesidad,
es la concentracion sérica de triglicéridos y de colesterol. Por lo que ambos pardmetros
fueron cuantificados en los ratones tratados con la DIC y con la DHC en las semanas 0
y 15, asi como a los ratones a los que se les administro la combinacion M5 (semana 25).

Los resultados se muestran en la figura 21, en donde se observé que los ratones
con la DHC incrementaron significativamente (p<0.05) sus valores de triglicéridos en un
rango de 26-30% comparado con el control de DIC en la semana 15. En la semana 25
no se observaron diferencias estadisticas significativas (p<0.05) entre los tres grupos de
ratones en este parametro (Figura 21A). Mientras que, en la semana 15, la concentracion
de colesterol incremento en un rango de 32-49% con respecto a los ratones DIC y este
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incremento se mantuvo hasta la semana 25 (Figura 21B). Por lo que, estos resultados
indican que la combinacion M5 no afecta estos parametro en suero.

Con la intencidbn de conocer si los triglicéridos y el colesterol se habian
almacenado en otro érgano, se cuantifico la concentracion de ambos parametros en
higado (Figura 21, paneles C y D), este fue procesado y los resultados indicaron que
durante 25 semanas aumenta un 48% (p<0.05) la concentracién de triglicéridos en el
higado de ratones alimentados con la DHC, mientras que los ratones alimentados con la
DIC y los alimentados con la DHC pero que recibieron la M5 mantuvieron su
concentracion similar (p>0.05). Indicando que la M5 no permiti6 la acumulacion de
triglicéridos en higado. Con respecto a la concentracion de colesterol no se observaron

diferencias estadisticas significativas.
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Figura 21. Concentracion sérica de triglicéridos y colesterol de ratones macho. Se indujo obesidad
a ratones macho mediante la ingesta de una dieta hipercalorica. Las graficas muestran las evaluaciones
en la semana 0, semana 15 y semana 25 de: A) Triglicéridos en ayunas y B) Colesterol en ayunas. A la
semana 25 se cuantifico la concentracién en higado de C) Triglicéridos y D) Colesterol. Los valores son

representados como mediatDE Asteriscos significan diferencias estadisticas significativas (p<0.05).

9. Discusion

En este estudio se evalud el efecto de las subfracciones SF1, SF2 y SF3 de la F-
Aqg-Cs asi como sus combinaciones (M1-M5) en adipocitos 3T3-L1 disfuncionales. De
las combinaciones, las M4 y M5 fueron las mas eficientes, y de ellas la M5 fue probada

posteriormente en ratones obesos y con resistencia a la insulina.
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Dado que se ha reportado que existe relacion entre la presencia de LPS en la
dieta con el desarrollo de inflamacion y resistencia a la insulina en el tejido adiposo en
condiciones de obesidad (Hersoug et al.,, 2018), era importante evaluar si la
concentracion de LPS presente en las subfracciones podria modificar los resultados, y
se observo (Figura 3) que a pesar de que las fracciones si contienen LPS, las
concentraciones en las que se encuentran no representaron un problema para este
trabajo, ya que se ha reportado que para modificar el estado de las células se requiere
de 100 ng/ml de LPS (1000 EU/mI) (Lin et al., 2000; Rodriguez-Calvo et al., 2009; Santos-
Lira et al., 2012), y en las subfracciones utilizadas se tiene 2.8 EU/ml en la SF1; 3.2
EU/ml en la SF2 y 0.2 EU/ml en la SF3, por lo que no implicé un problema para su
desarrollo.

Se ha reportado que la progresion de un individuo hacia el sindrome metabdlico
se relaciona directamente con adipocitos disfuncionales que los lleva a la resistencia a
la insulina (Fortis et al., 2013). Con la intencién de probar las SF-Ag-Cs primero in vitro
antes de llevarlas in vivo, se indujo Rl a adipocitos 3T3-L1 por medio de dexametasona,
o IL-1B. Tener dos formas de inducir la Rl fue necesario porque la dexametasona, al ser
antiinflamatoria no permitia evaluar en estado proinflamatorio (evaluado por la
produccion de IL-6) caracteristico de los adipocitos disfuncionales (Manabe 2011;
Harford et al., 2011), pero permitié evaluar el consumo 2-DG vy la liberacién de glicerol.
Por otro lado, la induccién de la RI por medio de la IL-1p permitié evaluar tanto la
capacidad antioxidante como antiinflamatoria de las fracciones.

La dexametasona altera la via de sefializaciéon de la insulina, principalmente en
la fosfatidilinositol-3-cinasa (PI3K) y en la serina/treonina proteina cinasa (Akt) por lo que
evita la translocacion del GLUT4 a la superficie celular induciendo asi intolerancia a la
glucosa (disminucion de su consumo) (Jinhan et al., 2015; Ottens et al., 2015). En este
trabajo, este efecto se midid a través del consumo de 2-DG del medio. Por otro lado, la
dexametasona también aumenta la actividad de la lipasa sensible a hormonas (LSH) lo
que lleva a incrementar la lipolisis en la célula, lo que lleva a una mayor liberacion de
glicerol y &cidos grasos libres del adipocito disfuncional hacia el medio (Xu et al., 2009;
Wong y Sook 2010),
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Las 3 subfracciones, aunque en diferente concentracion, contrarrestaron de
manera eficiente la Rl inducida por la dexametasona (Fig 12), lo que se puede deber a
la glicina, que es la molécula que se encuentra en mayor concentracion en las 3
subfracciones. Se ha reportado que la glicina: 1) actia de manera semejante a la
metformina aumentando la actividad de Akt y la expresion de GLUT4 por lo que ayuda
tanto a adipocitos y hepatocitos con RI al consumo de glucosa (Chard et al., 2003;
Jaganjac et al., 2017), 2) otro posible mecanismo para ayudar a la expresion de GLUT4
puede ser a través de la activacion de PPARy (Alarcon et al 2008) ya que la glicina
aumenta la secrecion de adiponectina y la expresion de PPARy, lo cual induce
sensibilidad a la insulina, 3) modula negativamente la expresion y activacion de la
lipoproteina lipasa (LPL) y la LSH (Reyes et al., 2016) por lo que controla la lipolisis
evaluada a través de la liberacion de glicerol,

Otro aminoacido presente en las 3 subfracciones, aunque en diferentes
concentraciones también, es la arginina. Se ha reportado que puede actuar como
sustrato para la produccion de 6xido nitrico (ON) por la Oxido Nitrico Sintasa (NOS). Este
ON, desempefia un papel clave en el metabolismo de los lipidos; ya que se ha observado
gue aumenta la expresion del coactivador-1a de PPAR-y (PGC-1a), el cual regula la
fosforilacion oxidativa y la biogénesis mitocondrial, ademas regula la expresion de ROS
(como el O2) y, a su vez, activa la expresién de la proteina quinasa activada por AMP
(AMPK), con lo que se induce la oxidacion de glucosa y lipidos, no solo en tejido adiposo
sino también en higado y musculo (Bogdanski et al., 2013; Wenjiang et al., 2005). Otro
aminoacido presente en las subfracciones fue asparagina, sin embargo no se
encontraron informes con respecto a un posible efecto en el control del metabolismo.

En la RI, la inflamacién y el estrés oxidante estdn muy relacionados porque
potencian el estado de disfuncion en los adipocitos (Arner y Lagin 2014). Ambas
condiciones fueron inducidas por la IL-1p porque: 1) inducen estrés en el reticulo
endoplasmico lo que lleva a a la produccion de UCP que inducen la produccion de ROS;
2)activan a la cinasa de c-jun NH2-terminal (JNK) y a IKK (inhibidor del NF-kB)
potenciando asi el estado pro-inflamatorio; 3) aumentan la produccién de Oz por la
mitocondria a través de la reduccién catalizada por la citocromo oxidasa ( Rotter et al.,

2003; Kagoshima et al., 2003; Hsieh et al., 2017). A diferencia de la dexametasona que
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por su actividad antiinflamatoria no aumenté ninguno de los dos parametros, ya que esta
molécula se une y activa a sus receptores de glucocorticoides; haciendo que estos se
unan a sitios especificos para la union de NF-kB en el ADN, reclutando cofactores y
modificando la cromatina para prevenir la expresion de citocinas pro-inflamatorias
(Kagoshima et al., 2003); por lo que, a diferencia de la IL-1B, esta molécula ho aument6
la producciéon de IL-6. Asi también, se ha observado que los glucocorticoides inducen
indirectamente EO aumentando la peroxidacién lipidica y la generacion de ROS e
inhibiendo las enzimas antioxidantes como la catalasa (CAT) (He et al., 2017), sin
embargo, en este estudio no se observaron diferencias estadisticamente significativas
en la produccion de Oz con respecto a las otras condiciones experimentales (Figura 8).

Los resultados indican que las tres fracciones fueron eficientes para el control de
ambos pardmetros porque se ha reportado que la glicina y la arginina, disminuyen la
expresion del ARNm de IL-6, TNF-a, por el aumento en la secrecion de adiponectina por
lo que tienen efectos anti-inflamatorios (Almanza et al., 2010). La glicina también actta
como un antioxidante al aumentar la biosintesis del glutation, que es un antioxidante
protegiendo asi a las células contra el EO (Angélica Ruiz-Ramirez et al., 2013). La
arginina también desempefia un papel clave en la regulacién del EO (Wenjiang et al.,
2005) porque disminuye los ROS y aumenta las enzimas antioxidantes como el
superoxido dismutasa (SOD), el glutation peroxidasa (GPX) y la CAT, en adipocitos
disfuncionales (Surai et al., 2015). Asi también ambos amoniacidos aumentan la cantidad
de superoxido dismutasa de cobre/zinc (Cu/Zn-SOD), una enzima antioxidante capaz de
reducir el ion superoéxido a peroxido de hidrégeno (Ruiz-Ramirez et al., 2013; Ren et al.,
2014).

Dado que las tres subfracciones fueron eficientes para controlar los diferentes
aspectos evaluados de la RI, pero en diferentes concentraciones, fue necesario utilizar
el Modelo de Superficie de Respuesta (Zambrano et al., 2014) para predecir las mejores
combinaciones de las subfracciones que indujeron una respuesta efectiva en términos
del aumento en el consumo de 2-DG y una menor concentracion de glicerol en el medio
de cultivo (Figuras 11, 12, 13A y 13B). Al final, este modelo permitié seleccionar cinco
combinaciones propuestas (M1-M5), ya que estas presentaron un control adecuado de
la disfuncién de los adipocitos inducida por la dexametasona. Dichas mezclas se
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evaluaron en cuanto a su capacidad antioxidante y antiinflamatoria indicando que dos
combinaciones (M4 y M5) (Figuras 14 y 15) exhibieron efectos antiinflamatorios
(disminucion en los niveles de IL-6) y antioxidantes (disminucion en los niveles de O2)
similares a los de la silimarina, un flavonoide con actividad antioxidante y antiinflamatoria
(Manna et al., 1999; Peter. 2015; Shafiei-Roudbari et al., 2017). Es importante hacer
notar que M4 y M5 fueron las que tenian la mas alta concentracion de las 3
subfracciones, lo que habla de la posible eficiencia del uso del extracto ha de la planta
para el control de las patologias asociadas al SM.

Con la intencion de evaluar el efecto de la combinacion M5 de las subfracciones
de la Ag-Cs, se administré la M5 via oral a ratones obesos con RI durante 10 semanas
manteniendo la DHC que fue el detonador. Estos ratones, antes de administrar la
combinacion, mostraron caracteristicas tipicas de obesidad como son: 1) aumento en
peso e indice de Lee (figura 18) resultado de la adipogenesis (Jeevendra et al., 2008;
Arner y Lagin 2014); 2) alteracién en la internalizacion de glucosa por las células lo cual
se observo en la curva de tolerancia a la glucosa (figura 19A y 19B); 3) alteracion en la
via de sefializacion de la insulina, este efecto se observo en la realizacion de la curva de
tolerancia a la insulina (figura 19C y 19D); y 4) una alteracion en la via metabdlica de los
lipidos ya que se observé un aumento en la concentracién sérica de triglicéridos y
colesterol (figura 21). La administracion de la combinacién M5 vencié la intolerancia a la
glucosa y la resistencia a la insulina, llevando los valores al nivel de los ratones control
de DIC. Sin embargo, no se observaron efectos sobre el peso e indice de Lee, asi como
en la concentracion sérica de triglicéridos y colesterol, este resultado concuerda con dos
trabajos previos de evaluacion de la fraccion acuosa de Cucumis sativus (Méndez 2013;
Maldonado 2017). Debido a que no se observaron efectos sobre triglicéridos y colesterol
en suero, se evaluo la concentracion de estos parametros en higado ya que en
condiciones de obesidad se ha observado que ocurre la acumulacion de grasa en otros
organos Yy tejidos, tales como higado. Los resultados indicaron que la M5 controla la
acumulacion de triglicéridos pero no de colesterol en este 6rgano. Y probablemente este
efecto se deba a la presencia de los aminoacidos presentes en las subfracciones.

Por otro lado, se observé que la ingesta durante 25 semanas de una DHC tiende

a inducir un ambiente proinflamatorio en higado y en TAS, lo cual se relaciona con el
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proceso de metainflamacién observado en obesidad (Manabe 2011; Harford et al., 2011).
Y este ambiente proinflamatorio fue contrarrestado por la combinacion M5 llevando al
organismo hacia un ambiente inmunologico regulatorio.

De acuerdo con los resultados obtenidos en este estudio, las combinaciones M4
y M5 son las mas eficientes para contrarrestar la disfuncion de los adipocitos, inducida
por dexametasona o por IL-1B. Ambas combinaciones demostraron ser candidatos
prometedores para un tratamiento alternativo con efectos antioxidantes vy
antiinflamatorios, capaces de inducir sensibilidad a la insulina y regular el metabolismo
de los lipidos. Ademas, los efectos observados de la combinacién M5 de manera in vivo
probablemente se le atribuyen a los aminoacidos presentes en el extracto, ya que, como
se menciond anteriormente la glicina y arginina tienen actividad anti-hiperglucemiante y

anti-inflamatoria.

10. Conclusion

Las subfracciones SF1, SF2 y SF3 de la fraccion acuosa de Cucumis sativus y las

combinaciones M4 y M5 contrarrestaron la disfuncién en adipocitos.

11. Perspectivas
° Evaluar el mecanismo de accién por el cual las subfracciones llevan a cabo

su actividad biolégica

° Evaluar la capacidad de las mezclas efectivas sobre la adipogénesis in vitro
e in vivo
° Evaluar el efecto de un extracto hidroalcohdlico de Cucumis sativus

estandarizado en la M5 para controlar la disfuncion en adipocitos in vivo
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Effect of Cucumis sativus on
Dysfunctional 3T3-L1 Adipocytes

Méndez-Martinez Marisol'2, Trejo-Moreno Celeste’?, Maldonado-Mejia Laura?,
Esquivel-Guadarrama Fernando?, Pedraza-Chaverri José*, Zamilpa Alejandro?,
Medina-Campos Omar*, Alarcén-Aguilar Francisco®, Almanza-Pérez Julio César’,
Contreras-Nufiez Erika®, Santana-Calderon Angélica®, Fragoso Gladis?,
Jiménez-Ferrer Enrique® & Rosas Gabriela®

Obesity is caused by lipid accumulation in adipose tissues inducing adipocyte dysfunction,
characterized by insulin resistance, increased lipolysis, oxidative stress, and inflammation, leading to
increased levels of adipokines. Herein the capacity of the subfractions (SFs) SF1, SF2, and SF3 from the
Cucumis sativus aqueous fraction and their combinations (M) to control adipocyte dysfunction in vitro,
in 3T3-L1 adipocytes was studied. Adipocytes, previously treated with dexamethasone or IL-1 to induce
dysfunction, were incubated with different concentrations of the subfractions for 24 h. 2-deoxyglucose
consumption and glycerol release were evaluated, and a surface model was constructed to determine
the most effective SF concentrations to improve both parameters. Effective SF combinations were
assessed in their capacity to control metabolic, pro-oxidative, and pro-inflammatory conditions.

SF1, SF2 (40 pg/ml each) and SF3 (20 pg/ml) improved 2-deoxyglucose consumption by 87%, 57%,

and 87%, respectively. SF1and SF2 (5 ng/ml each) and SF3 (40 pg/mL) increased glycerol secretion by
10.6%, 18.9%, and 11.8%, respectively. Among five combinations tested, only M4 (SF1 40 jug/ml:SF2
60 1g/ml:SF3 30 1g/ml) and M5 (SF1 40 jug/ml:SF2 60 j1g/mL:SF3 10 pg/ml) controlled effectively the
metabolic, pro-oxidative, and proinflammatory conditions studied. Glycine, asparagine, and arginine
were the main components inthese SFs.

Obesity is a complex, chronic disease with multifactorial etiology. It is caused by an imbalance between energy
consumption and expenditure. Excess energy is stored as fat, which accumulates mainly in adipocytes, increasing
their size (hypertrophy) and number (hyperplasia)'. Obesity incidence has increased in recent years, becoming a
major health problem worldwide. In Mexico, according to the Health and Nutrition National Survey 2016, obesity
affects 7 out of 10 Mexican adults (72.5% of adult population)®. Obesity has been linked to dyslipidemia, hyper-
tension, glucose intolerance, and insulin resistance (1R), leading to metabolic syndrome®. The latter increases the
risk of cardiovascular diseases, diabetes mellitus type 2, cancer, and cerebrovascular stroke’.

