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Resumen

La enfermedad hepatica (EHNA), es una de las principales causas de enfermedad hepatica
en todo el mundo, la incidencia aumenta afio tras afio de modo paralelo a la obesidad y la
diabetes, debido a los cambios en la dieta y en la baja actividad fisica. La EHNA se
caracteriza por una acumulacion excesiva de grasa, inflamacion y disfuncion de hepatocitos
en el higado en ausencia de consumo de alcohol. La patogenia es poco conocida y los
mecanismos moleculares que causan la progresion de la esteatosis simple a la
esteatohepatitis (EHPTNA) no han sido bien esclarecidos. Alteraciones en procesos
mitocondriales (tales como la dindmica mitocondrial, la oxidacion B de acidos grasos, el
transporte de electrones y la fosforilacion oxidativa, estan estrechamente relacionadas con
la patogénesis, sugiriendo que la EHPTNA es una enfermedad mitocondrial. Se ha
reportado que la ingesta de aceite de aguacate tiene efectos benéficos contra la disfuncion
mitocondrial durante la diabetes y la hipertension, al aumentar la resistencia de la cadena
respiratoria al estrés oxidativo, disminuir la produccion de ERO y mejorar el estado redox
del glutation. Con base en lo anterior, el objetivo de este trabajo fue determinar si el aceite
de aguacate protege contra las alteraciones inducidas por la EHNA en la funcion
mitocondrial, el estrés oxidativo, la inflamacion y dinamica mitocondrial en mitocondrias
de higado de rata. Se probaron dietas con alto contenido de carbohidratos, alto contenido de
grasa y su combinacién. A partir de este analisis, los efectos del aceite de aguacate se
analizaron en ratas en donde la EHNA fue inducida por una dieta con alto contenido de
grasa, fructosa y sacarosa, administrada durante 6 o 18 semanas. El aceite de aguacate fue
suministrado 12 semanas posterior a las 6 semanas de administracion de dicha dieta, o en
las ultimas 12 semanas cuando la dieta se administrd por 18 semanas. Las histologias de
ratas con EHNA mostraron esteatosis, inflamacion e hinchamiento de hepatocitos. La
EHNA inhibi6 la fosforilacion oxidativa y la actividad del complejo III, lo cual fue
atribuido a una disminucion en el flujo de electrones en los citocromos b y ¢ + ¢; de dicho
complejo. Ademas, se observo un aumento en la produccion de ERO, en la peroxidacion
lipidica y de la expresion de TNF-o e IL-6. La expresion de las proteinas de fision
mitocondrial DRP1 y Fisl aument6 y disminuy6 la de las proteinas de fusion Mfn1/2 y de

OPAL. Todos estos efectos se revirtieron con la suplementacion con



aceite de aguacate. Estos datos sugieren que el aceite de aguacate podria ser benéfico para

disminuir la progresiéon de EHNA al mejorar la funcién mitocondrial.
PALABRAS CLAVE:ESTRES OXIDATIVO, MITOCONDRIA, ANTIOXIDANTE, EHNA,
BLANCO TERAPEUTICO.



Abstract

Nonalcoholic Fatty Liver Disease (NAFLD) is a major cause of liver disease worldwide, its
incidence increases parallel with the obesity pandemic, due to changes in diet and in low
physical activity. NAFLD is characterized by excessive fat accumulation, inflammation,
and hepatocyte dysfunction in liver in the absence of alcohol consumption. The
pathogenesis is poorly understood and the molecular mechanisms that cause progression
from the simple steatosis to steatohepatitis (NASH) are still undefined. Mitochondrial
alterations in processes like mitochondrial dynamics, fatty acid B-oxidation and oxidative
phosphorylation are closely related to NASH pathogenesis, suggesting that NASH is a
mitochondrial disease. It has been reported that avocado oil intake has protective effects
against mitochondrial dysfunction during diabetes and hypertension by increasing the
resistance of the respiratory chain to oxidative stress, decreasing ROS production and
improving the glutathione redox state. On this basis, we tested whether avocado oil protects
from the alterations elicited by NAFLD on mitochondrial function, oxidative stress,
inflammation and mitochondrial dynamics in liver mitochondria from rats with NAFLD.
Diets with high carbohydrates content or high fat content or a combination of these diets
was first tested. From this analysis, the effects of avocado oil were tested in rats where
NAFLD was induced by a diet with high fat, high fructose and sucrose supplied by six or
18 weeks. Avocado oil was supplemented during 12 weeks after 6 weeks of the
administration of the above diet or in the latter 12 weeks when the NAFLD diet was given
for 18 week. Histologic analyses shown steatosis, inflammation and hepatocyte ballooning
in the rats with NAFLD. Liver mitochondrial from rats with NAFLD exhibited inhibition of
oxidative phosphorylation, impaired complex III activity and decreased electron transfer at
cytochromes b and c+c; in this complex. Furthermore, it was observed increasing in ROS
production, in lipid peroxidation and in the expression to TNF-a and IL-6 were increased.
Increased expression of the proteins of mitochondrial fission DRP1 and Fis1 was detected,
while the expression of proteins of fusion Mfn1/2 and OPA1 was decreased. All these
effects were counteracted when avocado oil was supplemented after the establishment of
NAFLD. These data suggest that avocado oil could be beneficial to decrease NAFLD

progression by improving mitochondrial function.



1. Introduccién

1.1 Enfermedad Hepatica no Alcohdlica

La enferedad hepatica no alcohdlica (EHNA) es la enfermedad del higado maés
comin a nivel mundial, su prevalencia estd ligada intimamente a enfermedades
relacionadas con el sindrome metabolico como son: la resistencia a la insulina, la diabetes,
la obesidad, la hipertensiéon y la dislipidemia. Actualmente, es considerada como la
manifestacion hepatica del sindrome metabolico (Marchesini et al, 2003), aunque también
se presenta en la poblacion en general; 7 de cada 10 adultos la presentan, en adolescentes 4
de cada 10 y en nifios 3 de cada 10, estas cifras se incrementan en personas con obesidad y
diabetes (ENSANUT 2016). Los mecanismos mediante los cuales se ha tratado de explicar
la progresion de la EHNA se enmarcan en la teoria de los hits (Fig. 1). El primer hit es la
acumulacion de triglicéridos en el higado, o esteatosis, lo cual incrementa la susceptibilidad
del higado al dafio mediado por el segundo hit, como es el desbalance en la expresion de
citocinas y adiponectinas (factor de necrosis tumoral o (TNF-a), interleucina 6 (IL6),
adiponectina, leptina), la disfuncion mitocondrial, el estrés oxidativo y la peroxidacion de
lipidos, lo cual conduce al desarrollo de esteatohepatitis no alcohdlica (EHPTNA) (Day y
James, 1998). En sujetos obesos, ocurre un flujo mayor de acidos grasos libres (AGL) hacia
el higado, lo cuales son oxidados mediante la B-oxidacion o bien son esterificados con
glicerol en forma de triacilglicéridos, lo que causa acumulacién de grasa en el higado y
genera lipotoxicidad (Feldstein et al, 2004). Las alteraciones mitocondriales estan
estrechamente relacionadas con la patogénesis de la EHPTNA, lo que sugiere que la

EHPTNA es una enfermedad mitocondrial (Pessayre y Fromenty, 2005).
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Figura 1. La teoria de los 2 hits: la esteatosis representa el "primer hit", lo cual sensibiliza al higado para
sufrir lesiones mediadas por un "segundo hit", consistente en un aumento de citocinas pro-inflamatorias, de
adipocinas, del estrés oxidativo y el desarrollo de disfuncion mitocondrial, lo que produce esteatohepatitis y
fibrosis. La presencia de altos niveles de estrés oxidativo reduce la capacidad proliferativa de los hepatocitos
maduros, lo que resulta en una reduccion en la reparacion del higado (Modificado de Dowman et al, 2009).

1.2 Mitocondria

Las mitocondrias son organulos intracelulares presentes en todas las células
eucariotas. Son las encargadas de suministrar la mayor parte de la energia necesaria para la
actividad celular, sintetizan ATP a expensas de la glucosa, los acidos grasos y los
aminoacidos por medio de la fosforilacion oxidativa (Alberts et al., 2002). Durante las
reacciones enzimaticas involucradas en la glucdlisis, en la oxidacion de acidos grasos y en
el ciclo de Krebs, los equivalentes reductores nicotinamida adenindinucledtido reducido
(NADH) y el dinucleétido de flavina y adenina reducido (FADH,), generados por la

oxidacioén de moléculas en dichas vias metabolicas, proveen de electrones a la fosforilacion



oxidativa. La cadena respiratoria transfiere los electrones del NADH o el FADH,, hasta el

O; (Lehninger et al., 2000).

El NADH se oxida en el complejo I de la cadena respiratoria para reducir una
molecula de ubiquinona (UQ) asociada a la membrana. El FADH; se oxida en el complejo
IT para reducir una molécula de UQ. El ubiquinol reducido (UQH,) formado en los
complejos I y II es oxidado en el complejo III, que a su vez reduce al citocromo c. El
citocromo C reduce al complejo IV, el cual es la oxidasa terminal, al transferir cuatro
electrones al oxigeno molecular para formar moléculas de H,O. Los complejos I, III y IV
translocan protones desde la matriz hacia el espacio intermembranal en contra de su
gradiente de concentracion, aprovechando la energia de las reacciones exergdnicas que
ocurren en el transporte de electrones. Esto genera un potencial electroquimico de protones

a través de la membrana interna que dirige la sintesis del ATP por la F;Fy ATP sintasa.

Aunque el oxigeno molecular se reduce a agua en el complejo IV mediante una
transferencia secuencial de cuatro electrones, una proporcion menor de oxigeno puede
reducirse de manera monovalente a radical superdxido (0,%), lo que ocurre
predominantemente en el complejo III (Sugioka et al, 1988) pero también en el complejo I
(Herrero y Baria 1997). La ruta de transferencia de electrones ciclica dentro del complejo
IIT implica un sitio cerca de la cara citopldsmica de la membrana donde el UQH, transfiere
un solo electrén a la subunidad citocromo C1 a través de la subunidad hierro-azufre de
Rieske, lo que genera un radical ubisemiquinona (UQ") altamente reactivo. La pérdida del
segundo electron y la generacion de UQ dependen de la transferencia del electron a través
de dos grupos hemo b de la subunidad citocromo b que se encuentran orientados de modo
secuencial en lados opuestos de la membrana interna (Zhang et al, 1998). Esta transferencia
se opone al potencial de membrana, de modo que un alto potencial de membrana disminuye
la ocupacion del sitio de union a la UQ® en el citocromo b por lo que aumenta la
probabilidad de que este segundo electron pueda ser transferido al oxigeno molecular,

generando el anion O," (Troy et al, 1996).



La mitocondria es fuente de generacion de especies reactivas de oxigeno (ERO) y es
al mismo tiempo blanco del dafio por las mismas, es por ello que el desarrollo de diversas
enfermedades se relacionan con el estrés oxidativo mitocondrial, siendo una de ellas la

EHNA.

1.3 EHNA y mitocondria

Las mitocondrias, ademds de ser el compartimento donde ocurren numerosas
reacciones bioquimicas esenciales en la homeostasis energética, tienen un papel clave en la
muerte y el envejecimiento celular (Scheffler, 2001). Este organulo se encuentra
constituyendo una red compleja, interconectada y altamente dindmica, mantenida por
eventos opuestos y balanceados de fusion y fision mitocondrial (Westermann, 2002). A este
proceso se le ha denominado “dinamica mitocondrial”. La fusion mitocondrial estd
regulada por las proteinas mitofusinas 1 y 2 (Mfnl y Mfn2) que se localizan en la
membrana externa mitocondrial (Chen et al, 2003) y la proteina de la atrofia Optica
(OPA1), que se localiza en el espacio intermembranal asociada a la membrana interna
mitocondrial, y que participa en el remodelado de las crestas mitocondriales y la fusion de
la membrana interna (Olichon et al, 2002). La fision mitocondrial es dirigida por proteinas
como la dinamina 1 (Drp-1), que se localiza principalmente en el citoplasma, pero con una
fraccidbn que se localiza en la membrana externa mitocondrial y cuya localizacion
representa futuros puntos de fision. Se ha sugerido que Drpl actia como mecanoenzima
que participa activamente en el corte de membranas por constriccion (Bossy-Wetzel et al,
2003). Drpl carece de secuencia destino, por lo que es reclutada hacia la membrana por la
proteina Fisl, la cual se encentra inserta en la membrana externa y en conjunto con Drpl
formardn un anillo de escision para de esta manera poder fisionar las mitocondrias

fusionadas (Liesa et al, 2009) (Fig. 2).
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Figura 2. Maquinaria de fusion y fision mitocondrial. En el esquema se ilustra la localizacion de las proteinas
involucradas en la dindmica mitocondrial. La fision mitocondrial divide una mitocondria en dos unidades
hijas por las acciones coordinadas de Drpl y Fisl. La uniéon de dos mitocondrias da como resultado la fusion
mitocondrial de las membranas mediadas por Mfn y Opal (Modificado de Thomas y Cookson 2009).

