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RESUMEN: ’ !

|
i
i
|
L.a administracidn intraperitoneal de adenosina evita (parcial o 1‘
t
il
totalmente la induccidn de higado graso por etanol, ciclocheximida, Tl
tettracloruro de carbono y etionina. EL mccanismo general por el

cual se produce este efecto hepatoproitector por el nucledsido es

una inhibicidén del metabolismo hepitico de los dcidos grasos.

Otros mecanismos de accidn participan en =2t Fendmeno generals

asi, en el caso del dafio producipo por el metabolismo del etanol

se observd gue u.n aumento en la utilizacién"‘fie eguivalentes reduc—
tores (NADH) participa en la accidn . d»cv].":v,h\.i'c‘:l'ésidd. Este auvmento en
la utilizacric’:n de equivalentes reductqréé~'pa;ece deberse a una
modificacidén en la cadena respira’.‘toz':':i.}avi é_[-;xe 'se obserxrva prceferentemente

a nivel del sitio I.




INTRODUCCION.

‘Uno de. los grandes pro’blemas de salud es 1la c:eros:.s 'hepatn.ca. Esta enfermedad‘

pudiera ser def:Ln:Lda como "un. aumento difuso, real o aparente de tEJldO conectlvo

'en el 'h:.gado, por l T gula'r acompanado de necros:_s y‘regeneraéian laAcelulas

pare.nqurmatosas qu dan’ iu 3 1). Existen

bll:\.ar,

hemocr la causa mas fre—

como son el etanol,

éﬁos, dada la complejidaa' de lqs ‘pro‘blemas metabdlicos que acarrea

el: alcohollsmo,.ée ha sostenido la idea de q‘uye el consumo de alcohol solo conduce

‘a; dafio ‘hepitico cuando se asocia a una dieta,aefi.ciente. Lieber y colaboradores

'hepatlco _(h:.gado graso, hepatitis alcoh8lica y cirrosis en forma secuencial) a

p‘esayr‘ d‘e una dieta adecuada.

" La producc:\.on de c:eros::.s hepat::.ca es un proceso largo y que tanto desde el

punto de vista patologlc_o comq bioq m:.c0~esta lleno de interrogantes no resuel—

tas. Se ha observado . tantoiclinic como expenmentalmente, que el dafio usualmente

se inicia con una acumul S nacn_lgllcérldos en el hepatocito (proceso que

llamamos higado . gras

denominaciones como son:ihigado:grasoso, hepatoesteatosis, lipdsis del higado,

degeneracifn grasa del gad etc.Dado que un cambiec en la denominacién del

cuadro no es de _x_:i::.l:l, ad’cientifica alguna, dejo a los lectores de esta tesis

el cambiar hig;drb‘ graso, P»qr,éi' t&rminoe de su agrado). Esta acumulacidn de
triacilglicé&ridos enjhigado puede evolucionar favorablemente y desaparecer

o pasar a la etapa de hepatitis alcohdlica (caracterizada por necrosis). Los
factores que determinan la transicidn mno son conocidos ¥ no existe una explica-

- - .
cidén Tmi i i
bioguimica satisfactoria hasta el momento.
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c)En los estudios con etanol se ampliaron las exploraciones evaluandose adem3s

los estados energ@tico y de oxido—reduccidn (citoplidsmico y mitocondrial) y la. ca-
pacidad oxidativa mitocondrial. . )
RESUMEN' DE. RESULTADOS

Los .resultados- se encuentran en ‘los. trabajos que a continuacidn se presentan
(referenciasi il ai15)

Los. hepatotdxicos no tienen contra lo propuesto por
Isselbacher (6), como mecanismo’generalde accidn el sbatimiento de los niveles
energ€ticos de la c€lula. Esto se observa claramente en el caso de intoxicacidn

etflica (12, tablas IV y V). La adininisttacj;Gn.de. etanol altera poco los pari-

metros energéticos de la c&lula hepatica.

Quedamos por lo tanto con un efecto.y - la'mnecesidad de darle una explicacidn

bioquimica. En el caso de la intoxicacis

pox 'e'ca:nol, es bien sabido, que las

alteraciones metabdlicas que ocasiona, son; debidas a su metabolismo, es decir,

a la generacién de equivalentes reductores

NADﬁ); Al explorar el efecto de la

adenosina sobre el estado redox citoplismico ‘observo que carecia de efecto

en condiciones basales pero cuando se ‘administraba junto con etanol, el nucledsido

revertia parcialmente el efecto. del etanol.
Existfa por lo tanto la pcéi‘biiidad de que la adenosina inhibiera el meta-

bolismo del etanol y asi ejerciera su efecto. Sin embargo, la velocidad de depu-

racidén de etanol se aumenta con adenocsina (12, Fig. 3). Dado que es la reoxida-
cidn del NADH el paso limitante para la oxidacidn del etanol, nuestros resultados

indican que la administracidn de adenosina aumenta la capacidad oxidativa del
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La etapa de h(‘.patltls suele ser breve y 3v01uc1onar hacia c1rros1s- Es

importante eni‘at:\.zar en este moment:o que la etapa de h:l.gado graso es la etapa

revers:_ble del proceso y que 1os esfuerzos para detener el avance de la enfer-

medad se de‘ben reallzar

tancia del estado

mejora el estadoien

revierte o 'mejora el higado graso; sugiere
adem@s 1ma-relacidr usal entre. ambos procesos, i. e., la caida en estado
energético conduc da ‘acumulacidén de tiriacilglic&ridos.

Chagoya:de Sa&nchez, Brunner v Pifia (7) reportaron que la administracién

de adenosina a ratas, eleva considerablemente los parametros energéticos de

la celdilla hepatica. Esta observacidn ha sido confirmada en otros sistemas

como son el higado perfundido (8), las rebanadas de higado (9) v los hepatocitos

aislados (10) . De tal suerte, que la adenosina se ha convertido en un arma

metab&lica para incrementar el estado energ&tico del hepatocito.
Tomando en cuenta que en la génesis de cirrosis, la etapa reversible es la

de higado graso.y dada la relacidn "'caida de la carga energética———# induccién de

higado graso (6), se establecid la siguiente hipStesis de trabajo: la administra-—

cién de adenosina ( que eleva los parametros energé&ticos hepdticos) probablemente

evite la induccién de higado graso. Se decidid explorar los siguientes aspectos:

a)Efecto de la adenosina sobre el higado graso producido por los siguiente agentes:

etanol, etionina, cicloheximida y tetracloruro de carbono. Estos agentes fueron

selecciconados por ser los mas ampliamente usados y de los gque tenemos mas informa-

cidn acerca de sus acciones y mecanismos de accidn.

b)Estudio de la dinAmica del metabolismo de los lipidos para conocer el mecanismo

de accidn del hepatordxico y de 1a adencsina
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hepatocito (el mecanismo por el cual esto ocurre fue explorado y los. datos se

comentan mds adelante). Establecimos estadisticamente la rélaci®n. entre higado

graso y estado redox citoplasmico (12, Fi‘g' 2)° 1a "c‘ﬁal_—fubé Eési,‘perfé’cté con un

coeficiente de correlacidn r= 0.99. -

Debe recordarse que corfelaciﬁn’ n

probéble que la adenosina antagonizaf
tSxicos y que no existiera unmecanismo comun ; de accidn ‘en el efecto hepatopro—
tector del nucledsido. E1 hecho de dﬁe'—zla ‘adendsiﬁ'a- evita la produccidn de higado
graso por agentes que no actuan a travé_s‘;"de :n;odificar el estado redox citoplasmico
{como cicloh_exi‘mida', etionina o tetracloru:o s

nos sugeria la existencia de

por lo menos otro mecanismo de accidn.

Para estudiar el mecanismo general de accidn del nucledsido fueron de gran
utilidad los experimentos con alopurinol 'y cicloheximida. Cuando tratamos a las
ratas con alopurinol (inhibidor de - la *antinf-oxidasa) observamos que ashora la
adenosina era capaz de evitar totav]lmenvta'él higado graso producido por etanol
(en ausencia de alopurinol la,aczy:'if‘rrnb ei:a parcial), pero solo parcialmente las
alteraciones en el estado r‘edoxb (13, ver texto) lo cual rompe la correlacidén

entre ambos procesos (r= 0.56). Al estudiar la dindmica lipidica se observd que

la administracifn de adenosina y etanol en presencia de alopurinol producia una

elévacidn significativa en los niveles s&@ricos de Acidos grasos libres (13, ver

texto). La concentracifn de Acidos grasos es proporcional a su metabolismo he—

pAtico. Sabiendo gue la administracidén de adenosina disminuye los niveles de
cuerpos cetdnico (oxidacidn) y los niveles séricos y hepaticos de triacilgldicé-
ridos (esterificacidn) resulta evidente que una disminucidn general en el metabo-
lismo de los &Acidos grasos por el higado pudiera ser un factor responsable del
effecto hepatoprotector del nucledsido.

Esta sugerencia es consistente con la

inhibicidn observada tanto in vivo come in vitro de la acil-CoA sintetasa (16,17)

Vale la pena enfatizar en este momento, gue la actividad de esta enzima es indis-—

pensable para el metabolismo de los Zcidos grasos de cadena larga.En los expe-—
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rimentos con cicloheximida se comprobd este efecto del nucledsido midiendo 1la

incorporacién de palmitato radiocactivo a lipidos hepZ&ticos.

Algunos hallazgos interesantes se lograron tamblen usando c1clohex1m1da como

hepétotox:.co. Comprobamos el efecto ‘del- ant:lb:.ot:l_co sobre el nlvel s&rico de

que se :debe.a su acc:.on sobre tegldo ad::.paso aumentando la

acldos grasos 11bres,

ester:.fn.cac:Lon'(lS—ZO) Yy se encontro que el ant::Lb ot co tamblen aumenta la esteri—

£i cac:.on -hepat

'1os, ac1dos grasos d:.sminuyendo' su flujo hacia oxidaci®én.

Trata:ndo de pro undizar.sobre la accidn de la adenosina sobre el metabolismo

o:c:.dat:.vo se. dec:.d:.o estudiar la funcidn mitocondrial en higado

de’ an:unales tratados con el nucledsido. Se observd que la administracidn del

nucledsido incrementa la respiracidn mitocondrial y que este efecto probablemente
se deba a alguna alteracidn en la cadena respiratoria ya que persiste el efecto

en particulas submitocondriales.

CONCLUSIONES

a) La administracidn de adenosina evita la produccidn de higado graso (parcial o

totalmente) por etanol, cicloheximida, etionina y tetracloruro de carbono.

P)E1l nucledsido parece ejercer esta accién hepatoprotectora por un mecanismo

general: disminuir el metabolismo hepidtico de los Acidos grasos. Otras acciones

del nucledsido pudieran estar involucradas en casos especiales:i.e., en el caso

de la intoxicacién etiflica, por ejemplo.

c)Se comprobd indirectamente la importancia de la movilizacidn de ZAcidos grasos
de los depdsitos en la gé&nesis de higado graso.

d)La administracidn del nucle@sido ejerce una estimulacidén sobre el metabolismo

oxidativo mitocondrial gue involucra un incremento en la capacidad respiratoria

mitocondrial.
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EFECTO DE LA ADENOSINA SOBRE EL HIGADO GRASO
“PRODUCIDO POR DIVERSOS HEPATOTOXICOS

“VicTokia ClaGova DE SANCHEZ. Aipa SaNTaMaRia Donmixcuez.
Roranpo HerNANDEZ MueRoz v J. AvorrFo Garcia SiiNz.

Departamento de Biologia Experimental, Institnto de Biolugia. Departamento de
Bivguimica, Facultad de Medicina: Universidad Nacioual Auténoma de M

E} contenido normal de grasa en el higado es de 4 a 5%¢. constitnida de
triglicéridos. acidos grasos. colesterol y fosfolipidos. En condiciones de
funcionamiento hepatico normal los componentes lipidicos s¢ encuentran
en proporciones conslantes. La capacidad de almacenamiento de lipi-
dos en el higado es limitada ¥ esta sujeta a una regulaciéon muy estricla.
_El nivel de grasa hepatica es la resultante de varios factores, entre ellos
seialaremos: a) biosinlesis de grasa. b

zia, c) transporte de lipidos de 1 depositos al higado v d) movilizacion
de lipidos del higado a los depdsilos. Estos

utilizacion para oblener ener-

factores se encuentran en
cquilibrio. de tal manera que los niveles de grasa hepatica se mantengan
dentro de los limites normales: cualquier condicidén gque allere este equi-
librio en el sentido de aumentar la formacion de lipidos en el higado.
disminuir su utilizaciéon, estimular su movilizacion de los depdsitos o
impedir el transporte del higado a los depdsitos resultard en un aumento
de lipidos en el higado produciéndose una alteracion metabdlica conocida
como higado graso, también lNamada hepatoesteatosis o degeneracidn
grasa del higado. . ’

El higado graso puede ser de dos tipos, fisiologico ¥ patolégico. El
primero se caracleriza por mantener el patrén de componentes lipidicos
normal y por ser facilmente reversible; el segundo, tiene un patrdn lipi-
dico anormal presentando un aumento en la proporcion de triglicéridos
y ésteres de colesterol. Y pucde degenerar’ en un dafio hepatico mas
severo y eventualmente a cirrosis hepatica. Este altimo tipo de higado
graso es el que disculiremos en este trabajo.
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La frecuencia
CONY S

de dafio hepdtice aumenta -continuamente como’ una
suencia de factores socioculturales.

Entre las situaciones clinicas
mis frecuentes que se asocian a este padecimiento tenemos: la desnutri-
cién, especialmente en nifios que reciben dietas normocaldricas hipopro-
teicas, consumo sin conirol de agentes terapéulicos. como antidepresivos,
hipotensores y tetraciclinas t3.2.%
holismo, etc.

. manejo de solventles organicos, alco-

La correlacion higado graso-cirros
puesio que en muchos casos el higad
puede revertir

is no ha sido hien establecida 43
o gruso de tipo patoligico también

n gue evolu a cirros Se sabe desde hace mucho
tiempo que la ingestidén de alcohol etilico. el mas popular de los hepato-

téxicos, conduce a la hepatvesteatosis ¥ se ha considerado necesaria la
concomitancia del alcoholismo v la desnutricion para que se produzea
la cirrosis hepatica. Sin embargo, hace algunos afios Lieber. De Carli y
Rubin ¢ demostraron en primates que a pesar de una dieta adecuada,

la administracién crénica de ectanol, es capaz de producir en forma se-
cuencial higado graso, hepatitis v cirrosis.