Besides its function as a lipid reservoir, visceral adipose tissue is also an active endocrine organ, producing and
secreting various adipokines*® which do not only modulate adipogenesis, metabolism, and adipocyte function,
but also affect appetite and satiety, adipose tissue distribution, insulin secretion and sensitivity, energy release,
inflammation, blood pressure, homeostasis, and endothelial function®. In obesity, the normal adipokine secretion
by adipocytes is affected, altering their homeostasis and inducing dysfunction; lipid and glucose metabolism
are first affected, inducing a local IR, which then becomes generalized™*. IR is induced by an alteration of the
phosphorylation pathway of the insulin receptor substrate (IRS), in which serine and threonine residues are phos-
phorylated instead of the usual tyrosine residues; this results in an inhibition of the translocation of the Glucose
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Figure 1. Effect of Ag-Cs subfractions on 3T3-1.1 adipocyte cell viability. Cell viability was evaluated by the
MTT assay after incubation for 24 h with the three subfractions at a concentration of 5, 10, 20, 410, or 80 ng/

mL, and with 60% DMSO. The percentage of viable cells was calculated by defining the viability of untreated
cell as 100%. Cells treated with insulin 1 1M were used as a control. Results are expressed as mean = SD of four
independent experiments, *P < (.05 with respect to insulin-treated cells and were analyzed by ANOVA and the
post-hoc Tukey-Kramer test, n=6.

transporter type 4 (GLUT4) and the induction of glucose intolerance®'", Hyperglycemia, increased levels of free
fatty acids and pro-inflammatory cytokines, oxidative stress, and a constant administration of glucocorticoids like
dexamethasone are known to induce 1R™'%,

Adipocyte dysfunction, caused by increased free fatty acid levels, induces an interaction with complexes I
and 11 of the respiratory chain, increasing the cellular concentration of reactive oxygen species (ROS) such as
the superoxide anion radical (O, )™ In adipose tissues, oxidative stress promotes glucose and lipid oxidation,
producing advanced glycation end-products (AGE) and lipid peroxidation end-products (LPE), respectively,
which potentiate adipocyte dysfunction and obesity-related disorders'%. On the other hand, oxidative stress
induces the production of 1L-13, TNF-ccand 1L-6 in adipocytes’. ‘These cytokines induce the infiltration of mac-
rophages with a type 1 phenotype and their activation in adipose tissues, which produce additional 1L-13 along
with adipocyte-secreted leptin, C-reactive protein (CRP), and resistin. These events potentiate the production of
'I'NF-oand 1L-6, inducing a low-grade, chronic inflammation also known as meta-inflammation®'*!¢, In turn,
these inflammation mediators can trigger oxidative stress and exacerbate adipocyte dysfunction'.

Cucumis sativus is a member of the Cucurbitaceae family; various species of this family have been used to con-
trol inflammation, oxidative stress, hyperglycemia, and dyslipidemia'” . In a recent report, the ethanolic fraction
of cucumber seed extract was able to reduce total serum lipid levels in a small cohort of adult patients with mild
hyperlipidemia®. In addition, the C. sativus aqueous fraction (Ag-Cs) was found to decrease blood glucose levels
in dietary obese mice, improving insulin sensitivity and inducing a regulatory environment in epididymal visceral
and subcutaneous adipose tissue (data not published). However, its effect on adipocytes is unknown. The effect
of the subfractions (SFs) SF1, SF2, and SF3 of the C. sativus aqueous fraction and their combinations on dysfunc-
tional 3T3-L1 adipocytes are reported herein.

IR was induced by dexamethasone and measured as the consumption of 2-deoxyglucose (2-DG) and the
release of glycerol. Pro-inflammatory and pro-oxidant conditions were induced by TL-1f3 and evaluated by TL-6
secretion and oxidative stress induction. Additionally, a surface response model, a mathematical/statistical tool
used to analyze the interrelationship among several independent variables and their effect on one or more char-
acteristics of a process?, allowed us Lo determine the most effective subfraction combinations to control these
parameters.

Results

Aqg-Cs SFs did not affect adipocyte viability. Determining the effect of all SFs on adipocyte viability
was a critical prerequisite to assess their capacity to control insulin resistance induced by dexamethasone and/or
pro-inflammatory and pro-oxidant stress induced by IL-13. As shown in Fig. 1, cell viability ranged from 741.4%
1o 100% in cultures treated with various SF concentrations (5, 10, 20, 40, and 801g/mL), with respect to metabol-
ically healthy adipocytes (adipocytes cultured with insulin 1M); in contrast, treatment with 60% DMSO caused
a decrease of 89.5% in adipocyte viability with respect to healthy cells (P < 0.05).

Treatment with dexamethasone 1j1M plus insulin 1juM induced 3T3-L1 adipocyte dysfunction.
The administration of glucocorticoids such as dexamethasone is a well-known cause of IR™, which is a key trait
of adipocyte dysfunction. In adipocytes cultured with dexamethasone, IR is observed as a decrease in glucose
consumption and/or the inability to store lipids. As shown in Fig. 2, dexamethasone 1M plus insulin failed to
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Figure 2. Effect of dexamethasone on mature 3T3-L1 adipocyles. Mature adipocytes (day 8) were cultured
for 24, 48, 60, or 72 h, either alone, with insulin 1M with or without dexamethasone 0.1 or 1pM. 2-DG
consumption (A) and glycerol concentration in culture medium (B), were evaluated. Results are expressed as
mean = SD, *P << (.05 with respect Lo cells treated with insulin 1 pM and were analyzed by ANOVA and the
post-hoc Tukey-Kramer test, n=6.
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Figure 3. 1L-6 (pg/mg protein) concentration in culture medium. Cells were left untreated or treated either
with dexamethasone 0.1 or 1M (A), or with 1 ng/mL of IL-13 (B), with or without insulin. IL-6 (pg/mg
protein) concentration was determined in culture medium at 24, 48, 60, and 72 h of culture. Results are
expressed as mean — SD, *P < 0.05 with respect to cells treated with insulin 1 M and were analyzed by ANOVA
and the post-hoc Tukey-Kramer test, n=6.
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Figure 4. Superoxide induction by TL-13 in 3T3-L1 adipocytes. Mature adipocytes (day 8) were cultured for 24,
48, 60, or 72h, either alone, with IL-13, and/or insulin 1 pM. Microphotographs were taken in a spectrofluorometer
under a 20X objective al 24 (A), 48 (B), 60 (C), and 72h (D). The percent of DHE expression was determined (E)
with the software MetaMorph v.6.1. Results are expressed as mean = SD, *P <. 0.05 with respect to cells treated with
insulin 1 1M and were analyzed by ANOVA and the post-hoc Tukey-Kramer test, n=6.

alter the consumption of 2-DG (a glucose analog) after 24 h of incubation, while dexamethasone 0.1 M plus
insulin significantly decreased (14.3%, P < 0.05) 2-DG consumption with respect to cells cultured with insulin
1M only (Fig. 2A). After 48h, a decrease (P < 0.05) of 45.8% (0.1 1M) and 43.3% (1 pM) was observed with
respect to control cultures. Finally, no significant differences were observed in 2-DG consumption with respect to
control cultures after 60 and 72 h of incubation.

Glycerol concentration in the culture medium was another marker of adipocyte dysfunction. No significant
differences were observed after 24 h of culture with insulin plus dexamethasone 0.1 M or 1M (P> 0.05) with
respect to control adipocytes (Fig. 2B). However, a signiﬁcant increase (P <0 0.05) of 51%, 10.1%, and 25.2% was
observed in cells treated with dexamethasone 0.1 pM plus insulin after 48, 60, and 72 h of culture, respectively.
Glycerol release was increased by 67.8%, 63.4%, and 37.4% in adipocytes treated with dexamethasone 1M plus
insulin compared to controls after 48, 60, and 72 h, respectively.

IL-103 induced an increase in IL-6 secretion and ROS production.  Considering the capacity of dex-
amethasone to induce endothelial dysfunction, its capacity to induce a pro-inflammatory status and oxidative
stress was assessed. However, il failed Lo induce a significant increase in IL-6 secretion with respect Lo control
adipocytes at the times evaluated (Fig. 3A). A similar result was obtained in the quantification of O,e~ (data not
shown).

On the other hand, a significant, almost two-fold increase (P < 0.05) in IL-6 secretion with respect to healthy
cells was observed when adipocyles were cultured with TL-13 alone for 24 h (Fig. 3B). When insulin (1pM) was
added, a nearly 3-fold increase in 1L-6 levels was observed. A similar effect was observed after 48, 60, and 72 h
(2.1-/1.7-,2-/1.3-, and 2.8-/1.4-fold increases, respectively).
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Figure 5. Effect of SF1, SF2, and SF3 Aq-Cs subfractions on 2-DG consumption and glycerol release. Mature
adipocytes were cultured for 48 h with dexamethasone 1M plus insulin 1(¢M. Then, the subfractions SF1, SF2,
and SF3 were added at a concentration of 5, 10, 20, 40, or 80 pg/mL and incubated for a further 24 h period. The
eflect of the subfractions on 2-DG consumption (A) and glycerol concentration in culture medium (B) was
evaluated. A response surface model was constructed to identify optimal combinations of subfractions at an
effective concentration for 2-DG consumption (C) and glycerol release (D). Metformin and silymarin were used
as controls. Results are expressed as mean == SD, *P << 0.05 with respect to cells treated with insulin 1M and
were analyzed by ANOVA and the post-hoc Tukey-Kramer test, n=6.
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2 1 ro|o 1265 18
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"Table 1. Lxperimental results of the factorial fractional design. “1,2,3: x, = ((X, — 5)/2.5), x,= ((X, — 40)/20),
=((X;  5)/2.5). ‘45 x,=((X, 40)/20), x,=((X, 40)/20), x;=((X, 20)/10).
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Table 2. Effective combinations according to the response surface model for 2-DG consumption and glycerol
release.
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Figure 6. Response surface plot. A response surface model was constructed to identify optimal combinations
of fractions at an effective concentration. For this, combinations of the effective fractions were added to
dysfunctional 3T3-L1 adipocytes and incubated for an additional 24 h. The eftect of the combinations on

the consumption of 2-DG (A) and the release of glycerol (B) was evaluated. 'lhe plot shows the effect of
combinations of the effective fractions for both parameters.

As shown in Fig. 4A,E, a significant increase (P < 0.05) in DHE intensity (about 50%) was observed in adipo-
cytes treated with insulin or with TL-103 for 24 b, indicating higher O,e~ levels. On the other hand, treatment with
1L-1P for 48 h caused an increase of about 50% (P < 0.05) in DHE intensity with respect to insulin-treated cells
(Fig. 4B,E). After 60h of culture, a similar increase of about 50% (P <2 0.05) in DHE intensity was observed in cells
treated with insulin only, and also in those treated with IL-1p3 (Fig. 4C,E).

‘Lhese results indicate that 1L-6 secretion and ROS production were increased in adipocytes treated with 1 ng/
mL of IL-13 for 48 h. Therefore, this condition was selected to evaluate the capacity of SF mixtures to control these
paramelers.

Agq-Cs fractions reverse adipocyte dysfunction.  Adipocyte dysfunction was induced by culturing mature
adipocytes with dexamethasone 1 pM and insulin 1pM for 48 h. 'lhe eftfect of Aq-Cs SF1, SE2, and SI3 was evalu-
ated by measuring glucose consumption and glycerol release compared to silymarin- and metformin-treated cells.

As shown in Fig. 5A, dexamethasone decreased 2-DG consumption by 70% compared to controls (P < 0.05).
Silymarin failed to induce a significant increase in 2-DG consumption, but metformin allowed adipocytes to
consume 65% more 2-DG, a significant difference with respect to dexamethasone-treated cells (P < 0.05). On
the other hand, SF1 and SF3 induced 2-DG consumption, showing a bimodal effect; peak responses occurred
when adipocytes were treated with 40 1g/mL of SF1 and 20 pg/mL of SF3. On the other hand, 2-DG consumption
increased as the concentration of SE2 increased, being 40 pg/mL and 80 pg/mL the most effective concentrations,
leading to an increase of 57% and 58.9%, respectively.

With respect to glycerol levels in culture media (Fig. 5B), adipocytes treated with insulin 1M only released
3.7 mM of glycerol, while those treated with dexamethasone and insulin released 6 mM, a two-fold increase
(P < 0.05) compared to control cells. On the other hand, a significant decrease in glycerol concentration (1.5 mM,
P < 0.05) was observed in silymarin-treated cells; metformin-treated cells showed glycerol levels similar to
healthy cells (P > 0.05).

SF1 and SF2 increased the release of glycerol in a dose-dependent manner. The most effective concentration
of both SF1 and SF3 was 5pg/mL, while a bimodal response was observed for SF2, for which a concentration of
40pg/mL kept glycerol concentrations near to the levels observed in controls (P> 0.05).

SCIENTIFICREPORTS |

(2019) 9:13372 | https://doi.org/10.1038/s41598-019-49458-6

81



www.nature.com/scientificreports/

350
300
250
200
150
100

IL-6 pg/mg de protein

50

1M Insulin

z
il
€
2
=
w
I
=}
®
s - o . " Je x 1M Insulin - - 7 - - * » .
+ P & + + + + -1 Lng/mil ) = + + + + + + +
5 i = 3 5 2 Siymarin SOpg/ml . 2 3 + a = 5
- M1 M2 M3 Ma Ms Combination - - - - ML M2 M3 Ma MS
0) IL-18
Alone Insulin - Silymarin M1 M2

M3 M4 MS
Bright
field

Figure 7. Effect of the combinations of effective subfractions on IL-6 production and O, production. Mature
adipocytes were cultured for 48 h either with 1 ng/mL of TL-13 or with insulin 1 M. Then, the combinations
M1, M2, M3, M4, and M5 of the effective fractions were added and incubated for a further 24 h period. The
effect of the combinations assayed on IL-6 concentration (A), and O,e levels (B,C) were evaluated. Metformin
and Silymarin were used as controls. Results are expressed as mean = SD. Micropholographs were laken in a
spectrofluorometer under a 20X objective. *P <0 0.05 with respect to cells treated with insulin 1M and were
analyzed by ANOVA and the post-hoc Tukey-Kramer test, n =6.

. alycine N :
Negalive 113.00 Asparagine C,HN,0O,4
Positive 128.93 Lysine C.H,N,O,
Positive 157.97 Arginine CH N0,
Posilive 105.93 Serine C;H,NO,
Posilive 73.84 Alanine CH,NO,
TPositive 117.96 Valine C;H,,)NO,
Positive 132.00 Leucine CgH 5NO,
Positive 133.96 Aspartic acid CHNO,
Positive 147.96 Glutamic acid CsHNOy

Table 3. Amino acids identified in the subfractions from Ag-Cs by mass spectrometry.

2-DG consumption and glycerol release response surface model.  To find the most effective mix-
tures of the selected SFs to regulate 2-DG consumption and glycerol release, a response surface model was con-
structed. The results of such model are shown in Table 1, and the combinations selected are shown in Table 2.
The values obtained are comparable to those observed in controls (silymarin and metformin), >120 pmol/dL for
2-DG consumption, and 1 4mM for glycerol release.

Three-dimensional plots were obtained by calculating the surface response for 2-DG consumption and glyc-
erol release (Fig. 6A,B). As shown, the combinations causing a peak in 2-DG consumption were M4 and M5
(Fig. 6A); these combinations kept glycerol levels in a range of 1 2nM at the lower region of the surface model
(Fig. 6B).

Combinations M4 and M5 reverse dysfunctioninduced by IL-13.  To determine whether the effective
subfractions exhibit anti-inflammatory and anti-oxidant activity when administered together, the five combina-
tions obtained from the response surface model were experimentally evaluated on IL-13-induced dysfunctional
adipocytes.
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Treating adipocytes with IL-1B induced a significant increase (by almost 50%, Fig. 7A) in IL-6 concentration
with respect to healthy adipocytes (P < 0.05). 'The combinations M4 and M5, on the other hand, kept 1L-6 concen-
trations close to the values observed in insulin-treated and silymarin-treated dysfunctional adipocytes (P > 0.05).

To evaluate the anti-oxidant capacity of the eflective mixtures of Aq-Cs SFs, O,e levels were determined
in dysfunctional adipocyte cultures. As shown in Fig. 7B,C, adipocyte treatment with 1L-13 caused a five-fold
increase in O,e  levels with respect to insulin-treated adipocytes (P < 0.05). Silymarin, a flavonoid with
anti-oxidant activity®, decreased O,e  production by 82.5% (P < 0.05). The combinations M4 and M5 showed
a similar effect to that of silymarin; M1 and M3 decreased O,e~ production by 88.6% and 92.7%, respectively,
compared to 1L-13-treated adipocytes, although no significant differences compared to silymarin nor the combi-
nations M4 and M5 were observed (P > 0.05). These results indicate that the compounds in the mixtures M4 and
MS5 have both a significant anti-oxidant and anti-inflammatory capacity, similar to that of silymarin.

SF1, SF2, and SF3 contain amino acids. Lo identify the components in SEs that could be responsible for
the observed biologic effects, thin-layer chromatography and mass spectrometry analyses with various amino
acid standards were performed. The results (Supplementary Figs 1 and 2) indicate that amino acids are the major
components of all subfractions. Positive ionization yielded few peaks with molecular weight of 58.96, 128.93, and
157.97 Da, corresponding to glycine, lysine, and arginine, respectively; negative ionization yielded a peak with
molecular weight of 113.00 Da, which corresponds to asparagine (Table 3).

Discussion

Recently it was demonstrated that aqueous soluble compounds from aerial parts of Cucumis sativus down regu-
lated the inflammatory and oxidative effects induced by Ang 11 in human endothelial cells®. In this study a similar
process of elimination of less polar compound (ethyl acetate fraction) was used to obtain fractions SI'1, SI‘2 and
SE3. 'The effect theses mixtures of metabolites obtained from the Aq-Cs fraction, as well as of their combinations
(M1-M5) was assessed on 3T3-L1 adipocytes (cell line which once differentiated to adipocytes in vitro can be
used as a model of this cell type) in which dysfunction was previously induced by culturing them in the presence
of either dexamethasone or 1L-13. Adipocyte dysfunction and IR were evaluated by the production of 1L-6 and
ROS like O, 7, as well as glucose consumption (measured as 2-DG)’, and the production and release of free
fatty acids (measured as glycerol levels in culture medium)®.