La fusiéon mitocondrial regula directamente el metabolismo mitocondrial, de tal
modo que la disminucion de la concentracion de la proteina OPA1 o de cualquiera de las
dos Mfn mediante ARN de interferencia conduce a la formacion de mitocondrias
fragmentadas con menor consumo de oxigeno y menor potencial de membrana (Chen et al,
2005). Aunque se conoce la funcién de dichas proteinas en la fusion y el remodelado
mitocondrial, su relacion con la maquinaria metabodlica se desconoce, asi como por qué la
pérdida de algunas de estas proteinas interfiere directamente con la respiracion celular. Por
el contrario, la sobrexpresion de Mfn2 incrementa directamente la actividad de los
complejos respiratorios, la oxidacion mitocondrial y la utilizacién de glucosa (Pich et al,
2005). La expresion de la Mfn2 estd disminuida en el musculo esquelético de ratas Zucker

obesas y en pacientes obesos y diabéticos, lo que destaca la importancia patologica de las



alteraciones en la dindmica y la morfologia mitocondrial y evidencia que la plasticidad

mitocondrial es critica en el mantenimiento de la funcién de este organelo (Bach, 2003).

1.4 La dieta como un factor importante en el desarrollo de EHNA

Los hepatocitos desempefian un papel fundamental en el metabolismo de los
carbohidratos, lipidos y proteinas. Los metabolitos derivados del catabolismo de los lipidos
y de la glucosa son utilizados por las mitocondrias para generar ATP (Lehninger, 1965).
Cada hepatocito contiene aproximadamente 800 mitocondrias (~ 18% del volumen celular
total), que desempefian funciones cruciales en la oxidacion de los &4cidos grasos y la

fosforilacion oxidativa (Mitchell, 1961).

La demanda de energia y la ingesta caldrica se deben encontrar balanceadas en el
organismo. La obesidad es una de las principales anomalias de este equilibrio. La obesidad
y sus consecuencias, como la resistencia a la insulina y el sindrome metabodlico, son una
amenaza creciente para la salud de la poblacion mundial (Keaney, 2003). Una dieta basada
en proporciones altas de colesterol, grasas saturadas y fructosa (comida rapida) recapitula
las caracteristicas del sindrome metabolico y la EHPTNA con fibrosis progresiva. La
fructosa se ha usado cada vez mas como edulcorante desde la introduccion de los jarabes de
maiz con alto contenido de fructosa en la década de 1960 (Tetri et al, 2008) y ahora es una
fuente abundante de carbohidratos en la dieta. El consumo de fructosa en México se ha
incrementado considerablemente debido a que se encuentra en los refrescos, los néctares y
los jugos son ahora elaborados con mieles fructosadas, siendo estos productos ahora las
principales fuentes ‘“hidratantes” en el dia a dia. El aumento del consumo de estos
productos a su vez se ha relacionado con el aumento de la prevalencia de obesidad, diabetes

tipo 2 e higado graso, posicionando a México en segundo lugar en obesidad (OCDE, 2017).

La fructosa fue aceptada previamente como un componente dietético beneficioso
porque no estimula la secrecion de insulina. Sin embargo, dado que la sefalizacion por
insulina juega un papel importante en los mecanismos centrales de desarrollo de la EHNA,
esta propiedad de la fructosa puede ser indeseable (Teff et al, 2004). La fructosa es

metabolizada principalmente en el higado, a una tasa excepcionalmente alta debido a una



cantidad extensa de fructocinasa en este organo, la cual fosforila la fructosa a fructosa 1-
fosfato, y la subsecuente conversion de la fructosa 1-fosfato a triosa fosfato. A diferencia de
lo que ocurre con la glucolisis, esto sucede a una alta tasa independientemente de la
presencia de altos niveles de ATP o de NADH porque el metabolismo de la fructosa evita el
control de flujo ejercido por la fosfofructocinasa, la cual es el primer paso de la glucolisis
(James et al, 2004). Estudios previos comparando el metabolismo de la fructosa y la
glucosa en post-absorcion en intervalos cortos han demostrado que la fructosa se
metaboliza mas rapido que la glucosa. El consumo de fructosa en grandes cantidades puede
provocar estrés hepatico al disminuir la energia hepatica por el alto consumo de ATP
durante la fosforilacion de la fructosa y al generar altos niveles de acido urico debido a la

alta acumulacion de AMP (van den Berghe et al, 1977).

1.5 Alternativas para el tratamiento de la EHNA

Para el tratamiento de esta enfermedad la aproximacion principal es generar
cambios en el estilo de vida del paciente, lo que incluye modificaciones en la dieta e incluir
al ejercicio fisico de manera cotidiana. La mejor evidencia de pérdida de peso como medio
para mejorar la histologia hepatica en pacientes con EHPTNA proviene de un ensayo que
asigno al azar a 31 personas obesas con EHPTNA con cambios intensos en el estilo de vida
(modificacion de la dieta y 200 minutos semanales de actividad fisica moderada durante 48
semanas). Con estos cambios se obtuvo una pérdida de peso del 9,3% y condujo a una
mejoria en la esteatosis, en la necrosis y en la inflamacion lobular, pero no en la fibrosis

(Promrrat et al, 2010).

Se han sugerido algunas alternativas farmacoldgicas para el tratamiento de la EHNA
tales como el uso de la metformina, donde se ha observado una disminucion de la
resistencia a la insulina y de los niveles séricos de las aminotransferasas, pero ninguna
mejora significativa en la histologia hepatica de pacientes con EHPTNA (Uygun et al,

2004).
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También se ha estudiado el efecto de tiazolidinedionas como la pioglitazona y
rosiglitazona sobre las aminotransferasas y la histologia hepéatica en adultos con EHPTNA,
donde se ha observado que el consumo de estos farmacos mejora la esteatosis hepatica y los
niveles de aminotransferasas, pero no la inflamacion y la necrosis. La pioglitazona se puede
usar para tratar la EHPTNA diagnosticada por biopsia. Sin embargo, se debe tener en
cuenta que la mayoria de los pacientes que participaron en ensayos clinicos que
investigaron pioglitazona para tratar EHPTNA no eran diabéticos y que la seguridad y
eficacia a largo plazo de pioglitazona en pacientes con EHPTNA no esta establecida
(Ratziu et al, 2008). En general, no existe ningin farmaco aprobado por la Food and Drug

Administration (FDA) en los Estados Unidos de América para el tratamiento de la EHNA.

El estrés oxidativo se considera un mecanismo clave de la lesion hepatocelular y la
progresion de la enfermedad a EHPTNA. La vitamina E es un antioxida
investigado su uso en el tratamiento de la EHNA. En los diferentes ensayos clinicos con
vitamina E se han utilizado diversos criterios para el ingreso al estudio, diferentes dosis y
formulaciones de vitamina E poco claras de vitamina E que podrian afectar su
biodisponibilidad, el uso adicional de otros antioxidantes u otros farmacos y existen datos
histolégicos limitados para evaluar los resultados. A pesar de estas limitaciones, se puede
resumir que (1) el uso de vitamina E se asocia con una disminucion de las
aminotransferasas en sujetos con EHPTNA; (2) los estudios en los que se evaluaron los
puntos finales histologicos indican que la vitamina E causa mejoria en la esteatosis, la
inflamacion y el ballooning hepatocelular; (3) la vitamina E no tiene ningtn efecto sobre la

fibrosis hepatica (Dufour et al, 2006; Yakaryilamz et al, 2007).
1.6 Caracteristicas y propiedades del aceite de aguacate

El aceite de aguacate (Persea americana Mill) posee una alta proporcion de acidos
grasos monoinsaturados, siendo su componente principal el acido oleico (C18:1), al cual se

le han atribuido algunos efectos benéficos tales como descenso del colesterol total, del LDL

y de triacilglicéridos, con aumento de HDL y mejoria del indice aterogénico en pacientes
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con colesterol normal, con hiperlipidemia, con hipertrigliceridemia y con diabetes mellitus
tipo 2 (Alvizouri et al., 2009).

Ademés del alto contenido de acidos grasos monoinsaturados, se ha reportado que el aceite
de aguacate también posee una amplia variedad de antioxidantes tales como la luteina, los a
y PB-carotenos, la anteraxantina, la neoxantina, la zeaxantina, la violaxantina y la B-
criptoxantina, asi como tocoferoles (alfa y gamma) y las clorofilas a y b. La més abundante

de estas moléculas antioxidantes es la luteina (Ashton et al., 2006).

Respecto a la disfuncion mitocondrial durante la diabetes y al consumo de aceite de
aguacate, en estudios realizados en un modelo de diabetes tipo I en ratas a las cuales se les
administro durante 90 dias este aceite, se observo un efecto protector en la funcionalidad de
mitocondrias de rifion y de higado, ya que la administracion del aceite protegio contra el
dafio inducido por la diabetes en la actividad de los complejos 1 y III, disminuyd el dano
sobre los citocromos c+cC;, del complejo III, disminuyd la formaciéon de ERO y la
peroxidacion de lipidos y aumento la resistencia al estrés oxidativo, ademés de que, de
manera importante, no se observd desarrollo de esteatosis hepatica por la administracion
del aceite (Ortiz-Avila et al., 2013; 2015). Por lo tanto, es factible proponer que la
administracion del aceite de aguacate puede disminuir el dafio hepatico en la diabetes al
mejorar la funcion y la dindmica mitocondrial al prevenir la peroxidacion de lipidos,
prevenir la fision mitocondrial excesiva, disminuir la formacion de ERO y atenuar la
expresion de citosinas pro-inflamatorias que son inducidas por los productos de
peroxidacion de lipidos y las ERO y que estan involucradas en la progresion de la

enfermedad hepatica no alcohdlica.
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2. Justificacion

La EHNA estd vinculada con el desarrollo de diabetes, obesidad y enfermedades
cardiovasculares, en las cuales se sabe que la producciéon mitocondrial de ERO y la
peroxidacion de lipidos juegan un papel importante en su progresion debido a alteraciones
en la dinamica mitocondrial. Se ha observado que el aceite de aguacate disminuye los
niveles de ERO y de peroxidacion de lipidos, y que mejora el funcionamiento de la cadena
respiratoria en mitocondrias de higado de ratas con diabetes tipo 1. Por lo anterior, en el
presente trabajo se propone que el aceite de aguacate puede retrasar el desarrollo de la
EHNA, al disminuir el estrés oxidativo en la mitocondria, mejorar el funcionamiento de la
cadena respiratoria, y disminuir la producciéon de ERO vy la peroxidacion de lipidos, lo cual
podria estar asociado con una mejora de la dindmica mitocondrial y disminucion de la
expresion de citosinas pro-inflamatorias que son activadas por ERO y productos de la

peroxidacion de lipidos.

3. Hipotesis

El aceite de aguacate revierte el desarrollo de la enfermedad hepatica no alcohdlica al
disminuir las alteraciones en la dinamica y la funcién mitocondrial asociadas a la

peroxidacion de lipidos.
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4. OBJETIVOS

4.1 Objetivo general

Determinar el efecto del aceite de aguacate en la funcién y dindmica mitocondrial y su

relacion con la peroxidacion de lipidos en ratas con EHNA.

4.2 Objetivos especificos

1. Evaluar el efecto del aceite de aguacate en la progresion de la EHNA en ratas.

2. Determinar el efecto del aceite de aguacate en la funcidon mitocondrial y en el estrés

oxidativo en higado de ratas con EHNA.

3. Determinar el efecto del aceite de aguacate en el desarrollo de inflamacion inducida por

la EHNA.