La cirrosis hepitica es un problema de Salud Publica no sélo en nues-
ire pais, donde ocupa la primera causa de muerte entre hombres de 40
a 59 afios y la quinta entre hombres de 15 a 39 afios ™ sino en todo el
mundo. Béistenos mencionar que ¢n la ciudad de Nueva York. es la ter-
cera causa de muerie entre personas de 25 a G5 anos de edad ¥,

El dafio hepitico principia en diferentes regiones del higado y por
diversos mecanismos, en sus fases iniciales puede ser reversible, posibi-
lidad que se va perdiendo a medida que aumenta el deterioro celular, por
lo que se debe poner especial interés en el tratamiento dc las fases rever-
sibles del proceso.

Dado que los hepatotdnicos poseen diversos mecanismos de aceion, no
ha sido posible establecer una secuencia fisiopatoldgica del higado graso.
Sin embargo una de las primeras alteraciones metabdlicas en este pade-
cimiento es una caida importante en los niveles hepaticos de ATP ¢ pro-
bablemente -por una mayor utilizacién de encergia y/o por interferencia
en los procesos generadores de energia. Esta situacién de alarma obliga
a la economia celular a utilizar sus reservas: se produce una marcada
desaparicion del glucégeno hepalico ** v movilizacion de los acidos gra-
sos de loz depdsitos, hacia ¢l higado ‘™. Algunos hepatotdxicos inter-
fieren en la oxidacién hepitica de los acidos grasos *** 1o cual ocasiona
quc sean convertidos en glic

‘ridos y sc¢ acumulen. Simullineamente al
incremento catabélico los procesos anabdlicos disminuyen: como la bio-
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sintesis de purinas '¥, icidos nucleicos (RINA) y proteinas 331433, La
biosintesis de proleinas es indispensable para la sintesis de lipoproteinas
que van a encargarse de la salida de los lipidos del higado. Existe un
nimero importante de condiciones que favorecen la formacién del higado
graso, en que la sintesis de proteinas es deficiente, probablemente por
aporte insuficivnte de aminocicidos, por falta de encrgia o por algiin blo-
queo en el proceso de biosintesis proteica.

Como todo mecanismo general, no es posible aplicarlo estrictamente
a cada caso especifico. Sin embargo pudiéramos tratar de integrar esta
serie de observaciones en una secuencia légica de eventos metabdlicos:

Contacto con el agente causal.
Disminucién de los procesos gencradores de energia.
3. Caida de la carga enecrgética (ATP).

4. Estimulo de los procesos catabélicos: a) glucogenélisis hepitica, b)
lipélisis periférica y movilizacién de 4cidos grasos al higado.

5. Inhibicién de los procesos anabdlicos: a) biosintesis de purinas, b)
biosintesis de &icidos nucleicos, c) biosintesis de proteinas, d) bio-
sintesis de glucégeno.

6. Actimulo de lipidos ¢n el higado.
ANTECEDENTES

Como resultado de las invesligaciones rcalizadus en nuestro laborato-

‘rio, en relacién a los efectos de la adenosina en ¢l metabolismo inter-

medio, surgié la posibilidad de que pudiera ser de utilidad en el _proceso
antes descrito, es decir en el estado de higado graso.

cfectos bioguimicos de la adeno-

A continuacién enumecraremos los
relacién al higado graso inducido

sina que nos impulsaron a usarlo en

por diversos hepatotdxicos:

1. Aumento del 4095 en la poza de ATP, y consecuente elevacién de la
carga energética de Ja celdilla hepatica ¢, .
Aumento de 8 veces de la actividad de Ja glucégeno sintetasa de higa-
do de rata 7,

3. Aumento-de 13 veces la incorporacién de glucosa **C al glucdégeno he-
patico (glucogénesis) (%),

4



34 CHAGOYA DE SANCHEZ Y COLS.

4. Aumento de 6 veces la incorporacién de alanina *C al glucdgeno hepa-
tico (gluconcougénesis-glucogénesis) %),

5. Aumento de 5 veces de la lipogénesis en el tejido adiposo del epidi-
© dimo G®, -

6. Accién antilipolitica de la adenosina in vitro ©29),

7. Inhibicioén de la activacién y oxidacion de los acidos grasos 390,
8. Disminucion de la lipogénesis hepatica '*?).

Los cambios mectabélicos que se obtlienen por la administraciéon de ade-
nosina serian opuestos a Jos gque observan en las primeras fases de hepa-
totoxidad ya que el efecto de la adenosina seria estimular los procesos
biosintéticos e inhibir los procesos catabdlicos ¢36),

Una ventaja adicional en el uso de la adenosina lo constituye el hecho
de que este nucleésido es un metabolitlo normal en los tejidos; se ha
reportado a la concentracién de I a 2 uM en corazdn, y cerebro %% y
5 a 8 uM en higado ‘**’. La adenosina tiene un recambio metabélico
muy répido ‘*®) y lo haria a través de caminos enzimaiticos ya existentes
en -la célula (Esquema 1), esto representa una \'ehlaja al no wusar los
sistemas de desintoxicacién del 6rgano dafindo. La via de desaminacién
del nucledsido (adenosina deaminasa) para la obtencidn de inosina, fun-
ciona activamente ¢n el tejido hepatico 2?9, no asi la de fosforilacién
para la obtencién de AMP (adcnosina cinasa) ‘%), En el tejido hepatico
existe una enzima muy relevante en el metabolismo de la purina (hipo-

< nl
Adenosina — AMP
s >
Inosina 1 MP

“ ~l4 5
&

Hipoxantina Aﬁ\\o > Acido Urico

2H5 O 5

EsQuema 1. Mectabolismo de la Adenosina. 1, 5° Nucleotidasa. 2. Adenosina cinasa.

3. Adenosina deaminas. 4. Nuclefsido f{osforilasa. 5. Hipoxantina. fos
foribosil transferasa. 6. Xantino oxidasa.
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xantina fosforribosil tranferasa) % gue cataliza la tran-formacién de
Lipoxantina a .IMP, esta actividad corresponde al “camino de salvacién
de las purinas™ o sca el camino de rentilizacion de lus reziduos de purina
para regenerar el nucleétido de adenina. De los efcclos de la adenosina
que sirven como base a este proyecto discutircmos mias amplinmente
algunos de ellos. .

Uno de los mecanisinos generales postuludo en’la pruduceion del hi-

gado graso, c¢s la caida de la carza energética '*5*9 puestro grupo fue
¢l primero en demostrar que la administracion de adenosina es capaz de
incrementar notablemente la carga energética del higado %', Hace algu-

nos afios Farbher y cols. ™ revirtieron el higadae graso producido por
etionina con dosis grandes de ATP. Posteriormente. Hyams ¢ lsselba-
cher ©*®) demostraron que el ATP ¢s capaz de revertir ¢l higado graso
producido .por otros hepatotdxicos. Sin embargo, cuando ¢l ATP es ad-
ministrade a dosis moderadas. se recupera la carga energética pero no
se evita ¢} higudo grase ¢, Jo cual sugiere la parlicipacién de otros me-
canismos.

Se ha observado que los triglicéridos acumuladoes en el higado en la
hepatoesteatosis son ricos en acidos grasos esenciales y que su composi-
cién es similar a los del tejido adiposo 1931 Estos datos sefialan que
la movilizacién de los acidos grasos de los depésitos (lejido adiposo).
tiene un papel muy importante en la cticlogia del higado graso. La ade-
nosina es un inhibidor de la lipélisis en el tejido adiposo ©**' y Fain,
Pointer y Ward ¢ han sugerido que la adenosina puede tener un papel
regulador {isiologico de la adenilciclasa de tejido adiposo.

I.a accion esperada de la adenosina no estd dnicamente en la posible
disminucién de la afluencia de &cidos grasos de los depdsitos al higado.
Para que éstos scan metabolizados, deben ser convertidos a dsteres de
coenzima A por accién de la tiocinasa. Estudios recientes nos han demos-
trado gque la adenosina es capaz de inhibir a esta enzima activadora de
los idcidos grasos 2® impidiendo en esta forma la utilizacion de los aci-
dos grasos para la biosintesis de triglicéridos 'y para su oxidacién.

RESULTADOS ¥ DISCUSION

Con estos datos en mente s¢ inicié una exploracién general de la accién
de la adenosina frente a-varios agenles hepatotéxicos, con diferentes me-
canismos de accidn, a dosis y en tiempos recomendados en la literatura.
Como sujeto experimental se usaron ratas machos de 130 a 200 gms. de
peso corporal con un periodo de ayuno de 16 a 20 horas. Para valorar
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¢l higado graso se determind la cantidad de trig
mdétodo de Butler, y cols. %3

ridos hepaticos por el
La adenosina se administré en suspensién
en NaCl 0.85%, pH 7.4 a una dosis de 200 mg/Kg por via intraperito-
neal, dplima en nuestros estudios metabdlicos previos.
Los hepaitotéxivos probados fueron:
clanol y ¢l tetracloruro de carbone.
de la sintesi= de proteina
graso,

la ciclohieanimida, la etionina, el
La cicloheximida es un inhibidor
s citoplasmicas, se postula que produce higado
al blogquear la sinte de les lipoproteinas, indispensables para
Ja movilizacién de triglicéridos hepaticos Sin cmbargo este meca-

. (34,35)
nismo como Gnico responsable de la hepatoesteatosis inducida por ciclo-
heximida se ha puesto ¢n duda recientemen

sis

te por Sabesin ¢** quien de-
nuestra, usando acctoxivicloheximida que la inhibicidon de la sintesis de

proteina hepatica no es suficiente para producir acumulacién de trigli-
céridos en el higado 3%,

Por otra parte. en nuesiro lahoratorio hemos
observado que la cicloheximida es capaz de incrementur el proceso de
esterificacién en tejido adiposo 373®): 1al vez esle mecanisrmo participe
.en el higado. En nuestras condiciones experimentales la cicloheximida
produce un incremento del 3259 en la cantidad de triglicéridos hepaéti-
<os. La administracién simultanea dc adenosina evita este proceso (ta-
bla 1).

La etionina c= un hepatotdxico que produce el higado graso al depletlar
de ATP a la celdilla hepatica, produciendo en forma secundaria una inhi.
bicién de la sintesis de proteinas *®. En la tabla 11, se aprecia el incre-
mento en la cantidad de tnghcnndos hepaticos que produce esta sustan-
TasLa 1. EFECTO DE LA ADENOSINA EN LA ACUMULACION DE
TRIGLICERIDOS PRODUCIDA POR LA ADMINISTRACION

v, DE
CICLOHEXTIMIDA
. Nivel de Triglicéridos
“Tratamiento Hepiticos p* pee
mg/e

‘Salina -~ salina ‘* 2.99 == 0.27
Salina - adenosina ¢! 2.28 = 0.38

<02
Cicloheximida - salina **? 9.74 = 1.04 < 0.001
-Cicloheximida -+ adenosina ‘* 3.30 == 0.41. << 0.6 «Z0.001
* vs, salina -~ salina: **

vs. cicloheximida - salina. Se administré cicloheximida
a dosis de 3.3 mg/Kg intraperitoneal. los« amma’les se sacrificaron 4 horas dcspu(s
+'el tratamiento Los resultados se expresan como el promedio =
.del prupo.

€l error estindar
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Tasra II. EFECTO DE LA ADENOSINA EN LA ACUMULACION
DE TRIGLICERIDOS PRODUCIDA POR LA ADMINISTRACION DE

ETIONINA
Nivel de Triglicéridos
Tratamienta Hepaticos p* p**
mg/g

Salina -} salina 9 2.44 = 049

. Salina -+ adenosina 2 3.75 == 0.74 < 0.2

Etionina == salina ©® 10.70 = 2.66 < 0.01

Etionina - adencsina V9 2.35 = 0.44 <<0.9 <<0.01

* vs. salina -+ salina: ** v¢ etionina — salina. Se administré etionina a dosis de

1 g/kg intraperitoneal. Los animales se rificaron 5 horas después del iraiamiento.
Los datos se¢ expresan como ¢l promedio = ¢l error estdndar del grupo.

cia .y cdémeo es evitado por la administracién simultdnea de adenosina.

A pesar de ser el etanol el hepaloldxico mas conocido y uno de los
mdés estudiados, no se conoce el mecanismo exacto por el cual produce
higado graso. Actualmente se acepta que Ja avalancha. de equivalentes
reductores que produce su metabolismo es en gran parte responsable del.
dafio que ocasiona *®. La administracién de una dosis clevada de eta-
nol produce un aciimulo de triglicéridos en el higado. como puede apre-
ciarse en la tabla IIl, Ja administracién simultanea del nucledsido de la
adenina revierte parcialmente el proceso.

E] tetracloruro de carbono es un 16xico que aclia fundamentalmente
peroxidando los lipidos microsomales *9?, Los mecanismos mas acepta-

TABL;\ II1. EFECTO DE LA ADENOSINA SOBRE LA ACUMULACION
DE TRIGLICERIDOS PRODUCIDA POR LA ADMINISTRACION DE
ETANOL

f

Nivel de Triglicéridos

Tratemiento * Hepaticos ~ p* pr*
mg/e

Glucosa .~} salina ® 2.69 = 0.39

Glucosa -+ adenosina 3.09 == 0.40 <<0.5

Etanol -} salina ‘7 10.34 = 144 - <0.001 -

Etanol -+ adenosina 5.37 == 041 <<0.005 << 0.01

vs. glucosa -+ salina; ** vs, etanol < salina. Se administraron etanol a dosis de
5 g/Kg o el equivalente calérico de glucosa por via oral. Los animales se sacrifi-
caron 8 horas después del tratamiento. Los datos se expresan como el promedio ==
el error estindar del grupa,



38 CHAGOYA DE SANCUEZ Y COLS.

dos que median en Ja produccién de higado graso por este 1oxico, son:
abatimiento de la carga ener

tica % incremento de la lipdlisis en los
deprdsitos debido a la liberacién de catecolaminas ¥ y alieraciones en
la movilizacidén de triglicéridos hepiaticos ¢“®. La tabla IV, presema los
datos obtenidos con tetracloruro de carbhono ¥ la reversién parcial de su
cfecto por la administracién dec adenosina.

Tasra IV. EFECTO DE LA ADENOSINA SOTRE LA ACUMULACION
DE TRIGLICERIDOS PRODUCIDA TPOR LA ADMINISTRACION DE
TETRACLORURO DE CARBONO

Nivel de Triglicéridos

“1 ratamiento Hepaticos ™ p="
mg/e

Nujol -} salina 9 2.83 = 0.57

Nujol -~ adenosina 3.13 == 0.27 < 0.7

CCl, - salina ¢ 17.01 == 2.60 <0.001

CCl, < adenosina %} 7.73 == 114 < 0.005 < 0.01

ve nujol ~ salina; "* wvs CClL en nujol a dosis de 3 ml/Kg o un volumen equi-
vulente de nujol. Los animales se sacrificaron 6 hs. después del tratamiento. Los
dutos se expresan como el promedio == el error estindar del grupo,
Considerando quec Jos hepatoldxicos ensayados actian en varias for-
mas, no es factible pensar que a su vez la adenosina actie por un meca-
nismo diferente antagonizando a cada hepatoléxico; es decir, deben
existir mccanismos generales cn la produccién del higado graso que son
inhibidos por el nucleésido. Existe el problema de que tanto los téxicos
como cl nucledsido tienen miltiples efectos ¥ sélo el estudio meticuloso
de ellos necs puede conducir a conocer los procesos involucrados y su
importancia relativa dentro del contexto general. Nuestro esfuerzo actual
esta dirigido a la caracierizacién de estos fendmenos, y esperamos que
Ja integracién de las acciones melabdlicas de la adenosina. estudiadas
por nuestro grupo y otros, nos ayuden en la bisqueda de los mecanismos
moleculares comunes a los distintos hepatoldx

icos ¥ que puedan ser res-
ponsables de la alteraciéon metabélica conocida como higado graso.

