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RESUMO

O oxido nitrico (NO), um co-produto do metabolismo do aminoacido L-
arginina para L-citrulina pela NO sintase (NOS), exerce importantes funcées no
controle do téno vascular, no processo inflamatorio, e na modulacao da expressao
génica e atividade enzimatica de diversas enzimas, tais como citocromos P-450 e
NOS. A inibicao cronica da biossintese de NO por N“-nitro-L-arginine metil éster
(L-NAME) leva a hipertensao e produz alteragdes morfologicas que incluem
hipertrofia e remodelamento vascular, efeitos estes que sao revertidos por
inibidores da enzima conversora de angiotensina | (ECA) e antagonistas dos
receptores AT; de angiotensina Il. O NO exerce papel fundamental na
hemodinamica e fungdo celular do figado, e pode regular a atividade dos
citocromos P450 monooxigenases que sao importantes na biotransformacao de
substancias endogenas e exogenas. Neste trabalho, examinamos a influéncia do
tratamento com L-NAME sobre a morfologia hepatica, o conteudo de glicogénio,
colesterol e triglicérides, e a atividade e expressao das isoformas CYP1A1/2, CYP
2B1/2, CYP2C11 e CYP2E1 de citocromo P450. No tratamento agudo estudamos
também a expressao de duas metaloproteinases de matriz (MMP-2 e MPP-9).
Ratos Wistar machos foram tratados com L-NAME (20 mg/rato/dia, administrado
na agua de beber) por quarto e oito dias (tratamento agudo) e duas, quatro e oito
semanas (tratamento crénico) e os figados foram removidos para analise. A
inducdo enzimatica foi realizada tratando-se os ratos com fenobarbital (para
induzir CYP2B1/2), p-naphthoflavone (para induzir CYP1A1/2) (80 mg/kg/dia, i.p.,
4 d) ou pirazole (200 mg/kg/dia, i.p., 2 d) (para induzir CYP2E1). O tratamento
com L-NAME elevou significativamente a pressao sangliinea e esta foi revertida
pelo tratamento concomitante com enalapril (25 mg/kg/dia, p.o., inibidor da ECA)
ou losartan (30 mg/kg/dia, p.o., antagonista dos receptores AT,). L-NAME causou
hipertrofia vascular em artérias hepaticas, com depésito de colageno perivascular
e fibrose intersticial. Houve também um aumento significativo no conteudo de
glicogénio hepatico. Todas estas alteracoes foram completamente revertidas por
enalapril ou losartan. O tratamento com L-NAME n&o alterou o contetdo de

colesterol e triglicérides hepaticos, e nao afetou as atividades basais e induzidas



RESUMO

ou a expressao das isoformas de citocromo P450. O tratamento agudo com L-
NAME aumentou a expressdao de MMP-2 e MMP-9 na parede vascular e em
células inflamatérias (leucocitos, macrofagos). Esses resultados mostram que o
tratamento agudo e crénico com L-NAME produz alteracées morfologicas na
vasculatura hepatica e aumenta o contetdo hepatico de glicogénio, sem porém
alterar o metabolismo de lipides ou a atividade e expressao de citocromos P450. A
auséncia de um efeito sobre os citocromos P450 indica que estas enzimas, nao
sao influenciadas por niveis baixos de NO. Ja a capacidade do enalapril e losartan
em proteger contra as alteragbes morfologicas e o aumento de glicogénio indica

um papel importante para o sistema renina-angiotensina nestas respostas.



ABSTRACT

Nitric oxide (NO), a co-product of the metabolism of L-arginine to L-citrulline
by NO synthases (NOS), has an important role in regulating vascular tone,
inflammatory responses, and the gene expression and enzymatic activity of various
proteins, including cytochrome P450 and NOS. The chronic inhibition of NOS by
N“-nitro-L-arginine methyl ester (L-NAME) produces sustained arterial
hypertension and morphological alterations that include arterial wall hypertrophy
and vascular remodeling. These changes can be prevented by concomitant
treatment with angiotensin-converting enzyme (ACE) inhibitors and angiotensin Il
AT, receptor antagonists. NO is an important modulator in the hepatic vasculature
and of hepatic cell function, and may regulate the activity of cytochrome P450
monooxygenases involved in the biotransformation of endogenous and exogeous
substances. In this work, we examined the influence of L-NAME on rat liver
morphology, hepatic glycogen, cholesterol and triglyceride content, and the
activities and expression of the cytochrome P450 isoforms CYP1A1/2, CYP2B1/2,
CYP2C11 and CYP2E1. We also examined the expression of two matrix
metalloproteinases (MMP-2 and MPP-9) after short-term treament with L-NAME.
Male Wistar rats were treated with L-NAME (20 mg/rat/day, administered in the
drinking water) for four and eight days (short-term treatment) and two, four and
eight weeks (chronic treatment) and the livers were then removed for analysis.
Enzymatic induction was produced by treating rats with phenobarbital (to induce
CYP2B1/2), p-naphthoflavone (to induce CYP1A1/2) (80 mg/kg/day each, i.p., 4 d)
or pyrazole (200 mg/kg/day, i.p., 2 d) (to induce CYP2E1). Treatment with L-
NAME significantly elevated the blood pressure and this was reversed by
concomitant treatment with enalapril (25 mg/kg/day, p.o., ACE inhibitor) or losartan
(30 mg/kg/day, p.o., angiotensin Il AT; receptor antagonist). L-NAME caused
vascular hypertrophy in hepatic arteries, with perivascular and interstitial fibrosis
involving collagen deposition. There was also a significant increase in the hepatic
glycogen content. All of these changes were completely reversed by concomitant
treatment with enalapril or losartan. L-NAME had no effect on the hepatic

cholesterol and triglyceride content, nor did it affect the basal or drug-induced
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ABSTRACT

activities and protein expression of the cytochrome P450 isoforms. Short-term
treatment with L-NAME enhanced the expression of MMP-2 and MMP-9 in vessel
walls and inflammatory cells (mast cells, macrophages). These results show that
acute or chronic treatment with L-NAME produces morphological alterations in the
hepatic vasculature and increases the hepatic glycogen content without affecting
lipid metabolism or the activity or expression of cytochrome P450 isoforms. The
lack of effect on cytochrome P450 activities and expression indicates that these
enzymes are not significantly influenced by low levels of NO. In contrast, the ability
of enalapril and losartan to prevent the morphological alterations and the increase
in hepatic glycogen indicates an important role for the renin-antiogensin system in

these responses.
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INTRODUCAO

1.1. FIGADO
1.1.1. Anatomia hepatica

O figado € a maior glandula do organismo humano e encontra-se na
cavidade abdominal, abaixo do diafragma. Situado nos cruzamentos entre o trato
digestivo e o resto do corpo, mantém a homeostase metabdlica corporal, esse
orgao é essencial para a vida, funcionando tanto como glandula exdcrina quanto
endocrina. Sua capacidade de regeneracao é extraordinaria, como é demonstrado
apos hepatectomia subtotal, no qual ocorre total regeneragao do volume do figado
(JUNQUEIRA, 1999).

Anatomicamente, o figado possui quatro lobos: o direito (o maior), o
esquerdo, o quadrado, o caudado. O érgao é totalmente recoberto pelo peritonio e
unindo os lobos esquerdo e direito, ha o ligamento falciforme; e fazendo a juncao
entre o figado e o musculo diafragma, ha dois ligamentos: o triangular e o
corondrio. E irrigado principalmente pelas artérias hepaticas, e é drenado pela veia
cava inferior e veia porta, sendo esta ultima a principal via de comunicacao do
figado com o corpo. Abaixo do lobo direito situa-se a vesicula biliar, uma bolsa de
9 cm, aproximadamente, que tem a capacidade de coletar cerca de 50 ml de bile

produzida pelo figado (figura 1).