4. Analizar el efecto del aceite de aguacate en la dinamica mitocondrial en higado de ratas

con EHNA.
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5. Resultados

Los resultados generados durante la realizacion del presente proyecto se presentan en los
siguientes capitulos:

5.1.Capitulo |

Garcia-Berumen, C. | -Avila, O., Vargas-Vargas, M. A., del Rosario-Tamayo, B.
A., Guajardo-Lopez, C., Saavedra-Molina, A., Rodriguez-Orozco, A. R., Cortés-Rojo, C.
(2019). The severity of rat liver injury by fructose and high fat depends on the degree of
respiratory dysfunction and oxidative stress induced in mitochondria. Lipids in Health and
Disease, 18(1), 78.

5.2. Capitulo 11

Avocado oil consumption protects mitochondrial function and dynamics trough control of
ROS accumulation and inflammatory cytokines expression in liver of rats with Non-
Alcoholic Fatty Liver Disease. Escrito no publicado.

15



Capitulo I

Garcia-Berumen et al. Lipids in Health and Disease (2019) 18:78
https://doi.org/10.1186/512944-019-1024-5 L|p|ds in Health and Disease

RESEARCH Open Access

Check for
updates

The severity of rat liver injury by fructose
and high fat depends on the degree of
respiratory dysfunction and oxidative stress
induced in mitochondria

Claudia Isabel Garcfa-Berumen', Omar Ortiz-Avila', Manuel Alejandro Vargas-Vargas', Bricia A. del Rosario-Tamayo?,
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Abstract

Background: High fat or fructose induces non-alcoholic fatty liver disease (NAFLD) accompanied of mitochondrial
dysfunction and oxidative stress. Controversy remains about whether fructose or fat is more deleterious for NAFLD
development. To get more insights about this issue and to determine if the severity of liver disease induced by
fructose or fat is related to degree of mitochondrial dysfunction, we compared the effects of diets containing high
fat (HF), fructose (Fr) or high fat plus fructose (HF + Fr) on NAFLD development, mitochondrial function, ROS
production and lipid peroxidation.

Methods: Wistar rats were assigned to four groups: Control, fed with standard rodent chow; High fat (HF),
supplemented with lard and hydrogenated vegetable oil; Fructose (Fr), supplemented with 25% fructose in
the drinking water; High fat plus fructose group (HF + Fr), fed with both HF and Fr diets. Rats were sacrificed
after 6 weeks of diets consumption and the liver was excised for histopathological analysis by hematoxylin
and eosin staining and for mitochondria isolation. Mitochondrial function was evaluated by measuring both
mitochondrial respiration and complex | activity. Lipid peroxidation and ROS production were evaluated in
mitochondria by the thiobarbituric acid method and with the fluorescent ROS probe 2,4-H,DCFDA, respectively.

Results: Fr group underwent the lower degree of both liver damage and mitochondrial dysfunction that manifested
like less than 20% of hepatocytes with microvesicular steatosis and partial decrease in state 3 respiration, respectively.
HF group displayed an intermediate degree of damage as it showed 40% of hepatocytes with microvesicular steatosis
and diminution of both state 3 respiration and complex | activity. HF + Fr group displayed more severe damage as
showed microvesicular steatosis in 60% of hepatocytes and inflammation, while mitochondria exhibited fully inhibited
state 3 respiration, impaired complex | activity and increased ROS generation. Exacerbation of mitochondrial lipid
peroxidation was observed in both the Fr and HF + Fr groups.

Conclusion: Severity of liver injury induced by fructose or fat was related to the degree of dysfunction and oxidative
damage in mitochondria. Attention should be paid on the serious effects observed in the HF + Fr group as the typical
Western diet is rich in both fat and carbohydrates.

Keywords: NAFLD, liver steatosis, Mitochondria, Respiratory chain, Complex |, lipid peroxidation
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined as
excessive hepatic lipid accumulation in individuals
whose alcohol intake is not significant and without any
other hepatic disease. NAFLD encompasses a spectrum
of liver alterations ranging from non-alcoholic fatty liver
(NAFL), when steatosis is observed in absence of hepato-
cyte ballooning, non-alcoholic steatohepatitis (NASH),
when steatosis is accompanied of ballooning and inflam-
mation, to cirrhosis [1]. NAFLD is one of the most preva-
lent liver diseases in the world [2], affecting one third of
the population in developed countries and increasing
overall liver-related morbidity and mortality [3]. High-fat
diets were initially believed to be the primary driver of the
obesity epidemic [4], which was associated with increasing
NAFLD prevalence [5]. Consequently, fat was substituted
by fructose because this carbohydrate, in contrast with
glucose, does not stimulate insulin secretion. However,
fructose leads to liver stress due to excessive phosphoryl-
ation of this carbohydrate at the expense of ATP, causing
phosphate deficiency, AMP accumulation, and increased
synthesis of both uric acid and triglycerides [6, 7].

Diets with excessive amounts of fructose or fat induce
hepatic mitochondrial dysfunction. Fructose increases
the supply of electrons to the electron transport chain
(ETC) by upregulating the tricarboxylic acid cycle [8],
this along with impaired complex IV activity, increased
mitochondrial levels of ROS and lipid peroxidation [9].
On the other hand, excessive fat intake impairs mito-
chondrial respiration in the phosphorylating state (i.e.
mitochondrial state 3 respiration), inhibits complex IV
activity, increases lipid peroxidation and augments ROS
generation [10, 11].

The central role of mitochondrial dysfunction in
NAFLD progression has been revealed by its alleviation
with mitochondria-targeted strategies. For example, the
deletion of the lysocardiolipin acyltransferase ALCAT-1
ameliorated NAFLD by inhibiting cardiolipin remodeling
and improving both mitochondrial respiration and oxida-
tive stress [11]. Furthermore, the alleviation of NAFLD in
rodents by mitochondria-targeted antioxidants has been
attributed to decreased lipid peroxidation, attenuation of
oxidative stress and the inhibition of apoptosis [12].

On the other hand, it has been shown that diets con-
taining high fat plus fructose induce more damage in
both liver and mitochondria than a diet containing only
high fat [13]. However, the effects of fructose alone were
not compared with the effects of high fat or high fat plus
fructose. This is an important issue to address, because
the role of fructose in the development of metabolic syn-
drome has been put in doubt, thus there is not yet a de-
finitive consensus about whether fat or fructose is more
detrimental for NAFLD progression [14, 15]. Further-
more, it is unknown whether the severity of liver disease
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is related to the degree of mitochondrial dysfunction
caused by fructose or fat. To address these issues, we
have compared the effects of diets enriched in fructose
(Fr), high fat (HF) and high fat plus fructose (HF + Fr)
on NAFLD development, dyslipidemia, mitochondrial
function, ROS levels and lipid peroxidation.

Materials and methods

Animals and experimental groups

Male Wistar rats weighing 250-350 g were used in this
study. Each rat was housed in individual cages and
maintained at room temperature with day/night cycles
of 12h/12 h, with free access to diets and water or fruc-
tose. Animals were randomly assigned to four groups
(Table 1): 1) control group: fed only with standard
rodent chow; 2) fructose group (Fr): fed with standard
rodent chow plus 25% fructose in the drinking water; 3)
high-fat group (HF): fed with the HF diet; 4) high fat
plus fructose group (HF + Fr): fed with the HF diet plus
25% fructose in the drinking water. Diets were provided
for 6 weeks. Food intake was limited to 20 g daily per rat
to avoid the rancidity of not immediately ingesting food
in the groups whose diets contained high fat. 250 mL of
water or fructose solution was given daily to each rat,
except that fructose was given to the HF + Fr group
every other day at the beginning of the 4th week, as its
consumption decreased significantly at that time in this
group. All the procedures with animals were performed
according to the Federal Regulations for the Use and
Care of Animals (NOM-062-ZO0-1999) issued by the
Mexican Ministry of Agriculture.

High-fat diet (HF) was prepared with 47.5% standard
rodent chow (Laboratory Rodent Diet 5001, LabDiet, St.
Louis, MO, USA), 10.1% lard, 40.6% hydrogenated vege-
table oil, 1.3% sodium cholate, 0.3% choline chloride and
0.2% thiouracil (Table 1). Standard rodent chow con-
tained 23.9% protein (28.5% of total calories), 5.0% fat

Table 1 Experimental groups and preparation of diets

Diet components Experimental groups

Control HF Fr HF +Fr
Standard rodent chow®, % 100 47.5 100 475
Lard<, % 10.1 10.1
Hydrogenated vegetable oil?, % 40.6 406
Sodium cholate®, % 13 13
Choline chloride®, % 03 03
Thiouracil®, % 0.2 0.2
Fructose', %w/v 25° 25°

Diets were provided during 6 weeks to Wistar rats with an initial weight of
250-350 g. ®Fructose was given in the drinking water. ®Laboratory Rodent Diet
5001, LabDiet, St. Louis, MO, USA. The composition of this diet can be
consulted in [49]. €JC Fortes, Empacadora San Benito, México. “Manteca Inca,
ACH Foods México, S. de R.L. de C.V. Sigma-Aldrich, St. Louis, MO, USA.
fGrupo Quimico Contreras, S.A. de C.V. México
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(13.4% of total calories) and 48.7% carbohydrate (58.1%
of total calories). HF diet contained 14.7% protein (8.8%
of total calories), 53.8% fat (73.2% of total calories) and
29.8% carbohydrate (18.0% of total calories). Laboratory
Rodent Diet 5001, which was used as the starting mater-
ial to prepare the diets, exceeding several-fold the rec-
ommendations in vitamins and minerals made by the
committee on AIN-93 purified diets for laboratory ro-
dents [16], except for chromium, that is contained in
similar concentrations in both diets, and for vitamin E,
that is 1.78-fold higher in the AIN-93 diet than in the
Laboratory Rodent Diet 5001.

Isolation of mitochondria

At the end of the treatments, rats were fasted 14 h and
sacrificed by decapitation. The liver was excised and
placed into ice-cold isolation solution (Medium 1) con-
taining 220 mM mannitol, 70 mM sucrose, 1 mM EGTA,
and 2mM MOPS (pH 7.4). The liver was cut, washed,
and homogenized with a Potter-Elvehjem homogenizer.
The homogenate was centrifuged at 314 x g. Subse-
quently, the supernatant was decanted and centrifuged
at 4410 x g. The resulting pellet was washed with a solu-
tion (Medium 2) containing 220 mM mannitol, 70 mM
sucrose, and 2 mM MOPS (pH 7.4), and centrifuged at
6350 x g. Finally, the pellet was re-suspended in 500 pl
of medium 2. Each centrifugation was performed during
10 min at 4 °C [17]. Mitochondrial protein concentration
was measured by the Biuret method.

Determination of biochemical parameters in serum and
weight gain

At the end of the six-weeks of treatments with diets, rats
were fasted for 14 h and blood was recollected after the
sacrifice for obtaining serum. Glucose, total cholesterol
(TC), and triglyceride (TG) levels were measured by en-
zymatic methods with kits from VITROS Chemistry
Products (Ortho Clinical Diagnostics Inc. Rochester, NY,
USA), according to the manufacturer’s instructions.
Weight gain was determined by subtracting the weight
of the animals after the six-weeks of treatments, mea-
sured right before sacrifice, minus the weight at the be-
ginning of the treatments.

Histological analyses of livers

Small sections of the livers, obtained at the sacrifice of
animals, were fixed in 10% formalin, embedded in paraf-
fin blocks, sectioned (5pum thick) and stained with
hematoxylin and eosin. Light microscopy was used for
evaluation of steatosis, inflammation and hepatocyte bal-
looning. Microvesicular steatosis was evaluated like cyto-
solic accumulation of little lipid droplets not perturbing
the central location of the nucleus. Macrovesicular stea-
tosis was evaluated like cytosolic presence of large lipid
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drops that move the nucleus from its central position
into the cell periphery [18].

Evaluation of mitochondrial respiration

Mitochondrial respiration was measured in basal,
oligomycin-induced, state 4 (state 40) and phosphoryl-
ating state (state 3) by determining the oxygen con-
sumption rate of freshly isolated mitochondria using a
Clark-type electrode coupled to a YSI 5300A biological
oxygen monitor and connected to a computer for data
acquisition. 1.25 mg of mitochondrial protein was placed
into a sealed glass chamber containing respiratory buffer
with 100 mM KCl, 10 mM HEPES, 3 mM KH,PO, and 3
mM MgCl, (pH7.4). The final volume was adjusted to
2.5 mL. Respiration traces were started after adding mito-
chondria and 10 mM glutamate/malate as respiratory sub-
strate. State 3 was stimulated with 0.2 mM ADP. State 4¢
was induced by adding 1.4 ug/mL oligomycin. Respiratory
control ratio (RCR) was calculated by dividing the respir-
ation rate in state 3 vs the respiration rate in state 4.