Por
otra parte abrigarmos la esperanza de que la adenosina pueda ser de
utilidad practica para su tratamicnio en los humanos.

- El apoyo econdémico para la realizacién de este trabajo es proporcio-
nado por el Consejo Nacional de Ciencia v Tecnologia, PNCB 0044.
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The administration of adenosine partially prevented and reverted the ethanol-induced
fatty liver. The hepatic a-glycerophosphate concentration and the a-glycerophos-
phate/dihydroxyacetone phosphate ratio were significantly increased afier ethanol admin-
istration. The nucleoside decreased with ratio and enhanced the oxidation of ethanol. A
strong correlation between the cytoplasmic redox state and the amount of triacylglycerols
in the liver was found (8 h after treatments) stressing the paramount importance of the
redox state in the pathogenesis of ethanol-induced fatty liver. As previously reported, the
nucleoside expanded the adenine nucleotide pool size and the hepatic ATP level. Ethanol
potentiated these effects. It is suggested that adenosine ameliorated the ethanol-induced
fatty liver through an increased utilization of reducing equivalents by the mitochondria. An

interdependence of these effects is proposed and discussed.

It is well known that an acute adminis-
tration of ethanol causes a reversible fatty
liver, characterized mainly by an accumu-
lation of triacylglycerols, both in humans
and in experimental animals (1, 2). After
the ingestion of ethanol a number of hepatic
functions are altered, due partially to the
change in the cytosolic redox state
(NAD*/NADH) produced by its metabo-
lism. Some reviews treating these processes
have appeared (3-5). It has also been re-
ported that a decrease in the hepatic ATP
level accompanies the fatty livers produced
by ethanol and other hepatotoxins and that,
the administration of high douses of ATP
protects against acute fatty liver (6). Thus,
it has been proposed that ATP depletion is
an important factor in the pathogenesis of
fatty liver. However, its importance has
been questioned by several authors (7, 8).

Previous work has shown that the admin-
istration of adenosine produces a marked
increase in the hepatic energy charge in

* This resecarch was partially srupported by Grant
PNCB 0044 fromgthe Consejo Nucional de Ciencia v
Tecnologia. (A4
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vivo (9). This finding has been confirmed in
vitro in perfused rat liver QO)_ liver slices
(11), and isolated hepatocytes (11, 12).
Moreover, it has been proposed that aden-
osine is the most ready precursor for the
synthesis of nucleotides in the intact cell
through the salvage pathway (12). Never-
theless, the mechanism by which adenosine
increases the hepatic energy charge has not
been clarified.

The present investigation was under-
taken in an effort to get a clearer picture of
the pathogenesis of the ethanol-induced
fatty liver and of the participation that the
depletion of ATP has in iL.

MATERIALS AND METHODS

Adenosine, zeolite, glucose-G-phosphate dehydro-
genase, lactic debyvdrogenase, hexokinase, pyvruvate
kinase, and myokinase were obtained from the Sigma
Chemical Company (St. Louis, Mo.). a-Glycerophos-
phate dehydrogenase, nucleotides, and coenzyvmes
were purchased from Boehringer and Soehne (Mann-
heim). The other chemicals used were reagent grade
of the best quality available.

The experiments were performed with male Wistar
rats weighing between 170 and 210 g which had fasted
for 16-20 h. The ethanol given was a4 63% (v/v) solution

0003-9861/78/1801-0155802.00/0
Copyright © 1978 by Acsdemic Press, Inc.
Al rights of reproduction in sny form reserved.
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in water administered through a stomach tube at doses
of 5 g/kg body weight. Control animals received an
isocaloric dose of glucose (9.3 g/kg body weight). Im-
mediately after pastric intubation the animals were
injected intraperitonceally with saline (0.85'%% NaCl) or
adenosine suspended in ine (20 mg/mbh and ad-
justed 1o pH 7.4. at duses of 200 mig, kg body weipht
The other conditions used are indicated in the figures
and tables.

To quantify the ethanol and lipids in the bhluod, the
animals were decapitated and exsanguinated. Bepatic
triacyliglyeerols were determined by the method of
Butler er al. (13). Scrum triscylglvevrols and serum
free fatty acids were guantified using the methods of
Van Handel and Zilversmit (14) and Dole and Mei-
nertz (15}, respectively. Blood ethanol was estimated
enzymatically (16). To determine adenine nucleotides,
inorganic phosphate, aGP,” and DHAP in the liver,
the animals were sacrificed by a blow on the head.
The abdomen was immediately opened with a bistoury
and 150-300 mg of liver were homogenized in 6% (w/v)
perchloric acid within 4-7 sec after the abdominal
incision. a-Glycerophosphate and DHAP were deter-
mined according to Hohorst (16) and Bucher and
Hohorst (17), respectively. ATP was quantified using
the technique of Lamprecht and Trautschold (18).
ADYP and AMP were estimated by the method of
Adam (19) and incvorganic phosphate according to
Grindey and Nichol (20).

The energy charge of the adenylate system was
calculated according 1o Atkinson (21) and the phos-
phorylation potential us described by Stubbs et al
(22). The NAD" /NADH ratio was calculated with the
equilibrium constant of the glvcerophosphate dehy-
drogenase obtained by Rissman (23) and taken from
the paper by Veech ef al. (24). Statistical significance
between comparable groups was determined by the
Student’s test. Linear regressions were calculated by
the method of least squares.

RESULTS

The administration of ethanol produced
an almost 4-fold increase in the amount of
triacylglycerols in the liver 8 h after treat-
ment (Fig. 1). The simultaneous adminis-
tration of adenosine nearly blocked this
effect (Fig. 1). The differences between the
groups treated with ethanol + saline and
those treated with ethanol plus adenosine
were statistically significant at 4 and 8 h (P
<< 0.005 and P < 0.01, respectively). Aden-
osine alone produced only minor modifica-
tions in the hepatic triacylglycerol content
(Fig. 1).

* Abbreviations used: oGP, a-glvcerophosphate;
DHAP, dihydroxyacetone phosphate.

MUROZ ET AL.

HEPATIC TRIBCTLGLYCEROLS {mg/g)
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Fi1G. 1. Time-course of the effect of ethanol and
adenosine on the hepatic concentration of triacylglyc-
erols. &——O, glucose + saline, @&——®, glucose +
adenosine: A----2, ethanol -+ saline; A----A, ethanol
+ adenosine. Vertical bars represent the standard
error of the mean of at Jeast five animals.

The possibility that adenosine might be
able not only to prevent the ethanol-in-
duced fatty liver but also to revert it was
also tested. Adenosine was injected six
hours after the adminiswration of ethanol
and the animals were killed two hours later.
The nucleoside was found to revert the
fatty liver significantly under these condi-
tions (Table I). Subsequent determinations
were made 8 h after the simultaneous ad-
ministration of ethanol! or glucose and
adenosine or saline except where indicated.

In the ethanol-induced fatty liver most of
the fatty acids in the accumulated triacyl-
glycerols derive from adipose tissue (25). 1t
has been proposed that the underlyving
mechanism is an increased mobilization of
free fatty acids from the depots (26). The
possibility of adenosine decreasing the mo-
bilization of fatty acids was tested since it
is known that the nucleoside is a potent
inhibitor of lipolysis in adipose tissue (27,
28) and it has been suggested that it might
play a role as a regulator of adenylate cy-
clase activity (29). The results are pre-
sented in Table IT where it can be seen that
none of the treatments modified to an ap-
preciable extent the concentration of free
fatty acids in the plasma.

Another possible explanation for the ac-
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ADENOSINE ON ETHANOLANDUCED FATTY LIVER

TABLE 1
PARTIAL REVERSION OF THE ETHANOL-INDUCED
FATTY LIVER HY ALENOSINE?

Treatiment Hepatic tria zlyvcerols
{mg/g wet weight)
Glucose + saline 3.09 = 0.43
(4:)]
Glucose + adenosine 3.33 = 0.79
10)

Ethanol + saline 12.R5 = 2.16%
1)
6.95 = 1.11°7
(10)

“ Ethanol or glucose was administered 8 b hefore
racrificing and adenosine or saline 2 h before sacrific-
ing. The results are expresced as the mean = the
standard error of the mean with the number of abser-
vations in parentheses.

* P < 0.001 compared to the glucose + saline group.

P < 0.005 compared to the glucuse + saline group.

“ P < 0.05 compared to the ethanol + saline group.

Ethanol + adenosine

TABLE 11
EFFECTS OF ETHANOL OR GLUCOSE AND ADENOSINE
OR SALINE ON SERUM LaPIDS®

Treatment Free fatty acids]Triacylglveerols
{(uEq/liter) {(mg/100 ml)
Glucose + saline 361.90 = 41.04 56.09 > 6.53
{5) {4)
Glucose + adeno-| 444.51 = 26.23 | 59.82 > 3.74
sine {4) (4)
Ethano! + saline 368.68 = 20.50 | 101.26 = 12.85"
(5)
Ethanol + adeno-] 3Y4.68 = 29.14 60.96 = 3.28"
sine (6) 5

“ The results are expressed as the mean = the
standard error of the mean with the number of obser-
vations in parentheses. Determinations were made 8
b after treatment.

* P < 0.02 compared to the glucose + saline group.

“ P < 0.02 compared to the ethanol + saline group.

tion of the nucleoside on the fatty liver is
that adenosine increased the release of tri-
acylglycerols by the hepatocytes. Thus, the
amount of serum triacylglycerols was quan-
tified. Ethanol produced a hypertriacyl-
glvcerolemia (Table II) as has been previ-
ously shown (5). Contrary to what was ex-
pected, the administration of adenosine to
ethanol-treated rats did not enhance the
lipemia but rather decreased it to normal
levels (Table 11). Adenosine alone had no
effect on this parameter (Table 1I).
Ethanol decreases the cytoplasmic
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NAD*/NADH ratio. This effect results
from the oxidation of ethano] by NAD™
acting through alcohol dehydrogenase. In
the liver this cytoplasmic enzyme shares a
common NAD™Y pool with luctate and aGP
dehydrogenases and is in close equilibrium
with themn (30). As a consequence, ethanol
metabolism increases the lactate/pyruvate
and aGP/DHAP ratios which reflect the
cytoplasmic redox state (24, 30). The time-
course action of ethanol and the nucleoside
on this parameter was studied and the re-
sults are presented in Table 111, As ex-
pected, the administration of ethanol
caused an accumulation of the reduced me-
tabolite and the injection of adenosine par-
tially blocked this effect at all the times
tested (Table 1lII). The administration of
glucose and adenosine did not modify the
cvtoplasmic redox state (Table III). Fur-
thermore, strong correlation was observed
between the amount of neutral fats and the
cytoplasmic redox state in the liver 8 h after
treatment, as presented in Fig. 2.

A decrease in ethanol metabolism by
adenosine could explain the observed
changes in the redox state (Table 111) but,
as a consequence, the blood levels of
ethanol should be higher. It was found that
adenosine did not produce any increase in
the blood level of ethanol concurrent with
the increase in the NAD*/NADH ratio
(Fig. 3). On the contrary, it was observed
that the administration of the nucleoside to
ethanol-treated rats produced a faster re-
coveryv of motor coordination in the ani-
mals, The possibility that adenosine might
increase ethanol oxidation was considered.
It was observed that 12 h after ethanol
administration the blood level of ethanol
was lower in rats treated with adenosine
than in the group treated with saline (P <
0.005) and the blood ethanol clearance was
about 20% higher in rats treated with the
nucleoside (Fig. 3). In addition, when the
dose of ethanol was diminished to 2.5 g/kg
body weight, the blood ethanol level was
lower in rats treated with adenosine 8 h
after the administration (5.66 = 1.11 mm in
the ethanol + saline group and 0.90 = 0.26
mM in the ethanol + adenosine group: mean
#+ the standard error of the mean of five
animals, P < 0.003).
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I

EFFECT OF ETHANOL OR GLUCUSE AND ADENOSINE OR SALINE ON THE HuraTic CyTortasmic REpox

Time Treatment e -
(hours) DHAP
o None 184.30 % 28, 5.3 1455.8
5 .
2 Glucose + saline 185.85 = 13.67 4.8 15uU8.2
(5) .
2 Glucose + adenosine 188.43 = 26.14 41.47 = 1.54 4.5 1694.3
(6} 6)
2 Ethanol + saline 664.33 * K72 33.71 = 3.89 19.7 3903
(6) (6)
2 Ethanol + adenosine 420.14 = 38.65% 40.03 x 4.76 10.5 732.6
(5)
4 Glucuse + saline 185.94 %= 19.08 33.17 = 6.80 5.6 1371.2
(6) 6)
4 Glucose + adenosine 206.01 = 27.26 30.78 % 5.83 6.7 1149.8
’ (5) (5)
4 . Ethanol + saline 708.67 %= 41.077 33.66 x 7.53 21.1 365.4
%)
4 Ethanol + adenosine 515.26 = 60.36"" 39.89 % 3.97 129 595.4
) 5) 5)
8 Glucuse + saline 218.65 = 25.09 24.70 % 31.24 8.9 B869.2
(3)
8 Glucose + adenosine 284,05 + 43.35 31.91 * 6.68 8.9 864.3
5) )
8 Ethanol + saline , 1163.10 = 79.45% 26.41 %= 5,14 44.0 174.7
{5) {5)
8 Ethanol + adenosine 801.59 = 4228/ 22.1 3482

(5)

36.28 > B.RG
(5)

® The results are expressed as the mean = the standard error of the mean with the number of observations

in parentheses.

# P < 0.001 compared to the glucose -+ saline group (2 h).
“ P << 0.05 compared to the ethanol + saline group (2 h).
“ P < 0.001 compared to the glucose + saline group (4 h).
* P =< 0.05 compared to the ethanol + saline group (4 h).
!/ P << 0.001 compared to the glucose + saline group (8 h).
# P << 0.005 compared to the ethanol + saline group (8 h).