Veia cava inferior
Lobo caudade I

Lobo direito

Artéria hepatica -
Lobo quadrado

Vesicula biliar colédoco

Figura 1: Lobos hepaticos, figado posterior (site: http://wikipedia.org.com.br)
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Os hepatoécitos constituem a maioria das células parenquimatosas do
figado, que tem a funcao de secretar a bile, além de ser importante para o
armazenamento de glicose sob a forma de glicogénio, sintetizado a partir dos
carboidratos absorvidos no intestino delgado e transportados através da veia
porta. Outras atividades dos hepat6citos incluem a sintese proteica, acumulo de
metabolitos, e a remocao e degradacao (metabolizacdo) de substancias

endogenas e/ou toxicas do organismo (ROBBINS, 2000).

1.1.2. Organizacgao histologica do figado

Os hepatocitos constituem 80% da populagédo celular do figado humano; as
quais se agrupam em laminas hepatocelulares, organizadas em fileiras formando
placas que se anastomosam entre si formando unidades morfolégicas chamadas
l6bulos hepaticos. Nestes os hepatocitos se dispéem em placas orientadas
radialmente, os lébulos encostam uns aos outros em quase toda sua extensao. No
entanto, em algumas regioes, os lébulos ficam separados por tecido conjuntivo e
vasos. Estas regides recebem o nome de espagos-porta; este &€ composto por
uma vénula e uma arteriola (ramos da veia porta e da artéria hepatica,
respectivamente), um ducto biliar, vasos linfaticos e nervos. Este conjunto &
cercado por uma capa de tecido conjuntivo, continua com a capsula de Glisson.

O espaco-porta também pode receber o nome de triade porta, pois, suas
estruturas predominantes sdo a vénula, a arteriola e o ducto biliar. Da triade, o
sangue atravessa a placa limitante através de canais controlados por esfincter.
Esses canais descarregam o sangue numa rede de capilares chamada de
sinusoéides (ROBBINS, 2000) (figura 2).

Os sinuséides sdo capilares que ocupam o espago entre as placas de
hepatocitos. Suas paredes sao revestidas de células endoteliais tipicas e
macréfagos que, no figado, recebem o nome de células de Kupffer, estas tém

funcao fagocitaria. O estreito espago que separa o sinusoide dos hepatocitos
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recebe o nome de espago de Disse o qual € composto por fibras reticulares. Um
terceiro tipo de célula na parede do sinusdide é a chamada célula de lto ou
“células esteladas” (células perisinusoidais ou células ricas em vitamina A) Os
capilares sinusdides desembocam em uma veia localizada no centro do Iébulo
chamada veia centrolobular a qual € o ramo inicial da veia hepatica (JUNQUEIRA,
1999). |

"w

ducto biliar veia porta hepatica area portal dictulos biliares

Figura 2: Esquema da organizagao hepatica (retirado do site

www.hepcentro.com.br).

O suprimento sangiliineo hepatico ocorre através da artéria hepatica
(sangue arterial) e da veia porta (sangue venoso) (SHERLOCK, 1989,
JUNQUEIRA, 1999), este percorre os sinuséides da periferia para o centro dos
I6bulos, os hepatocitos estdao sob um gradiente de composigao sangiinea. Os
mais periféricos recebem em primeiro lugar tanto nutrientes quanto oxigénio, com
eventuais toxinas trazidas pela veia porta e artéria hepatica. Isto explica as

diferencgas entre as células centrolobulares e as perilobulares.
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O acino € a unidade funcional deste 6rgao, sendo a massa de parénquima
dependente do suprimento sanguineo através da triade portal. As células estdo
dispostas em zonas concéntricas que cercam os vasos aferentes terminais. Zona
1 (periportal) — mais proxima ao espago porta, é a primeira a receber sangue com
alto conteudo de oxigénio, insulina e glucagon. Tem alta taxa metabdlica e é a
ultima a sofrer necrose e a primeira a mostrar sinais de regeneracédo. Zona 3
(centrilobular) — mais proxima as veias hepéticas terminais, recebe sangue por
ultimo. Aqui estdo muitas das enzimas que participam de biotransformacao
(NADPH citocromo P450-redutase). Zona 2 (mediolobular) — recebe sangue com
conteudo intermediario de oxigénio (figura 3B) (ROBBINS, 2000). Entao,
resumindo o figado pode ser estudado usando-se dois critérios: um o morfolégico:
o lébulo, que apresenta um formato hexagonal, e o outro funcional: o &cino, regiao
de intensa atividade metabdlica, veja figura abaixo (3A esquema e 3B foto

microscopia 6ptica).

A

9

b
Fox
=

] \
3 : k 1
s | e ; ,'I
g TR X .}
o D% ]
D | |?
(= FE
) I
5] | i
@ | |
= i Iy
i {4
fril ]
e
VP | : il
1l ' ¥
AJE"'-'J' AR i
e ;
DB e o
AH S -
s



INTRODUCAO

Figura 3: A) Esquema de [6bulo e acino hepatico (Robbins, 2000). B) Corte
histologico de figado de rato (coloracdo PAS), mostrando as delimitagdes das
~zonas acinares, 0 espaco porta e veia central, onde as letras e os numeros
representam: VC — veia central, s — siﬁusc’:ide, h — hepatécitos, EP — espago porta,
1-2zona 1, 2 - zona 2 e 3 — zona 3) (aumento: 300 x, de Christiane A Badin-
Tarsitano).

No citoplasma do hepatdcito, a presenga de grande quantidade de
mitocondrias e reticulo enodoplasmatico (RE). Seus ntcleos sao grandes,

arredondados ou ovalados, apresentam um ou mais nucléolos e cromatina frouxa.

18
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A organela mais evidente do hepatécito é o RE, tanto na sua forma rugosa (R)
como na lisa (L) (figura 4). E nessa organela que ocorre a sintese das varias
proteinas plasmasticas produzidas pelo figado, entre as quais a albumina e o
fibrinogénio do sangue. Outro componente importante da célula hepatica é o
glicogénio, que funciona como um deposito de carboidrato que a célula mobiliza
quando ocorre uma queda na concentragao de glicose no sangue (CARVALHO,
2005). Entretanto, € no REL, que contém uma variedade de enzimas relacionadas

aos processos de oxidagao, metilacdo e conjugacado de substancias, visando a

inativacao (detoxicagao).

Figura 4: Foto de microscopia eletrénica de transmissao, onde 0s numeros
representam: 1- mitocréndrias, 2- nucleo, 3- RE e 4- membrana plasmatica

(aumento: 4646x, de Christiane A Badin-Tarsitano).
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1.1.3. Papel fisiologico

As funcdes mais importantes do figado estdo relacionadas as suas
caracteristicas de glandula enddcrina e exdcrina. Sendo, a primeira favorecida
pelo duplo suprimeto sanguineo, que traz uma grande quantidade de substéncias
endogenas e xenobidticas, dentre estas nutrientes e substancias toxicas
(CARVALHO, 2005). Podemos resumir as principais fungdes do figado em:

1. Sintese proteica: o hepatocito renova suas proprias proteinas e sintetiza varias
outras para exportacao como albumina, fibrinogénio, protrombina e lipoproteinas.
2. Secrecao de bile: fungéo exoécrina. Os principais componentes da bile sao a
bilirrubina (resultante da digestdao da hemoglobina pela célula de Kupffer) e os
acidos biliares (90% oriundos da circulagao enterohepatica e 10% produzidos pelo
hepatdcito).

3. Funcado metabolica: deposito de metabodlitos como glicogénio, vitamina A,
gorduras neutras.

4. Metabolismo: a glicose se origina por glicogendlise do glicogénio armazenado
ou por gliconeogénese, a partir de lactato, piruvato, glicerol, entre outros.

5. Desintoxicagdo e Neutralizacao: muitas toxinas sdo neutralizadas pelos
processos de oxidagdo, acetilagdo, metilagdo e conjugacdo. As enzimas que

participam deste processo estao localizadas no reticulo endoplasmatico liso.