Determination of complex | activity

0.1 mg/mL of mitochondrial protein were resuspended
in a buffer with 50 mM KH,PO, (pH 6.9) and incubated
by 5min with 1pg antimycin A and 1mM KCN in a
final volume of 1 mL. Then, 5 mM KzFe(CN)g was added
as electron acceptor and absorbance was registered at
340nm in a Shimadzu UV2550 spectrophotometer.
After 1 min, NADH was added and its oxidation was
monitored during 4 min. The rate of NADH oxidation
was calculated using the molar extinction coefficient of
163mM 'cm™! for NADH and the slopes of the
time-traces of NADH oxidation.

Measurement of ROS levels

ROS levels were determined by measuring the oxidation of
the fluorescent probe 2',7'-dichlorodihydrofluorescein dia-
cetate (H,DCFDA). 0.5 mg/mL of intact mitochondria and
1.25 mM H,DCFDA were incubated in a solution with 100
mM KCl, 10 mM HEPES, 3 mM MgCl, and 3 mM KH,PO,
(pH7.4) during 20 min at 4 'C under constant stirring.
Then, mitochondrial suspension was placed into a quartz
cuvette and basal fluorescence was recorded over time.
After 1 min, 10 mM glutamate/malate was added as sub-
strate for the ETC and the changes in H,DCFDA fluores-
cence were further monitored by 15min. Fluorescence
changes were detected in a RF-5301PC spectrofluorophot-
ometer (Shimadzu Corporation, Kyoto, Japan) (Aex 491 nm;
Aem 518 nm). ROS levels were calculated by subtracting the
fluorescence (AF) detected after 15min of substrate
addition minus the fluorescence detected when substrate
was added. AF was divided then by the milligrams of mito-
chondrial protein used in the assay.
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Lipid peroxidation assay

Lipid peroxidation was evaluated with the thiobarbituric
acid (TBA) method [19]. Mitochondrial pellets (0.1 mg/mL
protein) were washed twice and resuspended with 50 mM
KH,PO, buffer (pH 7.6) immediately before TBA assay to
avoid false positive results due to the interaction of thiobar-
bituric acid with the carbohydrates present in mitochondria
isolation buffers. Lipid peroxidation levels were re-
ported as thiobarbituric acid reactive substances (TBARS)
per milligram of mitochondrial protein.

Data analysis

Data are expressed as mean + standard error of the mean.
Statistical differences of data were determined with
two-way analysis of variance (ANOVA), followed by mul-
tiple comparisons analysis performed with post hoc Tukey
test. Statistical significance was set at P<0.05. Analysis
were done with Sigma Plot 11.0 software (Systat Software,
Inc., San Jose, CA, USA).

Results

Effects of fructose and fat on physiological parameters
Control group showed a weight gain at the end of the
study of 59.6 g (Fig. 1a). Higher weight gains of 82.7 and
80.7 g were observed in both Fr and HF groups, respect-
ively. In contrast, there were no differences in weight
gains between control and HF + Fr groups. Regarding
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food consumption, there were no differences in this par-
ameter among all the groups, since the animals fully
consumed the amount (20 g) of food that was provided
daily. No differences in water or fructose intake were de-
tected within the groups, as all the rats drank the 250
mL that were given daily, except for the HF + Fr group,
which started to drink ~ 110 mL fructose at the begin-
ning of the 4th week of treatment.

Serum glucose concentration of the control group was
110 mg/dL (Fig. 1b) and lower levels were detected in
the Fr, HF and HF + Fr groups, with values of 90.4, 91.6,
and 68.5 mg/dL, respectively. Serum triglycerides levels
are shown in the Fig. lc. In comparison to control
group, triglycerides levels were 2.7- and 1.7-fold higher
in both Fr and HF + Fr groups, respectively, while no
significant changes were observed in the HF group.
Serum cholesterol levels (Fig. 1d) augmented moderately
in the Fr group when compared to the control group. In
contrast, cholesterol levels incremented up to 1.9 - and
1.7 - fold in the HF and HF + Fr groups, respectively.

Effects of fructose and fat on liver histology

Liver histological examination (Fig. 2 and Table 2) shows
that livers from the Fr group displayed a lower percent-
age of hepatocytes with macrovesicular (10-20%, black
lines) and microvesicular (15%, dotted arrows) steatosis,
followed by the HF group with 40% of hepatocytes with
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.

Fig. 2 Histological examination of livers from rats that were fed for 6 weeks with diets containing normal rodent chow (Control), fructose (Fr),

high fat (HF) and high fat plus fructose (HF + Fr). Black arrows indicate the presence of macrovesicular steatosis; black dotted arrows indicate the
presence of microvesicular steatosis; circle indicates inflammatory infiltrate. Liver sections were stained with hematoxylin-eosin and pictures were
taken at 40X magnification
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J

microvesicular steatosis and 60% with macrovesicular
steatosis. The highest degree of steatosis was observed in
the HF + Fr group, with 60% of hepatocytes with micro-
vesicular steatosis and 80% with macrovesicular steatosis
(in some cases, hepatocytes displayed both forms of

Table 2 Quantification of histological alterations induced in the
livers of fructose (Fr), high fat (HF) and high fat plus fructose
(HF + Fr) groups

Liver alterations Experimental groups

Control Fr HF HF + Fr
Microvesicular steatosis 1% 10-20% 40% 60%
Macrovesicular steatosis N.D. 15% 60% 80%
Ballooning N.D. 60% 60% 70%

Data are expressed as the percentage of hepatocytes showing each type
of alteration

20

steatosis). Furthermore, the percentage of ballooned
cells was 60% for both Fr and HF groups and 70% for
the HF + Fr group. (Fig. 2). In addition, the HF + Fr group
also showed chronic inflammatory infiltrate (circle).

Effects of fructose and fat on mitochondrial function

In mitochondria from the control group, the respiration
rate was ~ 7.7-fold higher in state 3 than in state 4o,
thus resulting in a respiratory control ratio (RCR) of 7.7
(Fig. 3a). Respiration rate in state 3 decreased in the Fr
and HF groups 1.6- and 1.4- fold, respectively, in com-
parison to the control group. This resulted in RCR
values of 2.5 and 4.1, respectively. A 1.8-fold increase in
state 4 respiration also contributed to the lower RCR
observed in the Fr group. Rate of respiration in state 3
decreased 3.9-fold in the HF + Fr group when compared
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Fig. 3 Rate of respiration (a) and complex | activity (b) of liver mitochondria from rats that were fed for six weeks with diets containing normal
rodent chow (Control), fructose (Fr), high fat (HF) and high fat plus fructose (HF + Fr). Mitochondria were fueled with glutamate — malate.
Respiration was measured in state 3 (black bars) and in oligomycin-induced state 4 (gray bars). The results are presented as the mean + S.E. of
n 2 3. Different letters indicate statistically significant differences at P < 0.05

to the control group, while state 4 respiration increased and macrovesicular steatosis and inflammation. The HF
2.7-fold, which resulted in a RCR of 0.7. On the other group showed an intermediate presence of steatosis;
hand, complex I activity decreased ~ 2.3-fold in mitochon-  while the lowest percentage of hepatocytes with both
dria for both the HF and the HF + Fr groups (Fig. 3b). In  types of steatosis was observed in the Fr group (Fig. 2

contrast, the activity in the Fr group remained unaltered. and Table 2).

As shown in Fig. 2, deleterious effects of fat were ag-
Effects of fructose and fat on mitochondrial ROS gravated by fructose, since the HF group exhibited a
generation and lipid peroxidation lower extent of steatosis than the HF + Fr group (Fig. 2

Mitochondrial ROS levels doubled in the HF + Fr group  and Table 2), besides the latter group also exhibited in-
in comparison to the control group (Fig. 4a). In contrast, flammation. In this regard, it has been hypothesized that
no changes in the ROS levels were found in mitochon- the severity of liver damage correlates with the degree of
dria for both the Fr and the HF groups. The levels of oxidative stress in hepatocytes [20]. Accordingly, it was
mitochondrial lipid peroxidation are presented in the observed that the consumption of fat did not increase
Fig. 4b. In comparison to mitochondria of the control lipid peroxidation per se, as can be seen in the HF group
group, the levels of lipid peroxidation increased ~ 8 times  (Fig. 4b). In contrast, fructose alone or combined with
in mitochondria from both the Fr and the HF + Fr groups,  fat increased several-fold the levels of lipid peroxidation.

while no changes were detected in the HF group. Lipid peroxidation has been identified as an elicitor of
NASH by triggering signaling cascades that mediates in-
Discussion flammation via an augmentation in the levels of malon-

Inclusion of fructose and/or fat in the diet induced a  dialdehyde (MDA) and 4-hydroxynonenal (4-HNE), the
variable degree of hepatic damage. The HF + Fr group  end-products of lipid peroxidation [21, 22]. This suggest
exhibited the most negative outcome, as evidenced by that lipid peroxidation induced by fructose might be
the higher percentage of hepatocytes with microvesicular  triggering inflammation only when a higher degree of
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Fig. 4 Levels of ROS (a) and lipid peroxidation (b) of liver mitochondria from rats that were fed for six weeks with diets containing normal rodent
chow (control), fructose (Fr), high fat (HF) and high fat plus fructose (HF + Fr). The results are presented as the mean + S.E. of n = 3. Different
letters indicate statistically significant differences at P < 0.05
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steatosis is established by high fat intake. Nevertheless, it
cannot be ruled out that an increase of lipid peroxida-
tion and inflammation might occurs by the consumption
of a HF diet over a longer period time. Despite the Fr
group exhibited high levels of mitochondrial lipid perox-
idation, it also showed a low level of steatosis without
changes in ROS production, which suggest that mito-
chondrial lipid peroxidation per se does not cause severe
liver damage in the absence of other factors such as sig-
nificant accumulation of fat or increased mitochondrial
ROS production as was only observed in the HF + Fr
group (Figs. 1 and 4a).

Another factor that may explain the presence of in-
flammation in the HF + Fr group is the pronounced
mitochondrial dysfunction resulting from a sharp decrease
in state 3 respiration yielding a RCR of 0.7 (Fig. 3a), which
can be interpreted as a full impairment of oxidative phos-
phorylation. ATP depletion due to both augmented fructose
metabolism [7] and impaired oxidative phosphorylation
(Fig. 3a) might lead to cell death by necrosis in livers of the
HEF + Fr group, as ATP depletion is a hallmark of necrosis
[23]. In turn, liver necrosis drives the release of intracellular
content and activation of macrophages and neutrophils
[24], which would be in concordance with the presence of
inflammatory infiltrate seen in the HF + Fr group (Fig. 2).

A relationship was not found between the levels of
lipid peroxidation and ROS, as lipid peroxidation in-
creases in both the Fr and the HF + Fr groups, but ROS
levels increases only in the latter one (Fig. 4). The ab-
sence of an apparent correlation among ROS and lipid
peroxidation suggest that other factors different from
ROS generation were responsible for increased lipid per-
oxidation by fructose. In this regard, induction of lipid
peroxidation in liver by fructose has been associated to
depletion of antioxidant defenses [25]. Lipid peroxida-
tion is counteracted in mitochondria by phospholipid
hydroperoxide glutathione peroxidase 4 (GPx4) using
reduced glutathione (GSH) as an electron donor [26].
One catalytic round of GPx4 produces a molecule of ox-
idized glutathione (GSSG) that it is reduced back to two
molecules of GSH by glutathione reductase (GR). It has
been found that methylglyoxal (MGO), a reactive dicar-
bonyl involved in the production of advanced glycation
end-products [27], inhibits the activities of GPx and GR
[28]. Thus, a possible explanation for the several-fold in-
crease of lipid peroxidation observed exclusively in the
groups consuming fructose is that GPx4 and GR be-
comes inactivated by MGO produced during the hepatic
metabolism of fructose.