The hepatic content of adenine nucleo-
tides and inorganic phoshate was studied 2
and 8 h after treatment (Table IV). Two
hours after the administration of adenosine
the total amount of adenine nucleotides,
ATP and the energy charge were increased
(Tables IV and V) as previously reported
(9) (P < 0.02, P < 0.01, and P < (.02,
respectively). It was also observed that the
nucleuside decreased the hepatic content of
inorganic phosphate (31 and magnified the
phosphorylation potential (Tables IV and
V). Ethanol elevated both the level of in-
organic phosphate and the level of AMP
(Table 1IV), the simultaneous administra-

tion of ethanol! and adenosine produced a
further enlargement in the adenine nucleo-
tide pool size and notably increased the
level of ATP (Table IV and V). However,
all these effects were transient because 8 h
after treatment no significant differences
were observed (Tables IV and V).
DISCUSSION

The ability of adenosine to prevent (Fig.
1) and even to partially revert (Table 1) the
ethanol-induced fatty liver does not seem
to be related to changes in the mobilization
of lipids either by adipose tissue or by the
liver. The level of serum free fatiy acids

—
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was not modified by treatment with aden-
osine (Table 1I) and the content of serum
triacylgivcerols was altered by the nucleo-
side in a direction opposite to that expected
from an increase in mobilization (Table 11).
In the presence of a moderately fatty liver
adenosine decreased the amount of triac-
vlglvcerols in the serum to normal levels
(Table 11 and Fig. 1). These results suggest
that the output of neutral faiws by the liver

is not a process that follows first order
kinetics and that therefore there exisits a
threshold in the producrion of alcoholic
hyperlipemia. At any rate, in these experi-
ments it is not possible to exclude the in-
teraction between organs. The serum levels
of triacylglycerols might not reflect the liver
output but a balance between production
and utilization. Obviously a more direct
approach will be necessary to clarify this
point.

Ethanol may profundly influence free
fatty acid and triacylglyvcerol transport. It
has been observed that in rats rendered
hvperlipemic by ethanol feeding, the
lipid/protein ratio of the lipoproteins of
density <<1.006 approaches that of chylo-
microns. but the site of origin of these par-
ticles has not been deduced with certainty
from physical or chemical characteristics
(5, 32). In addition, it has been observed
that ethanol causes the liver to receive an
increased flow of blood that produces an
increase in the hepatic upiake of fatty acids
(33).

The most characteristic metabolic alier-
ation during ethanol oxidation is the de-
crease in the NAD*/NADH ratio in the
liver. In the present work (Table 111) this
effect was evaluated as an increase in the
hepatic oaGP/IDHAP ratio. Ethanol pro-
duced about a 4-fold increase in the
aGP/DHAP ratio and in the ethanol =+
adenosine treated group a decrease in this
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TABLE 1V
EFFECT OF ETHANOL OR GLUCOSE AND ADENOSINE OR SALINE ON THE HEPATIC LEVELS OF ADENINE
NUCLEUTIDES AND INORGANIC PHOSPHATE"

T Time Treatment ATP ADP AMP P,
(hours)
(umol/g wet weight)
2 Glucose + saline 2499 + 0.18 1.29 = 035 0.26 = 0.02 3.42 £ 0.12
(4) (4) ) (4
2 Glucose + adenoxine 4.29x 0.27% 1.03 = 0.08 0.19 = 0.05 2.54 = 0.10*
{4 1) 4 {4)
2 Ethanol + saline 284> 013 1.45 = 0.18 0.43 = 0.05° 4.40 = 0.16*
4) 4 43 3)
2 Ethanal + adenosine 5.00 = 0.08 +4r 1.25 = 0.16 0.35 = 0.04 2.56 = 0.05"F
(4) {4) 1) 3)
5 Glucose + saline 3.23 = 0.20 1.65 = 0.05 0.31 = 0.08 4.60 = 0.30
3) 3 ) 3
8 Glucose + adenosine 2.793 = 0.07 1.32 = 0.17 0.35 == .09 4.48 = 0.7
. (4) {4) 4y
8 thanol + saline 3.32 % 0.23 1.40 %= 0.18 0.26 = 0.03 4.02 = 0.42
(6) (6) (6) (6}
8 Ethanol + adenosine 3.60 x 0.16 1.86 = 0.14 042 = 0.08 . 4.65 %= 0.25
(6) (6 (6) L .
“ The results are expressed as the mean x the standard error of the mean with the number of obrervations
in parentheses. -

* P < 0.01 compared to the glucose + saline group (2 h).

* P < 0.02 compared to the glucose + =aline group (2 h),

“ P < 0.05 compared to the ethanol + saline group (2 h).

< P < 0.05 compared to the glucose + adenosine group (2 h).
! P < 0.005 compared to the glucose + saline group (2 h).

* P < 0.001 compared to the ethanol + saline group (2 h).

TABLE V .
EFFECT OF ETHANOL OR GLUCOSE AND ADENOSINE OR SALINE ON ENERGY PARAMETERS OF THE LIVER
CELL"
Time Treatment Tatal adenine nu- ATP/ADP Energy charge FPhosphorylation
(hours) cleotides (umol/g potential (M~}
wet weight)
2 Glucose + xaline 4.54 2.32 0.80 678
2 Glucose + adenosine 5.51 417 0.87 1640
2 Ethanol + saline 4.72 1.96 0.76 445
2 Ethanol + adenosine 6.60 4.00 0.85 1575
8 Glucose + saline 5.19 1.96 0.78 426
8 Glucose + adenosine 4.40 2.06 0.77 462
8 Ethanol + saline 4.98 2.37 0.81 580
8 Ethanol + adenosine 5.88 1.94 0.77 416
" The results were calculated from the data in Table TV,

2 \[AMP1 + [ADP] + (AT
. s . [ATP]
Phosphoryviation potential BDP][Pi]'

-2
Energy charge = b IADP] + 2 |ATE] P])'

ratic of about 40% was observed at all the
times tested. An enhanced melabolism of
ethanol (Fig. 3) was observed. Ethanol ox-
idation is stimulated by substances that
increase the electron flux in the mitochon-

drial respiratory chain and therefore en-
hance the utilization of reducing eqguiva-
lents (3, 34--38). It has been concluded that
the rate-limiting step in ethanol metabo-
lismm is the reoxidation of NADH (3, 38).
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Taking into account these observations, the
stimulation of ethanol metabolism pro-
duced by the nucleoside =eemns to be a
consequence of the modification of the re-
dox state. If adenosine promotes the utili-
zation of reducing equivalents by the mi-
tochondria this would explain the observed
increases in ATP, energy charge and phos-
phorylation potential and the decrease in
inorganic phosphate (Tables IV and V). In
could also explain the observed increase in
the mitochondrial NAD /NADH ratio
(39) by an enhanced utilization of the re-
duced form of the coenzyme by the respi-
ratory chain. The magnification by ethanol
might result from the avalanche of reducing
equivalents that its metabolism causes (Ta-
bles 111-V). However, the effects on the
energy parameters disappeared under con-
ditions in which the aciion of the redox
state was still observable (Tables III, IV
and V). Furthermore, Cederbaum et al. (38)
have suggested that ethanol oxidation does
not occur in addition to the oxidation of
other substrates and that therefore the re-
ducing equivalents from the oxidation of
ethanol may replace substrates normally
oxidized by the liver, e.g., fatty acids. It has
recently been shown that adenosine
hibits the oxidation of fatty acids (40).

Under the conditions indicated herein,
ethanol did not depress hepatic ATP levels
(Tables IV and V). In the ethanol + aden-
osine treated group high levels of ATP were
found in rats which were developing a mod-
erately fatty liver (Table IV and Fig. 1).
This fact is in agreement with some reports
(24, 41, 42) and in disagreement with others
(6-8). The discrepancy has been attributed
to the dose of ethanol employed, the nutri-
tional condition of the animals and even to
the strain of rats used (8). Nevertheless,
our results are in agreement with the con-
clusion that the hepatic ATP depletion
does not play a key role in the pathogenesis
of the fatty liver produced by ethanol (7, 8).

One point of interest is the strong corre-
lation between the cytoplasmic redox state
and the content of hepatic triacylglyvcerols
(Fig. 2). The interpretation of such a cor-
relation is complicated since a decrease in
the NAD~/NADH ratio is mainly accom-
panied by a simultaneous accumulation of

in-
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aGP. It has been suggested that oGP is a
factor which controls the rate of neuiral fat
synthesis (43, 44), although its availability
is not the sole factor that controls the es-
1erification process (45, 46). In any event,
an excess in the oxidation of ethanol pro-
motes the accumulation of aGP by decreas-
ing the NAD*/NADH ratio. These factors
are of paramount immportance in the genesis
of ethanol-induced fatty liver.

Perhaps two other factors might be in-
volved in the effects of adenosine on fatty
liver. This nucleoside may be metabolized
1o hypoxanthine and afierward 1o uric acid
by xanthine oxidase, generating hydrogen
peroxide. Thus, it is possible that catalase
participates in an H:0O.-mediated ethanol
peroxidation. This mechanism has the ad-
vantage that it does not produce the reduc-
tion of coenzymes, which could explain
some of the observed effects. However, it is
generally accepted that catalase does not
play a significant role in ethanol metabo-
lism (for a review see Ref. 47) and it cannot
explain the magnification of adenosine ac-
tion on energy parameters (Tables IV and
V).

Evidence that adenosine inhibits extra-
mitochondrial acyl-CoA synthetase has re-
cently been published (40). The activity of
this enzyme is essential for the metabolism
of fatty acids provided by the depots. How-
ever, this effect of adenousine is transient
(40). In addition, it has been shown that
adenosine inhibits hepatic lipogenesis (11).

In summary, the dimipution of the
NAD'/NADH ratio seems to be the main
cause of ethanol-induced fatty liver. Aden-
osine partially prevented or reverted this
process (Fig. 1 and Table I) probably by
promoting the translocation of reducing
power from the cytoplasm to the mitochon-
dria. The molecular mechanisms of these
actions are presently under investigation in
our laboratory.
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Abstract—A 10tal prevention of ethanol-induced fatty 1

¢r by the <imt

ltancous administration of

adenosine and allopurinat was observed. Under these conditions, adenosine umeliorated the reduction
in the cytoplasmic NADT/NADH ratio produced by ethanol metabolism. increased the rate of ethanol
exidation, and decreased the blood ketone bodies. reflecting an inhibition of hepatic fatty acid oxidation.

Morecover. in rats treated with 4-methyipy

170le, the effect of the nucleoside on the increased rate of

cthanol oxidation wuas not obscrved. The effect of adenosine on the modifications induced by the
administration of ethanol in the mitochondrial redox potential was 1ested. When the nucleoside was
administered 1o e¢thanol-ticated animals. a reversal of the ethunol-induced diminution in the mito-
chondrial NAD™/NADH ratio and in the redox potential was observed after Z—4 hr of treatment. These

data lend further

upport to the suggestion that adenosine promotes the capacity of the cell 10 handle

the reducing equivalents gencrated during ethanol metabaoliam. Morcover, these experiments sugpest
that hydrogen peroxide, gencrated through purine mctabolism. plays s minimal role in the action of

adenosine on cthanol mciwabolism. Finally

u second mechanism by which the nucleoside prevents {atty

fiver in the presence of allopurino! wus cvident and this was related 10 an inhibition of fatty acid

metabolism.

It is well known that u# great number of hepatic
functions are altered after the ingestion of cthanol
and that these effects are due mainly 10 the change
in the redox state (NAD*/NADH) produced by its
metabolism. In addition, it has been suggested that
reoxidation of cytosolic NADH is the rate-limiting
step in ethanol metabolism [1-3).

It has also been found that administration of
adenosine partially prevents ethanol-induced fatty
liver, ameliorates the efiect of ethanol metabolism
on the cytoplasmic redox state, and increases ethanol
oxidation [4]. Furthermore, ethanol enhances the
adenosine-mediated increase in ATP [4.5]. and
adenosine alone produces a marked shiftin the mito-
chondrial redox state NAD"/NADH [6]. Taking all
these daa into account. it has been suggested that
the nucleoside may promote translocation of reduc-
ing power from the cytoplasm to the milochondria,
and that this mechanism may be responsible for the
effects observed [4].

Hepatic cells catabolize adenosine 1o uric acid very
rapidly [7}. and in this pathway xanthine oxidase
generates hyvdrogen peroxide. 1t has been shown that
catalase is capable of oxidizing ethanol in vitro in
the presence of a hvdrogen peroxide-generating sys-
tem {8)]. Therefore. although it is generally accepted
that, under basal conditions. hydrogen peroxide-
mediated ethanol peroxidation does not play a sig-
nificunt role in ethanol metabolism [9, 10}, it is the-
oretically possible that the efiects of adenosine on
ethano! metabolism might be due to this process.

This point was experimentally tested using allo-
purinol [4-hydroxypyrazolo(3,4-d)pyrimidine), a
well-known inhibitor of xanthine oxidase. and 4-
methylpyrazole, a potent inhibitor of aicohol dehy-
drogenase. The present paper shows that the action
of adenosine on ethanol metabolism is mediated by
alcohol dehyvdrogenase and the consequent altera-
tions in the cytoplasmic and mitochondrial redox
states. It is demonstrated that hyvdrogen peroxide,
generated through purine catabolism, is not an
important factor in adenosine action on cthznol-
induced metabolic changes. Finally, data are pre-
sented showing the effect of the nuclcoside on the
metabolism of fatty acids originating from triglvcer-
ide stores, and the role of thesc fatty acids in the
pathogenesis of ethanol-induced fatty liver.

MATERIALS AND METHODS

Adenosine, allopurinol. zeolite. alcohol dehydro-
genase, a-glycerophosphate dehyvdrogenase, 3«
hydroxvbutyrate dehyvdrogenase and uricase were
obtained from the Sigma Chemical Co. (St. Louis,
MO). Coenzymes were purchased from Boehringer
und Sochne (Mannheim, West Germany). 4-Methyl-
pyrazole was a gift from Dr. A. 1. Cederbaum. Other
chemicals used were reagent grade of the best quality
available.

The experiments were performed with male Wistar
rats (weighing between 170 and 210g) which were
fasted for 16-20 hr. Ethanol was administered
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through a stomach tube at a dose of 2.5 or Sp‘kg
body wt. Control animals received an isocaloric dose
of glucose. Tmmediately after gastric intubation. the
animals were injected intraperitoncally with saline
(NaCl, 0.85%) or adenosine suspended in saline at
doses of 200 me/keg bady wi. Allopurinol (20 mg’kg
body wt) or 4- muhvlp\ razole (200 mg'ke hodv \\t)
was suspended by homogenization either in saline
or in the adeneosine suspension. Thus. the animals
were injected only once and were not \\lhjcC‘Ld 1o
any extra water or clectrolyte load.