1.2. BIOTRANSFORMAGAO

A biotransformacdo & um processo que visa converter um substrato
lipofilico em um composto mais polar e, consequentemente, ter seus metabdlitos
rapidamente excretados. As enzimas envolvidas no metabolismo de compostos
toxicos atuam sobre uma variedade de substratos e a sua atividade depende da

semelhanca entre os compostos endoégenos e xenobiéticos (TIMBRELL, 2000).
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O figado exerce um papel fundamental na biotransformacgéo (ativagao ou
degradacao) de substancias endogenas (hormoénios, esteroides, etc) e exdgenas
(drogas, substancias toxicas) no organismo. As enzimas envolvidas na
biotransformagao estéo localizadas principalmente no REL e estdo presentes em
numero menor nas mitocondrias e em outras organelas (VROLIJK et al., 1994;
TIMBRELL, 2000; YASUI et al., 2005).

A biotransformacao inclui numerosos sistemas enzimaticos diferentes, os
quais atuam em diversos tipos de substratos. Muitas dessas enzimas tem a funcéo
de converter estruturas toxicas para menos toxicas, e converter estruturas
lipofilicas em estruturas hidrofilicas e, rapidamente excretadas. Os compostos
passam por uma série de reagbes, com varias enzimas participando em etapas
sequenciais para ativacao, desintoxicagao e por ultimo a excregao do xenobiodtico.
A biotransformacgao geralmente envolve duas fases (fase | e Il).

As reacbes da fase | (reagcdes de oxidagdo, hidrélise ou redugédo) da
biotransformagao ocorre com a alteragao da estrutura da molécula original através
da adicao de grupos funcionais (-OH, COOH, etc), ou grupos funcionais ja
presentes na molécula original sdo expostos, que a tornam menos hidrofébica
(STEGEMAN e LECH, 1991). A insercao destes grupos leva a producao de
metabdlitos com alta solubilidade, podendo provocar ndo s6 a inativagcao do
composto, mas também a ativacdo de compostos pro-carcinogénicos
(STEGEMAN e LECH, 1991; GRAHAM e PETERSON, 1999). A ativacao
metabdlica de pro-carcinégenos pode dar origem a metabolitos eletrofilicos que se
ligam ao DNA, causando mutagdes que, uma vez "fixadas" pela célula podem
iniciar o processo de carcinogénese (OMURA, 1999). Na fase Il, a molécula ja
estruturalmente modificada & conjugada a compostos enddgenos e polares,
tornando-a mais hidrofilica, menos toxica e faciimente excretavel (VROLIJK et al.,
1994; TIMBRELL, 2000).

As reacoes da fase | da biotransformacao sao catalisadas por dois grupos
de monooxigenases: as flavoproteinas monooxigenases e o sistema microssomal

P450, sendo que este ultimo & o principal e estd localizado na membrana do
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reticulo endoplasmatico liso das células. A complexidade desta organela esta

relacionada a sua superficie bidimensional que possui uma distribuicao

heterogénica de proteinas e lipidios, sendo a densidade de proteinas
correspondente a 70% do peso total da membrana (HIRD et al., 1964, DEVLIN,
1997).

METABOLIZACAO

Metabdlito Conjugado
Dealquilacao Glicuronizacdo
Desaminagao
Hidrolise
Hidroxilacao
Oxidacdo

Figura 5: Resumo das fases | e || (metabolizacao)
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1.3. CITOCROMOS P450 MONOOXIGENASES (CYP-450)

1.3.1. Nomenclatura e classificacao de citocromos P450

O termo “citocromo P450” foi usado pela primeira vez em 1962 para
identificar uma hemeproteina com caracteristicas Unicas, que recebe este nome
por exibir um pico em 450 nm proeminen'tes em espectros Opticos numa posicao
peculiar (450 nm) quando reduzido por ditionito de sodio e ligado ao monoxido de
carbono (“microssomal carbon monoxide-binding pigment”) (OMURA e SATO,
1964a,b; BERNHARDT, 1996; OMURA, 1999); como resultado da formacao Fe(ll)-
CO - surgindo desta constatagdo o nome P450 (OMURA e SATO, 1964a,b;
MANSUY, 1998) (Figura 6).
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0.0154
0.010-
0.005-
0.000-
-0.0051
-0.010-

-0.015 ; . . : T ,
350 400 450 500 550 600 650
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Figura 6: Espectro de absorbancia do citocromo P450 ligado ao monoxido de

carbono (de Christiane A Badin-Tarsitano).
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Atualmente, os citocromos P450 (CYP-450) constituem uma superfamilia
contendo 99 familias e mais de 150 isoformas (GUENGRICH, 1987; GONZALEZ,
1990; PORTER e COON, 1991; COON et al, 1992; DEGTYARENKO e
ARCHAKOVA, 1993; NELSON et al., 1993; BERNHARDT, 1996). Destas familias,

as principais envolvidas na biotransformacdao de drogas sdo os CYP1, CYP2 e

CYP3, enquanto que as outras familias tém papel importante na metabolizagao de

compostos endogenos (figura 7 A e B).

Familia de Funcdo

P450

CYP1-CYP3 Metabolismo de esterdides e xenobitticos

CYP4
CYP5
CYP7
CYP11
CYP1/
CYP19
CYP21
CYP24
CYP27

Metabolismo dos acidos gordos, prostaglandinas 2 leucotrienos
Sintese de tromboxanos

Hidroxilacao 7a do colesterol

Clivagem da cadeia lateral do colesterol+hidroxilase 11§ do colesterol
Hidroxilacao do carbono 17 de esterdides

Aromatizagao de esterdides

Hidroxilase do carbono 21 de esterdides

Hidroxilacdo da vilamina D

Hidroxilase do carbono 27 do colesterol
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CYP2D6
25%

CYP1A2
5%

Figura 7: A) Principais familias e fungdes do CYP450. B) Quantidades de CYP450

no figado. (site: www.xenobiéticop450.com)

Tanto em seres humanos como em animais de laboratério, a atividade e a
expressao dos P450 podem ser influenciadas (geralmente aumentadas) por
diversos fatores tais como infecgées e processos inflamatérios (AITKEN et al.,
2006). Como consequéncia disso, pode ocorrer alteracdo na depuracdo
(clearance) de farmacos que dependem do metabolismo hepatico e da atividade
dos CYP. Assim, a modulagdo da formagdo de metabdlitos de substancias
enddgenas fisiologicamente ativas poderia estar relacionada a mecanismos
homeostaticos e fisiopatolégicos envolvidos nestas condigdes de infeccao e
inflamagéao (MORGAN, 2000).

25



INTRODUCAO

Em ratos, as isoformas mais estudadas sdao a CYP1A1/2, CYP2B1/2,
CYP2E1 e CYP2C11. As CYP1A1 e CYP1A2 possuem uma alta similaridade em
suas estruturas primarias, bem como em suas caracteristicas fisico-quimicas
(KAWAJIRI et al, 1996), tem um papel importante na ativacao de xenobidticos a
metabolitos toxicos [carcinégenos quimicos, como hidrocarbonetos aromaticos
policiclicos (e.g., benzo[a]pireno, encontrado na fumaga do cigarro e em alimentos
queimados - literalmente carbonizados), aminas aromaticas e heterociclicas,
derivados do azobenzeno, aflatoxina B4, 2-acetilaminofluoreno], incluindo varios
medicamentos (e.g., acetaminofen) (YAMADA et al., 2006)

A subfamilia 2B é reconhecida por pertencerem as isoenzimas induzidas
pelo fenobarbital. A acentuada capacidade de indugao da subfamilia CYP2B, pelo
fenobarbital, na maioria das espécies, induz também muitas outras enzimas
(resposta pleiotropica) (YAMADA et al., 2006; NIMS e LUBET, 1996).

Na isoforma 2E1 (CYP2E1), varias substancias de baixo peso molecular
sao substratos para reacdes de oxidagao catalisadas por CYP2E1 e, muitos delas,
como a N~nitrosodimet.ilamina (NDMA), sao proé-carcinégenos potentes que
requerem ativacao metabolica. Outras substancias capazes de induzir CYP2E1
sao a isoniazida, a piridina, o etanol, a acetona, o éter dietilico, o0 m-xileno e o
pirazol. CYP2E1 parece exercer também um papel importante na doenga hepatica
induzida pelo alcool (NEAU et al,1990).