Higher levels of ROS observed in mitochondria from
the HF + Fr group (Fig. 4a) correlates well with null
stimulation of respiration by ADP that yielded an RCR
of 0.7 (Fig. 3a). Decreased respiration due to inhibition
of ATP production by F1Fp-ATP synthase leads to high
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rates of ROS production [29]. The lack of response to
ADP addition can be interpreted like an impairment of
F1Fo-ATP synthase to produce ATP, which leads to
decreased electron transfer and increased ROS gener-
ation. Furthermore, the partial decline of state 3 res-
piration observed in both the HF and the Fr groups,
and therefore, their RCR of 4.1 and 2.5, respectively,
is in concordance with their lower levels of ROS with
respect to the HF + Fr group. Overall, these data sug-
gest that the main factor increasing ROS production
was the full impairment of state 3 respiration, al-
though it cannot be discarded that severe impairment
in the activity of antioxidants systems (e.g. glutathione
system) may also account for the higher ROS levels
observed in the HF + Fr group.

Low rates of mitochondrial respiration in the liver in-
crease the NADH/NAD™ ratio [30], which leads to de-
fective fatty acid B-oxidation and hepatic accumulation
of triglycerides [31, 32]. This could explain exacerbated
steatosis in the HF + Fr group (Fig. 2) as mitochondria
from this group displayed the lower rate of state 3 res-
piration (Fig. 3a). Conversely, the lower severity of stea-
tosis observed in the HF and Fr groups agree with their
higher rates of state 3 respiration. On the other hand,
complex I activity was lower in the HF group than in the
Fr group (Fig. 3b); this might be involved in the higher
degree of steatosis observed in the HF group by virtue of
the role of complex I in NADH re-oxidation (i.e., the
lower the complex I activity, the higher the NADH
levels) and the dependence of fatty acid catabolism on
low NADH/NAD" ratios. On this basis, it can be hypothe-
sized that higher accumulation of fat in the livers of HF
group was due to a low rate of NADH re-oxidation caused
by a highly decreased complex I activity, while the Fr
group had a low hepatic fat accumulation thanks to a fully
functional complex L. In summary, there is an inverse rela-
tionship between complex I activity, the rate of state 3 res-
piration, and steatosis severity, which might be related to
modulation of fatty acid B-oxidation rate exerted by
NADH/NAD" ratio and with the role of complex I activity
on NADH redox turnover.

It has been considered that macrovesicular steatosis
has a good prognosis when presented alone, with rare
progression to NASH or cirrhosis. Microvesicular steato-
sis, by the contrary, is a less benign entity than macrove-
sicular steatosis because it has a serious prognosis and it
is associated to impaired [-oxidation [33]. Taking into
account the association between impaired p-oxidation
and the presence of microvesicular steatosis, it can be
postulated that excessive fat deposition in the HF + Fr
group might be largely due to the inability of mitochon-
dria to re-oxidize NADH molecules produced during the
B-oxidation, because low complex I activity in conjunc-
tion with fully inhibited oxidative phosphorylation. In
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the case of the HF group, intermediate fat deposition
would be the result of low complex I activity along with
partially functional oxidative phosphorylation, which
may allow to re-oxidize NADH at intermediate levels.
Finally, the relatively low deposition of fat in the Fr
group would be attributed to higher capacity for NADH
oxidation than in the other groups due to unaffected
complex [ activity and partially functional oxidative
phosphorylation.

The pronounced deleterious effects of the HF + Fr diet
are not trivial since the typical Western diet is abundant
in high fat and high carbohydrates [34]. Besides, our re-
sults are consistent with another study showing that a
high fat diet was significantly less deleterious than a high
fat plus fructose diet, as the former induced only steato-
sis while the latter caused NASH. Furthermore, it was
concluded that fructose was responsible for NASH de-
velopment as the knockdown of the fructokinase gene
prevented inflammation and fibrosis [35], which is also
in line with our suggestion that fructose worsens the ef-
fects of fat by inducing necrotic cell death and inflam-
mation. In contrast, it was shown in another report, that
in comparison to our results, a high fat plus fructose diet
had discrete effects on both respiration and lipid peroxi-
dation in rat liver mitochondria [13], besides there were
no differences between the effects produced by a high
fat diet and the high fat plus fructose diet on these pa-
rameters. However, it must be stressed that in that work,
diets were supplied for a shorter time (2 weeks) in com-
parison to this study (6 weeks), which may explain these
different outcomes.

Several studies have shown that fructose does not
affect weight gain [36—38], while others agree with our
finding of increased weight by fructose [39—41]. Tillman
et al. [38] have proposed that differences in weight re-
sponse to fructose might be attributed to the way fruc-
tose was provided to animals (i.e. liquid or solid). For
example, fructose was administered like aqueous solu-
tions with high fructose corn syrup (HFCS) [39] or su-
crose [41] in studies where fructose induced positive
weight gain. In contrast, pelleted diet containing 60%
fructose was given in studies showing no alteration on
body mass [36—38]. Nevertheless, in one of these studies
where weight gain was observed, sucrose was given in
solid form [40]. Thus, there is no clear relation between
the physical form in which fructose is administered and
its effects on weight gain. Another possibility might be
the different effects that fructose-containing carbohy-
drates may have in anorexigenic hormones like leptin.
Fructose promotes weight gain by decreasing leptin
blood levels and dysregulating its actions in energy bal-
ance [42]. On the contrary, it would be expected that
leptin actions on body weight were not so altered with
the HFCS or sucrose-containing diets, since these
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carbohydrates also contains glucose, which may counter-
act the effects of fructose on leptin secretion by inducing
insulin secretion. However, this explanation does not fit
with the outcomes of the studies referred above, since
sucrose or HFCS was given in the studies where increased
weight gain occurred [39-41]. In contrast, fructose was ad-
ministered in the studies where no differences in weight
gain were observed [36—38], which conflicts with our find-
ing about weigh gain with fructose (Fig. 1a). Thus, the pos-
sibility remains that Wistar rats, the strain used in this
study, present a different phenotypical response to fructose
ingestion with respect to body mass, which guarantee fur-
ther research to compare the effects of HFCS, sucrose or
fructose, given in aqueous solution or pelleted, on the body
mass of rat strains with different genetic backgrounds.

It was unexpected that there were no differences in
weight gain between the HF + Fr and the control groups,
and that even weight gain of the HF + Fr group was
lower than that observed in both the HF and Fr groups
(Fig. 1a). The most likely explanation for this finding is
that fructose intake decreased more than 50% in the HF
+ Fr group at the beginning of the 4th week of treat-
ment, which would be limiting calorie intake, and hence
body weight gain. On the other hand, it can be hypothe-
sized that lower weight gain in the HF + Fr group with
respect to both the HF and the Fr groups may be due to
combined result of exacerbated liver damage, highly im-
paired mitochondrial function, and a probable hyperin-
sulinemic status in rats of the HF + Fr group. Fructose is
known to induce hyperinsulinemia [42]. Hyperinsuline-
mia in turn stimulates lipolysis in adipocytes and the re-
lease of free fatty acids into the bloodstream. Once in
the liver, fatty acids are incorporated into triglycerides
for their exportation in VLDL particles. Nevertheless,
hyperinsulinemia also inhibits VLDL exportation to adi-
pocytes [43], which may contribute in conjunction with
increased lipolysis in adipocytes to decrease peripheric
adiposity, as well to reduce fasting triglyceride levels as
was observed in the HF + Fr group with respect to the
Fr group (Fig. 1c). Probable hyperinsulinemic status
might promote de novo triglyceride synthesis [44]; how-
ever, the deep impairment of oxidative phosphorylation
in the HF + Fr group (Fig. 3a), and hence, the conse-
quent failure in ATP synthesis, may counteract lipogen-
esis as this process is highly dependent on ATP [45], in
this way leading to low availability of triglycerides to be
exported to adipose tissue via VLDL. Probable inhibition
of triglyceride synthesis also agrees with the severe de-
gree of liver damage and higher levels of ROS observed
in the HF + Fr group (Figs. 2 and 4a, respectively), as
hepatic accumulation of free fatty acids due to inhibited
lipogenesis produces oxidative stress and liver damage
[44]. It may be argued against this hypothesis that the Fr
group would have also exhibited a similar phenotype of
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decreased weight gain due to fructose-induced hyperin-
sulinemia. However, the different outcomes observed
among the HF + Fr and the Fr groups for the levels of
glucose and triglycerides, and in weight gain suggest im-
portant differences between them in hormonal metabolic
regulation. The idea that the HF + Fr diet induces lower
gain weight associated to hyperinsulinemia is supported
by another study where reduction of weight gain, hyper-
insulinemia and severe liver damage was found in rats
fed with a HF + Fr + ethanol diet [46], although this
comparison must be taken with caution, as the degree at
which ethanol contributes to this phenotype has not
been elucidated.

Regarding the impact of diets on blood lipids, the more
prominent effect was the increase in triglycerides in the Fr
group (Fig. 1c), which agrees with the hyperlipidemic effect
of this carbohydrate due to stimulation of de novo lipogen-
esis [47]. Unexpectedly, serum triglycerides in the HF + Fr
group were 1.6-fold lower than in the Fr group. A possible
explanation for this observation is that the inhibition of
oxidative phosphorylation in the HF + Fr group (Fig. 3a)
might be decreasing the rate of the de novo lipogenesis
since the latter process is highly dependent on ATP pro-
duced by mitochondrial respiration [45]. On the other
hand, the hypercholesterolemic effect of the diets contain-
ing HF (Fig. 1d) was not surprising due to the high content
of cholesterol in the lard used for diets preparation.

A limitation of this study is that we did not determine if
the severity of NAFLD induced by high fat or fructose is
dependent on differential expression of pro-inflammatory
cytokines like IL-6 or TNFq, which have been involved in
NAFLD pathogenesis [48]. Likewise, we did not analyze
the impact of the mitochondrial alterations observed with
each diet on cytokine expression profile. Another limita-
tion is that we did not examine the impact over NAFLD
progression of inhibiting lipid peroxidation, ROS gener-
ation, or of counteract the impairment of oxidative phos-
phorylation. All that information would be useful to
establish a causal link between the alterations induced by
high fat or fructose in mitochondrial function and the pro-
gression of NAFLD. Another limitation is the lack of data
about the NADH/NAD" ratio, the hepatic triglyceride
content, and the rate of mitochondrial -oxidation, which
would allow to verify the negative influence of fructose or
fat in the mitochondrial utilization of fatty acids and its re-
lationship with the severity of steatosis. Finally, we did not
analyze the effects of fructose and high fat for longer time
periods.

Conclusions

Despite producing the higher levels of lipid peroxidation,
fructose provoked the less deleterious effects on both
mitochondrial function and NAFLD since this carbohy-
drate partially decreased oxidative phosphorylation and
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induced the lower percentage of microvesicular steatosis.
High fat exerted intermediate effects that manifested as
decreasing in both oxidative phosphorylation and com-
plex I activity in mitochondria, and intermediate levels
of steatosis. The combination of high fat plus fructose
produced the more deleterious effects in mitochondria
including lipid peroxidation, enhanced ROS production,
decreased complex I activity, and the full inhibition of
oxidative phosphorylation, which fits well with the more
severe liver damage induced by this diet that manifested
as high levels of steatosis and inflammation. The latter
might have implications for development of innovative
strategies against NAFLD as the Western diet involves
the simultaneous intake of excessive fructose and high
fat. Hence, therapeutic approaches should be focusing in
counteracting lipid peroxidation, excessive ROS produc-
tion, and enhancing both oxidative phosphorylation and
complex I activity.
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Capitulo 11

Avocado oil consumption protects mitochondrial function and dynamics
trough control of ROS accumulation and inflammatory cytokines expression
in liver of rats with Non-Alcoholic Fatty Liver Disease

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a common chronic liver
disease, characterized by excessive accumulation of fat in absence of significant
alcohol consumption (8,9). NAFLD comprises simple steatosis, steatohepatitis and
cirrhosis. NAFLD is associated to the diseases involving the metabolic syndrome
such as obesity, hypertension, glucose intolerance and dyslipidemia (10). The
progression of steatosis to non-alcoholic steatohepatitis and cirrhosis it is
hypothesized in the ‘two-hit" theory (12). The first “hit” is hepatic triglyceride
accumulation, or steatosis. During obesity and insulin resistance, there is an
increased influx of free fatty acids (FFA) to the liver, these FFA undergo j-
oxidation or are esterified with glycerol to form triglycerides, leading to hepatic fat
accumulation, which increases the susceptibility of the liver to injury mediated by
“second hits”, which in the liver promotes dysfunction of the electron transport
chain (ETC), increased reactive oxygen species (ROS) generation, augmented
lipid peroxidation and release of inflammatory cytokines. The latter leads directly to
the progression of steatosis to nonalcoholic steatohepatitis and/or fibrosis (7,13).
Mitochondrial alterations are closely related to the pathogenesis of NAFLD, in such
way that NAFLD has been considered as a mitochondrial disease (11). Therefore,
mitochondria has been considered as a therapeutic target for the treatment of
NAFLD.