I*Iepauc triacylgivecrols were determined by the
method of Butler e7 al. [11). Svrum triscylglyderols
and serum free fanty acids were assened according
to the methods of Vun Hundel and Zilversmit [12]
and Dole and Mcineriz [13]). respectivety. Blood and
hepatic ketone budies were quantified enrymatically:
3-hydroxybutyvrate (3-OHB) according 1o William-
son and Mellamby [14]. und acctoucciate (AA)
according to Mellumby and Williumson [15]. Total
Ketone bodies were calculated as the sum of 3-OHB
plus AA. Bioad ethanol |16] and plusma uric acid
[17] were cstimated enzymatically. For the prep-
aration of liver extracts. the animals were killed by
a blow on the head. The abdomen was opened
immediately with a bistoury and 130-300 mg of liver
were homogenized in ice-cold 6% (w/v) perchloric
acid within 7 sec after the abdominal incision. The
homogenate was centrifuged a1 300 g for 10 min. and
the supernatant fraction was removed and carefully
neutralized with 5 M K.CO;. Hepatic a-glycero-
phosphate (a-GP) and dlh\dl’o\\dCClOnL pho:phdm
(DHAP) were determined b\ the methods of
Hohorst [18] and Bucher and THohorst [19]. respec-
tively. and 3-hydroxybutvrate and aceloacctate as
mentioned previously.

The activity of hepatic xanthine oxidase was quan-
tified in a whole homogenate (209 in0.25M
sucrose) according to Luck {20]. The activity is
expressed as mK/ing protein, where K is the activity
number of xanthine oxidase [20]. Protein was deter-
mined by the biuret method [21]. The cytoplasmic

J. AL Garcta-SaNs er al.

NAD/NADIT ratio was caleculated usir
librium constunt of u-glycerophosphate dehydrogen-
ase as obtained by Russman {22] and taken from the
paper by Veech er al. [23]. The mitochandrial redox
state was calculated from the 2-OHB'A A ratio. using
the equilibrium constant reported by Krebs (23] for
the 3-hydroxybutyrate dehydrogenase.  Redox
potentials were calculated using the Nernst equation:

» the cqui-

gleciron_ucceptor

E, = E, + 0.03 log
= electron donor

NAD®

E, = 0.314 + U.03 log on-

«
Statistical significance between comparable groups
was determined by Student’s r-test.

RESULTS AND IISCUSSION

The ability of allopurino) to inhibit xanthine oxi-
dase was tested. Eight hr afier administration, allo-
purinol produced about 30 per cent inhibition of the
activity of this enzyme (Table 1). Surprisingly,
adenosine or adenosine + ethanol magnified this
effect, a 60 per cent inhibition (compared to the
glucose + saline group) being observed in both cases
(Table 1). Adenosine alone | produced a small inhi-
bition. while only minor changes in the activity of
the enzyme were observed with ethanol (Tabl¢ 1).
The additive action of allopurinol and adenosine on
xanthine oxidase may be due 10 o mutual competition
for their metabolism. However. the in vivo inhibition
of purine catabolism in the presence of allopurinol
was 95 per cent. since a drop of this magnitude was
observed in plasma uric acid levels (results not
shown). In any event, the amount of hydrogen per-
oxide generated through the catabolism of purine
was probably diminished to a minimum in rats
treated with ethanol + adenosine + allopurinol.

Table 1. Effects of ethanol or glucase ahd adenosine or saline on the inhibition of xanthine
oxidase by allopurinol®

Activity of xanthine oxidause (mK/mg proiein}

Treatment ‘Without aliopurinol With allopurinol
Glucose + saline 246.57 = 12.59 168.37 = 26.017
Glucose + adenosine 203.59'223.37 102.07 2 53048
Ethanol + saline ) 229.20 :"‘;)1734 152.65 (:4)19.%{!

Ethanol + adenosine

)
195.86 =
3)

3)
99.61 = 23.29°°
<

6.50%

* Results are expressed as mecans = S.E.M. with the number of animals in parentheses,
Detcrminations were made 8 hr after treatment.

+ P < 0.05, compared 10 the glucose + saline group (without allopurinol).

1 P <« 0.01. compared 1o the glucose + adenosine group (without allopurinol).
§ P << 0.05. compared 10 the glucose + saline proup (with aliopurinol).

|l P < 0.05. compated ta the cthanol + saline group (without sllopurinol).

€ P < 0.02. compared 10 the glucose + saline group (without allopurinol).

=* P < 0.02 compared 10 the ethanol - adenosine group (without allopurinol).
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The ability of adenosine 1o provent the cthanol-
induced fatty liver wias tested in the presence and
absence of allopurinol. IFight hr ofter cthunol admin-
on a 2-fold accumulation of trincylelyeciol in
the liver was abserved. which wis partiadly reversed
by adenosine (38 per cent diminution), as reported
previously [3]. These effects were essentially unal-
tered by aanthine enddise inhikition. bui when atlo-
purinol and adenosine wore administered t
no ecthunol-induced  sccumulation  of
detected. A value of 2.87 = (.29 myg he
glycerolg wet wi was dot cd in
glucose and saline. which i ~imils
in the rats subjected to cthuno! = sdenosing ireat-

cther.
lipids  was
patic trineyl-

ment (2.15 = (L.35mg £ wel Ww1)
(figures are expicessed as the S E. of six
determinations in cach group: Thus, a ol pre-
vention of ethanol-induced fiver. in the pres-
ence of adenosine and allopurinol. was
demonstrated.

To study ethanol oxidation. u small dose of cthanol
(1 g/kg) was given to rats treated with allepurinol or
allopurinol + adenosine.the animalsbeing kilied4 hr
after treatment. Under these conditions. the blood
level of ethanol was 9.44 = 1,23 m>M in rats treated
with allopurinol and 4.92 = 0.26 mM{ in rats treated
with allopurinol + adenosine (mean = S.E.M. of
five determinations in cach case, P << 0.02). To fur-
ther 1est if there was an increasce in ethanol oxidation.
4-methyipyrazole. a specific inhibitor of alcohol
dehydrogenase, was employed. Ethanol (2.5 g/kg
body weight) was administered 1o rats treated with
pyrazole or pyrazole + asdenosine. and ihe levels of
ethanol in thc blood were subsequently measured.
No significant difference was detected between the
groups (results not shown). suggesting that adeno-
sine treatment increased the flux of ethanol in vivo
through alcohol dehydrogenase.

A clear correlation between liver triacyiglyeerol
content and cytoplasmic redox state was presented
in a previous paper [3]. Therefore. the cytoplasmic
redox state calculated from the levels of a cyvto-
plasmic pair a-GP and DHAP, waus studied in rats
treated with allopurinol. The administration of allo-
purinol did not affect significantly the cytoplasmic
redox state in the presence of ethanol with or without
adenosine. As expected. ethanol produced a large
accumulation of a-glvcerophosphate, reflecting a
drastic decrease in the cytoplasmic NAD/NADH
ratio. Adenosine significantly ameliorated this effect
of ethanol metabolism by 2 magnitude similar to that
observed previously in the absence of allopurinol
[4]. The strong correlation previousiy observed
bewween the cytoplasmic redox state and the amount
of wiacyigivcerols in the liver [4] was not observed
in rats ireated with aliopurinol. the correlation coef-
ficient being U.56. This is probably due 1o the fuct
that adenosine completely prevented the accumu-
lation of triacyiglvecerols produced by ethanol and
partially modified the effect of the alcohol on the
redox state, increasing by 30—40 per cent the
NAD*/NADH over the control group. Hence. in
addition to its effect on the cytoplasmic redox state,
adenosine probably prevents the ethanol-induced
fatty liver by a second mecchanism. as evidenced in
the presence of aliopurinol.
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Inan offort 1o clasify this cecond mechanivm anan-
fested by adeneosine, the concentration of <erum
ids aind the blood leve! of ketone bodies, as un
¢ of the oaidation of futty acids by the liver [25]0
wore cated. Allopirinol did not maodify 1o an
appreciahie oanient the offeet of adenesine slone, or
in the prescenoe of cihanoll oo the level of tiseyl-
ehveerote in serm. Al roported previonssdy . ethanol
]—*-r-ndm_ud Incroese in o soiuLn wiacs seerels, and
the sdministration of adenoesine Jid ot increase the
niscyiplyeerelomiz but decreased it o neormal Tevels,
It is interesting that inthe © imental groups
allepurinot veativent deo “veerolemia
by gbout 20 poer cent,

Adenosine 1 a poweriul e agzent {26]
and. athough this aztion dozs not ~com o play an
Important role in s effect on fsity hiver {4 the
possibility of a mugnification by uliopurinol of the
antilipolytic action of sdenosine was considered,
Contrary 1o what w puected. in the pre<ence of
allopurinol. which inhibits purine catubolism. udeno-
sine increased serum-free fatty acid levels. the con-
centrations detected being 31.5= 7.6 p-
equiv./100 ml of serum in the glucose + saline group
and 56.6 = 3.7 p-cquiv./100ml in the presence of
adenosine. This action wus more evident in animals
treated with ethanol, where a marked increase in
serum-free farty acids was observed (54.3 = 2.3 in
the ethanol + saline group and 68.8 = 33.3 in the
ethunol + adenosine-treated animals: mean = S E.
of saumples taken from six animals in cuch experi-
mental group after 8 hir of the treatment. P < 0.02).

The level of free fatty acids in the serum of rats
is the result of a balunce between lipolvsis. mainly
in adipose tissue., and utilization. mainly by the liver.
Savolainen ez al. [27] have shown that i1 vive ethanol
administration increases adipose tissue cyclic AMP.
However. no significant increases in serum-free faty
acids were observed by these authors [27] or by us.
This is probably due 1o the increased hepatic uptake
of free acids from serum in ethanol-treated rats [28].
The increased scrum level of fatty ucids observed in
rats treated with ethanol + adenosine + allopurinol
probably resulted from an cnhanced lipolysis pro-
duced by ethanol and a decreused free fatty acid
uptake by the liver due to adenosine {29]. On the
other hand. the action of adenosine in inhibiting
hepatic fatty- acid oxidation that results in decreased
plasma ketone body levels [28] was ubserved in the
presence of allopurinol. This action of the nucleoside
was more evident after 4 hr of treatment. as evi-
denced by an inhibition of the ketonemia of 77 per
cent in the animals receiving a glucose load and 54
per cent in those treated with ethanol. Ethanol
increased the amount of 3-OHB uand the total amount
of ketone bodies. and both actions were blocked by
adenosine. The resulis previously obtained (30] in
the absence of aliopurinoi persisied for 1 hr. but in
the presence of this drug the cffect was optimal after
4 hr of treaiment. and & 20 per cent inhibition of
ketonemia was still evident after 8 hr. As vet. we
have no explanation for the observed effects of
allopurinol in prolonging the action of adenosine.
However, under these conditions. fauy acids were
neither esterified nor oxidized. i.e. no accumulation
of triacylglvcerols in the liver was detected, the
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hyperlipemia produced by ethanol was not increased
but rather decreesed to normal levels, and the con-
centration of Ketone badies was not sugmented but
decreased. Therefore. a rcasonsble explanation of
these observatlions is that these fatty acids are not
metabolized by the liver under these conditions. This
point is supported by the fact that adenosine inhibits
the extramitochondrial activation of fatty acids {30}
which is essential for their hepatic me
The cffects of sdenesine alone on the mitochon-
drial redox state have alicady been published and
discussed [A] and e consisient with the hypothesis
that the nuclroside enhances the utilization of reduc-
ing power by the respiratory chain. The results
obtained for these variables in the presence of
ethano) and or sdenosine and their controls, receive
ing a glucese load. are presented in Table 2. One
hour after treatment with glucose the animals
exhibited a low rate of oty acid ovidation. 1f keto-
genesis is considered an index of hepatic fatty acid
oxidution (Table 2). this probably occurs hecause
follov.im: glucose administration, the liver should
have a low metabolic rate. since glucose is available
for consumpition by extrahepatic tissues. and it is not
necessary for the liver to produce ketone bodies or
glucose. However, the mitochondrial vedox state.
expressed as NADT/NADH. wuas kept at the normal
value nponcd previously {6). After 4 hr of treat-
ment, a decrease in the mitochondrial
NAD/NADH ratio in the control animals receiving
glucose load was observed. probably due to hor-
monal adjustment, since the glucose absorption must
be terminated after the second hour. Adenosine
action was observed in these conditions. and 1 hr

tabolism.

ANz er al,

after the treatment of glucose and adenosine a

mutked decrease in 3-OHB (reduced substrate) was
observed. Conseguently, the NADY/NADI] ratio
increured, which is in agreemoent with data reported
previously without the glucose load [6].

The metabolism of ethanol produces acetatdehyde
which is oxidized within the mmitochondria by ace-
tuldehyde dehydrogenasse, generating NADH and,
so. excecding the capucity of utilization by the res-
piratory chuain theveby modifying the mitochon-
dridl redox state. As expected. ethanol produced

marked ductoase in the  mitochondrial
N-\D SNADH ratio at all times 1ested. due mainly

10 an appreciable increase of 3-OHB  (reduced
subsirate).

e administration of

adenosine produced an

increase in the metabolistn of ethanol (4], thus
incieasing the supply of accialdehyde to the mito-
chondria and. consequently. leading to a further

excess of NADH which will result in a decrease of
the NAD /NADH ratioc more marked than with
cthanol alone. The action of adenosine, however,
was exactly the opposite. i.e. the nucieoside
increased the mitochondrial redox state (Table 2) by
decreasing the level of 3-OHB (reduced substrate)
until 4 hr of the treatmoent. No significant changes
in the levels of acetoucerate weve observed afier
nucleoside treatment. The action of adenosine on
these variables wus not evident after S hr of treat-
ment. These data lend further support 1o the sugges-
tion that reducing equivalents generated by the
oxidation of ethanol are utilized faster by the res-
piratory chain. This could be a4 consequence of an
increased transfer of reducing power from the cyto-

Table 2. Effects of ethanol or glucose and adenosine of saline on the hepatic mitochondrial redox state

3-OHB AA Toial ketone bodies

Time (3-OHB + AA) .
(hr) Treatment (umoles/g wet wt) (nmoles/g wet wit) NAD/NADH
1 Glucose + saline = 21.3 196.4 > 36.8 360.2 234.44
1 Glucose + adenosine = 7.0¢ 196.6 = 27.5 245.4 81.63
1 Ethanol + saline = &7.7% 256.6 = 38.9 ¥42.3 8.90
1 Ethanol + adenosine = 59.8% 2 =341 730.7 9.29
2 Glucose + saline = 18.7 =43.5 286.4 22.29
2 Glucose + adenosine = 22.5 3= 27.a 333.0 31.69
2 Ethanol + saline = 50.92 175.90 = 43.53 707.2 6.72
2 Ethanol + adenosine = 6=32.3 523.5 9.89
4 Glucose + saline = 7= 25.8 557.7 12.44
4 Gilucose + adenosine = 6= 46.9 423.6 23.05
4 Ethano} + saline = 1212.0 7.46
4 Ethanol + adenosine = 924.5 11.02
8 Glucose + saline = 531.3 16.76
8 Glucose + adenosine = 521.3 16.49Y
8 Ethanol + saline = 791.8 7.95
8 Ethanol + adencesine = 882.3 6.38

= Resulis are expressed as the mean == S.E.M. of at least {our animals for cach group.