O citocromo P450 2C11 (CYP2C11) € uma isoforma constitutiva, e tambem
com maior componente microssomal em figado de rato, tem sido muito estudada

em modelos de inflamacao e infeccao (MORGAN et al, 2002).
1.3.2. Estrutura e funcao de citocromos P450
O complexo enzimatico P450 pode ser isolado em fragbes microssomais,

vesiculas de aproximadamente 100 nm obtidas através de uma seqiiéncia de

homogeinizacao e ultracentrifugacées que levam a fragmentacao do reticulo
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endoplasmatico em vesiculas conhecidas como microssomas que mantém as
mesmas caracteristicas e composig&o do reticulo endoplasmatico na célula (DE
PIERRE e ERNSTER, 1977; ALBERTS et al., 1994). O sistema microssomal
hepatico € composto por trés flavoproteinas (NADPH-citocromo P450 redutase,
NADH-citocromo b5-redutase e N-oxidase) responsaveis pela transferéncia de
elétrons, e duas hemeproteinas, o citocromo P450, uma monooxigenase, e o
citocromo b5, que quando reduzido é capaz de doar seus elétrons para o oxi-P450
(DEVLIN, 1997) (Figura 8).

Cytochrome P450
Reductase

Cytochrome £

Cytochrome P450

Figura 8: Componentes do sistema citocromo P450 de reticulo endoplasmatico. A
NADPH-citocromo P450 redutase € ligada pela sua cauda hidrofébica a
membrana, enquanto o citocromo P450 é profundamente incrustado na
membrana. Também & mostrado o citocromo b5, que pode participar em reacgées
selecionadas mediadas pelo citocromo P450. (DEVLIN, 1997).
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O grupamento heme do citocromo P450 é resultante da protoporfirina IX, o
que contribui para as suas caracteristicas espectrais Unicas (MANSUY, 1998,
OMURA, 1999). Tais caracteristicas espectrais também sao atribuidas a presenca
de cisteina, histidina e do anion tiolato ligados ao ferro-heme (figura 9). O 5°
ligante do ferro-heme € o responsavel por gerar o espectro do P450 reduzido e
complexado com monoxido de carbono e gragas aos avancos das tecinicas de
cristalografia de proteinas e da biologia molecular hoje se sabe que este quinto

ligante do ferro € o anion tiolato de um residuo de cisteina (OMURA, 1999).

Figura 9: Estrutura do citocromo P450 (WANG et al, 1997)

1.3.3. Reacgoes

Entre as reacdes catalisadas pelos citocromos P450 destaca-se a oxidagéao
de moléculas lipofilicas sendo, também denominadas monooxigenases e oxidases
de fungao mista. As monooxigenases podem catalisar um amplo espectro de
reacoes tais como N-oxidagcdo, sulfoxidacao, epoxidacao, N-, S-, e O-

desalquilacédo, peroxidagédo, desaminacao, dessulfuracéo e desalogenagao. Alem
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de participarem da metabolizacdo de xenobiodticos, os citocromos P450 s3o
essenciais para a homeostase sanglinea, biossintese do colesterol e
esteroidogénese (DEVLIN, 1997).

O CYP 450 é capaz de realizar uma série de reagbes de oxidacao, como
demonstrado na Figura 10. Isto é possivel gragas a duas propriedades desta
heme-proteina: (1) habilidade do ferro em apresentar um grande numero de
estados de oxidacdo com diferentes reatividades, e (2) acessibilidade do seu

grupamento ferro a um grande nimero de substratos (MANSUY, 1998).

MONOOXYGENATIONS
R DREHYDROGENATIONS
/C20 + NO (or NxOy) ROH
R’ o
NO_SYNTHASE-TYPE + RR'C=N-OH ’+ RH g
* \CH a{
{C=N bond cleavage) ’ g ~
P450
+ NAD(P)H + O,
R Ry \Qmmswnxm
s H>—<cuo R 0y, H;0,, H;0
a o
R R, R R
Se=cl O
BEROXIDASE-TYPE
R, R, OH
OXIDATIONS
+ HCOOH R i
i @_@ (but using O, instead of H,0,)
OXIDATIVE DEFORMYLATIONS HO OH  (CCor C-O coupling)

(C-C bond cleavage)

Figura 10: Esquema das reagdes catalisadas pelo citocromo P450 (MANSUY,
1998).
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A reacao basica catalisada pelo CYP 450 é a monooxigengao, que envolve
a transferéncia dos seus atomos de oxigénio para o substrato (RH) e outro
reduzido a agua, sendo os elétrons para a redugao fornecidos pelo NADPH
(PARKISON, 2001). Estas transferéncias geram espécies reativas do oxigénio na
forma de anion superodxido (O;’) e perdxido de hidrogénio (H20O,) (Figura 11), que
por sua vez podem causar danos ao organismo por serem precursores do radical
hidroxil (COON et al., 1992; OMURA, 1999).

Product (SOH)
H,0
NADPH
P450-Fe*3 P450-Fe+3 2e
Substrate (S) {(Oinzed) e Cytochrome P450
- \ \ Reductase
NADPH F
, (an) [FMN<—FAD]
\25‘ \
T p4so-|=e+3 Cytochrome P450 P450-Fe+3
tochrome P450 -
Y Reductase 3 Cyoe S 02

[FAD-> FMN] [135_1) \\ /

P45?-Fa"‘2 P45:|>-Fe+2
\

02

Figura 11: Ciclo catalitico do citocromo P450. (1) Ligagao do substrato (RH) ao
citocromo P450 (Fe**), (2) redugao monoeletrénica do complexo enzima-substrato
pela enzima NADPH citocromo P450 redutase (NCR), (3) ligacao do oxigénio

molecular (Oz) ao complexo enzima-substrato. Enquanto um atomo do oxigénio
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molecular & introduzido no substrato, o outro & reduzido até agua, gerando
espécies reativas do oxigénio, tais como o anion superoxido (O2) e o peroxido de
hidrogénio (H20,), (4) transferéncia do segundo elétron para o complexo enzima-
substrato atraves do citocromo b5, (5) protonacao do complexo enzima-substrato
com liberacao de perdxido de hidrogénio, (6) clivagem da ligagao O-O gerando um
intermediario reativo, (7) inser¢do de um atomo de oxigénio no substrato
(monooxigenagao), (8) dissociagao do produto e liberagcao do citocromo P450, e
(9) reacao de hidroxilacdo sem a necessidade de equivalentes redutores.
(DEVLIN, 1997).

Estruturalmente, o CYP 450 redutase compartilha homologia com a regiao
do C-terminal de NOS (BREDT et al, 1991, LYONS et al, 1992) e a co-
distribuicdo destas duas enzimas tem sido relatada em alguns estudos
histolégicos (NORRIS et al, 1994; YOUNG et al, 1997). Ha também relagao
estrutural entre as NOS e outras CYP-450 (MCMILLAN et al., 1996).

1.4. OXIDO NITRICO (NO)
1.4.1 Aspectos gerais

O o6xido nitrico (NO), € uma molécula gasosa, liberada como co-produto do
metabolismo do aminoéacido L-arginina para L-citrulina (figura 12) numa reacao
catalizada por enzimas denominadas 6xido nitrico sintases (NOS). A biossintese
de NO ja foi relatada em diversos tipos de células, tais como células endoteliais,
midcitos, neurdnios, macrofagos, mondocitos, neutréfilos, plaquetas, e hepatocitos,
entre outros (BARRETO et al, 2005, MONCADA et al., 2006, 1991; NATHAN
1992; FUKUTO e CHAUDHURI, 1995).