Currently, there is no an effective pharmacological therapy for NAFLD

(16,17). Hypoglycemic drugs like pioglitazone and metformin, or vitamins E and D
have been tested for the treatment of NAFLD with poor results as only a fraction of
the individuals recruited in these studies showed improvement of some histological

features of NAFLD (18, 19, 20). This guarantee the search for new strategies for
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NAFLD treatment involving the improvement of mitochondrial function and
oxidative stress.

The beneficial effects of avocado oil against the mitochondrial alterations
elicited by diabetes and hypertension have been investigated, as avocado oil
contains a myriad of bioactive compounds including lipophilic antioxidants,
chlorophylls, phytosterols and monounsaturated fatty acids (MUFA), being oleic
acid (C18:1) the main fatty acid (14). Avocado oil treatment improved the redox
state of the mitochondria pool of glutathione in mitochondria from brain, liver and
kidney from diabetic rats, ameliorated the impairment in the activity of the ETC,
improved the oxidative phosphorylation and decreased ROS production of
mitochondria from kidney mitochondria of either diabetic or hypertensive rats, and
inhibited mitochondrial lipid peroxidation in liver mitochondria from diabetic rats (5,
30, 47, 48).

Besides NAFLD alters the activity of the ETC, increases mitochondrial ROS
production and enhances lipid peroxidation, NAFLD is also accompanied by
disrupted mitochondrial networks in hepatocytes by disbalancing mitochondrial
dynamics (35), which consist in events of fission/fusion of individual mitochondria.
Mitochondrial fusion is associated with improved ATP generation, decreased ROS
generation and lower damage to biomolecules. Conversely, mitochondrial fission
lead to impaired oxidative phosphorylation, augmented ROS production and,
ultimately, to cell death (49). Mitochondrial dynamics is controlled by proteins
mediating fusion/fission events. Mitochondrial fusion requires membrane
phospholipids for the anchoring of proteins involved in this process. Thus, it is
feasible to propose that decreased lipid peroxidation might improve mitochondrial
dynamics by facilitating the function of proteins modulating mitochondrial fusion.
Given the role of mitochondrial oxidative stress, ETC dysfunction, enhanced lipid
peroxidation and impaired mitochondrial dynamics in the pathogenesis of NAFLD,
and the beneficial effects of avocado oil on mitochondria during diabetes and
hypertension (i.e. two diseases involving mitochondrial dysfunction and oxidative
stress), the aim of this work was to evaluate the effects of avocado oil on NAFLD

development and its relationship with the effects of avocado oil on features of
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mitochondrial function like respiration, activity of the ETC complexes, cytochromes
status, levels of lipid peroxidation and ROS, as well as the effects of avocado oil on
the expression of inflammatory cytokines and proteins involved in mitochondrial

dynamics.

2. Materials and methods
Animals

Male Wistar rats weighing = 330 g were used and kept in a bioterium with
controlled temperature and light/dark cycles of 12h/12h. The animals were
managed according to the recommendations from Mexican Federal Regulations for
the Use and Care of Animals (NOM-062-Z00-1999) by the Ministry of Agriculture,
Mexico. This research was approved by the Institutional Committee for Use of
Animals of the Universidad Michoacana de San Nicolas de Hidalgo.

NAFLD was induced with an experimental diet prepared by mixing equal
quantities of standard rodent chow (Laboratory Rodent Diet 5001, LabDiet, St.
Louis, MO, USA) and a dough prepared with 5% lard, 20% sucrose, 20% lactose,
20% hydrogenated vegetable oil, 2% sodium cholate, 0.4% choline chloride and
0.15% thiouracil. 25% fructose was included in the drinking water. This diet was
denominated the HFHC+Fr diet.

Thirty rats were randomly divided into the following six groups of five rats
each: 1) control group (CTL), fed with standard rodent chow; 2) H1 group, fed
during 6 weeks with the HFHC+Fr diet; 3) H1+AvoD group: fed during 6 weeks with
the HFHC+Fr diet and then, changed to the standard rodent chow plus avocado oll
for 12 weeks; 4) H1+D group, fed during 6 weeks with the HFHC+Fr diet and then,
changed to the standard rodent chow for 12 weeks; 5) H4 group, fed during 18
weeks with the HFHC+Fr diet; 6) H4+Avo group, fed during 6 weeks with the
HFHC+Fr diet and then, added with avocado oil with the HFHC+Fr diet for 12
weeks. Avocado oil was orally administered daily at a dose of 1 mL/250 g weight,
using a bottled, commercial presentation of avocado oil (Ahuacatlan, DIRI COM,
S.A. de C.V., México), purchased from a local grocery.
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Isolation of mitochondria

At the end of the treatments, the rats were sacrificed by decapitation, and
the liver was excised and placed into ice-cold isolation medium containing 220mM
mannitol, 70mM sucrose, TmM EGTA, and 2mM MOPS (pH 7.4). The liver was
cut, washed, and homogenized with a Potter-Elvehjem homogenizer. The
homogenate was centrifuged at 314g. Subsequently, the supernatant was
decanted and centrifuged at 4410g. The resulting pellet was washed with a
solution (Medium 2) containing 220mM mannitol, 70mM sucrose and 2mM MOPS
(pH 7.4) and centrifuged at 6350g. Finally, the pellet was re-suspended in 500 pl of
medium 2. Each centrifugation was performed during 10 min at 4°C [1].

Mitochondrial protein concentration was determined by the Biuret method.

Histological analyses of liver

Liver sections were fixed in 10 % formalin, embedded in paraffin blocks,
sectioned 5uM thick and stained with hematoxylin & eosin (H&E). Histology was
read by a single independent pathologist, blinded to experimental design and
treatment groups. Light microscopy was used for evaluation of steatosis, lobular
inflammation and hepatocyte ballooning, following the criteria of the nonalcoholic

fatty liver disease activity score (NAS) described by Kleiner et al. (2005) [2].
Measurement of blood TG and Total Cholesterol levels

Rats were fasted by 12 h before to sacrifice, blood was recollected, and
serum was obtained. Triglycerides (TG) and total cholesterol (TC) levels were

determined by enzymatic methods using kits from VITROS Chemistry Products

(Rochester, USA), according to the manufacturer’s instructions.
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Determination of mitochondrial respiration

Oxygen consumption in states 4 (i.e basal state) and 3 (i.e. phosphorylating
state) was measured using a Clark-type oxygen electrode coupled to a YSI 5300
oxygen monitor connected to a computer for data acquisition. Mitochondrial protein
(0.5mg/ml) was deposited in a sealed glass chamber containing respiratory buffer
consisting of 100 mM KCI, 75 mM mannitol, 25 mM sucrose, 0.05 mM EDTA (pH
7.4) to a final volume of 2500uL. Respiration traces were started by adding 10 mM
glutamate/malate as respiratory substrate for complex |. State 3 was induced by
adding 0.2 mM ADP. Three minutes later, 1.4ug/mL oligomycin was added to
induce the state 4. Finally, KCN was adding to inhibit ETC activity and discriminate

the rate of unspecific oxygen consumption.

Determination of the activities of the ETC complexes

To evaluate the activities of the ETC complexes, mitochondria were
solubilized with Triton X-100 (50) before each assay in order to enhance the
accessibility of substrates and inhibitors to the redox sites of the ETC complexes,
except by complex |, where mitochondria were frozen and thawed twice. Complex |
activity was assayed by a modification of the technique reported by Chomova et al.
(2012) [13]. Briefly, 0.1 mg/mL mitochondria were resuspended in 2 mL of 50mM
KH,PO4 buffer and incubated with 1ug antimycin A plus 1TmM KCN. After 5 min,
5mM KsFe(CN)s was added and absorbance was followed during 1 min at 340 nm
in a Shimadzu UV2550 spectrophotometer. Then, NADH was added and its
oxidation was measured during 4 min. The rate of NADH oxidation was calculated
using a molar extinction coefficient of 6.2 mM~'em™ for NADH. The activities of
succinate-DCIP oxidoreductase (complex Il) and antimycin A-sensitive succinate-
cytochrome c oxidoreductase (complex Ill), were determined as described
previously (Ortiz-Avila et al. 2013), while cytochrome c oxidase (complex V)

activity was evaluated by the protocol described by Cortés-Rojo et al (4).
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Measurement of ROS levels

ROS generation was determined by measuring the oxidation of 2°,7'-
dichlorodihydrofluorescein diacetate (H.DCFDA). 0.5mg/mL intact mitochondria
and 1.25mM H,DCFDA were incubated in a buffer containing 10mM HEPES,
100mM KCI, 3mM MgCl,, and 3mM KHyPO4 (pH 7.4) during 20 min at 4°C under
constant shaking. Later, mitochondrial suspension was placed in a quartz cuvette
and basal fluorescence was recorded. After 1min, 10mM glutamate/malate was
added and the changes in H,DCFDA fluorescence were further followed by 15min.
Fluorescence changes were detected in a Shimadzu RF-5301PC

spectrofluorophotometer (Aex 491 nm; Aem 518 nm).

Lipid peroxidation assay

This assay was carried out in 0.3mg/mL of mitochondrial protein by
measuring the levels of thiobarbituric acid reactive substances (TBARS), according
to the protocol of Buege and Aust (3). To avoid false positive, mitochondrial pellets
were washed twice and resuspended with PBS buffer (pH 7.4), immediately before
TBARS assays. In experiments where the sensitivity to in vitro lipid peroxidation
was tested, mitochondria were incubated before the assay during 30 min with
50uM Fe?* in 50 mM KH,PO, buffer. Absorbance was measured at 532nm with a
Shimadzu UV-2550 UV-VIS spectrophotometer. Data were expressed as pmoles
of TBARS/mg of protein.

Measurement of cytochromes

Cytochromes c+c; and b were analyzed by obtaining the reduced minus
oxidized spectra with a Shimadzu UV2550 double beam spectrophotometer. First,
1.0 mg/mL intact mitochondria were placed in both reference and sample cuvettes
and a baseline was recorded. 5 min before spectra recording, mitochondria from

sample cuvette were incubated with 0.75 mM KCN for 5 min and then 10 mM
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succinate was added and absorbance was recorded. Spectra were scanned
between 500 and 580 nm.

Western botting analysis

Total protein was extracted from liver homogenate and sonicated
mitochondria. Total protein levels were determined by the Lowry method (6). Equal
amounts of protein samples were separated by 10% and 12% polyacrylamide gels
and transferred to PVDF membranes. Membranes were blocked with 5% skimmed
milk for 3h at 4°C. The membranes were then incubated with one of the following
primary antibodies: B-actin (sc-1615), TNFa (sc-12744), TNFB (sc-28345), DRP1
(ac-271583), Fis1 (sc-376447), Mfn1 (ac-166644), Mfn2 (sc-515647), Opa1(sc-
393296), TOM20 (sc-17764), all acquired from Santa Cruz Biotechnology-
Antibodies were diluted at 1:2000 with 3% TBS-T milk. IL-6 (ab6672) antibody was
acquired from Abcam and diluted 1:4000. After three washes with TBS T, the
membranes were incubated with 1:2000 donkey anti-rabbit secondary antibody (sc-
2305) and m-lg GK BP HRP (sc-516102) (Santa Cruz Biotechnology), incubated at
4°C for 3h. Finally, images were obtained from multifunctional gel imaging system
(Bio-Rad, USA). Densitometry analyses of protein bands were carried out using the

ImageJ software.

Data analysis

Results are expressed as the mean * standard error of at least 5 independent
experiments using samples from different animals for each experiment. Statistical
differences of the data (P<0.05) were determined with two-way ANOVA, followed
by multiple comparisons performed with post hoc Tukey’s test, using Sigma Plot

software v11.0.
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Results

Effects of avocado oil on serum biochemical parameters and liver histology
of rats with NAFLD

The relative liver weight (liver weight/body weight) at the end of the
treatments increased significantly in all the experimental groups in comparison to
the control group (Fig. 1a), except by the H1+AvoD group. However, the relative
weight ratio of the H1+D group decreased with respect to the H1 group. Likewise,
this parameter decreased also in the H4+Avo group in comparison to the H4
group. The effects of avocado oil on serum triglycerides and cholesterol are shown
in the Figs. 1c and 1d, respectively. In comparison to the H1 group, triglycerides
and cholesterol levels decreased in the H1+AvoD group by 9.41% and 60%,

respectively, and 40% for both lipids in the H1+D group. Furthermore, triglycerides

cholesterol levels increased 12%. Serum glucose increased in the groups
supplemented with avocado oil (i.e. H1+AvoD and H4+Avo) and in the H4 group. In
contrast, glucose levels decreased in the H1 and H1+D groups even below the
levels of the control group (Fig. 1b).