‘I'wo 1R inducers were used in this study, dexamethasone and 1L-13. Dexamethasone induces 1R by altering
the insulin signaling pathway by inhibiting phosphatidylinositol-3-kinase (PI3K) and serine/threonine protein
kinase (Akt), thus preventing the translocation of GLUT4 to the cell surface, which leads to glucose intoler-
ance (a decrease in its consumption)**. On the other hand, dexamethasone also increases the activity of the
hormone-sensitive lipase (HSL), which results in increased cell lipolysis and therefore in an increased release of
glycerol and free fatty acids by adipocytes into the medium?®***. Dysfunctional adipocytes were used to evaluate
the effect of the SFs and their combinations on 2-DG consumption and glycerol release (Fig. 2A,B).

In addition, being dexamethasone a synthetic glucocorticoid, acts as an anti-inflammatory, preventing the
expression of IL-6 by binding and activating glucocorticoid receptors, which in turn bind specific NF-xB-binding
sites in DNA, recruiting cofactors and modifying chromatin to prevent the expression of pro-inflammatory
cytokines™’; thus, in contrast with TL-13, dexamethasone failed to increase I1.-6 production (Fig. 3A).

On the other hand, inflammation and oxidant stress are closely related to IR, potentiating the dysfunctional
status of adipocytes™. To induce both conditions, the cells were treated with IL-13 (Figs 3B and 1A-E), which:
(1) Tnduces stress in the endoplasmic reticulum, leading to an uncoupling protein response (UPR), which in turn
leads to the production of ROS™; (2) Increases the production of O,e~ by mitochondria through a reduction cata-
lyzed by cytochrome oxidase™; (3) Activates the c-Jun N-terminal kinase (JNK) and IKK (an NF-1B inhibitor),
thus favoring the pro-inflammatory status and increasing the secretion of cytokines like IL-6"". TL-6 is regarded
as a marker of adipocyte dysfunction, since it indicates a pro-inflammatory status of the cell’, and it is even a
marker of adipocyte damage''®. By itself, this interleukin potentiates cell dysfunction by increasing lipolysis and
induces glucose intolerance in 3T3-L1 adipocytes’, favoring IR. This is in contrast with dexamethasone, which
due Lo its anti-inflammatory activity does not modify TL-6 nor O,e~ levels.

The three subfractions reversed efficiently dexamethasone-induced IR at the different concentrations eval-
uated, with no toxic effects for the cells (Fig. 1). One of the most abundant components in all SFs was glycine
(Supplementary Fig. 2); this amino acid has been reported Lo favor glucose consumption by glucose-intolerant
adipocytes, since it helps GLUT4 to reach the cell surface and perform glucose transport. Previous reports indi-
cate that glycine exerts these effects because it: (1) Acts in a similar manner as metformin, increasing the activity
of AMP-aclivated protein kinase {AMPK) and therefore the expression of GLUT4*%; (2) Induces the expression
of GLUT4 through PPAR~ activation and adiponectin secretion®. On the other hand, glycine has also been
reported to negatively modulate the expression and activation of lipoprotein lipase (LPL) and LSH™, thus con-
trolling lipolysis and the release of glycerol into the medium.

Another amino acid found in all three SFs is arginine, which is known to regulate lipolysis; arginine is the
substrate for nitric oxide synthase (NOS) to produce nitric oxide (NO), which increases the expression of the
PPAR-~ coactivator 1-alpha, which in turn regulates oxidative phosphorylation. On the other hand, ON regulates
the expression of ROS (like O,o ) and AMPK, inducing glucose and lipid oxidation in adipose tissue and in liver
and muscle!!2, Regarding the asparagine, the other amino acid found in the SIs, no reports have been found to
date on anti-hyperglycemic, anti-inflammatory, or anti-lipidemic activity of asparagine, thus further studies using
this amino acid alone would be convenient to perform in order to evaluate its properties in the above pathologies
of the endothelial dysfunction. Since all three SI's were eficacious (although in differing concentration levels) to
control glucose intolerance and lipolysis (Fig. 5A,B), a response surface model was used to determine the best SF
combinations. This model is based on the analysis of the relationship between independent variables measuring
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one or more characleristics of a process"; and it allowed us to select five combinations (M1-M5), which proved
to induce a better control on 2-DG consumption and lower glycerol release (‘Lable 1), being this effect even more
efficient than with any SF alone (Fig. 5A,B).

These combinations were evaluated in their anti-oxidant and anti-inflammatory capacity; according to our
results, two combinations (M4 and M5) exhibited anti-inflammatory effects (decreased 1L-6 levels, Fig. 7A) and
anti-oxidant effects (decreased O,e  levels) similar to those of silymarin, a flavonoid with well-documented
anti-oxidant and anti-inflammatory activity'-°.

Our results indicate that combinations M4 and M5 not only were efficient to control inflammation and oxi-
dant stress, but also to increase the consumption of 2-DG and decrease glycerol release. ‘Therefore, these com-
binations could control the IR that accompanies obesity, because it is related with the presence of oxidant stress
and the secretion of IL-6"%. Glycine and arginine have been reported to decrease the expression of IL-6 and
INEF-oe mRNA, and therefore they have anti-inflammatory effects®. Additionally, glycine acts as an anti-oxidant
by increasing the synthesis of glutathione, thus protecting cells from OS". Arginine also plays a key role in regu-
lating OS, decreasing the levels of ROS and increasing the levels of anti-oxidant enzymes like superoxide dismu-
tase (SOD), glutathione peroxidase (GPX), and CAT in dysfunctional adipocytes®. Both amino acids increase the
levels of copper/zinc-superoxide dismutase (Cu/Zn-SOD), an anti-oxidant enzyme capable of reducing superox-
ide ion to hydrogen peroxide*®.

Considering that not all combinations were equally efficient to modulate dysfunctional adipocytes, the pro-
portion of their constituents is relevant. 'Thus, it is noteworthy that M4 and M5 were the combinations with the
highest concentration of the tree subfractions, indicating the possible usefulness of the plant extract to control
pathologies linked to metabolic syndrome.

Conclusion

We showed that subfractions SF1, SF2, and SF3 from the Cucunis sativus aqueous extract and their combinations
M4 and M5 are effective Lo control dysfunction in 3T3-L1 adipocytes, induced either by dexamethasone or IL-1(3.
These two combinations proved to be promising candidates for an alternative treatment with anti-oxidant and
anti-inflammatory eftects, capable of inducing insulin sensitivity and regulate lipid metabolism.

Materials and Methods

Chemicals and reagents. Standards rutin, quercetin, glucose, valine, proline, glycine, arginine, leucine,
asparagine, lysine, isoleucine, asparlate, and glutamate; reagents Naphthol, and aminoethanol dimethylb-
orate, 3-isobutyl- 1-methylxanthine (IBMX), dimethyl sulfoxide (DMSQO), dexamethasone, insulin,
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl- tetrazoliumbromide (MTT), dihydroethidium (DHE), silimaryn,
where obtained from Sigma-Aldrich (St. Louis, MO, USA). High-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) and calf bovine serum were purchased from ATCC (Rockville, MD, USA). Reagents 4-hydroxyben-
zaldehyde and ninhydrin was from Merck Millipore (Burlington, MA, USA). The pierce Coomassie Bradford
Protein Assay Kil, Fetal bovine serum (FBS), Gentamicin was obtained Thermo Fisher Scientific (Waltham, MA,
USA). Reagents dichloromethane, methanol, ethyl acelate, glacial acetic acid, n-butanol, acetone, acetonitrile,
sulfuric acid (H,SO,) were purchased from ).'T. Baker (Madrid).

Plant material and Cucumis sativus fractions. Cucumis sativus aerial parts, including leaves, stems, and fruits
were collected from a pesticide- and fertilizer-free edible crop in Xochitepec, Morelos, Mexico, in July-August.
Plant material was identified by Biol. Margarita Avilés Flores and Macrina Fuentes Mata (Herbario del Jardin
Etnobotinico del Tnstituto Nacional de Antropologia e Historia, INAH, Morelos city). Voucher specimens were
stored at this site for future reference (INAH-Morelos 3001). The plant material was kept away from light at room
temperature (RT) and dried in an oven at 50°C for 36 h, [ollowing a procedure previously described®. Extracts
were obtained immediately after the material was completely dried. Dried plant material was ground in an electric
mill to a particle size of 4 mm. This powder (1.12kg) was extracted by a maceration process with an ethanol/water
(60:40) solution at RT. The liquid extract was paper-filtered, concentraled in a rotary evaporator Laborota 4000
(Heidolph, Germany) under reduced pressure at 50 °C. The semisolid extract was finally freeze-dried to obtain
153 g of a dry green powder. The crude extract (50 g) was diluted in distilled water (500 mL) and partitioned with
ethyl acetate (500 mL) in a separation funnel. The organic phase was discarded, and the volume of the aqueous
fraction was reduced by low-pressure distillation to obtain a semisolid sample, which was finally (reeze-dried Lo
obtain 140g of a green powder. This mixture (Aq-Cs, 35g) was suspended in acetone (700 mL) for 24 h. Upon
filtration, the soluble phase was concentrated and the solvent was completely removed by a distillation process
under reduced pressure followed by high vacuum drying, in a rolary evaporator (o obtain the subfraction SF1
(3.2g). The precipitate was resuspended in methanol (700 mL), obtaining a solution, which was then concentrated
by low pressure distillation (subfraction SF2, 4.7 g), and a precipitate (subfraction SF3, 13.3g).

Thin-layer chromatography. Chemical profile of subfractions SF1, SF2 and SE3, was performed using a
thin-layer chromatography (1LC) assay which was developed both in normal- and in reverse-phase, following
a procedure previously described®t. Commercially available standards rutin, quercetin, glucose, valine, proline,
glycine, arginine and leucine were used as references. Mixture of dichloromethane:methanol (7:3v/v), ethyl ace-
tate:methanol:water:glacial acetic acid (7:2:2:0.5v/v), n-butanol:acetone:glacial acetic acid:water (35:35:10:20 and
70:70:20:10 v/v) and water:acetonitrile (7:3 v/v) were used as mobile phases. Once the plates were developed,
spots were visualized with Naphthol for polysaccharides, 4-hydroxybenzaldehyde for flavonoids, aminoetha-
nol dimethylborate for flavonoids, or ninhydrin for amino acids, following the manufacturer’ instructions. The
development was carried out on exposure of the plates to UV light (254 nm).
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| Variable Symbols -1 0 1

SF1 X 2.5pg/mL Spg/mL 7.5pg/mL
Glycerol release SF2 X, 20pg/mL 40pg/mL 60pg/mL

SF3 X, 2.5pg/mL Spg/mL 7.5pgmL

SF1 X 20pg/mL 40pg/mL 60pg/mL
2-DG consumption SF2 X, 20pg/mL 40pg/mL 60pg/mL

SF3 X5 10pgimlL 20pg/ml. 30pg/ml.

Table 4. Experimental independent variables and levels used in this study. *Coded levels for the independent
variables: maximum (1), intermediate (0), and minimum (—1). The amplitude of the outer levels was 50%.

ULPC-MS Analysis. 'lo identify the bioactive compounds in SE1, S1‘2 and SI'3, all three Sk's were subjected to
chromatographic analysis using an Acquity UPLC system (Waters, Milford, MA, USA), equipped with a quater-
nary pump and autosampler column oven. Liquid chromatography was performed at 30°C, using an Acquity
UPLC BEH 1.7 C18 column (2.1 x 10mm X 1.7 mm i.d.). The column was eluted with a gradient system consist-
ing of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.3 mL/min. Mobile
phase gradient was set at 100% A for 2 min and subsequently ramped to 100% B (curve 6) over 14 min, followed
by a 1 min at 100% B before a rapid return to 100% A, and an equilibration period of 2 min. Run-to-run time
was 20 min. Volume of injection was 5 uL. Mass spectrometry analysis was performed and analyzed in a triple
quadrupole TQD mass spectrometer (Waters) through an electrospray Z-spray ion source, in ESI-positive mode.
Source and desolvation temperatures were 150 and 450 °C, respectively. A combination of cone voltage of 20 V
and capillary voltage of 2.5kV was used. Nitrogen was employed both as desolvation gas and cone gas. Optimal
detection conditions were determined by constant infusion of standard solutions (50 uM) in solvent. MS scan
was performed using argon as the collision gas. Detection conditions were determined by constant infusion of
standard solutions (50 ug/mL) in acidulated water (0.05% trifluoracetic acid). To identify the major amino acids
contained in each fraction, commercial standards of glycine, arginine, asparagine, lysine, leucine, isoleucine,
aspartate, and glutamate were used as chromatographic standards.

Cell culture. Murine 3T3-11 fibroblasts were purchased from the American Type Culture Collection (ATCC
C1-173; Rockville, MD, USA) and cultured in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% calf bovine serum, 20 ug/mL of gentamicin and incubated at 37°C, 5% CO,, for 48h. Al
day Lwo post-confluence, fibroblasts were differentiated into adipocytes with dexamethasone 1.0 pM, methyli-
sobutylxanthine 0.5 mM, and 1.0pg/mT. of insulin in DMEM plus 10% fetal bovine serum (FBS). Two days later,
the medium was replaced by fresh DMEM plus 10% FBS and 1.0 ug/mL of insulin, and the cells were allowed to
mature for 6 days. The cells were processed when 95% of them showed typical adipocyte traits (day 8)*.

Once adipocyte dysfunction was established as described below, five concentrations (5, 10, 20, 40, or 80pg/mL)
of the three Aq-Cs SFs (SF1, SF2, and SF3) were added to the culture and allowed to stand for 24 h. Either sily-
marin (5011g/mL)**! or metformin (1 mM)™* were used as posilive controls; previous reports have employed
these molecules as standard drug: for silymarin as control of oxidative stress and the inflammatory condition
induced by the presence of 1L- 13*%, For Metformin it was used as control of glucose consumption and the accu-
mulation of lipids in adipocytes, functions that were aflected by the presence of dexamethasone?”->°,

For cell viability and 2-deoxyglucose (2-DG) consumpltion assays, 1.5 x 10° adipocyles/well were seeded in
96-well plates. ‘Lo assess glycerol release, 1L-6 concentration, and O, presence, 4.5 x 10* cells/well were cultured
in 12-well plates and further processed (see below).

M1 assay. 'To assess the effect of Aq-Cs SFs on cell viability*, mature adipocytes were incubated for 24 h in the
presence of different concentrations of the three Aq-Cs Sks (5, 10, 20, 40, or 80 pg/mL) diluted in DMEM plus
10% FBS and insulin (1.0pg/mL). Additionally, silymarin (50 pg/mL)**!, metformin (1 nM)*>*, or DMSO (60%)
were used as controls. After 24h, the cells were incubated with 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium (M1°1') at 37 C for 4 h. After incubation, 100 L of 10% SDS-HC10.01 N (1:1) were added to
each well, and the plates were incubated for 2h at 37 °C. Absorbance was measured at 570nm in a VERSAmax
microplate reader (Molecular Devices, Sunnyvale, CA, USA). Viable cell percentage was calculated by defining
cell viability in untreated samples as 100%.

Induction of adipocyte dysfunction. Mature adipocytes were incubated for 24, 48, 60, or 72 h with dexametha-
sone 0.1pM or 1 mM**, either with or without insulin 1 .M. Some cells were cultured in the presence of 1 ng/mL
of TL-13713334, for 24, 48, 60, or 72 h, either with or without insulin 1M, as an alternate method to induce adi-
pocyte dysfunction. Different cellular density values were employed, depending on the assay to be performed.

Deoxyglucose consumption.  To select the most efficient conditions to induce adipocyte dysfunction and evaluate
the effectiveness of various concentrations of Ag-Cs SFs to control metabolic dysfunction, 2-DG consumption
was determined with the Uptake 2-DG kit (Sigma MAKO083), following the manufacturer’s instructions™. Briefly,
the cells were washed twice with phosphate bufler saline (PBS) and incubated in FBS-free DMEM for 4 h. The
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cells were washed three more times and incubated for 40 min in KRPH buffer (HEPES 20 mM, KH,PO, 5mM,
MgSO, 1 mM, CaCl, 1 mM, NaCl 136 mM, and KCl 4.7mM) plus 2% BSA. 'Lhen, the cells were stimulated with
insulin 1 pM for 20 min; 2-DG 10 mM was added, mixed, and incubated for 20 min. The cells were then lysed by
a cold-heat cycle, and the assay buffer plus the enzyme mixture (Sigma, Cat. No. MAKOS3E) (8:2) was added; the
plates were incubated at 37 °C for 60 min in the dark; then, extraction buffer was added and left to stand for 5min,
and the reaction was stopped by adding Reaction Mix B (53% glutathione reductase, 42% substrate-D'I'NB, and
5% recycling Mix). The plates were thoroughly mixed, and absorbance was measured at 412nm.

Glycerol release. 'To select the optimal conditions to induce adipocyte dysfunction and evaluate the effective-
ness of various concentrations of Aq-Cs SFs to revert dysfunction, glycerol concentration was quantified in the
medium using the Colorimetric Assay Glycerol Kit (Sigma, Cat. No. MAK117)*. Briefly, 10l of culture medium
for each treatment were transferred to 96-well plates, and 100 pL/well of the Master Reaction Mix was added; the
plates were incubated for 20 min at RT, in the dark. Then, absorbance at 570 nm was measured.