+ P < 0.005. compared 1o the glucose = saline group (1 hr)

1 P < 0.001, compared to the glucose <+ saline group (2 hr). -

& P < 0.001. compuared 1o the glucose -+ saline group (2 hr).

It P < 0.02, compared to the ethanol -+ saline group (2 hr)

€ P < 0.025, compared to the glucose <+ saline group (4 hr).

=* P < 0.005, compared 10 the glucose + saline group (4 hr).

+1 P < 0.05. compared to the glucose + saline group (4 hr).

11 P < 0.025. compared 10 the glucose + saline group (8 hr).

&P

< 0.01. compared 1o the glucoss + saline group (8 hr).



Eahenal, adenosine ind v metabolivm

plasm 1o the mitechondiia, @ ipcrease in the flux
of the respiratory chain, or by o sanergy of the two
mechanisms. Although this point will not be dis-
cussed here, in Table 3 we present the mitochondrial
redox potential calculated from Tuble 2, the cyvio-
plasmic redox potentinls caleuluted from data in our
previous paper {4]. and the differences between both
cempurtments.  Adendosine  slone prodoced an
increase of 15 mV in the mitochondrial redox poten-
tial 1 hr ofter e cdministration. This cotion dimin-
ished 10 4 and & m\ after 2 and 2 hr, respectively.
red. No eifeet of adenesine alo
cytoplusmic redos potenti
Tihuanel decreesed
the redos petential
rziation to it~ oficcts on cthano! me
nudleoside produced an eicvation of
mitachondrial compariment " and S—om\ in the
evtopicem after 1.2 and S hr of the tcatmem
oht hr after treauncent the action of adenosineg on
the cytoplusm was still apparent. although no effect
was detected within the mitochondria. 11 s interest-
ing. however. that adencosine only modifies the
cvioplasmic redox state when there is a  low
NAD/NADH ratio. i.e. during cthanol oxidation.
The differences in redox potential between the two
compartments remained fairly constant during the
course of the experiment (Table 3). repardless of the
treatment and of the cytoplasmic and mitochondrial
maodifications induced by cthanol alone or with
adenosine. Although at the moment it is difficult 1o
understand the physiological meaning of the reguire-
ment to keep at around S0mV the difference
between cyvioplasmic  and  mitochondrial  redox
potential, it is evident that the constancy of this
cquilibrium was maintained. No evidence for a direct
interaction of adenosine and ethanol metabolism is
presented. but it seems to involve an indirect action
mediated through fatty acid and mitochondrial
mctabolisms. The inbhibition of fatty acid oxidation
by ethanol has been reported [31]. the cffect being
measurable after 1 or 2 hr of the treatment (Table
2) and potentiated by the presence of adenosine. 1t

[

Wi

deiccied

1ments. In
sholisim . the
m\ in the
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is impeatant 1o ctophasize that the inhibition of fatty
acid oxidation indoced by cthanol is sccompunied
by an increase in trizlvceride biosynthesis, whereas
adenosine inhihition is concomitant with un inhibi-
tion in tiiglyeoride formation.

In summmary. iwo fauctors seem to be inmvolved in
the pathogencsis of cthanol-induced fatty liver: an
incruinsed supply of futty acids 1o the liver concom-
itant with an c¢nhanced uptake and an increased
lability of o-GP. Adenosine sction on cthanol-
duced fatty liver does not appear 1o be related 10
an 14,0 -mediated ethiznol peroxidition but 1o its
cfiect on the ovioplismic redox st limiting the
ility of -GP. und 10 an enhanced translo-
cation and oxidation of the reducing power.

Inthe prosence of spurinol. another mechunism
of adenosine-medinated  prevention of  ethanol-
mduced fotty liver became evident., an inhibition of
fatty wcid metabolism. Thereforz. adenosine pre-
vents fatty liver by limiting the ay bility of the
precursors for triacyvlglveerol synthesis, o-GP and
acviCoA. At the moment. however. it 1s difficult to
correlale both actions of adenosine that prevent the
ethanol-induced fatty liver.

3

Acknowledyements—This rescarch was partially supported
by Grant PNCB 044 from the Consejo Nucional de Ciencia
v Teenologiu. The authors want 1o express their gratitude
to Dr. A. 1. Cederbaum for his gift of J-mecthylpyrazole
and 1o Dr. Antonio Pena, Dr. Aurora Brunner and Dr.
John Souness for their careful revision of the manuscript.

REFERENCES

G. Thurman. Fedn Proc. 36, 1640 (1977).

J. Mecijer. G. M. Van Wocerkon, J. R. Williamson

d 3. M. Tager, Biochem. J. 150, 205 (1975).

3. A, L. Cederbaum,. E. Dicker and E. Rubin. Archs.
Biochem. Biophys. 183. 638 (1977).

4. R. Hernandez-Munoz, A. Santamaria. J. A. Garcia-
Sidinz. E. Pina and V. Chagoya de Sinchez. Archs
Riochem. Biophys. 190. 155 (1978).

5. V. Chagoya de Sanchez, A. Brunner and E. Pina,
Biochemn. biophys. Res. Conunun. 46, 14341 (1972).

[P

. R.
S AL
an

Table 3. Comparative action of cthanol or glucose and adenosine or saline on the cytoplasmic and
mitochondrial redox potentials®

Time J - — Eppoctonanat Eicomn
{hr) Treaiment {mV) mV) (mV)
1 Glucose + saline —272.36

1 Glucose + adenosine —256.64

1 Ethanol + saline --285.52

1 Ethanol + adcenosine —284.96

2 Glucose + saline —217.88 —273.56 55.68
2 Glucose -+ adenosine -217.13 —268.97 51.84
2 Ethanol + saline —236.26 —~289.18 52.92
2 Ethanol + adenosine —228.05 —284.14 56.09
4 Giucose + salinc —219.89 —281.16 61.27
4 Glucose + adenosine —222.18 ~273.12 50.94
a4 Ethanol -+ saline —237.12 —287.82 50.70
4 Ethuno! + adenosine ~-230.76 —282.73 51.97
8 Glucose =+ saline -225.84 —277.27 51.43
8 Glucose + adenosine —22590 —277.48 51.58
8 Ethanol + saline —246.73 —286.99 40.26
B Ethanol -+ adenosine —237.74 —28Y.86 5212

* Results were calculated from data taken from Table 1 and Ref. 1.



1714 J

7.

13,

15.

. R. Bonnichsen.

. E. Practorius,

V. y dnchez  and Pina., Fedn Euor.
Biochem. Soc. Len. 83, 321 (1977).
J. N. Fain and R

Shephowd, J. biol, Chern. 232, 8066

F. Nartree, RBiockem. J. 39, 293

(19-5)

D. Lester and G

. E. Feyimuns and F.
239 (1973)

- DL Bonson, Science 169, 282 {1‘470).

Leighton., Biodchenm, Dhar

LW, er. H. M. Mating, M. G Horning and B,
B. Brodie. J. Lipid Res. 3. 95 (1961},

- E. \'.ln Hundel and D. B. Zilveremit, J. Lab. clin.
A’c’d 1532 (1937

. P. Dnl: and H. Muineriz. J. Lol Chern 235, 2595

(l‘)(vﬂ).
D. H. Willizmson and 3. Mellamby, in Methods of
Enzymatic Analysix (Ed. H. U. Be eyer). Vol 4,

. 1836, Academic Press, N

York (1974).

J. Mcllamby and D. H. Willliemson. in AMehnds of
Enzymatic Analvsis {FEd. H. U. Bergmeyer). Vol 4,
P. 1830, Academic Piess. New York (1974

in Method
H. U. Rergmever). p. 28,
(1965,

{ Encvmanc Analyvas (Ed.
- Academic Press, New York

in Alethods of Enzymaric Analysis (Ed.
H. U. Bergineyer), p. 500, Academic Press, New York
(1965).

18. H. ). Hohorst. in Mcthods of Enzymatic Analvsis (Ed.

H. U. Bergmeyer), p. 215, Academic Press, New York
(1965).

19,

2t

" G. Weber), Vol

31.

AL

(l()(ﬁ)
. 1

.hi]ﬁ\ol

c AL Garara SAanz er al.

L Bucher und H. . Hohorsain AMorliods u[l,u.\n atic
Iuml\\u (B2d. 1. U. Bergmeyer). po 246, Acaduinic
Pross, New York (1965).

Luck, in Methods of Fnzymatic
Bespmeyer), p. 917,

Analyveis (Bd. H.

u. Acaduinic Press. New York

sne,
ek und
duemic Prews, N

teshods in Enzymology
- O. Ruplun). Vol 11,
\7).

(Eds.
p. 430,

S. P.
Aca-

- W Ru-wmtan. Ph. DL Dissertntion, University of Munich

(1967).

- R. L. Veech, R Guynn and D, Veloso, Biochem. J.

127, 387 (1W72).
AL Krebo,in oAd
S

vene Regulanon (Ed.
09, Pergemon Press. Oxford

{1967).

- Jd. A Onthoend DL B. Zilversmit. Moc. Soc. exp. Biol.

."'.'I. 121, 215 (19606).

. Doaie. J. bio! Chern. 237, 2758 (1962).
nen. V. P, Jauhonen and 1. L. Hassinen.
Biocherm FPharmac. 26, 325 (1977).

. Abrame end C. Cooper. Biochern. J.

156. 37
Gureia-Sainz, R. Hernéndez-Munoz, AL
Santamaria and V. Chagoya dc Sianchez, Biochem.
Pharmac. 28, 1209 (1979).

V. Chagaya dec Sanchez. P. Alvarez, B, Jiménez, M.
R. Villalobos and E. Pina. Bivchem. biophys. Res.
Cormenun. 76. 8§04 (1977).

Ch. S. Licber and R. Schmid. J. clin.

Invest. 40, 394
(1961).



Bicchenical Phanmacatops. Vol 2
* Pergamaon Press Lid.

E9T9. Printed in Chreat

MECHANISM OF THE FATTY L1IVER INDUCED BY
CYCLOHEXIMIDE AND ITS REVIERSIBILITY BY
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Abstract—The udministration of cyclohenimide to fascted rats produced a 2- 1o 3-fold increase in hepatic
triacylglyveerols. The antibjotic decreased the serum fevel of frec fatty acids. trincviglyeerols and ketone
bodies. It also increased the incorporation of radicactive palmitate into liver lipids. It is sugpestied that an
increased uptake of free fatty acids and as altered partition between oxidation and esterification are involved
in the formaiion of fatty liver by this hepatotoxin, The simultanceous administraiion of adenosine prevented
the formation of fauy liver. It is propased that the effect of the nucicoside may be related to a deercasc in the

GOUA. 2U5DTH O3S L1309 ~02 (0.0

uptake of fatty acids by the liver.

In recent years there has been a great inierest in using
inhibitors of protein synthesis 1o investigate the patho-
genesis of the fatty liver. The impairment of the biosyn-
thesis of apolipoprotcins and hence of their release has
been considered the main factor in the formation of the
fatty liver | 1-3]. lazciievich and Villa-Trevino | 4}
have shown that the administration of c¢ycloheximide
(CHM). a powerful inhibitor of protein synthesis. to
rats produces a 2- 1o 3-fold increase in the amount of
wriacylglycerols in the liver. This effect of the antibiotic
has been confirmed both in vivo | 5. 61 and in vitro | 7).
However. Sabesin [ 8] has shown recently that aceto!
cyclioheximide. the most powerful inhibitor of protet
synthesis in mammalian tissue, neither increased he-
patic triacyglycerols nor diminished their concentra-
tion in plasma. This author concluded that hepatic
inhibition of protein synthesis is not sufficient 1o pro-
duce an accumulation of triacyglyvcerols in the liver and
suggested that in the pathogenesis of the fauy liver
produced by CHM an increased mobilization of free
fatty acids (FFA) may be involved | 81. Nevertheless. it
has been shown previously that CHM does not increase
the level of FFA in serum, but rather decreasesit | 5. 91
This effect is duc to an enhanced esterification of FFA
in adipose tissue |9—11].

The present work was undertaken in an effort to get o
clearer picture of the mechanism(s) invoived in the
genesis of the fatty liver produced by CHNM. In addi-
tion. since it was shown previously that the administra-
tion of adenosinec partially prevented the ecthanol-in-
duced fatty liver [12]. the possibility that the
nucleoside may protect against the accumulation of
lipids in the liver produced by CHM was also tested.

MATERIAL AND METHODS

Cycloheximide. adenosine. 3-hydroxybuiyrate de-
hydrogenase and zcolite were obtained from the Sigma
Chemical Company (St. Louis. MOY. Palmitic acidl 1-
1“C1 as the sodium salt (17.8 mCi/m-mole) and DL-

leucinel 4.5-'HB}. (50 mCi/m-mole) were purchased
from the International Chemical & Nuclear Corp. (Ir-
vine. CA). Coenzymes were obtained from Bochringer
und Soehne (Mannheim). Other chemicals used were
reagent grade of the best quality available.

The experiments were performed with male Wistar
rats weighing between 140 and 180 ¢ and fasted for
16—20 hr. The animals were injected intraperitoneally
with saline (0.85% NaCl)or CHM (3.3 mga/kg of body
weight) dissolved in saline and with saline or adenosine
(200 mg/kg of body weight) suspended in saline.
Therefore. each animal was injected twice. one injection
immediately after the aother. Four groups of animals
were formed in each experiment. i.e. saline + saline.
saline — adcnosine, CHM + saline and CHM ~+ adeno-
sine. Other conditions used arc indicated in the tables or
in the text.

Hepatic triacylglycerols were determined by the
mecthod of Butler er al. [ 13). Serum triacyglycerols and
serum FFA were quantified using the methods of Van
Handel and Zilversmit[14] and Dole and Mei-
nertz 1 151 respectively. Blood ketone bodies were
quantified enzymatically: 3-hydroxybutyrate (3-OHB)
and ucectoacetate (AA) according to Mellanby and
Williamson [ 16} and Williamson and Mecllanby {171
respectively. Total ketone bodies were calcuiated as the
sum of 3-OHB plus AA.