H&E staining was used to estimate the histopathological changes of rat liver.
As shown in Fig. 1e, the livers of the H1 and H4 groups exhibited macro and
microsteatosis, ballooning, presence of Mallory’s hyaline and inflammatory cell
infiltration. These alterations decreased considerably in the groups supplemented
with avocado oil, the H1+AvoD and H4+Avo groups. Liver alterations were slightly

improved only when the HFHC+Fr diet was changed by the standard diet (H1+D).
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Avocado oil decreased the expression of pro inflammatory cytokines in rats
with NAFLD

Accumulation of triglycerides as fat droplets within the cytoplasm of
hepatocytes and inflammation precedes the progression of steatosis to NASH. To
evaluate the progression of disease, the levels of pro-inflammatory cytokines were
evaluated. Both H1 and H4 groups display increased expression of TNF-a, TNF-
and IL6 with respect to the control group (Fig 2A-C). In comparison to these
groups, cytokines expression was decreased in the groups supplemented with
avocado oil (i.e the H1+AvoD and H4+Avo groups) and when the HFHC+Fr diet
was dropped (i.e. the H1+D group).
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Avocado oil improves oxidative phosphorylation in rats with NAFLD

Basal (state 4) and phosphorylating (state 3) states of respiration were analyzed to
evaluate the effect of avocado oil on mitochondrial function. Impaired respiration in
both states was observed in mitochondria from H1, H4 and H1+D groups,
indicating a severe impairment of oxidative phosphorylation as respiration rate did
not respond neither to ADP nor to oligomycin addition in comparison to the control
(Fig. 3a, blue, red and burgundy lines vs. black line, respectively). Respiration in
both states was improved in both the H1+AvoD and H4+Avo groups (Fig. 3a, light
gray and deep gray lines vs. blue and red lines), which were supplemented with
avocado oil improved, as a response of respiration was observed when ADP and
oligomycin were added. These data resulted in significant differences in respiratory
control ratio (Fig. 3b), which is a parameter indicating the degree of coupling of
oxidative phosphorylation. Impaired respiratory rates in the H1 and the H4 groups
led to RCR = 3, while control mitochondria had a RCR > 8. The H1+AvoD and
H4+Avo groups, those with avocado oil supplementation, exhibited higher RCR

values in comparison to both H1 and H4 groups.
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Effects of avocado oil on the activity of ETC complex of mitochondria from
rats with NAFLD

The activity of the ETC complexes was evaluated to identify the sites in the ETC
affected by NAFLD and if avocado oil correct such abnormalities. Complex |
activity (Fig. 4a) was almost 50 % lower in mitochondria from the H1 group in
comparison to the control group and this defect was not corrected by avocado oil
or when the HFHC+Fr diet was dropped (H1+AvoD, H4+Avo and H1+D grops).
Complex | activity was drastically diminished in the H4 group up to 80%; avocado
oil supplementation (H4+Avo) partially corrected this abnormality when compared
to control group. Complex Il activity was 20% lower in both the H1 and H4 groups
in comparison to the control group. Surprisingly, the H1+AvoD, H4+Avo and H1+D
groups, those with avocado oil or when the HFHC+Fr diet was dropped, displays a
lower activity, being 50% lower than the activities of the H1 and H4 groups (Fig.
4b). Regarding complex lll, this activity was negligible in both the H1 and H4
groups (Fig. 4c), being 98% lower than the activity of the control. Avocado oll
supplementation restored complex Il activity up to a 60% and 40% in the H1 and
the H4 groups, respectively, when compared to control, while a most discrete effect
was observed in the H1+D group. Finally, complex IV activity (Fig. 4d) increased in
the H1 and H1+AvoD groups in comparison to the control group and remained it
unaffected in the H4 group. Complex IV was slightly inhibited in the H1+D and the

H4+Avo with respect to control group.
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Effects of avocado oil on the reduction of bc; cytochromes of complex i

Cytochrome reduction spectra of liver mitochondria were evaluated in order to
investigate the defects responsible for complex Ill impairment in the H1 and H4
groups and whether avocado oil had positive effects in cytochromes reduction.
Using succinate as electron donor, reduction of cytochromes c+c4 at 550 nm was
impaired in mitochondria from the H1, H4 and H1+D groups in comparison to the
control group. Avocado oil supplementation restored to normality the reduction of
cytochromes in the H1+AvoD and H4+Avo groups (Fig. 5). The deleterious effects

of NAFLD were not only restricted to c+cq cytochromes, as cytochrome b reduction

counteracted this negative effect in the H1+AvoD group and improves cytochrome
b reduction also in the H4+Avo in comparison to the H4 group. These results
suggest that the severe impairment of complex Ill activity elicited by NAFLD is due
to inhibited electron transfer to cytochromes c+c4 and b, being this counteracted by

avocado oil.
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Avocado oil Increases the expression of proteins of mitochondrial fusion in
rats with NAFLD

Western blot analyses revealed an increase in the levels of the fission proteins
DRP1 and Fis 1 in all the experimental groups in comparison to the control group.
Conversely, the H4+Avo group exhibited decreased levels of these proteins in
comparison to all the groups, reaching an expression near to that observed in the
control group (Fig. 6E and D). There was also a significant decrease in the fusion
proteins Mfn1, Mfn2 and Opa1l (Fig. 6A to C) in the H1 and H4 groups in
comparison to the control group. Avocado oil restored the levels of all the fusion
proteins in the H1+AvoD group almost at the same levels of the control group. The
levels of Mfn1 and Opa1 proteins increased in the H4+Avo group with respect to
the H4 group, without reaching the levels of the control group. In the H1+D group,
the levels of Mfn1 and Opa1 increased slightly in comparison to the H1 group,

while the levels of Mfn2 and remained unchanged in this group.
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Fig. 6 Effects of avocado oil on the mitochondrial dynamics with the development of hepatic
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Influenced of NAFLD and avocado oil in mitochondrial lipid peroxidation and
ROS production

The mitochondria from H1, H4 and H1+D showed several fold increases in the
levels of lipid peroxidation in comparison to the control group (Fig. 7a). Avocado oil
decreased drastically the levels of lipid peroxidation in the H1 and H4 groups near
to the levels of the control group. 25 uM Fe?" was added in another experiment to
induce the generation of hydroxyl radical and test the sensitivity of the different
groups to lipid peroxidation. The H1 and the H4 groups were the most sensitive to
lipid peroxidation (Fig. 7b), while the groups supplemented with avocado oil, the
H1+AvoD and the H4 groups, and the H1+D group, that one where the HFHC+Fr
diet was dropped, exhibited much lower sensitivity to lipid peroxidation, reflecting a
better redox state of antioxidant systems.

Regarding ROS production, the H1 and H4 groups showed increase levels
of mitochondrial ROS production in comparison to the control group when
mitochondria was fueled with a complex | substrate. Avocado oil decreased ROS
generation in the H1+AvoD and H4+Avo groups, while not an effect was observed
in the H1+D group. Overall, these results suggest that avocado oil decreases

mitochondrial oxidative stress induced by NAFLD.
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Fig. 7 Influence of avocado oil on lipid peroxidation (a, b) and ROS production (c) in liver rats. Panel
a: mitochondria were incubated in phosphate buffer during 30 min at 4 °C. Panel b: mitochondria
were incubated in phosphate buffer during 30 min at 4 °C with 50 uM Fe2+. Panel c: fluorescence
changes stimulated by glutamate were monitored. Lipid peroxidation and ROS production were
assayed as described in “Materials and methods” The results are presented as the mean + S.E. of n
= 4. Different letters indicate statistically significant differences at P < 0.05.
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Discussion

Non-alcoholic fatty liver disease (NAFLD) represents the most common chronic
liver disease in western countries, being considered the hepatic manifestation of
metabolic syndrome. The rapid increase in obesity worldwide is associated with an
increase in the prevalence of non-alcoholic fatty liver disease (NAFLD) (21).
Hepatic steatosis is defined as an intrahepatic accumulation of FFA in form of
triglycerides. In parallel, abundant FAs cause lipotoxicity via the induction of ROS
release, which causes inflammation, apoptosis, and thus the progression to NASH
and fibrogenesis (22). Thus, more alternatives are needed to control this disease.
Previously, it has been found that avocado oil supplementation decreases
oxidative stress and protects mitochondrial function against the deleterious effects
of diabetes and hypertension in different target organs (5, 30, 47, 48, 51). Since
these two diseases are part of metabolic syndrome, we decided to evaluate if
avocado oil has positive effects in NAFLD development via its beneficial effects in

mitochondria.

Hepatic mitochondria are structurally and molecularly altered in NAFLD
(25). Mitochondria are central to cellular metabolism, and a decrease in the
function mitochondrial is enough to provoke metabolic disturbances and may
potentially contribute to NAFLD progression. High-fat diets and the dysregulation
of lipid metabolism cause the accumulation of hepatic FFA and triglycerides (23).
This was evident in liver histology results like the presence of steatosis (Fig 1d).
Modifications in mitochondrial structure and bioenergetics that are related with
mitochondrial ROS production and lipid peroxidation induced by NAFLD (26,27)
were also evident in the results of this work, with impaired oxidative
phosphorylation (Fig. 3), increased ROS production and augmented lipid
peroxidation (Fig 7) with the HFHC+Fr diet, which together, contributes to the
oxidative stress developed in the pathology. In contrast, in the groups
supplemented with avocado oil, it was observed increased resistance to lipid
peroxidation, which agree with previous reports where avocado oil prevents

oxidative stress by enhancing the GSH/GSSH ratio, decreases ROS production
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and prevents lipid peroxidation (31). A probable explanation for these effects is that
the antioxidants contained in avocado oil accumulate in mitochondrial membranes,
protecting in this way from lipid peroxidation, which in turn may have benefic
consequences for oxidative phosphorylation, since the activity of the ETC depends
strongly in the intactness of inner mitochondrial membrane. Carotenoids such as
violaxanthin have been described to possess a potent in vitro anti lipoperoxidative
activity (33) and lutein, decreased lipid peroxidation and restores the levels of

glutathione in the cerebral cortex of STZ induced diabetic rats (32).

Lipid peroxidation has been recognized as the major cause of mitochondrial
dysfunction (28,29). Mitochondrial membranes are enriched in phospholipids and
proteins that are required for mitochondrial biogenesis and for maintenance of
mitochondrial morphology and the tubular network (30). Cardiolipin and
phosphatidylethanolamine play an essential role in mitochondrial function, and
proteins like Mfn1, Mfn2 and OPA1 depends on these phospholipids to carry out
their functions. Increases in metabolic input such as elevated intake of glucose
and/or free fatty acids, are associated with mitochondrial fragmentation in multiples
tissues (33,34). In concordance with these antecedents, the groups with greater
lipid peroxidation levels exhibited decreased expression of proteins for
mitochondrial fusion such as Mfn1, Mfn2 and OPA1 and, consequently, increased
expression of proteins for mitochondrial fission Fis1 and DRP1 was observed (fig.
6), suggesting an imbalance in mitochondrial dynamics towards mitochondrial
fragmentation. Notably, the experimental groups supplemented with avocado oil
displayed decreased lipid peroxidation and increased levels of fusion proteins,
which suggest a change in mitochondrial dynamics towards the formation of
mitochondrial networks, which correlates well with the improved mitochondrial
function, lower ROS generation and decreased lipid peroxidation seen with
avocado oil. This agree with the study of Galloway et al 2014, where palmitate was
used as a therapeutic strategy against NFALD in a murine model, and where it was
found inhibition of mitochondrial fission, increased proton leak acroos the inner

mitochondrial membrane and decreased oxidative stress.
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Lipid peroxidation has been associated to disruption of mitochondrial
homeostasis in multiple tissues in diverse pathological conditions, including
ischemia, hypothyroidism, aging (37), and has been identified as the fundamental
cause of ETC dysfunction. Our results showed a severe decrease in the complex
Il activity during NAFLD (Fig. 4c), and, consequently, an augment of ROS
production. Complex Il has 11 subunits, with three of them, the Fe-S protein, the
cytochrome b and cytochrome c; being its catalytic subunits. During the Q-cycle,
ubiquinol, the complex Ill substrate, is oxidized by the Fe-S protein and one
electron is transferred to cytochrome c; for cytochrome c reduction and electron
transfer to the complex IV. The other electron is transferred simultaneously to
cytochrome b for a reduction of a ubiquinone molecule. Inhibitor of these reactions
induces ROS production. For example antimycin blocks re-oxidation of cytochrome
b, leading to accumulation of electrons in b hemes and reverse transfer of
electrons to quinone at the Q, center to produce radical ubisemiquinone, which can
reduce oxygen to superoxide (39, 40). Decrease reduction of cytochromes c and b
was observed in the groups with NAFLD (l,e. the groups H1 and H4) (Fig 7).
Complex | is another ETC site involved in ROS production and it is important in the
regulation of mitochondrial respiration (41). Our results showed a decrease in the
complex | activity in the H1 and the H4 groups as well as lower rate of state 3
respiration compared to the groups supplemented with avocado oil. Cardiolipin is
emerging as an important factor that interacts with several proteins of inner
mitochondrial membrane. It has been reported that cardiolipin is specifically
required for electron transfer in the complexes | and Ill (38). The content of
cardiolipin in the inner mitochondrial membrane may decrease as a consequence
of alterations caused by oxidative damage by ROS. Thus it may be hypothesized
that avocado oil might have a protective effect against cardiolipin damage, which is
in agreement with another study from our group where exogenous cardiolipin
reverted the inhibition in complex | activity elicited by diabetes at a same degree

that avocado oil (unpublished results).