IL-6 quantification in culture medium by sandwich ELISA.  Adipocytes were treated for 24, 48, 60, or 72 h either
with dexamethasone 1 pM or 1 ng/mL of IL-13. After incubation, the culture medium was harvested, and 1L-6
concentration was measured by ELISA (OpLETA"”“ BD, 555240, San Diego, CA, USA), following the manufactur-
er’s instructions”®. Briefly, flat-bottomed ELISA 96-well plates were covered with the capture antibody and incu-
bated overnight at 4 °C in carbonate bufer 0.1 M (pH 9.6). Non-specific binding sites were blocked for 60 min at
RT with 5% FBS in PBS. The samples were added, and the plates were incubated for 2h al RT. Then, the plates were
incubated with the HRP-conjugated detection anti-cytokine antibody for 60 min at RT. Tetramethylbenzidine was
added as a substrate, and after 30 min of incubation at 37 °C, in the dark, the reaction was stopped with H,SO, 2 N.
The absorbance was determined at 450 nm in a VERSAmax ELISA plate reader. IL-6 concentration was calculated
as pg/mg protein based on a standard curve. Protein content was determined using the Bradford assay according
to the manufacturer’s instructions.

0,* quantification. Superoxide anion (O,*") was detected using dihydroethidium (DHE), which is oxidized
to ethidium®. Briefly, adipocytes were cultured in 12-well plates and incubated either with or without 1 ng/mL
of 1L-18 and/or insulin 1 M for 24, 48, 60, or 72h. DHE 20 M was added five min before incubation time was
completed. Then, the plates were washed three times with PBS. After adding DMEM plus 10% FBS, the cells were
photographed in a Cytation 5 cell image multimodal plate lector (Biotek Instruments, Winooski, V'I, USA) under
a 20X objective and analyzed with the Gen 5 software. Fluorescence intensity was quantified with the MetaMorph
image analysis software v.6.1 (Molecular Devices, Sunnyvale, CA, USA).

2-DG consumption and glycerol release response surface model. A 2-DG consumption and glycerol release
response surface model was constructed to determine the most effective combinations of the SFs to control dys-
functional adipocytes and their concentrations®. In the experimental design, the effect of the variables X, X5,
and X, which correspond Lo effective concentrations of SF1, SF2, and SF3, on two response variables, Y, and Y,
(2-DG consumption and glycerol release) was evaluated. The concentrations of the Aq-Cs SFs that most effi-
ciently increased 2-DG consumption were 40 ug/mL (SF1 and SF2) and 20 jug/mL (SF3), and the concentrations
that most efficiently decreased glycerol release were 5pg/mL (SF1 and SF3) and 40 pg/mL (SF2); therefore, these
concentrations were used to define the three independent variables (Table 4).

A factorial design was adjusted to 2* ' quadratic polynomial models with five combinations in total (M1-M5).
The variables were coded according to the following equation:

x = (X Xy)/AX; (1)

where x; is the codified value for the independent variable; X; is the actual value of the independent variable; X,
is the value of the independent variable at the central point, and Ax; is the incremental value of the independent
variable.

'The predictive model for the optimal point was expressed according to the following Eq. (2):

3 3 3
Y, = bo + 30X + 3 bXE + 3 bXX
i=1 i=1 i<j=1 ’ (2)

where Y, are the response variables, b, is the regression coefficient, and X; is the coded level of each independent
variable. Data were analyzed by applying the regression method for the response surface, using the software
Minitab® v18.1. Three levels were coded for the independent variables: maximum, intermediate, and minimum,
where the amplitude of the outer levels was 50%.

Statistical analysis. ~ All measured parameters were compiled in Excel. Differences were tested by ANOVA
and the post-hoc Tukey-Kramer test. Data were analyzed with the INSTA'T' 3 GraphPad software by uni- and
multi-varied analyses. P <0.05 was regarded as statistically significant.

Data Availability

"The material is held by the authors.
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Abstract: Inflammation and oxidative stress play major roles in endothelial dysfunction, and are
key factors in the progression of cardiovascular diseases. The aim of this study was to evaluate
in vitro the effect of three subfractions (SFs) from the Cucumis sativus aqueous fraction to reduce
inflammatory factors and oxidative stress induced by angiotensin II (Ang II) in human microvascular
endothelial cells-1 (HMEC-1) cells. The cells were cultured with different concentrations of Ang IT
and 0.08 or 10 ug/mL of SF1, SF2, or SF3, or 10 umol of losartan as a control. TL-6 (Interleukin 6)
concentration was quantified. To identify the most effective SF combinations, HMEC-1 cells were
cultured as described above in the presence of four combinations of SF1 and SF3. Then, the effects of
the most effective combination on the expression of adhesion molecules, the production of reactive
oxygen species (ROS), and the bioavailability of nitric oxide (NO) were cvaluated. Finally, a mass
spectrometry analysis was performed. Both SF1 and SF3 subfractions decreased the induction of IL-6
by Ang II, and C4 (SF1 and SF3, 10 ug/mL cach) was the most cffective combination to inhibit the
production of IL-6. Additionally, C4 prevented the expression of adhesion molecules, reduced the
production of ROS, and increased the bioavailability of NO. Glycine, arginine, asparagine, lysine,
and aspartic acid were the main components of both subfractions. These results demonstrate that C4
has anti-inflammatory and antioxidant effects.

Keywords: inflammation; ROS; angiotensin IT; Cucumis sativus
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1. Introduction

Inflammation and oxidative stress are two significant hallmarks of endothelial dysfunction and
play a critical role in the pathogencsis of circulatory disorders such as hypertension, coronary artery
discase, chronic heart failure, peripheral artery discase, and chronic renal failure. These discases
are the main causes of morbidity and mortality in the world [1]. Angiotensin IT (Ang TI) has been
implicated in the pathology of endothelial dysfunction as a source of inflammation and oxidative
stress [2,3]. Ang IT binds to type-1 angiotensin receptors (AT1R) on endothelial cells and promotes
the activation of nicotinamide adenine dinucleotide (NADH) oxidase, which in turn increases the
levels of superoxide anion (Oye ), a reactive oxygen species (ROS) that decreases the bioavailability of
nitric oxide (NO), which is necessary to maintain vascular tone [4,5]. Additionally, O,e~ uncouples
endothelial nitric oxide synthase (eNOS) and oxidizes tetrahydrobiopterin (BH4), its cofactor, leading
to further production of Oe instead of NO [6].

The presence of ROS is detected by proteins sensitive to the redox status of the cell; in turn,
these proteins activate AKT (Protein kinase B), MAPKSs (mitogen-activated protein kinases), and NF-«B
(Nuclear factor kappa B) [7-10], triggering inflammation and promoting the synthesis of IL-13, IL-6,
TNF-a, C reactive protein, E-selectin, ICAM-1 (Intercellular Adhesion Molecule 1), VCAM-1 (Vascular cell
adhesion protein 1), and MCP-1 (Monocyte chemoattractant protein-1), among other molecules [11-14].

Plant-derived products are attractive sources of new active ingredients for medicines,
pharmacological tools, and to control various diseases improving the quality of life of patients suffering
from long-lasting diseases [15]. Cucumber (Cucumis sativus) is a member of the Cucurbitaccae family,
which includes species with therapeutic potential such as melon, squash, and pumpkin. It is a popular
crop used in Indian traditional medicine since ancient times. Traditionally, this plant has been used to
treat headaches and hyperlipidemia, and to prevent constipation. Seeds and the fruit have refreshing
properties, soothing irritated skin and reducing swelling [16,17]. Moreover, cucumber has been
reported to have antiinflammatory and antioxidant properties [17,18]. This study was aimed to
evaluate the in vitro effect of the SF1, SI2, and SF3 subfractions from the C. sativis aqueous fraction to
downregulate the inflammatory and oxidative effects induced by Ang IT in human endothelial cells,
and to identify the molecules potentially involved in these effects. SF1 and SF3, either alone or in
combination, significantly downregulated the inflammatory and oxidative effects induced by Ang II in
endothelial cells. Amino acids such as glycine, arginine, asparagine, lysine, and aspartic acid seem to
be responsible for this effect.

2. Material and Methods

2.1. Plant Material and Cucumis sativus Subfractions

Cucumis sativus acrial parts, including fruits, were collected from an edible crop free from pesticides
and fertilizers in Xochitepec, Mexico, from July through August. The plant material was kept away
from light at room temperature and dried in an oven at 50 °C for 36 h. Extracts were obtained
immediately once the material was completely dried. Dry plant material was ground in a Pulvex electric
mill (Biichi R-114, Biichi Labortechnik, Flawil, Switzerland) until particles smaller than 4 mm were
obtained. An exhaustive maceration process with ethanol /water (60:40 v/v) was performed at room
temperature to obtain the hydroalcoholic extract. This extract was concentrated by reduced-pressure
distillation under controlled temperature and then lyophilized. A sample of this extract (50 g) underwent
bipartition with ethyl acetate/water, obtaining the aqueous fraction. This fraction was concentrated by
reduced-pressure distillation under controlled temperature. Thirty-five grams of the Cucumis sativus
aerial parts, including fruits, were collected from an edible crop free from pesticides and fertilizers in
Xochitepec from July through August. The plant material was kept away from light at room temperature
and dried in an oven at 50 °C for 36 h; aqueous fractions were suspended in methanol (700 mL) for
24 h; the liquid phase was filtered and concentrated in a rotary-evaporator (Laborota 4000, Heidolph,
Schwabach, Germany), yielding the subfraction SF1, which was dried by lyophilization. On the other
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hand, the organic phase was suspended in acetone (700 mL), yielding the subfractions SF2 (soluble
phase) and SE3 (precipitate), which finally were concentrated under reduced pressure and lyophilized.

2.2. Thin-Layer Chromatography

To estimate the chemical profile of the subfractions under study, normal- and reverse-phase
thin-layer chromatography (TLC) assays were performed using commercially available standards (rutin,
quercetin, glucose, glycine, alanine, serine, valine, leucine, asparagine, aspartic acid, lysine, glutamic
acid, and arginine). The systems dichloromethane:methanol (7:3 v/v), ethyl acetate:methanol:water:glacial
acetic acid (7:2:2:05 v/v/v/v), and n-butanol:acetone:glacial acetic acid:water (35:35:10:20 and
70:70:20:10 v/v/v/v) were used as solvents for normal-phase TLC, while water:acetonitrile (7:3 v/v)
was used for reverse-phase TLC. Once the plates were developed, spots were visualized with
4-hydroxybenzaldehyde (Merck, Darmstadt, Germany) and aminoethanol dimethylborate (Sigma-Aldrich,
St. Louis, MO, USA) for flavonoids, and ninhydrin (Merck) for amino acids, following the
supplier’s directions.

2.3. Mass Spectrometry

To identify the compounds responsible for the biological activities of SF1 and SF3, a mass
spectrometry analysis was performed at the facilities of the Centro de Investigaciones Biomédicas del
Sur (CIBIS, Xochitepec, Mexico). A 500 ug sample was diluted in trifluoracetic acid 0.05% to a final
concentration of 50 ug/mL. Glycine, arginine, lysine, leucine, isoleucine, aspartate, and glutamate
(Sigma) diluted to the same concentration were used as standards. All samples were analyzed in a
triple quadrupole TQD mass spectrometer (Waters, Milford, MA, USA) coupled to an Acquity liquid
chromatograph (Waters) through a combined electrospray-APCI Z-spray ion source. All samples were
analyzed in positive and negative ion modes. Finally, amino acids were identified in the samples by
mass spectra comparison with the standards.

2.4. Cell Culture

Human microvascular endothelial cells-1 (HMEC-1) were provided by Aida Castillo from the
Department of Physiology, Biophysics and Neurosciences, CINVESTAV-IPN, México City. The cells
were cultured in MCDB-131 medium supplemented with fetal serum bovine (FBS) %, L-glutamine
10 mM, 100 U/ mL of penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA), 10 ng/mL of endothelial
growth factor, and 1 ug/mL of hydrocortisone (Sigma) at 37 °C under a CO, atmosphere (5%).
All experiments were performed using passages 3 to 8. The cells were cultured in 24-well plates to a
density of 5 x 10° cells/well in 500 uL of medium supplemented with Ang I at a concentration of
0, 8, 40, 200, 1000, or 5000 nM and 0.08 or 10 pg/mL of SF1, SF2, or SF3, either for 12 h to evaluate
the antiinflammatory effect, or for 6 h to evaluate the antioxidant profile of the subfractions. As a
control, HMEC-1 cells were treated with 10 pmol of losartan [19] instead of the subfractions. In some
experiments, the subfractions SF1 and SF3 were combined at a concentration of 0.08 ug/mL each (C1),
SF1 0.08 ug/mL and SF3 10 pug/mL (C2), SF1 10 ug/mL and SF3 0.08 ug/mL (C3), and SF1 and SF3
(10 ug/mL each) (C4). For ROS and NO determination, the cells were stimulated with Ang IT 5000 nM.

2.5. Immunocytochemistry

HMEC-1 cells were cultured on poly-L-lysine-coated coverslips in 24-well plates under the
conditions described above. By the end of culture time, the cells were washed three times with PBS
(Phosphate Buffer solution) (NaCl 140 mM, KCI 2 mM, and K;HPOj4 1.15 mM) and fixed in acetone for
15 min. Endogenous peroxidase was blocked with HO; 30% for 10 min. Then, the cells were incubated
with PBS-BSA (Bovine Serum Albumin) 0.1%-Tween 20 0.05% (Sigma) to block unspecific binding sites.
The cells were incubated with primary mouse anti-human anti-ICAM-1 and anti-E-selectin antibodies
(1:100 and 1:50, respectively) (eBioscience, Waltham, MA, USA) overnight at 4 °C. The cells were
washed with PBS and incubated with goat anti-mouse biotinylated IgG antibody (1:500) (Santa Cruz

89



Nutrients 2018, 10, 276 4of14

Biotechnology, Dallas, TX, USA) for 30 min at 37 °C, followed by incubation with HRP (horseradish
peroxidase)-streptavidin (eBioscience). The chromogenic substrate 3,3’-diaminobenzidine (BioCare
Medical, Pacheco, CA, USA) was added, and 5 min later the reaction was stopped by washing the
slides with water. Then, the cells were counterstained with hematoxylin. Tmages were obtained with
an ECLIPSE 80i microscope (Nikon, Tokyo, Japan).

2.6. Western Blot

HMEC-1 cells were washed with PBS and lysed by incubating with ice-cold RIPA
(Radioimmunoprecipitation assay) lysis buffer (Tris 20 mM, pH 7.4; NaCl 150 mM, EDTA
(Ethylenediaminetetraacetic acid) 1 mM, pH 7.4; Triton X-100 0.5%; SDS (Sodium dodecyl sulfate)
0.1%, sodium deoxycholate 0.5%), using a cocktail of phosphatase and protease inhibitors (sodium
fluoride (NaF) 25 mM; sodium pyrophosphate (NaPPi) 1 mM; sodium vanadate (NaVPOy) 1 mM;
phenylmethylsulfonyl fluoride (PMSF) 1 mM; pepstatin A 0.1 mg/mL; leupeptin 0.1 mg/mL; antipain
0.1 mg/mL; aprotinin 0.1 mg/mL) (Sigma) for 15 min. The lysates were scraped off the plates and
centrifuged at 13,000 rpm for 10 min at 4 °C. Proteins in the supernatant were quantified by the Lowry
method. Twenty micrograms of protein were denatured by boiling for 5 min in sample buffer, separated
by SDS-PAGE (polyacrylamide gel electrophoresis) in acrylamide 10% gels and electro-transferred to a
polyvinylidene difluoride (PVDF) membrane (Merck) using transfer buffer (Tris 25 mM, pH 8.5; glycine
193 mM; methanol 20%). Membranes were blocked for 1 h in blocking buffer TBS-T (Tris-buffered
saline containing Tween-20) 0.1%) with BSA. 2%. Thereafter, the membranes were incubated overnight
with primary anti-E-selectin (Invitrogen) or anti--actin (Biolegend, San Diego, CA, USA) antibodies
diluted 1:1000 or 1:3000, respectively, in blocking buffer. After washing three times for 5 min with
TBS-T, the blots were incubated with goat anti-mouse (Thermo Scientific, Waltham, MA, USA) or
anti-rabbit (Abcam, Cambridge, UK) antibodies, diluted 1:2500. Antibody binding was detected with
the SuperSignal West Dura Extended Duration Substrate solution (Thermo Scientific). The bands
were analyzed using the Image] software (National Institute of Health, Bethesda, MD, USA) and the
anti-actin signal was used for data normalization.

2.7. ROS Quantification

Intracellular ROS levels were quantified by dihydroethidium (DHE), which is oxidized by
superoxide to yield ethidium; the latter binds nuclear DNA and emits a red fluorescence (535 nm Ex;
610 nm Em). The substrates NADH (1 mM), succinate (5 mM), L-arginine (1 mM), and xanthine
(1 mM) were added to identify ROS sources, along with the inhibitors: DPI (Diphenyleneiodonium)
(0.1 mM) to inhibit NADPH (nicotinamide adenine dinucleotide phosphate) oxidase; antimycin
(0.05 mM) for mitochondrial complex IT; L-NAME (N(w)-nitro-L-arginine methyl ester) (1 mM) for
eNOS; and allopurinol (0.02 mM) for xanthine oxidase.

Fifteen minutes later, the cells were incubated with DHE 20 uM and washed three times with warm
PBS. Then, the cells were placed in fresh medium, analyzed, and photographed in a Cytation 5 cell
imagen multimodal plate reader (Biotek Instruments, Winooski, VT, USA), using the Gen 5 software
(Biotek Instruments) under a 20 x objective. Finally, the intensity of DHE emission was quantified with
Metamorph v. 6.1 (Molecular Devices, San Jose, CA, USA).

2.8. ELISA

Cell culture medium was collected after a 12-h culture, and IL-6 concentration was measured by
ELISA (OptEIA kit BD-Biosciences, Franklin Lakes, NJ, USA) following the manufacturer’s directions.
Briefly, 96-well plates were sensitized with the capture antibody overnight at 4 °C. The plates were
blocked with PBS-FBS 10% for 1 h at room temperature. Then, either medium or the IL-6 standard
was added and incubated at room temperature for 2 h, followed by incubation for 1 h at room
temperature with the horseradish peroxidase-coupled detection antibody. The chromogenic substrate
tetramethylbenzidine (TMB) (Invitrogen) was added, and the reaction was stopped 30 min later with

90



Nutrients 2018, 10, 276 5o0f14

H3504 2N. Absorbance was determined at 450 nm at 37 °C using a VERSAmax microplate reader
(Molecular Devices, San Jose, CA, USA). IL-6 concentration was calculated according to a standard curve.