To swudy hepatic protein synthesis. animals were
injected with radioactive leucine (50 uCi/kg body
weight) 30 min before being killed. The incorporation
of the amino acid into liver proteins and the acid-
soluble radioactivity were determined essentially as
described by Jazcilevich and Villa-Trevino (4], The
incorporation of radioactive palmitate into iiver and
adipose tissue lipids was studied in pulse-type experi-
ments in which the animals were injected intraperito-
neally with palmitate (10 2 Ci/kg of body weight). After
135 min they were killed and samples of the liver and the
epididymal fat pads were remeved. weighed and
homogenized. Lipids were extracted by the method of

1409
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Fig. 1. Time course of the effcet of cycloheximide and ndenosine an hepatic triscylglveerols. Vertical lines
O

represent the standard error of the mean of at lcast five determinations. Key

) saline + saline.

(@ — — — @) saline + adenosine. (L—— 1) cycloheximide + saline. and (A — — — A) cycloheximide +
adenosine.

Folch er al. | 18] and radioactivity in the lipid extracts
was counted as described previously |9). S:atistical
significance between comparable groups was deter-
mined by Student’s f-1est.

RESULTS

The administration of cycloheximide 1o fasted male
rais increased the amount of triscyglycerols in the liver
(Fig. 1). A maximal, 3-fold increase was detected 4 hr
after treaiment, following which the effect declined
(Fig. 1). Adcnosine alone produced only minor modifi-
cations in the amount of triacyglycerols in the hver but

Table 1. Effect of cycloheximide and adenosine on the con-
centration of liver triacyiglycerols in male and female rats®

Liver triacylglycerols (mg/g)

Treatment Males Females

Saline + saline 2.99 + 0.27 8.60 = 1.30
6

Saline + adenosine 512+ 1.27
¢
CHM =+ saline

(
CHM =+ adenosine 3.30 = 0.41% 14.08 +
(5) 8)

* Decterminations were made 4 hr after wreatment. The
results are expressed as the mean + the standard error of the
mean with the number of animals in parentheses.

* P = 0.001. compared 1o the saline -+ saline group
(males).
%+ P < 0.00). compared 10 the saline -+ saline group
{females }.
P = 0.00). compared 10 the CHM - saline group
{males).
P - 0.005 compared to the CHM - salinc group
(females).

blocked completely the production of fauy liver by
CHM (Fig. 1).

It is well known that female rats show increased
susceptibility to fatty liver induction after trcaument
with hepatotoxins | 19). so the effect of CHM in female
rats was tested. It was observed that female rats had an
increased amount of wriacyiglveerols in the liver. com-
pared with males (Table 1). Cycloheximide produced a
2.5-fold increase in the amount of hepatic triacyiglycer-
ols in female rats and this effect was also blocked by
adenosine (Table 1). In other words. the effects of
CHM and adenosine on hepatic triacyiglycerols were
observed in both male and female rats.

The possibility that adenosine might reverse the
inhibition of protein synthesis produced by CHNM was
considered and tested. As cxpecied. CHM decreased
the incorporation of lcucine (=95 per cent) into liver
proteins and increased the amount of the label in the
acid-soluble fraction (Table 2). Adenosine was unable
to reverse this inhibition of protein synthesis and ac-
tually seemed to magnify it (Table 2).

The efTects of CHM and adenosine on serum lipids
were studied. Cvcloheximide decreased the amount of
triacylglyvcerois in the serum by 55 per cent and adeno-
sine was unable 1o restore it to its normal value (Table
3). As has been reported previously. CHM produced a
marked decrease (about 40 per cent) in the concentra-
tion of FFA in the serum (Table 3) 1 5. 9] which was not
modified appreciably by the nucleoside.

The level of FFA in the s¢rum results from a balance
between lipolysis. mainly in adipose tissuc, and utiliza-
tion. mainly in adipose tissuc and liver. The incarpora-
tion of radioactive palmitate into total lipids of adipose
tissue and liver was studied in pulsc-type experiments.
as an index of the utilization of FFA. Cvcloneximide
produced marked increases in the incorporation of
palmitate in both adipose tissue and liver (Tabie 4).
Adcnosine markedly decreased this effect of CHM on
the liver but only slightly afTected its action on adipose
tissue. suggesting a different sensibility (Table 3).
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Table 2. Effects of cycluhienimide and adenosine on the incorpaoration of
lcucine into rat liver proiwcin ®

Treaiment

Saline + saline

Saline + adenosine

T prowin
(cpm/mg proiwein)

327.02 + 14.83

(5)
316.08 = 10.76

TAcid-soluble fraction
(ecpms/mg liver)

8.97 = 0.28
s

)
10.41 + 0.79
(s

(5) 5
CHM + saline 39.42 - 3.91* 15.92 + 0.28+
5 (s) -
CHM + adenosine 18.64 = 1.40%% 15.92 ~ 228§
(& 5)
* Indications as in Table 1.
+ P  0.001. compared 10 the saline - saline group.
% P 0.005. compared 10 the CHM - saline group.
& P - 0.02. compared to the saline - saline group.
The amount of ketone bodies in the bicod reflects the DISCUSSION

oxidation of long-chain fatty acids by the liver | 20].
Cycloheximide produced a strong decrease in total
ketone bodies that resulied from a diminution in the
levels of both 3-OHB and AA without modifving the 3-
OHB/AA ratio (Table 5). Adenosine was not able to
reverse this effect and no direct action of the nucleoside
on this parameier was detected at the time tested (Table

5).

The prescnat study confirms that the administration of
CHM 10 rats produces fauy liver (Fig. 1. Table 1) {4—
6]. As expecied, the antibiotic markedly decreased the
serum level of triacylglycerols (Table 3). It also de-
creased the serum level of FFA (Table 3). as has been
shown previously [5. 91. Hence. the hypothesis that an
oversupply of FFA is involved in the pathogenesis of

the fauty liver induced by CHM { 8] may be discurded.

Table 3. Effects of cycloheximide and adenosine on serum lipids ™

FFA

Triacylglycerols
(uequiv/liter)

Treatment (mg/100 mh)

Saline + saline 480.78 = 64.54 63.12 + 8.96
8

(8)
Saline + adenosine 487.33 + 49.76

[S
T 65.94 = 5.31
(6) (4)
CHM =+ saline 304.38 > 39.92% 2R.81 * 3.15%
5

(6)
CHM + adenosine 267.82 + 33.16§ 35.87 1 4.74%
6) [€)]

* Indications as in Tablc 1.

+ P < 0.05. compared 10 the saline + saline group. .
1 P < 0.01. compared 10 the saline + saline group.

§& P < 0.02. compared to the saline + saline group.

Table 4. Effects of cycloheximide and adenosine on the incorporation of
palmitate into lipids of the liver and epididymal fay pads®

Incorporation {cpm./mg wet wt)

Treatment Liver Fat pads

Saline + saline

975.16 = 168.62 1372.22 = 227.48
3

)
Saline + adenosine 872.80 = 170.96 2382.46 = 532.12
4

4 “)
CHM ~+ saline 1901.20 = 79.27% 4570.05 = 673.25%
4

(4)
CHM + adenosine 920.50 = 97.08= 3269.60 = 347.99*
4) )

Indications as in Table 1.
P -2 0.005, comparecd to the saline - saline group.
P < 0.001. compared 1o the CHM -+ saline group.
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Tuable 5. Effects of cycloheximide and adenosine un the blood level of Letone hodies®
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Total hetone

Treatment

Saline + saline 18.18 x 1.70

(6)
Saline + adenosine 20.43  3.05

(6)
CHM =+ saline 7.22 = 1.49%

(5)
CHM <+ adenusine 9.30 = 1.30%
(&)

Indications as in Table 1.

+
-
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The incorporation of radioactive palmitate was in-
creased 2-fold in rats treated with CHM (Table 4). But.
since the amount of FFA in the serum of these rats was
decreased by 40 per cent (Table 3). the increased
incorporation seems 1o be due te a minor isotopic
dilution and therefore the net incorporation of FFA
may have becn the same. Nevertheless. it is well known
that the uptake of FFA by the liver is directly propor-
tional 10 the concentration to which it is exposed [ 211,
Since in rats treated with the antibiotic the serum level
of FFA was lower. the results suggest that the uptake of
FFA by the liver is increased probably due to the
structural changes in cellular membranes of the hepato-
cyte, as reporied previously [ 22). However, the possi-
bility that the increased incorporation of radioactive
palmitate may have resulted from an accumulation of
label due tothe inhibition of protein sy nthesis cannot be
ruled out complctely in spite of the fact that the experi-
ments were pulse-type. The increased incorporation of
palmitate into epididymal fat pad lipids is in agreement
with the stimulation of the esterification process pro-
duced by the antibiotic [9—11].

Cycloheximide decreased the blood level of ketone
bodies by approximately 60 per cent (Table 5). This
effect may be due 10 a diminished availability of fatty
acids within the hepatocyte. which seems unlikely tak-
ing into account the points previously discussed. orioa
change in the partition between esterification and oxida-
tion. In addition. preiiminary evidence suggests that
CHM inhibits the oxidation of FFA. Liver homoge-
nates from CHM-treated rats exhibit 2 diminished pro-
duction of AA from exogenously supplied fatty acids.

In conclusion. the production of fatty liver by CHM
seems to be due to an enhanced uptake of FFA (Tables
3 and 4) and an altered partition between oxidation and
esterification (Tables 1 and 5) in thc presence of a
strong inhibition of protein synthesis (Table 2).

It was observed that female rats had a larger amount
of triacyiglycerols in the liver than males (Table 1).
This difference has been observed previously by other
authors { 231 and it is probably related to the different
meiabolism of free fauy acids by male and female rat
livers |24,

Adenosine compietely prevented the formation of
farty liver by CHM (Fig. 1 and Table 1). The nucleo-
side affected neither the inhibition of protein synthesis

AA Bodies 3 0OHB
(umoles/ 100 ml) AA
21.00 = 2.50 39.19 = 296 0.87
(6) (6)
21.86 * 1.86 42.28 = 289 0.93
6)
7.53 = 1.03% 0.96
3 (5)
9.14 = 1.55% 18.43 = 1.86* 1.02
(5) 15)

P .2 0.00). compared to the saline - saline group.
: 0.005. compared 10 the saline -+ saline group.

nor the decrease in serum triacyviglyeerols produced by
the antibiotic (Tables 2 and 3). Therefore. an increased
output of fat from the liver is not the mechanism of
adenosine action. The effect of CHM 10 decrcase the
serum level of FFA was not modified by the nucleoside.
but the incorporation of radioactive palmitate into liver
lipids was strongly diminished as compared with that of
the CHM - saline group (Table 4). This result supgests
that livers treated with CHM plus sdenosine do not
present the enhanced uptake of fatty acids produced by
the antibiotic. This point is supported by the inhibition
of acy1-CoA synthetase produced by adenosine both in
vive and in virro | 251 The activity of this cnzyme is
essential for the hepatic meiabolism of fatty acids
supplied by the depots. The effect of adenosine on this
enzyme is transient | 251. and no action on FFA uptake
was observed in rats trealed with saline adenosine
(Tables 3 and 4). Therefore, in rats treated with CHM
+ adenosine. a lengthening of this action of adenosine
seems 10 exist (Tables 3 and 4).

The diminution in the level of scrum ketone bodies in
rats treated with CHM + adenosine was similar 1o that
observed in rats trcated with CHM + saline. It is not
clear yet if this action is due to a diminished uptake of
FFA (Tables 3 and 4) or 10 the effect of CHM on FFA
oxidation. Previously. it was reporied that adenosine
decreased the level of ketone bodies in serum [25). but
the result observed in rats treated with CHM + adeno-
sine (Table 5) does not seem to be related to this effect
of the nucleoside. since adenosine profoundly affects
the 3-OHB/AA ratio and in the present study no
modification of this parameter was obscerved.

In a previous paper it was shown that adenosine
partialiy biocked the ethanol-induced fauy liver | 12].
This action was strongly related to the effects of ethanol
and adenosine on the cyioplasmic redox state $ 12 In
this paper another mechanism by which adenosine
prevents fauy liver is presented: a diminution of the
hepatic uptake of fatty acids provided by the depots.
Since the enzyme that regulate fatty acid metabolism
are membrune associated and CHM has been shown to
have an imporiant action in the structure and function
of cell membranes of the liver 122§, the intecraction
of the antibiotic with the nucleoside in the induction
of the fatty liver could possibly occur at membrane
ievel.
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FEaperiments are in progress to clarify some of the
points raised in this discussion.
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SUITIARY ‘

Mitochondria from rats treated with ethanel or
increased ;ates of State 3 reséiration and ﬁhos%hory]ation rates in the
presence of Site I substrates. h; effects of ethanol znd adencsine
were addivive. XNo effect was observed on the oxidztion of succinartve.
Mitochondrial ATPase activity and thatAof the adenine nucleotide transliocaitor
were unaffected by any of ihe treétments. In order to determine if rthe
action was on the resﬁiratory chain the oxidation of NADE or succinate werTe
studied in sonicated mitochondria ;nd svubmitochondrial ﬁarticles. The
oxidation of NADH was stimulated by adenosine treatment in béth preparations.
Thé data indicate that the administration of adenosine enhancés the activicy
of the mitochondrial resﬁiratorf chain and that the effect is persistent

after mitochondrial isolation and even after the disruption of its integrity.

~



1. INTRODLIICTION

Adenosine adininistration to fasted rats inhibits the indunction of
fatty liver by ethanol and enhiances cethanol oxidation (1). Ethanol is
ma2inly oxidized via alcohol dehydrogenzse in the cytoplasm generating

aceraldehyde znd KADH.

Acetzldehyde is oxidized in the mitochondria by

acetsldehyde dechydrogenase generating acetate and NRADH. Therefore an
increase in the oxidation of ethanol will increzse the supply of reducing
power (NADH) to both compartﬁents (cytosol and mitochondria). However,

adenosine 1ncreasas ethanol omldatlon but amelnorates the redom state

dataon 1n both compartments (1 2).

'produced by ethanol It is. generally

accepted. that

into

be due

slocat on o£'r¢aﬁéing'§6wer ffomjﬁﬁé'éytoplasm to the

ts uéilization'by‘the féspifatorylchain (1,2). Consistent

sugpestion’ are ‘the following facts: adenosine administration

iﬁérease the hepaticé lével of "ATP (1,6), decrease the level of inorganic

and elevates the energy parameters of the hepatocvte (ATP/ADP ratio,

phosphorylatlon potentlal and energy charge (1, 6,7)- Furthermore, adenosine
markedlv~decreases the amount of NADH in the mliochohdria as reflected Dby a

_7 fold 1ncrease 1n tne mltochondrlal NAD/hADH ratio (8). The data strongly

an: enhanceo transcuctlon of redox power 1nto h;gh energy bonds. in

‘an: effort to galn more 1n51ght into the mechanlsm(s) of action of the

nuc1e051oe .tne,effects of acute acmlnls;ratlon‘of ethanol and adenosine on



the functions of hepatic witochendria were studied. .