ROS cause NF-kB activation, which in turn induces the synthesis of TNF-a

(43, 44). The levels of TNF-a in the liver of obese ob/ob mice were much higher
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than in normal mice. The treatment of ob/ob mice with anti-TNF- a had a beneficial
effect on the activity of the ETC complexes, and liver histology (45). In addition,
TNF-a - induced mitochondrial swelling causes a bursting of the membrane leading
to interference between respiratory chain complexes | and Il (46). This data are in
agreement with our results, as in the rats with NAFLD, mitochondrial dysfunction at
the levels of the complexes | and Il and oxidative stress were paralleled with
increases in proinflammatory cytokines such as TNF-a and IL6. Since avocado oil
decreases the expression of these cytokines and improved the activity of these
complexes and decreases oxidative stress, it can be hypothesized that avocado oil
improves liver health by augmenting electron fluxes at the complexes | and lll, in
the latter case by preventing defective electron transfer at cytochromes. This, in
turn, decreases electron leak and hence, ROS generation and lipid peroxidation,
leading to decreased expression of TNF-a and IL6 since the expression of these
cytokines is stimulated by ROS and end-products of lipid peroxidation. This might
create a virtuous cycle as the attenuation of TNF-a would lead to lower
mitochondrial damage, which in conjunction with diminished lipid peroxidation,
would lead ultimately to the preservation of mitochondrial networks and improved
function of hepatocytes, which would lead to lower lipid cytosolic accumulation and

attenuated inflammation.

In conclusion, avocado oil decreases ROS generation and lipid peroxidation
in liver mitochondria of NAFLD rats, in association with enhanced complex | and
complex Il activities, attenuation of ROS production. This may be driving to
improvement of mitochondrial dynamics towards enhanced mitochondrial fusion.
All these events may be related with decreased expression of inflammatory
cytokines, whose expression is triggered by oxidative stress, causing an
improvement of NAFLD of rats consuming a high fat, high carbohydrates and
fructose diet, which of note, are the main components of Western diet that has
been associated to the current metabolic syndrome pandemic. These observations
suggest the avocado oil intakes might be a nutritional approach to attenuate the

progression of NAFLD.
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6. Discusion

EHNA se considera como la manifestacion hepatica del sindrome metabdlico, un
conjunto de caracteristicas clinicas estrechamente relacionadas con la obesidad visceral y
caracterizada por resistencia a la insulina, dislipidemia e hipertension. Con el rapido
aumento de la prevalencia del sindrome metabolico en la poblacion en general, la EHNA se
ha convertido en la causa mas comun de enfermedad hepatica en los paises occidentales.
Esto debido a los cambios negativos en el estilo de vida respecto a la alimentacion y el
ejercicio, como lo son el sedentarismo y el cambio de dieta al tipo “comida rapida”, alta en
grasa saturada, colesterol y fructosa. Los resultados mostraron que los efectos perjudiciales
de la grasa se agravaron con la adicion de fructosa, ya que el grupo HF exhibié menor
grado de esteatosis que el grupo HF + Fr. En este sentido, se ha planteado la hipétesis de
que la gravedad del dafio hepatico se correlaciona con el grado de estrés oxidativo en los
hepatocitos. La fructosa es distinta de la glucosa en su capacidad para inducir
caracteristicas del sindrome metabolico tanto en humanos (Stanhope et al, 2009) como en

animales de laboratorio (Nakagawa et al 20006).

El mecanismo por el cual la fructosa induce higado graso parece ser independiente
de la ingesta total de energia. Una diferencia clave entre la fructosa y la glucosa esta en su
metabolismo inicial. La fructosa se metaboliza en el higado por la fructocinasa, que utiliza
ATP para fosforilar la fructosa a fructosa-1-fosfato. A diferencia de las hexocinasas, que
fosforilan la glucosa y tienen un sistema de retroalimentacion negativa para prevenir la
fosforilacion excesiva, la fructocinasa fosforila la fructosa a un nivel tan alto que conduce
al agotamiento de fosfato intracelular. Los niveles mas bajos de fosfato intracelular dan
como resultado la activacion de la desaminasa de AMP, que convierte el AMP en IMP,
inosina y, eventualmente a acido tUrico, el cual se ha demostrado puede inducir efectos
inflamatorios y estrés oxidativo en células vasculares y adipocitos. Por lo tanto, la fructosa
tiene la capacidad para causar agotamiento intracelular de fosfato, agotamiento de ATP y
generacion de acido urico en el higado (Bode et al, 1973 y Cortez-Pinto et al, 1999). Esto
explica la disminucion considerable en cuanto al consumo de oxigeno en el estado 3, y por
lo tanto la obtencion de un bajo cociente respiratorio, ademas de un claro decremento en

cuanto a la actividad de los complejos de la cadena transportadora de electrones, en los
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grupos que consumieron una dieta alta en grasa y fructosa. La esteatosis inducida por la
obesidad se asocia con un aumento de la expresion de la proteina de desacoplamiento-2
(UCP-2) en el higado, que promueve el agotamiento de ATP (Chavin et al, 1999). Esto se
debe a una mayor fuga de H' a través de la membrana mitocondrial interna, que disipa el
potencial de membrana y disminuye la sintesis de ATP (Perez-Carreras et al, 2003). Asi
mismo se sugiere que dentro de los defectos moleculares responsables de la produccion de
ROS son los defectos en los complejos I y III (Bailey y Cunningham, 1998; y Fernandez-
Checa et al, 1997)

Una de las caracteristicas principales de la EHNA es la acumulacién de AGL y TG
en el higado, generando con ello lipotoxicidad y por ende estrés hepatico. Esta condicion es
muy evidente en los resultados de este estudio asi como las modificaciones en la estructura
y bioenergética mitocondrial las cuales estdn acompafiadas por la produccion mitocondrial
de ERO (Videla et al, 2004 y Paradies et al, 1999), que contribuyen al estrés oxidativo

En los grupos que desarrollaron EHNA
fueron evidentes un aumento en los niveles de ERO y en consecuencia de la peroxidacion
lipidica en ratas con EHNA. Por el contrario, en las mitocondrias de los grupos
suplementados con el aceite de aguacate mostraron resistencia a la peroxidacion de lipidos,
lo que coincidié con resultados anteriores de nuestro grupo de trabajo donde el aceite de
aguacate disminuye el estrés oxidativo al aumentar la relacion glutation reducido / glutation
oxidado, la producciéon de ERO y con ello, la peroxidacion de lipidos (Ortiz-Avila et al.
2015). Una posible explicacion de esto es que los antioxidantes que contiene el aceite de
aguacate podrian acumularse en las membranas mitocondriales. Se ha descrito que los
carotenoides como la violaxantina posee una potente actividad anti lipo peroxidativa in
vitro (Gao et al, 2010) asi como la luteina que disminuye la peroxidacion lipidica y

restablece los niveles de glutation en la corteza cerebral de ratas diabéticas (Fu et al, 2011).

La presencia de esteatosis estd estrechamente asociada con la inflamacién hepatica
cronica, un efecto en parte mediado por la activacion de la via de sefializacion Ikk-b / NF-
kB. En otros estudios en modelos murinos que siguieron una dieta alta en grasas (HFD) con

la finalidad de inducir esteatosis, se observo aumento de la actividad de NF-kB la cual se
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asocia con la expresion hepatica elevada de citocinas inflamatorias tales como TNFa,
interleucina-6 (IL-6) e interleucina 1-beta (IL-1b), y la activacion de células de Kupffer
(Caid et al, 2005). Los resultados del presente estudio mostraron un incremento en citosinas
pro-inflamatorias, en los grupos con una dieta alta en grasa y fructosa. Esto a su vez podria
ser debido al incremento en la produccién de ERO, que pueden dafiar el DNA mitocondrial,
los polipéptidos de la cadena respiratoria, asi como a la cardiolipina y a los fosfolipidos de

membrana (Demeilliers et al, 2002).

Los fosfolipidos de membrana asi como la cardiolipina son altamente susceptibles al
dafio por ERO. De la integridad de estos lipidos dependen diversos procesos y por tanto la
homeostasis mitocondrial. Se ha sugerido que alteraciones en la cardiolipina favorece al
incremento de mitocondrias fisionadas (Galloway et al, 2014 y Twig et al, 2008), por lo
tanto un incremento de proteinas como Fisl y Drpl, disminuyéndose proteinas como Mnfl
y 2 asi como OPAIl. Durante la EHNA el incremento en la peroxidacion de lipidos fue
evidente, por lo que con estos resultados se puede sugerir que existe un incremento de
mitocondrias fisionadas que desencadenaria la disfuncion mitocondrial, el estrés oxidativo,

la inflamacion y el dafio hepatico.

Las estrategias de tratamiento actuales para la EHNA se centran en mejorar los
componentes del sindrome metabolico, como la obesidad y la resistencia a la insulina, sin
sugerir tratamientos especificos para el higado. Sin embargo, la modulacion de cualquiera
de los multiples mecanismos involucrados en la patogénesis podria proporcionar
alternativas Utiles para prevenir el desarrollo de la EHNA. En el mismo sentido, se ha
propuesto que debieran integrarse terapias antioxidantes para ayudar a combatir al estrés
oxidativo como principal responsable desarrollo de la EHNA, como por ejemplo, el empleo
de la vitamina E como un posible coadyuvante para la enfermedad. De modo similar el
empleo de aceite de aguacate ejercid efectos benéficos contra el desarrollo de la EHNA al
proteger contra el estrés oxidativo mitocondrial, mejorar la funciéon y dindmica

mitocondrial y disminuir la inflamacion.

61



7. Conclusién

El aceite de aguacate disminuyo el estrés oxidativo y la peroxidacion de lipidos en
las mitocondrias de ratas con EHNA, en asociacion con una mejora de las actividades de
los complejo I y III de la cadena respiratoria, la disminucion de la produccion de ERO y la
disminucion de la peroxidacion lipidica, lo cual favorecid el equilibrio de la dindmica
mitocondrial. Ademas, la disminucion de los peroxidos lipidicos y las ERO por el aceite de
aguacate podrian ser responsables de la disminucién de citocinas pro-inflamatorias
involucradas y por lo tanto, del dafno hepatico. Estas observaciones sugieren que la ingesta

de aceite de aguacate podria ser un coadyuvante en el tratamiento de la EHNA.
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8. Perspectivas

1.- Esclarecer el mecanismo molecular por el cual el aceite de aguacate le confiere

proteccion a la mitocondria en la esteatosis.

2.- Determinar la actividad de los componentes del aceite de aguacate de manera individual

0 en combinacidn en la proteccion mitocondrial.

3.- Evaluar los perfiles de expresion global de genes en tejidos sanos y en tejidos con la

enfermedad hepatica no alcohélica.
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