The results obtained were used to plot a concentration-response curve and to determine the
maximal effect (Enax) and effective 50% concentration (ECsp) values for each subfraction.

2.9. NO Quantification

NO levels were measured as nitrite/nitrate (final products of NO metabolism) by the Griess
reaction [20]. A 100-uL aliquot of the medium was placed in 96-well plates and incubated with 100 pL
of Griess reagent ((1-naphthyl)-ethylenediamine (1.1% and 1% sulfanilamide in phosphoric acid 2.5%)
for 30 min at room temperature. Absorbance was measured at 540 nm in a VERSAmax microplate
reader (Molecular Devices). The amount of NO in each sample was determined by a sodium nitrite
standard curve.

2.10. Statistical Analysis

Data are reported as mean L SD (standard deviation). Significant differences among conditions
were determined by ANOVA and the post-hoc Tukey test, with a significance value of p < 0.05.

3. Results

3.1. SF1 and SF3 Controlled IL-6 Production

As seen in Figure 1, the production and release of TL-6 by endothelial cells exposed to the
Ang II stimulus showed a concentration-dependent behavior, Emax = 31.4 pg/mg and ECsp = 14.9 nM.
Treatment with losartan, a pharmacological antagonist (a competitive inhibitor of AT1R), decreased
the values of the pharmacological constants of Ang TI, Eyax = 19.7 pg/mg and ECsj = 5.8 nM. On the
other hand, both concentrations (0.08 and 10 ug/mL) of SF1 and SF3 antagonized the cffect of Ang
TI: Eppax = 21.3 pg/mg and ECsp = 5.8 nM (panel A); Epay = 20.4 pg/mg and ECsg = 4.3 nM (panel D);
Epmax = 19.2 pg/mg and ECsp = 3.5 nM (panel C); and Enax = 17.4 pg/mg and ECs) = 4.9 nM (panel F).
Finally, SF2 failed to control IL-6 production in any of the assessed concentrations: Emax = 24.7 pg/mg
and EC5g = 4.4 nM (panel B), and Epax = 27.0 pg/mg and ECsp = 4.0 nM (panel E).

3.2. C4 Is the Best Combination to Control IL-6 Production

To identify the most effective combination of the subfractions to control the proinflammatory
status, HMEC-1 cells were cultured with Ang II and four different combinations of SF1 and SF3.
Concentration-response curves showed an Emax = 33.0 pg/mg and ECsg = 16.9 nM for Ang II; losartan
antagonized the effect of Ang IT, Enax = 19.2 pg/mg and ECsq = 4.4 nM (Figure 2). All four combinations
decreased the value of these pharmacological constants; nevertheless, C4 was the most cffective:
Emax = 23.6 pg/mg and ECs = 4.3 nM (pancl A); Emax = 18.1 pg/mg and ECsp = 3.1 nM (pancl B);
Emmax = 20.5 pg/mg and EC5p = 3.9 nM (panel C); and Enax = 16.7 pg/mg and ECsp = 2.9 nM (panel D).
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Figure 1. Cont.
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Figure 1. Concentration-response curves of the subfractions evaluated on Ang II (angiotensin
I-induced TL-6 (Interleukin 6) production, 12 h after treatment. (A-C) Effect of 0.08 ug/mL of
SF1 (subfraction 1), SF2, and SF3; (D-F) Effect of 10 ug/mL of SF1, SF2, and SF3. Human microvascular
endothelial cells-1 (HMEC-1) cells were co-cultured with the concentrations of Ang Il specified above.
Losartan (LOS) was used as a positive control. Data are reported as mean =+ SD (standard deviation)
and were analyzed by ANOVA and the post-hoc Tukey test. 7. =5, * p < 0.05 vs. control (Ang II-free).
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Figure 2. Concentration-response curves of the assessed combinations on Ang Il-induced IL-6
production, 12 h after treatment. Losartan (LOS) was used as a positive control. C1 = 0.08 pg/mL of
SF1 and 0.08 pg/mL of SF3; C2 = 0.08 ug/mL of SF1 and 10 ug/mL of SE3; C3 = 10 ug/mL of SF1 and
0.08 pg/mL of SF3; C4 = 10 pg/mL of SF1 and 10 pg/mL of SF3. Data are reported as mean + SD and
were analyzed by ANOVA and the post-hoc Tukey test. 2 =5, * p < 0.05 vs. control (Ang Il-free).

3.3. C4 Prevented E-Selectin and ICAM-1 Expression

Along with cytokine production, a well-known proinflammatory parameter induced by Ang I is
the expression of adhesion molecules. Thus, the capacity of C4 to prevent the expression of E-selectin
(Figure 3) and ICAM-1 (Supplementary Figure S1) was evaluated. Our results indicate that HMEC-1
cells expressed both adhesion molecules in the presence of Ang IT 1000 and 5000 nM. This expression
was diminished by C4, even at the highest Ang I concentration tested. Similar results were obtained
with losartan.

92



Nutrients 2018, 10, 276 7of14

A)

Ang Il (nM)
CONTROL
LOS
c4
B) E-selectin
200 1000 5000 = 13
e ?‘” ’
R S T T} ~ 038
Ka - - -+ - - + - -+ a S o541 1
£ o
w'fo,z' w
| eemeewwRses o
el B S A A R R R E R A
(v R N x| O R ) g
L - - - + - - * - - +
200 1000 5000

Figure 3. Effect of C4 on Ang Il-induced E-selectin expression, 12 h after treatment. Immunocytochemistry
(A). Western blot and expression relative to actin (B). Arrows indicate the E-selectin label. Microphotographs
were taken with a 40x objective. LOS: Losartan; C4: Combination of SF1 and SF3, 10 ug/mL each.
Data are reported as mean =+ SD and were analyzed by ANOVA and the post-hoc Tukey test. n =4,
*p <0.05 vs. control (Ang II-free).

3.4. C4 Favored NO Bioavailability

The decrease in NO bioavailability is a key marker of oxidative stress induced by Ang IL
Thus, we assessed the capacity of C4 to prevent a reduction in NO availability by the Griess reaction.
As shown in Figure 4, Ang 1T caused a small but significant reduction in NO bioavailability; this effect
was abolished by C4, maintaining this parameter at levels similar to Ang Il-free and losartan controls.

nitrate + nitrite {(uM)

@é@” g ¢ & ¢

Angll
Figure 4. Effect of C4 on nitric oxide (NO) availability. HMEC-1 cells were stimulated with LOS or
C4 or with Ang I1 5000 nM plus LOS or C4. Data are reported as mean =+ SD (standard deviation)

and were analyzed by ANOVA and the post-hoc Tukey test. n =5, * p < 0.05 vs. control (Ang II-free).
LOS: Losartan; C4: Combination of SF1 and SF3, 10 ug/mL each.
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3.5. C4 Prevented Ang IT-Induced ROS Increase

Ang IT promotes oxidative stress by inducing the activation of enzymes such as NADH oxidase,
the respiratory chain, eNOS, and xanthine oxidase. Thus, we cvaluated the effect of C4 on the
production of ROS by these enzymes. As shown in Figure 5, Ang II significantly increased the
generation of ROS by the four enzymes assessed. C4 significantly prevented ROS formation, reducing
the levels of NADH oxidase-derived ROS by 78.3%, a value similar to those obtained with losartan
(85.5%) and the selective inhibitor DPT (66.1%; Figure 5, panels A,B). With respect to mitochondrial
ROS, C4 decreased their levels by 83.4%, while the decrease due to losartan was 72.6%, and that due
to antimycin was 87.1% (Figure 5, panels C,D). Additionally, C4 reduced ROS production by eNOS
(74.5%; Figure 5, panels E,F) and xanthine oxidase (87.7%; Figure 5, panels G,H) to a similar extent as
losartan (81.3% and 90.9%), .-NAME (60.7%), and allopurinol (89.5%).
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Figure 5. Effect of C4 on the production of Oye~ from four different reactive oxygen species
(ROS) sources, NADH (A,B), Succinate (C,D), Arginine (E,F) and Xanthine (G,H). HMEC-1 cells
were stimulated with Ang 1T 5000 nM for 6 h. Representative microphotographs were taken with a
20x objective (A,C,E,G). Data are reported as mean + SD and were analyzed by ANOVA and the
post-hoc Tukey test. n =5, *p <0.05 vs. control (Ang Il-free), (B,D,G, H). LOS: Losartan; INH: Respective
inhibitor; C4: Combination of SF1 and SF3, 10 ug/mL each; DHE: Dihydroethidium; ROS: reactive
oxygen species; ALO: allopurinol; CTRL: Control; DPL: Diphenyleneiodonium; NADH: nicotinamide
adenine dinucleotide phosphate; ANTI: antimycin; L-NAME: N(w)-nitro-L-arginine methyl ester.
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3.6. Identification of Major Compounds

To identify the compounds in SF1 and SF3 with potential biological effects, a thin-layer
chromatography assay was performed. The results (Supplememtary Figure S2) indicated that amino
acids arc the major compounds in the subfractions. Mass spectrometry results are shown in Table 1 and
Supplememtary Figure S3. Positive ionization produced precursor peaks with molecular weights of
58.84, 133.93, 146.97, and 157.01 Da, matching the glycine, aspartic acid, lysine, and arginine standards,
respectively, being the former the major amino acid in both subfractions. On the other hand, negative
ionization produced a precursor peak with a molecular weight of 132.98 Da, corresponding to the
asparaginc standard.

Table 1. Amino acids identified in the subfractions SF1 and SF3 from Cucumiis sativus aqueous fraction
by mass spectrometry.

Precursor Peak Amino Molecular

ToH MG (m/z) Acid Formula

Reported Bioactivity References

Reduces TNF-g, IL-6, COX-2, and NF-«B.
Posilive 58.84-38.88 Glycine CoHsNO; Improves the bioavailability of NO. [21-27]
Increases GSH, SOD, and eNOS.

Downregulates caspase-3, TNF-«,

cative 9 sparagi x - b
Negative 13298 Asparagine  C4HgN>0; and TLR4 and its downstream signaling. 281
Positive  133.93-133.96 AZ‘Z‘E“C C4H;NO, No activity reported. .
Positive 146.97-147.00 Lysine CgH14N2 02 No activity reported. -

NO precursor. Reduces IL-17 and NF-kB.
Positive  175.01-17506  Arginine  CeHyyN,0, Inhibits1HOS: [29-32]

Increases SOD and PI3K.
Scavenger activity.

TNF-o: tumor necrosis factor «; IL-6: Interleukin 6; COX-2: Cyclooxygenase-2; NF-kB: Nuclear factor kappa
B; NO: nitric oxide; GSH: Glutathione; SOD: superoxidase dismutase; eNOS: endothelial nitric oxide synthase;
TLR4: Toll-like receptor 4; iNOS: Inducible nitric oxide synthase; PI3K: phosphoinositide 3-kinase.

4. Discussion

Inflammation and oxidative stress are strongly associated with the progression of endothelial
dysfunction; in turn, the latter is the physiopathological substrate of several cardiovascular diseases
with high impact on mortality indices such as myocardial infarction, cerebrovascular disease,
and chronic renal failure [33-35]. Thus, treatments to control both conditions are emerging as key
therapies against these high-impact discases [1].

Whilst endothelial dysfunction was induced in HMEC-1 cells by adding Ang II to the culture
medium in concentrations much larger than physiological levels, these concentrations proved to be
the most effective conditions to induce endothelial dysfunction in vitro in this cell line. Several studies
have used this Ang IT dose-range to induce inflammatory and oxidative responses [36—40]. On the
other hand, HMEC-1 cells were chosen as a model because they are employed in various studies to
induce endothelial dysfunction, increasing the production of ROS and inflammatory factors [41-43].

The subfractions SF1, SF2, and SF3 from the C. sativus aqueous fraction were evaluated herein for
their capacity to prevent Ang II-induced inflammation and oxidative stress in vitro. Losartan, an ATIR
antagonist, is capable of inhibiting the downstream effects of its activation. Our findings indicate
that SF1 and SF3 modulated several inflammatory and oxidative parameters as effectively as
losartan. These results could be due to glycine and arginine, the main compounds detected in
SF1 and SF3. Both amino acids have been reported to have anti-inflammatory effects since they
inhibit the expression of IL-6, IL-1(3, IL-17, TNF-«, and cyclooxygenase 2, as well as macrophage
infiltration; they also downregulate the activity of NF-kB [21-24,29-31]. However, as shown by
chromatography, other compounds, related to polysaccharides, were also present in the three
subtractions; these compounds could also be exerting anti-inflammatory and anti-oxidant effects
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as observed in other plants of the family Cucurbitaceae [44,45]. Thus, the overall effect of the assayed
subfractions on endothelial dysfunction could be due to the combined effect of amino acids and
polysaccharides present in these subfractions.

Ang 1T is an octapeptide; upon binding the receptor ATIR in the endothelial cell, it promotes
the MAPK signaling cascade that lcads to the activation of the inhibitor of NF-kB (IkB) kinase (IKK);
in turn, IKK phosphorylates TkB. After being phosphorylated, IkB is degraded and NF-«B translocates
into the nucleus. NF-kB is a transcription factor that controls the expression of genes involved in
inflammation such as IL-6, E-sclectin, and ICAM-1 [46]. It has been reported that when glycine binds
its receptor (GlyR), which is an ionotropic or ligand-gated receptor, it contributes to hyperpolarizing
cells such as macrophages, hindering its activation [25]. Other authors [21,47] have reported that
this hyperpolarization inhibits the MAPK pathway. Then, the activation of NF-kB induced by Ang
1T and its inflammatory consequences are blocked. GlyR is also expressed in endothelial cells [48,49].
Thus, glycine in SF1 and SF3 could interact with GlyR in endothelial cells, hyperpolarizing their
membrane and blocking the Ang II-mediated MAPK signaling, and consequently inhibiting the
activation of NF-kB and the production of IL-6, E-selectin, and ICAM-1. 1-Arginine is another
amino acid which has exhibited anti-inflammatory propertics in vivo and in vitro by diminishing
the expression of inflammatory cytokines [29,50]. Recently, L-arginine was demonstrated to inhibit
NF-«B activation in Caco-2 cells by a mechanism involving its active transport by the cationic amino
acid transporter CAT1. L-argininc also promotes the activity of cNOS to generate NO, increasing its
bivavailability [50].

Ang 1T also has prooxidant effects and induces a decrease in NO bioavailability [5,13].
Upon binding ATIR, it triggers the signaling pathway that activates NADH oxidasc to produce
Ope~ [4], increasing the intracellular concentration of this radical ion, and overcoming cellular
antioxidant mechanisms (supcroxide dismutase, catalase, and glutathione peroxidase). The increase of
ROS also results in eNOS uncoupling, which switches its activity on the same substrate to produce
further Oy~ instead of NO, increasing the prooxidative environment [6]. The results herein reported
demonstrated that a combination of SF1 and SF3 (C4), 10 ug/mL cach prevented the decrease in
NO levels. Glycine and arginine, the main amino acid components in both subfractions, could be
responsible for this effect along with the polysaccharide content (which could not be identified).
Glycine has been reported to increase the expression of eNOS mRNA and of the protein itself;
thus, more enzyme is available to produce NO [23,26]. On the other hand, the substrate of cNOS
is arginine [29]; consequently, SF1 and SF3 could act by simultaneously increasing the levels of the
enzyme and its substrate to synthesize NO. In addition, arginine stimulates the phosphoinositide
3-kinase/ Akt pathway [30], which favors eNOS activation, the production of NO, and its vasodilatory
effects, thus improving endothelial function. Besides, exogenously administered L-arginine has proved
to be able to attenuate Ang II-mediated hypertension in rats, reversing the vasoconstrictor cffects of
Ang IT and restoring renal excretory function, probably by mechanisms involving a cellular increase
of L-arginine uptake and NO production [51]. Although both amino acids have been reported to
exert anti-inflammatory and anti-oxidant cffects, the particular combination of cach one, along with
the presence of other (not yet identified) trace components must be relevant to the overall effect
herein reported, since not all combinations were equally efficient to control endothcelial dysfunction.
Indeed, the C4 combination was the most effective in controlling IL-6 production, a cytokine well
known for its capacity to promote inflammation. Human supplementation with any of these two
amino acids has been demonstrated to modulate vascular dysfunction [52,53], and these results may
support the potential use of a standardized C. sativus fraction to control these pathological conditions.

As previously mentioned, Ang IT promotes oxidative stress by increasing ROS production.
There are many potential sources of ROS in cells, including NADH oxidases, mitochondria, xanthine
oxidase, and the impaired eNOS [4]. We showed that treating HMEC-1 cells with C4 (a combination
of SF1 and SF3) significantly decreased the Ang Il-induced ROS production from these sources.
These results could be due to the effect of the amino acid constituents of C4 to improve antioxidant
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defenses. Arginine and glycine have been reported to increase the amount of copper/zinc superoxide
dismutase (Cu/Zn-SOD), an antioxidant enzyme capable of reducing the superoxide ion to hydrogen
peroxide [26,30]. On the other hand, arginine has a proven antioxidant activity by its capacity to
scavenge free radicals such as 2,2-diphenyl-1-picrylhydrazyl (DPPH) [26]. In addition, glycine is a
precursor of glutathione (glutamyl-cysteinyl-glycine), a tripeptide with antioxidative effects mediated
by (i) a peroxidase-coupled reaction; (ii) regulation of the cellular sulfhydryl and redox balance; and (iii)
regulation of the expression/activation of redox-sensitive transcription factors [24,32].