2. MATERIALS

Adenosine, adenosine-S—diphcesphs , adencsine—~5-triphosphatre, 2,4

édinitreoephenol (DRP), &8i-z1p
.34 ané succinine acid were obt

Louis, Mo.,)- Nicotinsmide zdenine

dinucleoride in the reduced form (NADH) was. obtained from Boehringer und

Sohne (Mannheim). ELJQE; Adenosine—s—diphosphate (51mCi/mmole) was purchased

to Amérsham‘(Arlington Height, IL). Other chemicals used were reagent grade:

of the: best quallty avallable.
The experlmcnts were perxormed wlth male Wistar rats, weighing between

170 and 210 g, which were fasted for 16-20 hou*s.ﬂ Ethanol waq admlnlstered

throughva stomach tube at a dose:- of 5. g/kg body welght. Control animals

received an 1soca]or1: dcse of glucose, g/kgybody welght)- Immediately

after gastrie intubation, the anlmals were 1n3ecced intraperitoneally with

saline (0.85% NaCl) or aden051ne (200 mg/kg body weight) suspended in saline.

The animals were sacrlflceq,Z ‘hours after treatment by decapitation and

exsanguinated. Liver mitochondria were isolated by differential centrifugation

according to the procedure of Schneider and Hogeboon (2), and stored in ice

at a concentrarionm of 40 mg protein/ml. Sonicatred mitochondria were prepared

as follows: isclated mitochondria suspended in 5 ml1 of 0.25 M sucrose, 1 mM

EDTA, 1 m™ tris/HCl pH 7.3 (20 mg protein/ml) were sonicated in a type 7685/

£ 2 After this treatment marked

2 Mullar apparatus jor 3 periods of 2 minutes.

translucency changes were observed. The suspension was centrifuged at 15,000

% g for 10 min to eliminate intact mitochondria (pellet) ané the supernatant

saved (sonicataed mitochondria). Submitochondrial particles were precarecd as



follows: sonicated mitochiocadria (15,000 % g supernatant) were centrifuged
at 100,000 % g feor 40 min, the supernatsnt was discarvred and the pellet
resuspended in 0.25 M sucrose. 1 = EDTA, 1 o tris/HC1 pH 7.3. Oxygen
upiake was measured polarographically with a Clirk electrode. Respiratory
rates, respiratory cen:rol ratics (RCR) and ADP/O ratiecs were calculated
according to Chance and Willizms (10).

The rate of phosphorvlation was measured as follows: mitochondria
(O.i mg of protein) were incubated in 1 ml cf'medium containing 250 mM
sucrose, 20 mM -Tris, 8 mM MgCly; and 10 mM H3P04, pH 7. 3. The medium was

supplemented with glutamate (10 m™) plus 1 mM malate or” succlnate (10 mM)

as_ substrates. The reaction was 1n1t13ted Vaddltlon of 120 nmol ADP.

‘of ATP were recorded

The generation and extrusion from: the mlto T ndr

as production of NADPH by addlng to thelmedlumys M glucose,‘& units

hexokinase, 80 nM NADP, and 0 35 unlt' glucose 6—phosphate dehydrogenase.

Generatiod of NADPH was followed at: 340 ‘nm 1n a Pve unlcam spectrophotometer,

the absorbance chan&e being- contlnuously recorde he reactlon was linear

for at 1east five minutes. Adenlne nucleotldes present f:eshly prepared

mlcochondrla were determined 1n a perch orlc ac s:described in (1).

fhe‘éctivity of glvceroph‘s a“polarographically

in the whole homogenate 1) . efefﬁined at 30°C in a

reaction system cons‘sting‘of 200 M sucrosex M EDTA 10 mM ATP, 50 mM

trls/HCl pH 7.4 and about 2\mg of mltochondtlal proteln, in 2 final volume

of 1.5 ml. In some ezperlments 2 mM Mgc12,_1oo pP DNP or 100 uwM DNP plus

ZO_Pg ollgomvc1n were added The‘zeact;on was 1n1tlated by ATP andéd terminated
by .- the addltlon-of trlchlo:oacetic acid (final concentration 5%). Afiter
T emoving precipitated protein, the release of ionorganic phesphate (Pi) was

determined in a2licuors by the method of Summser (12).



The activity of adenine nucleotide translocase was weasured by

determining the translocation of 14c-ADP into the mitochondria
according to the method described by Y.erner (13) 235 wodified by Gordon (14).

Mitochondrial swelling was assaved cssentially as described by Cederbaum et

al (15). Statistical signifijicance between comparable groups was determined

by the Student's t test.

3. RESULTS AND DISCUSSION

The oxidation of site I substrates (glutamate, malate) by 1ivet

mlcochondrla :\.solated from an::m'ls ‘treated: wit glucose or: ethanol and saline

or’ ethanol as
The actions of adenosine

spiration was also slightly

sine' (Table I) and the ADFP/O

clear.  cut effect of ethanol or

rv parameters measured {(Table 1).

glycerophosphateiby: 1s’oiat_'ed mTitochondria was unaffectred

s1igh ‘Vléy'brweduced by adenosine and significantly

diminished fiﬂg the"r,at with both ethanol and adencsine

(Table I)- with r.‘nese _‘.;Lna:.ngs are the activities of hepatic

alpha-—

glvcerop’hcsphate ox:\dase uh:.c‘h were as rollows. glucose + saline group 10.82 +

1.3¢9; glucose —Z—'ade.riosi'ne group 7.56 + 0.85; ethanol + saline 8.34 * 1.11 and




ethznol + adenosine 6.98 + 0.33 natoms 05 min -1 mg protein =1 (the resnlts_
are the mean + SEM of 3 determinations in ‘each czée).

Thé effects of adendsine'and ethanol on the rate of phesphorylation by
isolated mitochondria were a}so séudied and the results are presented in
Table IX.

The'rate of'pgoséhorviation using glutamate plus ma]ate as substrates

was stlmulated in mltochondrla solated from anlmals treated w1th either

ethanol or:aden051ne,

‘and . the actions-of “eth

~1t’ has’ been proposed that ﬁhe-translocatibﬁfofjadehine nucleotides is

raté»limiting for oxidative phosph&rylation‘(16)'énd»that the activity of

the translocator plays a role in th coordination. of the redox states of

cytosol and mitochondria (17). . Hoﬁéﬁér;~the importance of this translocator

has been questioned (18,19). Unaér our c¢onditions no significant modifications

in the activity of the enzyme were Dservéd (Table III). An increase in the

adenine nucleotide pool 1n the mltochondrla has been clalmed as responsible

for the effects ofﬁnormqnesvon mitochondrial functlon'(zo,zz). Under our

conditions, mno significant.change in the amount/df,adenine nucleotides was

found after any of the treatments {(data not. shcwn). Modificarions in the

activiry of the mitochondrial ATPase have al&o been observed aftrer normonal

stimulacion (20,22). The activity'of'the enzyﬁé was assaved under basal and

stimulated conditions. ¥Xo effect of any of the treamments was observed (Table I1II).



Alterations in the parmeability of rate limiting factors couvld play
a role in the effects of the nucleoside on oxidative plhiozphorylation.
However, neither the activity of the adunine nucleovide translocator
(permeability to ADP) nor the ATPase (protons) were significantly affected.
In zn effort to de tect major changes in the pevmeability of the inner
mitochondrial membrane, the ability of mitochondria to swell in the. presence

of amonium salts was eésayed- No gnificant changes were observed in
response to: any of the treetments. The uptake of oxygen by sonlcated
mitochondrie.eﬁdieﬁbmitéchondrial particles, in whlch no permeablllty barrier
exists; wes éfuaied. The omldatlon of NADH was stlmulated 1n preparatlons
from adenoslne—treated animals (Table IV) and no effect on the oxidation of
succléate was observed ‘(Table V), in agreement with the results obtained with
intact mltochondrla (Tables I and’ I1). The data rule our the participation
of mitochondrial matrix factors or metabolite transport in this action of
the nuclecside and suggest that a change in the mitochondrial inner membrane
is produced.

The adrministration of adenosine to fasted rats results in a change in
the hepatic mitochondrial fupction, persistent even‘af;er the isolation

procedure. The effect seems tb_he localized in the respiratory chain and

is much more easily obsefﬁabie;withISite,I Subétrates;’ The physiological

relevance of thls flndln5s remalns co quabllshed.kgﬂowever, it seems to be

linked to the follow1n actzons of the nucleo de: 'a) the increase in the

energy parem&te the 1ncrease in the ﬁitochondrial NAD /NADH

ratio (8) 2n in ethahol oxidacionvéhd amelioration ofi the
P ’ O

ethanol—lnauced

2).

We prevnouslv suggested that the transfer of reducing power from cvrosol



to mitochondria and jts oxidation in the

nitacliondria way be a significant -
part of the mechanism by which zdencsine increnses ethianol owidation and
ameliorates the cytoplasmic redex =mtate due to ethanol oxidavion (1,2).
The presént data lend support to that suggoesiion. In addition,it suggests

that the transfer of reducing power is not through th ~glycerophosphate

shuttle since the activity of glvcerephesphate exidase is decrezsed.

Ethanol administration significazntly stimulated in the oxidation of

some substrates and the rate of phosphorylation.

It has been previously

observed that addition in vitro of ethanol at low

concentrations can enhance

some mitochondrial functions such as Ca2* . uprake and stace;3‘oxygenguptake,

probébiy as,the result of an increase in membrane f]u1dlty (€23)." Thié action

may be related to the effects of ethanol ddmlnlstratlon observed in the

present Studles.

such as

Recently it has been reported that:the action,of;sbme hormones,

glucagon and epinephrinef(alpﬁé—aaréhefgié;gﬁfipn); ihv@ivés stimulation of

some mitochondrial funcclons (20 22).

’Thé presenfgresults suggest that

adenosine, shares thls propercy."f7
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Table I.

UEPATIC MITOCHONDRIA

EFFECT OF ETHANOL OR GLUCOSE AND.ADENOSINE OR SALINE ON OXYGEN UPTAKE . BY

Oxyuen uptake was measured polarographically in the absence (state 4) or

presence (scacte 3) of 0.5 mk ADP.
Sucrose 20 wM Tris,
in the case of glutamate or Succinate,
final concentracion of 100 uM.
micochondrial protein in a final volume of 3 ml.

racio; = ADP/O racio.

P/0

1 mM malate.
Experimencs.

Medium composition as follows:
8mr1 MgCl, and 10 mM H3PO

pH 7.3.

were performed

Results except for RCR and P/O

250 mM

Substrates: 10 mM
DNP was used at the
wicth 2 mg of
RCR, respiracory concrol
are expressed

as natoms 0/min~l] protein—l and are the mean + the standard error of four
animals for glycerophosphate and 8 animals for succinate and glucamate-—

malace.

Respiratory
Paramcter

T r eatment

Glucose +

Glucose +

Ethanol -+

Echanol -+

Saline Adenosine Saline Adenosine
Clutamatce-Malace A
Scace 4 10.08 + 0.66 9.62 + 0,96 10.63 + 0.96 9.87 + 0.94
Stace 3 55.69 F 2.83 64.52 F 2.412 65.83 F 3,072 - 73.36 F 4.07b
DNP 67.15 + 3.51 74.98 + 4.38 81.47 4 4.55 79.16 + 4.49
RCR . 5.52 6.71 6.19 7.43
®/0 2.70 + 0.10 2.93 +.0.10 2.75 4+ 0.06 2.85 + 0.09
Succinate . :
State 4 18.34 + 0.94 18.35 + 1.16 20.69 .4 .1.84 19.33 4 1.69
Sctate 3 Bl.61 + 4.56 98.08 + '6.40- 87.39 .4 °5.18 - '93.63 + 5.96
DNP 106.48 + 6.86 109.22 +-7.50 . 104399+ -5.20" 1 104.93 + 5.95
RCR 4.%5 534 Vel l 22 S 4.8y
P/0 1.73 + 0.05 1.98 + '0.06 .87-+.0.05" 1.94 + 0.05

Glycerophosphace

Sctate 4 20,08 + 2.02 16,54 .+ 0% 430627 16,99 + 2,66
Stace 3 25.74 ¥ 1.59 20.75 %2 ¥ 5.48 16.86 £ 1.55a :
RCR 1.78 1,75 .72 ~0.99

4p 0.0S compared to the glucose + sgliné grouﬁ

hp 0.005 compareaed to the glucose + saline group




Table 1IIL.

DNP dinicrophenol.

in parenchesis,

EFFECT OF ETHANOL OR GLUCOSE AND ADENOSINE"
ADENOSINE TRIPHOSPHATASE AND° ADENINL"

The reaulcs are expressed as. :he mean +SVE. M

OR‘SALINE ON
NUCLEOTIDE TRANSLOCASE.

THE ACTIVITY OF

wich che number of determinacions

Enzyme accivicy

iGlucbse. +

1e:n ¢

Ethanol +

Ethanol +

saline [ saline adenosine
ATPase .
nmol—ri/min-)l mg proc.—1 ERNDE R,
Basal ]_.0.69 + 0,69 11.53 + 1.58 11.17 +  1.52
("",) : : - (4) . : (D)
4 Ca ST )
Mg 22. 97 + 2,83 30.01 + 3.51 26.40.4 4.1)
STCAY et RO (4)
NP 219,09 + 23.55 241.04 + 29,52  228.62 + 28,53
R SO R (4 4)
DNP -+ Oligomycin 9.67 +. 5.07 ° 16.88 + 1.64 14.13 +  3.14
3 3) (3

Adenine Nucleotide

Translocase
cpm/mg protein

631.18 + 66.84

(5)

972.28 + 143.05

701.47 + B89Y.62
(6)

B73.01L + 118.45
6>




Table 1V. EFFECT OF ETHANOL OR. GLUCOSE AND ADENOSINE OR SALINE

. ) MITOCHONDRIAL PARTICLES.
The results are expressed as natoms of oxygen min-1 mg protein—l and
of at leastc six ‘determinacions. Medium composition: 225 mM sucrose,
supplemented with either 1 mM NADH or 5 mM succinacte.

ON OXYGEN UPTAKE BY

represent .the mean + S.E.M.
20 mM Tris—lCl pH 7.3,

: o Treacmen t
- Glucose + " Glucose +
saline ' .. .7 adenosine

Preparacion

-"Ethanol + 7. Echanol -+
BT wsaline adenosine

Sonicated
Micochondria

NADY ... 82.09 J110ls0 10077 + 11.24 114.53 =+ 10.07°
Succinace 72.61 i IBTU66V " 7428+ 8.20 77.17 + 6.51
Submitochondrial

parcicles ' . s B A N

NADR . 189.31+4.17.79° . .. 274.52°4724.93% ... '220.15 + 9.64 278.24 + 35.39°
Succinate 144,17 ¥ 16.65 142.17 * 13.83 ° "136:61 * 13.18 137.24 * 6.85

§p< 0.025 compared
- p=0.05 compared
P 0.005 compared

to the glucose + saline group
to the glucose + saline group
to the glucose -+ saline group
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