Pelo menos trés tipos de NOS sao reconhecidos: nNOS (neuronal, NOS 1),
eNOS (endotelial, NOS lll) e iNOS (induzivel, NOS Il) (TAYLOR et al., 1998). A

nNOS e a eNOS sao enzimas de expressao constitutiva, cuja atividade depende
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do complexo Ca?*/calmodulina, enquanto que a iINOS é uma isoforma induzivel
por citocinas e endotoxinas bacterianas e cuja atividade independe de Ca**
(FUKUTO e CHAUDHURI, 1995). A reacgédo envolvendo as NOS requer diversos
cofatores, como NAPDH, FAD, FMN, tetrahidrobiopterina, calmodulina e heme. A
nNOS e a eNOS liberam baixos niveis de NO por periodos curtos enquanto que a
INOS produz altos niveis de NO por periodos prolongados de tempo (MONCADA
et al., 1991).

BIOSSINTESE DO OXIDO NITRICO

HN OH—N o
NHZ NHZ >7NH2
N DPH / NADPH NH
A 2N + NO
02 H?O 02 H»O
COOH COOH COOH
L-Arginina N°-Hidroxi-L-arginina L-Citrulina

Figura 12: Esquema biossintese 6xido nitrico

As NOs possuem em cada lado da molécula duas porgdes funcionalmente
complementares. Na porgao carboxiterminal, existe um dominio redutase (recebe
elétrons do NADPH) homodlogo ao citocromo P450 e na porgao aminoterminal,

existe o dominio oxidase (que abstrai um elétron do substrato L-arginina), que
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possui sitios de ligacao para heme, para o co-fator tetradrobiopterina (BH,) e para
o substrato L-arginina (LUZ et al., 2003).

O NO exerce amplo espectro de atividades biolégicas in vivo, inclusive na
apoptose, citotoxicidade (DRAPIER e HIBBS, 1988; BECKMAN e KOPPENOL,
1996; BRUNE et al, 1998a,b), inflamacgao, dor (CATTELL e JANSEN, 1994),
neurotransmissao € no téno vascular (FLEMING et al., 1996). No sistema
cardiovascular, o NO possui potente agao vasodilatadora e é responsavel por pelo
menos parte da resposta hipotensora a acetilcolina e peptideos como a
bradicinina. Muitos efeitos do NO sao mediados principalmente pela guanosina-
3',5’-monofosfato ciclico (¢<GMP), produzida apos estimulagao da enzima guanilil
ciclase soluvel pelo NO (MONCADA et al, 2006,1991). Além disso, a interacao de
NO com intermediarios reativos de oxigénio pode ter um papel importante na
modulacao de respostas vasculares (BECKMAN e KOPPENOL, 1996; WOLIN et
al., 1998).

1.4.2. Inibi¢ao da biossintese de NO

Substancias analogas a L-arginina, tais como a L-nitro-arginina (L-NA; ISHII
et al, 1990; MAGGI et al, 1991), N®-amino-L-arginina (L-NAA), N“-nitro-L-
arginina metil éster (L-NAME; MOORE et al., 1990), N-iminoetil-L-ornitina (L-NIO),
e NG—monometiI-L-arginina (L-NMMA; MARLETTA et al,, 1998) inibem a atividade
de NOS, tanto in vitro como in vivo, embora existam diferencas na especificidade e
poténcia (FUKUTO e CHAUDHURI, 1995). Os isébmeros L sao inibidores mais
efetivos da NOS do que os isoméros D correspondentes (MONCADA et al., 2006,
1997). Entre os inibidores disponiveis, o L-NMMA e o L-NAME sao ativos por via
oral. Outros compostos nao derivados da L-arginina, tais como guanidinas,
imidazodis, 7-nitroindazodis e azul de metileno (SOUTHAN e SZABO, 1996),
também tém sido descritos como inibidores da NOS. Neste grupo, existem

compostos “seletivos” para a NOS, como €& o caso da aminoguanidina que inibe

L
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preferencialmente a INOS (CORBETT et al., 1992) e o 7-nitroindazol que inibe
preferencialmente a nNOS (MOORE ef al., 1993). Através do uso de inibidores de
NOS, tem sido possivel estudar o papel do NO endogeno em diversos eventos
fisiopatologicos. Dentre os inibidores de NOS, destaca-se o L-NAME, um inibidor
amplamente usado devido ao seu baixo custo comercial e por ter uma potente

acao inibitéria nao-especifica sobre as NOS.

1.4.3. Alteracoes morfologicas e sistema renina-angiotensina

A administracdo aguda de L-NAME em diversas espécies animais resulta
em hipertensao arterial acompanhada por aumento da resisténcia vascular
sistémica, bradicardia e redugao do débito cardiaco (GARDINER et al., 1990;
RICHARD et al, 1991; KLABUNDE et al, 1991; VAN GELDEREN et al., 1993,
BOWER e LAW, 1993; ZAPELLINI et al., 1997), efeitos estes que podem ser
revertidos pela administragcdao de L-arginina (REES et al, 1988). De forma
semelhante, ratos tratados cronicamente com L-NAME (20 mg/kg/dia) durante até
8 semanas desenvolvem uma hipertensao prolongada (ARNAL ef al, 1992;
BAYLIS et al, 1992; RIBEIRO et al, 1992). As alteragbes hemodinamicas e
morfoloégicas associadas a este modelo de hipertensao tém sido bastante
estudadas, principalmente nos tecidos cardiaco (MORENO Jr. et al., 1995, 1997) e
renal (para revisao, ver ZATZ e BAYLIS, 1998) e JOVER e MIMRAM (2001).
Nestes dois 6rgaos, a inibicao crénica afeta nao somente as propriedades
vasculares destes, mas também resulta em dano tecidual com necrose seguido de
fibrose. Doses menores de L-NAME (7,5 mg/kg/dia) também sao eficazes em
inibir as NOS e causar hipertensao, porém sem produzir dano morfolégico intenso
(OLIVEIRA et al., 2000).

Além de promover hipertensao, a inibicao crénica da biossintese de NOS
causa lesao isquémica glomerular, glomeruloesclerose, fibrose intersticial e lesdes
vasculares (HROPOT et al., 2003; RIBEIRO et al, 1992; FUJIHARA et al, 1999;
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ZATZ e BAYLIS, 1998). Estas lesées podem levar a um colapso glomerular. O
aumento das areas hialinizadas e a expansao intersticial podem ser
acompanhados por uma infiltragao de fibroblastos e deposicao de colageno. Em
tecido cardiaco, o tratamento cronico com L-NAME resulta em isquemia
miocardica, talvez devido a vasoconstricao e fluxo coronario reduzido, o que leva
ao infarto e subsequentemente necrose (MANDARIM-DE-LACERDA et al., 1999,
PESSANHA e MANDARIM-DE-LACERDA, 2000; HROPOT et al., 1994; MORENO
et al., 1995, 1997; ver PECHANOVA e BERNATOVA, 1996, e SIMKO e SIMKO,
2000). Ocorre também um aumento de fibroblastos e de granulagcdées com
infiltrado de células inflamatérias (SAMPAIO et al, 2002). O aumento na
espessura da parede do vaso e a hipertrofia do ventriculo esquerdo sao devidos
principalmente a fibrose perivascular e intersticial e refletem o remodelamento do
tecido (MANDARIM-DE-LACERDA et al, 2001; KRISTEK et al., 1996; TAKEMOTO
et al, 1997; SIMKO e SIMKO, 2000; PEREIRA, 2003) que é acompanhado de
angiogénese (OKRUHLICOVA et al.,, 1999). Estudos mais recentes tém mostrado
que alteragdes semelhantes a estas descritas em tecido cardiaco e renal também
ocorre no cérebro (HSIEH et al., 2004).