In conclusion, the particular combination of different concentrations of glycine, arginine,
and polysaccharides present in the aqueous fractions of C. sativus could be potentially useful to treat
various pathologics associated with inflammation and oxidative stress, such as endothelial dysfunction.

5. Conclusions

Overall, this study demonstrates that the combination C4 from the SF1 and SF3 subfractions of
the C. sativus aqueous fraction was efficient in reducing Ang Il-induced inflammatory factors and
oxidative stress in HMEC-1 cells.

Supplementary Materials: The following arc available online at hitp: / /www.mdpi.com /2072-6643/10/3 /276 /s1,
Supplementary Figure S1. Effect of C4 on Ang Il-induced ICAM-1 expression, 12 h after treatment. Supplementary
Figure S2. Thin-layer chromatography. Supplementary Figure S3. Mass spectrometry.
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ABSTRACT

Chemical compounds studied in this article:
Cinnamic acid (PubChem CID: 444539)
palmitic acid (PubChem CID: 985)
linoleic acid (PubChem CID:5280450)
11-Z-hexadecenoic acid (PubChem CID
5312413)

2-palmitoylglycerol (PubChem CID 123409)
and linolenic acid methyl ester (PubChem
CID:5319706)
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Angiotensin Il

’ ; Ay di

ical rel ce: A recent ethng | survey on medicinal plants grown in Mexico revealed
that Sechium edule (Jacq.) Sw. (Cucurbitaccae) is one of the most valued plant species to treat cardiovascular
diseases, including hypertension. Fruits, young leaves, buds, stems, and tuberous roots of the plant are edible.
Considering that endothelial dysfunction induced by Angiotensin I plays an important role in the pathogenesis
of hypertension and is accompanied by a prooxidative condition, which in turn induces an inflammatory state,
vascular remodeling, and tissuc damage, and that S. edule has been reported to possess antioxidant, anti-in-
flammatory and antihypertensive activity, its capability to control endothelial dysfunction was also assessed.
Aim of the study: To assess in vivo the anti-endothelial dysfunction activity of the acetone fraction (rSe-ACE) of
the hydroalcoholic extract from S. edule roots.

Materials and methods: Fndothelial dysfunction was induced in female C57BI1./6 J mice by a daily intraperitoneal
injection of angiotensin II for 10 weeks. Either rSe-ACE or losartan (as a control) were co-administered with
angiotensin II for the same period. Blood pressure was measured at weeks 0, 5, and 10. Kidney extracts were
prepared to determine IL1B, 1L4, [L6, IL10, IL17, IENy, TNFa, and TGEB levels by ELISA, along with the
prooxidative status as assessed by the activity of antioxidant enzymes. The expression of I[CAM-1 was evaluated
by immunohistochemistry in kidney histological sections. Kidney and hepatic damage, as well as vascular tissue
remodeling, were studied.

Results: The rSe-ACE fraction administered at a dose of 10 mg/kg was able to control hypertension, as well as the
prooxidative and proinflammatory status in kidney as efficiently as losartan, returning mice to normotensive
levels. Additionally, the fraction was more efficient than losartan to prevent liver and kidney damage.
Phytochemical characterization identified cinnamic acid as a major compound, and linoleic, palmitic, and
myristic acids as the most abundant non-polar components in the mixtiure, previously reported 1o aid in the
control of hypertension, inflammation, and oxidative stress, three important components of endothelial

Abbreviations: Ab, antibody; AGII, angi in II; ATIR, II receptor lype 1; AT2R, angiotensin II receplor lype 2; BHA, branch of hepatic artery; CMC, carbox-
ymethylcellulose; DAP, diastolic arterial pressure; DHE, dihydroethidi idation; ED, endothelial dysfunction; Eth, ethidium; eNO, endothelium-derived nitric oxide; eNOS, en-
dothelial nitric oxide synthase; GPx, gl hi I idase; GR, hid reductase; GST, glutathi S 1CAM, i dhesi lecule; IFN, interferon; IGF,
insulin-like growth factor; IL, interleukin; LDL, low-density lipoprotein; L-NAME, NG-nitro-L-arginine methyl ester; MDA, malondialdchyde; NAD(P)H, nicotinamide adenine dinucleotid

phosphate; NBT, nitroblue tetrazolium; NO, nitric oxide; NOS, nitric oxide synthase; O, , superoxide anion; ONOO , peroxinitrite; PAS, periodic acid-Schiff; PDGF, platelet-derived
growth factor; R, renal insufficiency; RT, room temperature; ROS, reactive oxygen species; 1Se-ACE, acetone Sechium edule fraction; rSe-HA, hydroalcoholic root extract; SAH, systemic
arterial hypertension; SAP, systolic arterial pressure; SOD, superoxide dismutase; TNF, tumor necrosis factor; TGF, transforming growth factor; VEGF, vascular endothelial growth factor;
VLDL, very-low-density lipoprotein; VSMC, vascular smooth muscle cells; XO, xanthine oxidase
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dysfunction.
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In conclusion: this study demonstrated that rSe-ACE has anti-endothelial dysfunction activity in an experimental
model and highlights the role of cinnamic acid and fatty acids in the observed effects.

1. Introduction

Endothelial dysfunction (ED) is the result of a misbalance in the
synthesis, release, and/or effect of several factors in endothelial cells. It
is indicative of vascular damage and it plays a critical role in the pa-
thogenesis of cardiovascular disorders like hypertension, renal dys-
function, and cerebrovascular diseases, which are leading causes of
death worldwide (Schmitt and Dirsch, 2009). ED has a multifactorial
origin that may be associated to alterations in the levels of glucose,
triglycerides, LDL, VLDL, leptin, ROS, endothelin-1, vascular en-
dothelial growth factor, C-reactive protein, and IL-6 in blood. ED is
characterized by a vasoconstrictive, prooxidative, proinflammatory,
prothrombotic, and proliferative status and by vascular remodeling
(Endemann and Schiffrin, 2004), being the liver and kidney the organs
most frequently affected (Bosch et al., 2010; Henke et al., 2007). AGIIL,
part of the renin-angiotensin-aldosterone system, is critical in the de-
velopment of this pathology (Adya et al., 2015; Husain et al., 2015;
Jaimes et al., 2010; Liu et al.,, 2015). AGII binds to its receptors (AT1R
or AT2R) in endothelial cells and induces the coupling of NAD(P)H
oxidase, leading to the production of the superoxide anion (O3 ). In
turn, superoxide can act at different levels promoting an inflammatory
and prooxidative status. Superoxide can bind to nitric oxide (NO) to
form peroxinitrite (ONOO"), which causes inflammation secondary to a
non-enzymatic conversion of arachidonic acid into prostaglandins. It
can also uncouple endothelial nitric oxide synthase (eNOS), so the en-
zyme will stop synthesizing NO, which is important for relaxation of the
vessels, and will synthesize O, instead. The latter can act as a second
messenger, inducing the expression of NF-xB, leading to the production
of proinflammatory cytokines, chemokines, and adhesion molecules
(Jaimes et al., 2010; Marchesi et al.,, 2008; Nishida et al., 2010;
Schramm et al., 2012). Additionally, AGII induces the production of
several growth factors, such as epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), and insulin-like growth factor (IGF), all
of which induce the proliferation of vascular smooth muscle cells
(VSMC) and extracellular matrix accumulation, leading to vascular re-
modeling (Gorman et al., 2014; Intengan and Schiffrin, 2001}, which
further contributes to hypertension.

Sechium edule, a member of the Cucurbitaceae family, is a Mexican
plant cultivated since pre-Columbian times. Ethnomedical data indicate
that it has been used to treat atherosclerosis, and as a hypotensive
(Argueta et al., 1994; Ibarra-Alvarado et al., 2010). In Mexico, it is one
of the most valued plants used to treat cardiovascular ailments, in-
cluding hypertension (Ibarra-Alvarado et al., 2010). In previous studies,
a hydroalcoholic extract from S. edule roots and its organic fractions
showed antihypertensive activity; in particular, the acetone fraction
had a relaxant cffect on blood vessels (Lombardo-Earl et al., 2014;
Lozoya, 1980). Herein, the study of this fraction was extended to its
capability of controlling ED and hypertension in chronic conditions
induced by AGII. Additionally, its antioxidant and antiinflammatory
properties were determined, as well as its capacity to prevent tissue
damage.

2. Materials and methods
2.1. Plant material and fraction preparation

Sechium edule (Jacq.) Sw. roots were collected in the community of
Tuxpanguillo, Veracruz, Mexico (18°47'00.5" N, 97°00'17.5" W, at

1721 m above mean sea level) in a period from April through May.
Plant material was identified by Abigail Aguilar-Contreras (IMSSM,

76

National Medical Center, Mexico City). Voucher specimens were stored
at this site for future reference (IMSSM-15549). The name of the plant
(Sechium edule) was confirmed to be included in www.theplantlist.org
(The plant list, 2013). Roots (2.3kg) were dehydrated by freeze-drying
and ground in a Pulvex electric mill until particles less than 4 mm in
diameter were obtained. To obtain the hydroalcoholic root extract (rSe-
11A), an exhaustive maceration process was conducted with an ethanol/
water mixture (60:40) in a final volume of 11.5L at room temperature
(R1). This extract was concentrated by distillation under reduced
pressure and controlled temperature, and then dried by freeze-drying.
rSe-HA (92 g) was suspended in acetone (16g) for 24 h (two times);
upon filtration, the liquid phase was concentrated in a Heidolph rota-
tory evaporator (Laborota 4000), yielding the acetone fraction (rSe-
Ace).

2.2. GC-MS analysis

‘The chemical composition of the acetone fraction was determined
by gas chromatography. The chromatograph was coupled with a
quadrupole mass detector set in clectron impact mode at 70 ¢V. Volatile
compounds were resolved in a HP 5MS capillary column (25 m long,
0.2mm i.d., 0.3 pm film thickness). The oven temperature was set at
40 °C for 2 min, then programmed to rise from 40 °C to 260 "C at a speed
of 10°C/min, and then kept at 260 °C for 20 min. Mass detector para-
meters were set as follows: interphase temperature 200 °C and mass
acquisition range 20-550. Injector and detector temperatures were set
to 250°C and 280 °C, respectively. One microliter of cach fraction
(3mg/ml) was injected in splitless mode. The flow rate for the carrier
gas (helium) was set to 1 ml/min. Volatile compounds were identified
by comparing their mass spectra with those in the NIST 1.7 library.

2.3. HPLC analysis

HPLC data were acquired in a Waters 2695 separation module with
a photodiode array detector and analyzed with the Empower Pro soft-
ware (Waters Corporation, USA). Chemical separation was achieved
using a Supelcosil LC-F column (4.6 mm x 250 mm i.d., 5-um particle
size) (Sigma-Aldrich, Bellefonte, USA). The mobile phase consisted of a
trifluoroacetic acid aqueous solution 0.5% (solvent A) and acetonitrile
(solvent B). A solvent gradient was set as follows: 0-1min, 0% B;
2-3min, 5% B; 4-20 min, 30% B; 21-23min, 50% B; 14-15min;
24-25 min, 80% B; 26-27 min, 100% B; 28-30 min, 0% B. Flow rate
was maintained at 0.9 mlmin !, and sample injection volume was
10 ul. Absorbance was measured at 330 nm. Cinnamic acid was iden-
tified by comparing retention times and UV spectra with those of re-
ference standards (Sigma-Aldrich, St Louis Mo, USA).

2.4. Animals and experimental groups

Female C57BL/6J mice (10-week-old} obtained from our animal
facilities were used. Four groups of five mouse each were housed and
maintained under pathogen-free conditions in the animal facility at the
Faculty of Medicine of the Autonomous University of Morelos (FM-
UAEM) under constant temperature (21-23 °C) and humidity (45-50%)
conditions, with a 12-h light/dark cycle. All experiments followed the
guidelines in the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and experimental protocols were reviewed
and approved by the Ethical Committee for the Care and Use of
Laboratory Animals (Permit No. 005/2011) at the FM-UAEM.

Control mice were treated with saline solution only. The three
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remaining groups were treated with AGII (i.p., 0 .1 pg/kg daily for 10
weeks), either alone or coadministered with losartan (10 mg/kg) di-
luted in carboxymethylcellulose (CMC) 0.2% (Bastaki et al., 2017} or
rSe-ACE (10 mg/kg) diluted in water orally for 10 weeks. Mice were
regarded as hypertensive when blood pressure increased by 15% or
more with respect to baseline blood pressure (systolic or diastolic).
Mice were killed by CO, inhalation and exsanguinated at the end of the
experiment.

2.5. Tissue preparation for biochemical analysis

Kidneys were homogenized in ice-cold HEPES buffer (HEPES
25mM, EDTA 1mM, and phenylmethylsulfonyl fluoride [PMSF]
0.1 mM). Homogenates were centrifuged at 6000 x g for 5min at 4°C
and supernatants were recovered. Protein concentration was de-
termined by the Lowry method.

2.5.1. Measurement of Q,~ production

Dihydrocthidium oxidation (DHE) to cthidium (Eth) was used to
measure O, production (Satoh et al., 2005) Briefly, supernatants
(10ul) were incubated with DHE (0.02mM), salmon testis DNA
(0.5mg/ml), and the corresponding substrate for xanthine oxidase
(X0), mitochondrial respiratory enzymes, or nitric oxide synthase
(NOS). Eth-DNA fluorescence was measured at an excitation wave-
length of 480 nm and an emission wavelength of 610 nm at 37 °C for
30 min using a multimode microplate reader (Synergy IIT, Biotck,
Winooski, V'T). Xanthine (0.1 mM) was used as a substrate for XO, and
allopurinol (0.2 mM) was used as an inhibitor. Succinate (5 mM) was
used as a substrate for mitochondrial O, production, and antimycin
(0.05 mM) was used to block the respiratory chain. v-arginine (i-Arg,
1 mM) was used as a substrate for NOS, while NG-nitro-t-arginine me-
thyl ester (L-NAME, 1 mM) was used to block NOS activity. A blank
without sample was run to subtract background fluorescence from each
sample reading. Enzyme activity is expressed with respect to control
readings.

2.5.2. Activity of antioxidant enzymes

2.5.2.1. Glutathione peroxidase assay. The activity of renal glutathione
peroxidase (GPx) was assayed by the method of Lawrence and Burk
(1976) with some modifications (Satoh et al., 2005), measuring NADPH
disappearance by optical density (OD) reading at 340 nm. GPx uses GSIT
to reduce tert-butyl hydroperoxide, thereby producing GSSG, which is
readily reduced to GSH by GR using NADPH as a reducing equivalent
donor. Blank reactions with the sample replaced by distilled water were
subtracted from cach assay reading. Data were expressed as units per
mg protein.

2.5.2.2. Glutathione reductase assay. The activity of glutathione
reductase (GR) was assayed using oxidized glutathione as a substrate
(Carlberg and Mannervik, 1975). Briefly, GR reduces GSSG to GSH at
the expense of NADPIT; the disappearance of NADPII can be detected by
reading OD at 340 nm.

2.5.2.3. Glutathione-S-transferase assay. The activity of glutathione-S-
transferase (GST) was evaluated following the method of Habig et al.
(1974). The reaction mixture consisted of potassium phosphate buffer
50mM (pH 6.5), reduced glutathione 2mM, and 1-chloro-2,4-
dinitrobenzene (CDNB) 1 mM. Supernatants (0.02 ml} were added to
0.98 ml of the reaction mixture, and absorbance was recorded at
340nm for 3min. Enzymatic activity was calculated as umol CDNB
conjugate formed/min/mg protein using a molar absorptivity of
9.6 x 10°/M/cm.

2.5.2.4. Superoxide dismutase assay. The total activity of Superoxide
Dismutase (SOD} was evaluated using a previously reported method
(Oberley and Spitz, 1984). Briefly, a competitive inhibition assay was
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performed using a xanthine-XO system to reduce nitroblue tetrazolium
(NBT). The percentage of NBT reduction in the sample-free control tube
was 100%. The amount of protein that inhibited NBT reduction by 50%
of the maximum reading was defined as one unit of SOD activity.
Results were expressed as U/mg protein.

2.5.2.5. Lipid peroxidation assay. The content of malondialdehyde
(MDA) was measured using a standard curve of tetramethoxypropane.
Tissue supernatants (0.2ml} were added to 0.65ml of 1-methyl-2-
phenylindole 10mM in an acetonitrile/methanol mixture (3:1). The
reaction was started by adding 0.15 ml of HCI 37% and incubated for
40 min at 45°C. Then, the samples were centrifuged at 3000 x g for
5 min. OD was measured at 586 nm (Gérard-Monnier et al., 1998). Data
were expressed as nmol MDA/mg protein.

2.6. Blood pressure measurement

Mice were anesthetized with xylazine (10 mg/kg i.p.); then, systolic
and diastolic arterial pressure data were recorded by the tail-cuff
technique, using a LE5002 Panlab Non-Invasive Blood Pressure System
(Letica). Blood pressure was recorded at the beginning of the experi-
ment (baseline) and every five weeks until the end of the experiment.
To avoid circadian variations (Marques et al., 2011), all measurements
were performed between 11:00 a.m. and 15:00 p.m.

2.7. Cytokine detection by ELISA

Kidneys were weighed and frozen at — 80 °C until used. The organs
were macerated in a frozen mortar with ice-cold PBS-PMSF (0.1%)
1:5w/v. The suspensions were centrifuged, and the supernatants were
recovered and frozen at — 20°C until used. Various ELISA Kits were
used to determine cytokine concentration, following manufacturer's
instructions. Mouse IL1pB, 1L4, IL6, IL10, IFNy, and TNFa ELISA kits
were purchased from OptEIA™ BD, and Mouse IL17A and TGFf CLISA
kits were purchased from Applied Biosystems. Briefly, 96-well flat-
bottomed ELISA plates were coated with the respective capture anti-
body and incubated overnight at 4 °C in carbonate buffer (pH 9.6). Non-
specific binding sites were blocked by incubating for 30 min at RT with
PBS-5% fetal bovine serum. Aqueous kidney extracts were added and
incubated for 2 h at RT. Then, the plates were incubated with the cor-
responding detection anti-cytokine-HRP antibodies for 30 min at RT.
Bound complexes were detected by reaction with tetramethylbenzidine
substrate after 30 min of incubation in the darkness. The reaction was
stopped with 11,804 2N and absorbance was measured at 450 nm at
37°C in an ELISA plate reader (VERSAmax Molecular Devices).
Cytokine concentration was calculated according to standard curves for
each cytokine and reported as pg/mg protein.