Embora o efeito do tratamento crénico com L-NAME tem sido estudado
principalmente por periodos 2 a 8 semanas, alteragcoes semelhantes na presséao
arterial e na morfologia (isquemia, hipertrofia e aumentos de células inflamatoérias)
também tém sido observadas em tratamentos curtos de trés dias a uma semana
(KATAOKA et al., 2004; NI et al., 2001; IKEGAKI et al.,, 2001). De fato, ha relatos
na literatura mostrando que tratamento com L-NAME durante até uma semana
resulta em alteracoes morfolégicas em alguns tecidos (KATAOKA et al, 2004; NI et
al, 2001; IKEGAKI et al, 2001), e que também ocorrem mudangas na expressao
de algumas proteinas, sendo assim, USUI et al. (1998) mostrou que a inibicdo da
sintese de NO pelo L-NAME em ratos aumentou a expressao de RNAm para
receptores do tipo | (ATia, ATsg) de angiotensina Il na gladula adrenal e,

consequientemente, elevou o numero de receptores expressos neste tecido, efeito
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este observado na primeira semana de tratamento e nao era resultado da
hipertensao que acompanhava a inibigao de NOS.

Varios trabalhos tém demonstrado o envolvimento do sistema renina
angiotensina (SRA) na reposta pressora apos o tratamento crénico com L-NAME.
A administracdo crénica concomitante de um antagonista de receptores AT;
(losartan) com L-NAME preveniu a hipertensao neste modelo (RIBEIRO et al,
1992). Apds este trabalho envolvendo a administragdo de antagonistas de
receptores AT; ou inibidores da ECA (enzima conversora de angiotensina)
(enalapril) confirmaram esses resultados (PEREIRA et al., 2004; POLLOCK et al.,
1993; NAVARRO-CID et al., 1996; TAKEMOTO et al., 1997).

A inibicao crénica de NO promove danos estruturais renais severos e
progressivos em ratos Wistar, como isquemia glomerular, glomeruloesclerose e
expansao intersticial (BAYLIS et al, 1992; RIBEIRO et al, 1992; ARCOS et al,
2000; PEREIRA e MANDARIN-DE-LACERDA, 2001).

1.5. INTERAGAO NO - CYP-450

Diversos tipos de células no figado produzem NO através dos trés NOS,
sendo que a eNOS e a INOS sao as mais importantes fontes deste mediador
(IVANAGI, 2005; ALEXANDER, 1998; TAYLOR et al, 1998, CLEMENS, 1999,
MURIEL, 2000). No figado normal, o NO exerce multiplas fungdes, principalmente
no controle do tobno vascular e na citoprotecao. Por outro lado, o NO tem sido
implicado em varias alteragoes celulares (inclusive citotoxicidade) associadas a
diversas patologias, tais como hipertensao sistémica portal, choque hemorragico,
isquemia e reperfusao, tumores hepaticos, cirrose e dano por toxinas (HARTLEB
et al, 1997; JONES E CZAJA, 1998; TAYLOR et al, 1998, CLEMENS, 1999; Ll e
BILLIAR, 1999; WIEST e GROSZMANN, 1999; KAPLOWITZ, 2000).

O NO possui alta afinidade para grupos heme e €& capaz de formar

complexos com proteinas contendo heme, especialmente enzimas, tais como a
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guanilil ciclase solavel (IGNARRO, 1990), aconitase (STADLER et al, 1991),
citocromo ¢ oxidase (CLEETER et al, 1994), ciclooxigenase (KANNER et al,
1992) e a propria nNOS (ABU-SOUD et al., 1995). Em algumas enzimas, (guanilil
ciclase e ciclooxigenase), a ligacao de NO resulta em estimulagdo, porém, na
maioria de enzimas ou proteinas contendo heme ou ferro (citocromos - inclusive
os P450, hemoglobina, ferritina, oxigenases, algumas oxidases NADPH-
dependentes, etc.), a ligacdo de NO resulta em uma diminuicdo de atividade
(através da formacao de hemo-proteinas nitrosiladas), e em alguns casos, de
expressao também (HENRY et al., 1991; KHATSENKO, 1998).

No que diz respeito aos citocromos P450, sabe-se desde a década de 60
que o NO interage com estas enzimas para produzir complexos ferrosos (MIYAKE
et al., 1968; EBEL ef al., 1975; O'KEEFE et al., 1978). De fato, NO liberado de
moléculas doadoras exogenas, tais como a NOC7, nitroprussiato de sodio, S-
nitroso-N-acetilpenicilamina (SNAP) e outras, inibe citocromos P450 (DONATO et
, 1997; GERGEL et al, 1997; MINAMIYAMA et al, 1997) e pode causar
hepatotoxicidade (NIKNAHAD e O’BRIEN, 1996). Em hepatocitos isolados, a
formacdo de NO endogeno é responsavel pela perda rapida de atividade P450
destas células em cultura (LOPEZ-GARCIA, 1998). Alguns estudos indicam que

al.

os proprios CYP-450 também sao capazes de liberar NO de moléculas exogenas
(SERVENT et al, 1989; ANDRONIK-LION et al, 1992; SCHRODER, 1992
BOUCHER et al, 1992; MINAMIYAMA ef al., 1999) e endodgenas, embora a
eficiéncia neste ultimo caso seja menor do que com a propria NOS devido a
algumas diferencas e restricoes estruturais (KESERU et al., 2000).

Atualmente, acredita-se que a acao inibitoria do NO se da 1) através da
capacidade desta molécula de reduzir a forma férrica da enzima para a forma
ferrosa, 2) por competicdo com os sitios de ligacao de ligantes endogenos ou
exogenos no ferro das enzimas e 3) por atuar como um “scavenger’ de radicais
livres (STADLER et al., 1996; KHATSENKO, 1998). Neste ultimo caso, a formacgéao
de peroxinitrito (resultado da interacao de NO com &nion superoxido) poderia
mediar o efeito inibitério (ROBERTS et al., 1998; DAIBER et al., 2000a,b). Apesar
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da capacidade de NO em inibir os citocromos P450, a sensibilidade destas
enzimas a esta inibicao varia entre (KHATSENKO et al., 1993; WINK et al., 1993)
e dentro de (STADLER et al., 1994) subfamilias.

Em culturas de células, a inibicdo da atividade e expressao de citocromos
P450 (CYP1A2, CYP1B1/2, CYP2C11 e CYP3A2) por citocinas tais como TNF-a,
IL-1B e IFN-y (STADLER et al, 1994, OSAWA et al, 1995, CARLSON e
BILLINGS, 1996; DONATO et al., 1997) e lipopolissacarideo (LPS) de Escherichia
coli (OSAWA et al., 1995; TAKEMURA et al., 1995) &€ mediada principalmente pela
producao aumentada de NO, embora alguns estudos (RENTON, 2004;
MONSHOUWER et al,, 1996, SEWER e MORGAN, 1997, 1998, SEWER et al,
1998) nao conseguiram demonstrar um papel importante para o NO na agao de IL-
1a, IL-1B, TNF-a e LPS; o NO tem pouco envolvimento na agao inibitéria da I1L-6
(CARLSON e BILLINGS, 1996; SEWER e MORGAN, 1997). Este efeitos também
foram observados em pacientes que tiveram rejeicdo de figados transplantados
(WESTERHOLT et al., 2004). De modo geral, o efeito inibitério de NO sobre a
atividade e expressao de citocromos P450 pode ser prevenido ou abolido por
inibidores de NOS, tais como a L-NMMA (STADLER et al.,, 1994; CARLSON e
BILLINGS, 1996; DONATO et al, 1997). As observacoes de que nem todas as
isozimas de CYP-450 tém sua atividade restaurada apoés inibicao da biossintese
de NO (STADLER ef al., 1994) e que, mesmo quando se consegue uma inibi¢ao
total desta producdo, a atividade das CYPs nao é totalmente restaurada
(DONATO et al., 1997), indicam que outros mecanismos também podem modular
a atividade e expressao dos CYP-450.

Entretanto, em algumas situagées de inflamacao, tais como aquela
produzida por endotoxina (lipopolissacarideo) da bactéria Escherichia coli, a
inibicao de CYP-450 observada é aparentemente independente da produgao
elevada de NO (SEWER e MORGAN, 1998; AITKEN et al., 2005).

Os efeitos de NO sobre a atividade e expressao de citocromos P450
observados in vitro tém sido confirmados in vivo. Assim, a supressao da atividade
e da expressao (KHATSENKO et al, 1993; KIM et al,, 1995a,b; MULLER et al.,
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1996, KHATSENKO e KIKKAWA, 1997; KHATSENKO et al., 1997) dos CYP-450
apos tratamento de ratos com citocinas ou LPS pode ser revertida tratando-se os
animais com inibidores de NOS (KIM et al, 1995a; MULLER et al, 1996;

KHATSENKO e KIKKAWA, 1997).



2. OBJETIVOS
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Embora sabe-se que o NO exerce papel fundamental na hemodinamica e
funcao celular do figado, a influéncia da inibicao prolongada da formagao de NO
sobre a morfologia e alguns parametros bioquimicos (glicogénio e lipides) deste
orgao e sobre a atividade e expressao dos citocromos P450 ainda nao foi avaliada

de forma sistematica. Assim, neste projeto, propomos:

1. Avaliar as alteracoes morfologicas e bioquimicas hepaticas decorrentes do
tratamento agudo e crénico com L-NAME através de microscopia de luz e

dosagens bioquimicas, respectivamente.

2. Investigar a influéncia da inibicao da biossintese de NO sobre a atividade e
expressao de citocromos P450 hepaticas em ratos tratados aguda e cronicamente
com L-NAME, usando as técnicas de ensaio enzimatico e imunoblot. Para isso,
foram estudadas uma isoforma com expressao constitutiva (CYP2C11) e trés
isoformas induziveis, CYP1A1/2, CYP2B1/2 e CYP2E1, que podem ser induzidas
por B-naftoflavona (Stadler et al., 1994), fenobarbital (Khatsenko et al., 1993), e

pirazol (Gergel et al., 1997), respectivamente.
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Abstract

The chronic treatment of rats with N“-nitro-L-arginine methyl ester (L-
NAME), an inhibitor of nitric oxide (NO) biosynthesis, results in hypertension
mediated partly by enhanced angiotensin I-converting enzyme (ACE) activity. In
this study, we examined the influence of L-NAME on rat liver morphology, hepatic
glycogen, cholesterol and triglyceride content, and activities of the cytochrome
P450 isoforms CYP1A1/2, CYP2B1/2, CYP2C11 and CYP2E1. Male Wistar rats
were treated with L-NAME (20 mg/rat/day, administered in the drinking water) for
two, four and eight weeks and the livers then removed for analysis. Enzymatic
induction was produced by treating rats with phenobarbital (to induce CYP2B1/2)
or B-naphthoflavone (to induce CYP1A1/2) (80 mg/kg/day each, ip., 4 d) or
pyrazole (200 mg/kg/day, i.p., 2 d) (to induce CYP2E1). L-NAME significantly
elevated the blood pressure and this was reversed by concomitant treatment with
enalapril (25 mg/kg/day, p.o., ACE inhibitor) or losartan (30 mg/kg/day, p.o.,
angiotensin Il AT, receptor antagonist). L-NAME caused vascular hypertrophy in
hepatic arteries, with perivascular and interstitial fibrosis involving collagen
deposition. There was also a significant increase in the hepatic glycogen content.
All of these changes were completely reversed by concomitant treatment with
enalapril or losartan. L-NAME had no effect on the hepatic cholesterol and
triglyceride content, nor did it affect the basal or drug-induced activities and protein
expression of the cytochrome P450 isoforms. These results show that the chronic
inhibition of NO biosynthesis produced hepatic morphological alterations and
changes in carbohydrate metabolism that were mediated by the renin-angiotensin
system, without significantly affecting the basal or induced activities of cytochrome
P450 isoforms.

Keywords: cytochrome P450, hypertension, liver, nitric oxide inhibition, vascular

hypertrophy
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Introduction

Nitric oxide (NO), a co-product of the metabolism of L-arginine to L-citrulline
by NO synthases (NOS), plays a central role in cardiovascular regulation,
including blood pressure, in vertebrates (Moncada et al. 1991). The chronic
inhibition of NOS by L-arginine analogs such as N“-nitro-L-arginine methyl ester
(L-NAME) produces sustained arterial hypertension that is mediated to a large
extent by the renin-angiotensin system (RAS) since treating rats with angiotensin-
converting enzyme (ACE) inhibitors such as captopril and enalapril, or with
angiotensin |l AT; receptor antagonists such as losartan, restores blood pressure
to near normal levels (Ribeiro et al. 1992; Zatz and Baylis 1998).

The chronic inhibition of NO biosynthesis also causes marked morphological
alterations in various structures, particularly the vasculature. In cardiac tissue,
there is ischemia, possibly caused by vasoconstriction and a consequent reduction
in coronary flow, and this leads to infarction, necrosis and apoptosis (Moreno et al.
1996, 1997; Takemoto et al. 1997a,b; Pereira and Mandarim-de-Lacerda 1999;
Pessanha and Mandarim-de-Lacerda 2000). There is also arterial wall and left
ventricular hypertrophy (Takemoto et al. 1997a,b; Simko and Simko 2000; Pereira
and Mandarim-de-Lacerda 2001; Pereira et al. 2003) and angiogenesis
(Okruhlicova et al. 2000). In renal tissue, there is glomerular ischemia with
glomerulosclerosis, interstitial fibrosis (involving infiltration by fibroblasts and
deposition of collagen) and vascular lesions that may result in glomerular collapse
(Zatz and Baylis 1998; Jover and Mimran 2001). The vascular changes seen in
cardiac and renal vessels have also been described in cerebral vessels (Hsieh et
al. 2004).

In addition to its role in regulating blood pressure and tissue remodeling, NO
can modulate the expression of numerous genes (Pfeilschifter et al. 2001; Pilz and
Casteel 2003). The chronic inhibition of NO formation affects the expression and
activities of receptors (Katoh et al. 1998), intracellular signaling molecules such as
ERK1/2 kinases (Martens et al. 2002), p70°° kinase (Minamino et al. 2000) and
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Rho kinase (lkegaki et al. 2001; Kataoka et al. 2002), and various enzymes,
including matrix metalloproteinases (Gonzalez et al. 2000), and angiotensin-
converting enzyme (Takemoto et al. 1997a,b; Gonzalez et al. 2G00).

In liver, NO is produced mainly via constitutive NOS (endothelial or eNOS)
and inducible NOS (iNOS) in several cell types and, under normal conditions, is
involved in the control of vascular tone and in cytoprotection (Alexander 1998:
Muriel 2000). Alterations in the levels of NO production have been implicated in
cellular alterations (including cytotoxicity) associated with pathologies such as
systemic portal hypertension, hemorrhagic shock, ischemia and reperfusion injury,
hepatic tumors, cirrhosis, and damage by toxins (Clemens 1999: Wiest and
Groszmann 1999; Kaplowitz 2000).

Cytochromes P450 (CYP-450) comprise a superfamily of hemoproteins
(more than 150 isoforms classified in 12 families) that serve as the terminal
oxidases in the mixed function oxidase system that metabolizes various
endogenous substrates such as steroids, as well as xenobiotics such as drugs,
toxins, and carcinogens (Guengerich 1987; Bernhardt 1996). Cytochromes P450
are located in the smooth endoplasmic reticulum and show some structural
homology with the C-terminal region of NOS. The expression and activity of these
enzymes is regulated by a variety of factors such as cytokines, growth factors, NO
and bacterial endotoxin (lipopolysaccharide, LPS), particularly in inflammation
(Khatsenko, 1998; Morgan et al., 1998, 2002; Aitken et al., 2005). Increased NO
production inhibits CYP-P450 activity in vitro (Stadler et al. 1994; Carlson and
Billings, 1996; Donato et al. 1997), although some studies have suggested that
NO-independent mechanisms may be involved (Monshouwer et al. 1996; Sewer
and Morgan 1997). Experiments in vivo have indicated that the downregulation of
CYP-450 expression and activity in response to interferon inducers (Hodgson and
Renton 1995) and LPS (Sewer et al. 1998; Sewer and Morgan 1998; Li-Masters
and Morgan 2002) is independent of enhanced NO production.