2.8. Histopathology

After the last blood pressure measurement, mice were anesthetized
with sodium pentobarbital (30 mg/kg i.p.) and perfused with ice-cold
PBS (NaCl 140 mM, KCl 2mM, and K,IIPO, 1.15mM). Kidneys and
livers were removed. The organs were fixed in Zamboni solution (for-
maldehyde 2.0%, picric acid 0.2%, pH 7.0). Tissues were then dehy-
drated and embedded in paraffin. Tissue sections (5 pm) were trans-
ferred to poly-i-lysine-coated slides (Sigma) before being deparaffinized
and rehydrated. For histopathological studies, the slides were stained
with Masson trichrome stain (kidney and liver) or periodic acid-Schiff
(PAS) stain (kidney). Masson trichrome method combines hematoxylin
stain with a cytoplasmic stain, and a selective stain for connective tissue
(Goldner, 1938). PAS stain detects polysaccharides (glycogen and mu-
cosal substances such as glycoproteins, glycolipids and mucins) in tis-
sues to identify alterations in the basement membrane (Feldman and
Christian, 1981), which was used to determine the expansion of the
mesangial matrix by the presence of increased amounts of periodic
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acid-Schiff positive material in the mesangial region (Raij et al., 1984).
All slides were observed under a Nikon ECLIPSE 80i microscope and
analyzed using the Metamorph software, v. 6.1.

Glomerulosclerosis or hyalinization was defined as the dis-
appearance of cellular elements from the tuft, collapse of capillary lu-
mens, and folding of the glomerular basement membrane with en-
trapment of amorphous material, as proposed by Raij et al. (1984).
Glomerular injury was also analyzed according to the method reported
by the same author, with minor modifications. Briefly, 50-60 cortical
glomeruli were evaluated in PAS-stained kidney slides from each group
under a 100 x objective. Digitalized images were analyzed with the
Metamorph software, v. 6.1. Mesangial area was determined by sub-
tracting the capillary area from the total area. These values were ex-
pressed as percentage with respect to the total area.

Vascular remodeling was evaluated in the portal triad in Masson-
stained liver slides. The total area and the luminal area of the branch of
hepatic artery (BHA) were measured in 10 slides per group under the
40 x objective. The area corresponding to vessel thickness was de-
termined by subtracting these two values. Lumen percentage, media
thickness percentage, and media/lumen ratio were calculated to assess
vascular remodeling (Intengan and Schiffrin, 2001).

2.9. Immunohistochemistry

Tissue slides were deparaffined, rehydrated, and incubated with
H,0, 3%, albumin 5%, and Tween 20-PBS 1%. After treatment, tissue
sections were incubated overnight with rat anti-mouse ICAM-1
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(eBioscence) diluted 1:100 in albumin 0.1% and Tween 20-PBS 0.05%.
After wash with PBS, tissues were incubated with 50 ul of biotinylated
goat anti-rat IgG (MP Biomedicals) antibody, followed by HRP-labeled
streptavidin solution (MP Biomedicals) at 37 °C for 30 min, and devel-
oped with 3,3 diaminobenzidine (ZYMED, San Francisco, CA). The
slides were counterstained with hematoxylin and photographed using a
Nikon ECLIPSE 80i microscope. The images were analyzed with the
Metamorph software, v. 6.1.

2.10. Statistics

Data are expressed as mean = SD. Groups or treatments were
compared by one-way ANOVA with a post-hoc Tukey-Kramer test.
Differences were considered significant when P < 0.05.

3. Results
3.1. Identification of the major polyphenolic compounds

The HPLC fingerprint of the bioactive fraction (Fig. 1A-B) shows
cinnamic acid (12.4 min; A = 205, 280 nm) as its major chemical con-
stituent. The chemical structure of this aromatic acid was corroborated
by comparison of nuclear magnetic data of the compound isolated from
S. edule with previously described constituents (Lombardo-Earl et al.,
2014).

Chromatographic analysis of the fraction.
A) HPLC analysis on acetone fraction.
B) B)HPLC analysis on cinnamic acid. ‘““‘

Table 1. Ni a identifiedi retentiontimes (RT) of the acetonicroot extract of Sechium eduie by GC-MS analysis
Retention Pick No. Corresponding compound MW RT Molecular PeakArea Reported Bioatiity
Time formula (%)
¥ Tretadecanoi acid (Myr stic acid) 2837 299 CieHa0: 43 Antioxidant, Hypocholesterolemic, antitumoral
growth, renal protective effect
2 Pentadecanoic acid 2424 315 CusHi0: 399 Activation of PPARy and PPAR, regulation of
energy catabolism, lipid homeostasis and fatty
acid oxidation (FAO).
3 11-2-Hexadecenoic acid 2844 336 CHO: 78 Antimicrobial and antioxidant activity.
26.7RT 4 Hexadecanoi acid (paimitic acid) 25684 34.08 CHiO: 24 Antioxidant, Hypocholesterolemic.
5 9,12-Octadecadienoic acid (Linoleic acid) 2804 373 C.H:O: 304 Antinfammatory, Cox 1 and Cox2 inhbition,
Hypocholesterolemic.
6 9,12-Octadecadiency| chioride (Linoleic 29889 374 CH.CO 11 No activity reported.
acid choride)
7 Hexadecanoic id, 2-hydroxy-1-(ethyl 3205 4335  CHWO 199  Noactwity reported.

ester (2-Paimitoyigiycerol)

 ; {M)9-Oxononanoic xid 1722 239
7 Tretadecanoc acid (Myritic acid) 2837 301
3 14-Pentadecenoic acid 24038 3155
4 Pentadecanoic acid 2624 316
5 11-Z-Hexadecenoic acid 2544 37
6 Hexadecanoic acid (palmitic acid) 284 340
28.1RT 7 9,12-Octadecadienoic acid (Linoleic xcid) 2804 372
8 9,12,15, Octadecatrienoic acd, methy! 373

ester (Linolenic acid methyl eer) 2=

9 Hexadecanoic acid, 2-hydroxy-1-1(ethy! 3305 43.35

ester (2-Paimitoylglycerol)

104 No actiity reported.

288 Antioxidant, Hypocholesterolemic.

56 Antioxidant

29 Activation of PPARy and PPAR, regulation of
energy catabolism, lipid homeosass and FAO

29 Antimicrobial and antioxidant activity.

75 Antioxidant, Hypocholesterolemic.

104 Antinflammatory, Cox 1 and Cox2 inhbition.
Hypoc holester olemic.

C.HLO: 120 Y, Hy Cancer

preventive, Hepatoprotective,

Anthigamink, Antieczemic, Antiarthritic,

Anticoronary,

No activity reported.

CHO 145

Fig. 1. Chromatographic analysis of the fraction. A) HPLC analysis of the acetone fraction. B) HPLC analysis of cinnamic acid. The HPLC fingerprint of the bioactive
fraction identifies cinnamic acid (12.4 min; A = 205, 280 nm) as its major chemical constituent. lable 1 shows other non-polar phytocomponents identified in two
retention times (RT) of the acetonic rool extract of Sechium edule by GC-MS analysis.
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3.2. Identification of non-polar compounds

Chemical analysis of the less polar composition by GC-MS identified
palmitic acid, linoleic acid, linoleic acid chloride, 11-Z-hexadecenoic
acid, 2-palmitoylglycerol, and linolenic acid methyl ester, among other
fatty acids (Table 1).

3.3. rSe-ACE prevents the production of O,~

The O, ion can be produced in the cell through different metabolic
pathways, which imply different enzymes and substrates. To assess
whether rSe-ACE was able to prevent O,  production and determine
the main enzymes involved in the production of this radical ion, the
capacity of kidney extracts to oxidize dihydroethidium (DIIE) under
different conditions was evaluated. Protein extracts were obtained from
all mice groups and were exposed to a set of substrates and enzyme
inhibitors before measuring O, production (Fig. S.1). Only when
kidney extracts were exposed to succinate, the percent change in pro-
duction O,  increased significantly, 233.2 = 26.7 in the AGII-treated
group and 100 *+ 1.7 in the control group (P < 0.01), a nearly 2.5-fold
increase. Extracts from AGII/rSe-ACE- or AGIl/losartan-treated mice
did not show this increase (120.9 + 36.7 and 167.7 + 49.7, respec-
tively), being similar to the normotensive control group. On the other
hand, when homogenates were incubated with succinate and anti-
mycin, a mitochondrial respiration inhibitor, a 0.67-fold blunt in the
fluorescence signal was observed. No differences were found when
extracts were incubated with arginine or xanthine, nor with their re-
spective inhibitors. These data provide evidence that the mitochondrial
enzyme succinate dehydrogenase is involved in O, production in re-
sponse to chronic AGII administration. Also, the absence of significative
differences between control mice (untreated) and AGII/rSe-ACE-treated
mice indicate the antioxidant capacity of the fraction, being as effective
as the control drug at the concentration employed. To determine
whether the antioxidant capacity of rSe-ACE is related to the activation
of antioxidant enzymes, the activity of GPx, GR, GST and SOD was also
evaluated (Fig. S.1). However, none of these enzymes modified its ac-
tivity after treatment, so the antioxidant effect of rSe-ACE is not
through the activation of antioxidant enzymes.

3.4. rSe-ACE prevent vasoconstriction and hypertension

To cvaluate whether rSe-ACE controls increased blood pressure, this
parameter was cvaluated at the beginning (week 0), the middle (week
5), and the end (week 10) of the experiment. Both systolic (SBP) and
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diastolic (DBP) blood pressure gradually increased in mice chronically
treated with AGII (Fig. 2). At week 5, SBP increased by 30.8% and DBP
increased by 13%; by week 10, statistically significant (P < 0.05) in-
creases of 46.6% in SBP and 73.1% in DBP were observed with respect
to controls. It is noteworthy that no significant increase in blood pres-
sure was observed in AGIl/losartan- nor AGIl/Se-ACE-treated mice with
respect to controls. This result shows that rSe-ACE is as effective as the
pharmacological treatment to control hypertension.

3.5. rSe-ACE prevents inflammation

Considering that O, production promotes inflammation, the anti-
inflammatory capability of rSe-ACE in the kidney was evaluated.
Kidneys were obtained after the last measure of blood pressure.
Cytokine concentrations were evaluated by ELISA in tissue extracts, and
ICAM-1 expression was assessed by immunohistochemistry. As shown
in Fig. 3, AGll-treated mice showed a significant increase in the levels of
IL1P (21.7%), TNFa (26.7%), IL17A (30.6%), IL4 (19.6), IL10 (24.7%),
and TGFp (35.9%), while no differences were observed in IL6 nor I[FNy.
In contrast, no significant differences were found in AGIl/losartan- nor
AGII/rSe-ACE-administered mice with respect to control mice. ICAM-1
expression in kidneys is shown in Fig. S2. Higher ICAM-1 expression
was observed in renal capsule cells (panel B), renal interstitial cells
(panel I), and perirenal fat tissue (panel J) in kidneys from AGII-treated
mice. Also, an inflammatory infiltrate was observed in the renal capsule
and perirenal fat tissue (panels B and J). In contrast, ICAM-1 expression
in all evaluated kidney regions was prevented in AGII/ rSe-ACE-treated
mice. It is remarkable that rSe-ACE had a higher anti-inflammatory
effect than losartan, because a moderate expression of ICAM-1 was
observed in the kidney regions evaluated, particularly in the capsule
and perirenal fat, from AGll/losartan-treated mice.

3.6. rSe-ACE prevents vascular remodeling

A chronicle vascular prooxidant status leads to vascular remodeling.
To assess the capacity of rSe-ACE to control AGII-induced vascular re-
modeling, total and luminal cross section areas of the branch of hepatic
artery (BIA) of the portal triad in liver slides were measured in control
mice in and AGII-, AGII/rSe-ACE-, and AGII/losartan-treated mice
(Fig. 4A-D). The key parameters to assess vascular remodeling were
lumen percentage, media thickness percentage, and media/lumen ratio
(Fig. 411-J). Media thickness was calculated by subtracting luminal BITA
arca from the total BIHA. As shown, neither total BHA vascular arca,
lumen area, nor media thickness (Fig. 4E, F and G, respectively) were

B
) DiastolicBlood Pressure (DBP)
110
100 ««4-- CONTROL
90
-8= AGII
80
70 —t AGII/LOS
o —e—AGII/rse ACE
50
40
0 5 10
Weeks

Fig. 2. Arterial pressure kinetics. Systolic and diastolic arterial pressure was measured in mice at weeks 0, 5, and 10. The AGII-treated group showed increases in both
pressure readings at week 10, while the rSe-ACE-group maintained pressure values at the levels of the control group. Data are expressed as mean *+ SD and were
analyzed by ANOVA and a post-hoc Tukey test. *Statistically significant differences with respect to control (P < 0.05). Data arc representative of at least three

independent experiments.
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Fig. 3. Kidney cytokine concentration. Cytokine levels were determined in kidney aqueous extract 10 weeks after AGII administration and treatments. Six kidneys
were analyzed per treatment. The control group was treated with saline solution only; AGII 0.1 pg/kg/day; losartan 10 mg/kg, and rSe-ACE 10 mg/kg. Data are

es with respect to control (P < 0.05).

expressed as mean + SD and were analyzed by ANOVA-Tukey test. *

affected by AGII (Fig. 4B) nor AGIl/losartan (Fig. 4C) treatment. In
contrast, AGll/rSe-ACE treated mice showed a significant increase
(P < 0.05) in vascular area (2.3-fold) and lumen area (2.4-fold) (Fig. 4E
and F, respectively) but not in media thickness (P > 0.05} (Fig. 4G).
AGII- and AGIl/losartan-treated mice exhibited a significant decrease
(P < 0.05) in lumen percentage with respect to control mice (2-fold)
(Fig. 41) and a significant increase (P < 0.05) (about 1.19-fold) in
media thickness and media/lumen ratio (2.7-fold) (Fig. 41 and J, re-
spectively), indicative of hypertrophic vascular remodeling (Intengan
and Schiffrin, 2001), a condition present in severe hypertension con-
ditions, such as human secondary hypertension (Raij et al., 1984). On
the other hand, as shown in Fig. 4D, treatment with rSe-ACE prevented
this status, since lumen percentage, media thickness, and media/lumen
ratio showed no significant differences (Fig. 4 H, I, and J, respectively)
with respect to the control group, preventing vascular remodeling.

3.7. rSe-ACE prevents tissue damage

To assess the capacity of rSe-ACE to control tissue damage due to
AGIl-induced ED, histopathological studies were performed with
Masson trichrome stain in liver (Fig. 5) and kidney (Fig. 6), and PAS
stain in kidney to evaluate glomerular status (Fig. 7).

3.7.1. rSe-ACE prevents non-alcoholic steatohepatitis (NASH)

In liver, three main pathologic alterations were found in AGII-
treated mice: 1) steatosis with perivascular pattern, which originates
from the central vein of the hepatic lobule (Fig. 5B); 2) thickening of the
trabeculae (Fig. 5F) and of the Glisson's capsule (Fig. SN and R); and 3)
lymphocytic microabscesses with necrosis at the center (Fig. 5J). All
these alterations, steatohepatitis, inflammation, and fibrosis are pa-
thological characteristics of NASH. The thickening of trabeculae and
Glisson's capsule are due to fiber deposition and the infiltration of
mononuclear cells such as lymphocytes, macrophages, fibroblasts, and
fibrocytes (Fig. 5N), which indicates the chronicity of the inflammatory

Ily significant diffe
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cvent and the ongoing repairing process. No improvement was ob-
served in the AGll/losartan-treated group with respect to AGII-treated
mice (Fig. 5C, G, K, O and S). In contrast, a reduction in AGII-induced
steatosis, fiber deposition, cell infiltration to parenchyma (Fig. 5D, H
and L, respectively) and Glisson's capsule (Fig. 5 P, T) was observed in
rSe-ACE-treated mice.

3.7.2. rSe-ACE prevents glomerulosclerosis

Glomerulosclerosis is a condition often induced by ED (Anderon
et al., 1993; Orth et al., 1994), thus, AGll-induced renal damage was
evaluated in all mice groups by examining Masson trichrome-stained
perirenal fat (Fig. 6A-D), capsules (Fig. 6E-1T), perivascular connective
tissue (Fig. 6I-L), and cortical glomeruli (Fig. 6M-P). Additionally, the
type of infiltrating cells in the capsule (Fig. S. 3) was determined by PAS
staining, and a morphometric analysis of the glomerulus was performed
(Fig. 7).

As shown in Fig. 6, the AGII-treated group exhibited renal damage
characterized by renal capsule thickening (panel F) due to edema, fiber
deposition and infiltration of mononuclear cells (mainly lymphocytes
and macrophages), characteristic of chronic kidney diseases (CKD) like
glomerulosclerosis (Karanovic et al., 2016). Additionally, perivascular
fibrosis (panel J), congestion of the tubulointerstitial zone (panel N),
and points of mononuclear infiltration (mainly lymphocytes) among
perirenal fat adipocytes (panel B) were observed. As shown in the
figure, a decrease in the inflammatory process in perirenal fat and renal
capsule (panels C and G, respectively) was observed in the losartan-
treated mice, although this treatment did not modify the damage to
perivascular conjunctive tissue nor the congestion surrounding cortical
glomeruli (panel 0) induced by AGII (panel K). The rSe-ACE fraction
controlled the thickening in perirenal fat and renal capsule (panels D
and H, respectively); remarkably, it also diminished the amount of
perivascular conjunctive tissue (panel L), preventing the congestion
surrounding cortical glomeruli (panel P). These parameters were si-
milar in AGII-rSe-ACE-treated mice and control animals (panels I and
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Fig. 4. BHA vascular remodeling evaluation by Masson trichrome stain. A-D) Mouse hepatic portal triad after treatments. F) BHA total area. F) BHA lumen area. G)
Thickness of BHA tunica media. H) Lumen and tunica media. I) Percentage with respect to the BHA total arca. J) Media arca/lumen area ratio. rSe ACE prevented, on
one hand, the increase in media thickness percentage, and on the other the decrease in lumen area with respect 1o the total area and maintained the media/lumen
ratio with no significant differences with respect to controls; this ratio was significantly increased in AGII-treated mice. 40 x microphotographs. Branch of portal vein
(BPV); branch of hepatic artery (BHA); branch of biliary duct (BBD). Data are expressed as mean * SD and were analyzed by ANOVA and a post-hoc Tukey-Kramer

test. *Statistically significant differences with respect to control (2 < 0.05).

M, respectively).

Mice treated with AGII exhibited renal capsule thickening, which
may be associated to the infiltration of inflammatory cells (mainly
lymphocytes, macrophages, and plasmatic cells, and in a lesser extend
basophiles and neutrophils) (Fig. $.3B). In losartan-treated mice, in-
filtration of lymphocytes, macrophages, and fibroblasts was observed
(Fig. S3C). On the other hand, infiltration of inflammatory cells was
substantially diminished in mice treated with the rSe-ACE fraction (Fig.
S.3D).

Glomerulosclerosis, characterized by an increase in glomerular arca
(37.0%, Fig. 7E), reduced vascular area (52.1%, Fig. 7F), and increased
mesangial area (16.1%, Fig. 7G) was clearly found in AGII-treated mice.
In the losartan-treated group, vascular area was significantly reduced
(27.4%, Fig. 7F) and mesangial area was significantly increased (8.5%,
Fig. 7G), even though glomerular area (Fig. 7E) did not exhibit sig-
nificant differences with respect to controls. In contrast, although the
rSe-ACE fraction administration failed to prevent the AGIl-induced in-
crease in glomerular area (Fig. 7E), vascular and mesangial areas did
not show significant differences (Fig. 7F and G, respectively) with
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respect to controls. These results imply that although glomeruli are 24.1
times larger than in control mice, the proportion between mesangial
and vascular area is conserved, which means that kidney should be
working properly, and that the fraction was more efficient than losartan
in preventing glomerulosclerosis.

As shown in Fig. 7B, AGII also induces glomerulonephritis, evident
in mesangial matrix (Fig. 7G) and glomerulus vascular region hyper-
trophy (Fig. 7F). The rSe-ACE fraction was able to prevent glomer-
ulonephritis even better than losartan, a finding that points to its ef-
fectiveness in preventing renal damage associated to AGII-induced ED.

4. Discussion

This study provides clear evidences of the efficacy of rSe-ACE to
prevent ED (and its associated pathologies} induced by chronic AGII
administration.

Previous studies showed that both rSe-HA and losartan were able to
interfere with the binding of AGII with its receptor, preventing its hy-
pertensive effects (Lombardo-Earl et al., 2014). The rSe-ACE fraction,
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Fig. 5. Hepatic damage evaluation by Masson trichrome stain. A-D) Hepatic parenchyma 4 x . F-H) Trabeculae. J-1.) Microabscess. M-P) Glisson's capsule 10 X . Q-T)
Glisson's capsule 40 x . AGII-treated group showed steatosis, mononuclear cell infiltrate, fiber deposits and thickening, along with lymphocytic microabscesses, being
AGII- and AGII/losartan-treated mice the most severely affected. rSe-ACE prevented severe liver damage. 4 x (bar = 250 um), 40 x (bar = 150 pm) and 100 x (bar
= 50 um) microphotographs. m: inflammatory mononuclear cells; f: fibroblasts; fi: fibrocytes; n: necrosis.

derived from the rSe-HA extract, was found to be enriched in cinnamic
acid methyl ester, which could be responsible for the antihypertensive
cffects in an acute, AGII-induced hypertension model. In this study, the
effects of orally administered rSe-ACE on ED pathologies induced by
chronic administration of AGII in mice were further characterized.

In this model, ED is induced by AGII binding to the AT1R receptor
on endothelial cells, which actives NAD(PJH oxidase through PKC, in-
ducing the production of ROS (O, )} and leading to a prooxidative
status. This reduces the bioavailability of nitric oxide (NO), causing
vasoconstriction. PKC activates the NFkB transcription factor and the
production of proinflammatory cytokines (Jaimes et al., 2010; Marchesi
et al., 2008; Nishida et al., 2010; Schramm et al., 2012), which ulti-
mately lead to vascular remodeling and tissue damage. As demon-
strated in our study, AGIl-treated mice exhibited higher levels of in-
fl ory and non-infl ory cytokines in kidney (Fig. 3), a target
tissue for ED (Bosch et al., 2010; Henke et al., 2007; Rajendran et al.,
2013); inflammatory cytokines in ED could be produced not only by
endothelial cells and VSMC, but also by artery-associated cells such as
neutrophils, mastocytes, and lymphocytes (Sprague and Khalil, 2009).
As shown in Fig. 8.3, these cells were recruited to the inflamed kidney
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by AGIl administration, where they mediate a proinflammatory,
prooxidative status leading to vascular remodeling and damage (Brazin
et al., 2014; Guasti et al., 2008; Hallersund et al., 2011).

The rSe-ACE extract effectively controlled the prooxidant and
proinflammatory status, as well as vasoconstriction, vascular re-
modeling, and tissue damage, despite the concomitant administration
of AGIL. This protective effect was higher than that of losartan, since the
latter only controlled oxidative stress, hypertension, and the production
of proinflammatory cytokines, but not ITCAM-1 expression, vascular
remodeling, tissue injury, proinflammatory cell infiltrate, nor glo-
merular damage.

Cinnamic acid was identified as the main component of rSe-ACE
along with other less polar fatty acids, specifically palmitic, linoleic,
linoleic acid chloride, 11-Z-hexadecenoic acid, 2-palmitoylglycerol, and
linolenic acid methyl ester (Fig. 1, Table 1). These compounds have
been reported to show anti-inflammatory properties (Bartolome et al.,
2013). Cinnamic acid can reduce the concentration of ROS (O27) by
two different mechanisms: by reacting with the radicals through its
electron-rich double bounds (Azzu and Brand, 2010), acting thus as a
scavenger, and by preventing ROS production by mitochondrial
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enzymes like succinate dehydrogenase, since cinnamic acid was de-
monstrated to activate uncoupled proteins (UCP) via its 2-alkenal group
(Cehtay et al., 2003). UCP are a subfamily of mitochondrial proteins
that decrease ROS production by uncoupling mitochondrial enzymes,
thus preventing oxidative damage (Azzu and Brand, 2010; Brand et al.,
2004). In our study, rSe-ACE was found to reduce ROS production by
succinate dehydrogenase, probably due to its high content of cinnamic
acid.

The role of growth factors like TGFP in ED has been related to ex-
tracellular matrix deposition, promoting VSMC hypertrophy and hy-
perplasia, leading to vascular remodeling and fibrosis (Gibbons et al.,
1992; Ruiz-Ortega et al., 2006). The latter are key factors in the pa-
thogenesis of renal and hepatic diseases and were observed in hepatic
tissues from AGII-treated mice (Figs. 4 and 5) but not in renal tissues
(Figs. 6 and 7). AGIT administration also induces the expression of ad-
hesion molecules like E- and P-selectins, VCAM-1, and ICAM-1 (Chen
et al., 2015; da Cunha et al., 2005; Liang et al., 2015), which along with
the proinflammatory environment would favor the recruitment and
activation of monocytes, which could migrate to the media and ad-
ventitia layers of the blood vessels, releasing effector molecules and
further contributing to tissue damage (Marchesi et al., 2008; Nishida
et al., 2010; Touyz, 2004). In this study, AGIT increased ICAM-1 ex-
pression in the renal capsule, renal interstice, and perirenal fat; this
effect was extensively prevented in rSe-ACE-treated mice, while only a
reduction in ICAM-1 expression was attained in losartan-treated mice.
The effects of rSe-ACE could be mediated by cinnamic acid and other
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less polar fatty acids, which individually have been proved to exert anti-
inflammatory and antioxidant effects (Kersten et al., 2000; Nunn et al.,
2007), acting synergistically to prevent tissue damage.

It has been reported that the inability of the endothelium to couple
hemodynamic events efficiently is related to the low bioavailability of
nitric oxide (NO). This molecule acts as a second messenger and its
absence contributes to hypertension and abnormal vascular remodeling
(Rudic and Sessa, 1999). Treatment with AGII induced hypertension in
mice comparable with grades 2 and 3 of the human disease (Mansia
et al., 2007; Savoia et al., 2011). Considering that rSe-ACE was able to
control the increase in ROS, it is possible that this treatment increased
NO bioavailability, regulating hypertension (the main pathology re-
sulting from ED) and vascular remodeling. Moreover, rSe-ACE not only
prevented vascular remodeling but also induced a compensatory cn-
largement in the branch of hepatic portal vein and in the lumen of
blood vessels, without increasing the thickness of the media and
maintaining the relation media/lumen with no statistically significant
differences with the control group. This represents an adaptive response
to preserve the normal blood flow and could be related with NO
availability mediated by the antioxidant activity of the fraction, as
discussed above.

Another point that merits comments is the capability of the rSe-ACE
fraction to control non-alcoholic steatohepatitis (NASIT) induced by the
chronic administration of AGI (Fig. 5). NASH progression is char-
acterized by fatty liver, damage to hepatocytes, fibrosis, and in-
flammation (Brunt, 2004; de Alwis and Day, 2008). The
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pathophysiological hallmark of NASIT and non-alcoholic fatty liver
discase (NAFLD) is insulin resistance (IR), which increases the flux of
free fatty acids from the adipose tissue to non-adipose organs, resulting
in an abnormal fat metabolism that leads to an accumulation of hepatic
triglycerides (Bugianesi et al., 2005). AGII exerts its action on insulin-
sensitive tissues such as liver, where it has effects on insulin receptors
(Morris et al., 2013; Olivares-Reyes et al., 2009; Togashi et al., 2000),
favoring lipid accumulation in hepatocytes and impairing the oxidative
capacity of the mitochondria, leading to an increased ROS generation
and its consequences (Rolo et al., 2012). rSe-ACE was capable of con-
trolling NASH, probably through the synergistic action of cinnamic acid
and other less polar fatty acids. Previous studies have shown that cin-
namic acid is not only able to control the production of ROS, which play
an important role in NASH induction, but it also alleviates insulin re-
sistance in vivo and in vitro (Huang et al., 2009; Huang and Shen, 2012;
Lakshmi et al., 2009). On the other hand, other less polar fatty acids in
the rSe-ACE fraction probably contributed to control the inflammatory
status.

It is well known that AGIL via AT1R, participates in the patho-
genesis of renal discases through the increased production of ROS (for
instance, by promoting hyperplasia/hypertrophy in several cell types;
upregulating the expression of cytokines, cell adhesion molecules and
TGFf). All these alterations would increase the synthesis of extra-
cellular matrix proteins through the activation of mesangial cells and
interstitial and tubular fibroblasts, the stimulation of plasminogen ac-
tivator inhibitor-1 (PAI-1) and the infiltration and activation of mac-
rophages, which would further increase inflammation, fibrosis, and
ROS production (Mezzano ct al., 2001; Ruiz-Ortega et al., 2001, 2006).
In this study, AGII-trcated mice developed structural alterations like
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edema, deposit of collagen fibers and infiltration of mononuclear cells
(lymphocytes, mastocytes, neutrophils, and macrophages), all of which
were controlled by the administration of rSe-ACE.

Finally, our results indicate that AGII administration induced glo-
merulosclerosis (a chronic kidney disease) by increasing mesangial
volume (Anderon et al., 1993; Orth et al., 1994) (Fig. 7). AGII has been
reported to activate mesangial and tubular cells and interstitial fibro-
blasts, increasing the expression and synthesis of extracellular matrix
proteins mediated by the release of TGFB; AGII also participates in the
inflammatory response, inducing the activation of mononuclear cells
and increasing the levels of proinflammatory mediators (Mezzano et al.,
2001), conditions that were observed in AGII-treated mice. TGE[ is
thought to be fibrogenic, either directly or indirectly, through the in-
duction of connective tissue growth factor (Meguid et al., 2005; Ruiz-
Ortega et al., 2001, 2006). Recent studies demonstrated that the acti-
vation of Nrf2 protects various tissues and organs against fibrosis via
inhibition of TGF/Smad signaling (Oh et al., 2012). Nrf2 is a tran-
scription factor that regulates the expression of genes encoding phase-2
enzymes (heme oxygenase-1, glutathione-S-transferase A1, and NAD(P)
I:quinone oxidoreductase 1) (Korkina, 2007), which can counteract
inflammatory, fibrinogenic, and oxidative damages. There is consider-
able experimental evidence suggesting that Nrf2 signaling plays a
protective role in renal injuries caused by various pathologic conditions
(Choi et al., 2009, 2014). The cinnamic acid present in rSe-ACE has
been reported to induce Nfr2 dissociation from Keap 1, leading to Nfr2
translocation to the nucleus, favoring the expression of ARE-regulated
cytoprotective genes (Korkina, 2007); therefore, it is possible that some
of the cffects observed by the rSe-ACE extract could be mediated by
these actions of cinnamic acid.
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Altogether, these results show that rSe-ACE could control the wide
range of effects of AGII and could be used as a comprehensive treatment
for ED, being probably one of the most promissory approaches to pre-
vent fibrosis in progressive renal diseases.

5. Conclusion

‘The results reported in this study indicate that rSe-ACE is able to
control ED and associated pathologies such as hypertension, renal and
liver damage, being a good candidate for the development of a phyto-
chemical medicine for ED, avoiding the need for polydrug treatments,
frequently required to control these pathologies.
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Anexo 1. Cromatografias en Capa Fina (CCF) del extracto acuoso y fracciones de Cucumis sativus

Condiciones Placas Muestras
I=Hidroalcoldlico
A) AE=Acetato de Etilo
Fase Normal 1=Sdlido 1
Sistema: CH3Cl: MeOH 2=So6lido 2

Proporcion 9:1
Revelador: 4 Hidroxibenzaldehido

-

3=Sobrenadante

B)

Fase Reversa

Sistema: H,0 : CH;CN
Proporcion 7:3
Revelador: Flavonoides

1=Hidroalcoldlico
2=Acetato de etilo
3=Acuoso
4=Sobrenadante 2
5=S06lido 2
6=Solido 1

C)

Fase Reversa

Sistema: H,0 : CH;CN

Proporcion 7:3

Revelador: 4 Hidroxibenzaldehido

1=Hidroalcoldlico
2=Acetato de etilo
3=Acuoso
4=Sobrenadante 2
5=S06lido 2
6=Solido 1

D)

Fase Reversa
Sistema: H,0 : CH;CN
Proporcion 7:3
Revelador: Naftol

1=Hidroalcoldlico
2=Acetato de etilo
3=Acuoso
4=Sobrenadante 2
5=S¢lido 2
6=Sdlido 1

E) HA=Hidroalcoldlico

AE=Acetato de Etilo
Fase Reversa
Sistema: H,0 : CH,CN AQ=Acuoso
Plrssgzqr?:‘iénz 7.'3 3 3=Sobrenadante

) 2=Solido 1

Revelador: 4 Hidroxibenzaldehido OI ©

1=Solido 2

119

CH,Cl,: Diclorometano; MeOH: Metanol; H,0: Agua; CH,CN: Acetonitrilo; : AcOEt: Acetato de etilo; Hac : Acido

acético glacial; nBuOH: n-butanol.




Continuacion del Anexo 1. Cromatografias en Capa Fina (CCF) del extracto acuoso y fracciones de
Cucumis sativus

Condiciones Placas Muestras

1=Hidroalcoldlico
2=Sobrenadantes

G)

Fase Normal 3=S¢lido 2.2
Sistema: nBuOH:acetona:Hac:H,0 4=S¢lido 1
Proporcion 35:35:1:2 5=Prolina
Revelador: Ninhidrina 6= Leucina
7=Valina

1=Hidroalcoldlico
2=Sobrenadantes

H)

Fase Normal 3=50lido 2.2
Sistema: nBuOH:acetona:Hac:H20 4=S0lido 1
Proporcion 35:35:1:2 5=Prolina
Revelador: Flavonoides 6= Leucina
7=Valina

HA=Hidroalcoldlico
AE=Acetato de Etilo
SN=Sobrenadantes

)

Fase Normal

Sistema: nBuOH:acetona:Hac:H20 S2= Sf3|_id0 2.2

Proporcion 7:7:1:2 Sl=.SoI|do 1

Revelador: Ninhidrina L=Lignano
V=Valina

HA AE SN S$2 S1 L V

J)

Fase Normal

Sistema: nBuOH:acetona:Hac:H20
Proporcion 7:7:1:2

Revelador: Ninhidrina

| HA=hidroalcohdlico
A= 6 dimetilamino purina
(dimetiladenina)
G=guanosina5’-0-3’
Thiotrifosfato
L=lignano

K)

Fase normal
Agua:acetonitrilo
Proporcion 8:2
Ninhidrina

HA
AE
Solido amarillo
Solido 1
Fenilalanina
Treonina
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CH,Cl,: Diclorometano; MeOH: Metanol; H,0: Agua; CH,CN: Acetonitrilo; : AcOEt: Acetato de etilo; Hac : Acido
acético glacial: nBUuOH: n-butanol.