In contrast to these studies, little is known about the influence that a chronic

reduction or absence of basal NO production has on the expression and activities
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of these enzymes. In this study, we investigated the influence of a prolonged
inhibition of basal NO biosynthesis on liver morphology, lipid and glycogen levels,
and on the activities and expression of the cytochrome P450 isoforms CYP1A1/2,
CYP2B1/2, CYP2C11 and CYP2E1 in rats treated with L-NAME for 2, 4 and 8

weeks.

Material and methods

Reagents

L-Arginine, L-citrulline, L-aminoguanidine, bovine serum albumin,
calmodulin, dithiothreitol, D-glucose 6-phosphate dehydrogenase, D-glucose-6-
phosphate disodium hydrate, ethoxyresorufin, flavine-adenine-dinucleotide (FAD),
flavine-adenine-mononucleotide (FMN), p-nicotinamide adenine dinucleotide
phosphate (NADP, sodium salt), B-nicotinamide adenine dinucleotide phosphate
(NADPH, reduced form), B-naphthoflavone, 4-nitrocatechol, p-nitrophenol, N“-nitro-
L-arginine methyl ester (L-NAME), 7-pentoxyresorufin and pyrazole were from
Sigma Chemical Co. (St. Louis, MO, USA). [U-"C]Arginine, acrylamide,
ammonium persulfate, Coomassie brilliante blue R250, donkey anti-mouse IgG-
peroxidase conjugate, glycerol, Hybond-P PVDF membrane (0.45 um), N,N-
methylene bis-acrylamide, sodium dodecyl sulphate (SDS), NNN’,N-
tetramethylenediamine (Temed), and Tris base were from Amersham Biosciences
(Piscataway, NJ, USA or Amersham, Buckinghamshire, UK). Anti-mouse IgG
monoclonal antibodies to CYP1A1/2, CYP2B1/2B2, CYP2C11 and CYP2E1 were
from Oxford Biomedicals (Oxford, OH, USA). Tienilic acid was a generous gift from
Dr. Patrick M. Dansete (Laboratoire de Chemie et de Biochime Pharmacologiques
et Toxicologiques, Paris, France). Flat-bottomed 96-well plates were from Corning
(Corning, MA, USA), chemiluminescence kits (SuperSignal, West Pico) were from
Pierce Chemicals (Rockford, IL, USA) and photographic film was from Kodak (Sao
José dos Campos, SP, Brazil). Sodium pentobarbital (Hypnol®) was obtained from
Cristalia Industria Farmacéutica (Itapira, SP, Brazil). Formalin (10%) and solvents

48



CAPITULO 1

for histology were from Synth (Sao Paulo, SP, Brazil). Paraffin (Histosec),
hematoxylin, eosin, periodic acid-Schiff reagent and entellan were from Merck (Rio
de Janeiro, RJ, Brazil). Kits for the quantification of HDL cholesterol and
triglycerides were from Laborlab (Sdo Paulo, SP, Brazil) and those for LDL
cholesterol were from Wiener (Rosario, Argentina). Other reagents of analytical

grade were obtained from Baker or Merck.

Animals

Male Wistar rats (~150 g at the start of the experiment) were supplied by the
Multidisciplinary Center for Biological Investigation (CEMIB-UNICAMP) and were
housed at 23+1°C on a 12 h light/dark cycle with food and water ad libitum. The
experiments described here were done in accordance with the guidelines

established by the Brazilian College for Animal Experimentation (COBEA).

Treatment with L-NAME and blood pressure measurements

Rats were treated with L-NAME (20 mg/rat/day) given in their drinking water for
2, 4 and 8 weeks (Ribeiro et al. 1992). The amount of L-NAME ingested was
calculated based on the water intake of the rats which was monitored daily and the
dose adjusted accordingly. Control rats received tap water alone. Once a week, the
rats were weighed and tail blood pressure was measured by a tail-cuff method
(Kent Instruments).

In some experiments, rats treated with L-NAME also received losartan (30
mg/kg/day) or enalapril (25 mg/kg/day) to block angiotensin Il AT, receptors and
inhibit ACE activity, respectively. These inhibitors were given in the drinking water
together with L-NAME.
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Cytochrome P450 induction

To induce selected cytochrome P450s, control and L-NAME-treated rats
received phenobarbital (to induce CYP2B1/2) or B-naphthoflavone (to induce
CYP1A1/2) (80 mg/kg/day each, i.p., for 4 d prior to sacrificing) (Suzuki et al,
1992) or pyrazole (200 mg/kg/day, i.p., for 2 d prior to sacrificing) (to induce
CYP2E1) (Clejan and Cederbaum 1992).

NOS activity

Liver NOS activity was measured as described by Ribeiro Jr. et al. (1999)
using [°H]L-arginine as substrate. Enzyme activity was expressed as pmol of

[’H]L-citrulline formed/mg of protein/min.

Histological analysis and vessel wall morphometry

At the end of each period of treatment, the rats were anesthetized with
sodium pentobarbital (>50 mg/kg, i.p; Hypnol®) and perfused via the aorta with
heparinized saline to remove blood from the liver. The liver was then excised and
5x10 mm fragments were fixed in 10% formalin for 24 h. Fragments of liver were
subsequently dehydrated in an ethanol series, cleared in xylene, embedded in
Histosec and sections 5 um thick were cut on a Leica microtome and stained with
hematoxylin-eosin (HE) or picrosirius red. The stained sections were examined by
light microscopy using a Nikon Eclipse E800 microscope and images were
captured and processed with Image Pro Plus software. Arterial wall thickness was
expressed as the ratio of the vessel total cross-sectional area divided by the vessel
lumen cross-sectional area (10 vessels/rat, 5 rats/group; total of 50 vessels/group)
(Borzychowski et al. 2003). All measurements and analyses were done using the

microscope and software described above.
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Determination of hepatic lipid and glycogen levels

Pentobarbital-anesthetized rats were perfused with heparinized saline and
the livers were collected and frozen in liquid nitrogen prior to storage at -80°C until
used. Hepatic lipids were extracted by the method of Foich et al. (1957) and the
concentrations of triglycerides, HDL-cholesterol and LDL-cholesterol were
measured using commercial kits.

The hepatic glycogen content was determined according to Lo et al. (1970),
with minor modifications. Liver samples were weighed and immersed for 30 min at
100°C in 1 ml of 30% KOH saturated with Na,SO,. Ethanol (95%) (1.5 ml) was
added to precipitate the glycogen from the alkaline digest. The samples were then
centrifuged and the supernatants were carefully aspirated. The pellets were
resuspended in 1 ml of distilled water containing phenol (5%) and concentrated
H2S0., and the resulting absorbance was read in a Beckman spectrophotometer
(Fullerton, CA, USA) at 490 nm. The results were calculated using a standard
curve of glucose and were expressed in mg of glycogen/100 mg of wet weight of
tissue.

Preparation of microsomes

Livers were collected from pentobarbital-anesthetized rats as described
above. Liver samples were homogenized in 5-10 volumes of ice-cold 0.1 M
potassium phosphate, pH 7.4, containing 1 mM EDTA and 0.15 M KCI, and then
centrifuged (10,000 g for 20 min at 4°C) (Beckman JA 25.5 rotor). The resulting
supernatant (S9) was subsequently centrifuged at 105,000 g (Beckman L5-75Ki
rotor) for 60 min to obtain microsomes. The microsomal pellets were gently
resuspended in phosphate buffer containing 20% glycerol and stored at -80°C
(Haugen and Coon 1976; Khatsenko and Kikkawa 1997). The microsomal
cytochrome P450 content was determined according to Omura and Sato (1964)
using an absorption coefficient of 91 mM™” cm™ for P450. Spectral scans were
obtained from 400 nm to 700 nm in a Beckman DU70 spectrophotometer.
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Protein concentrations

Protein concentrations were determined by the method of Lowry et al.

(1951) using bovine serum albumin as the standard.

Enzymatic assays

The activities of CYP1A1/2 and CYP2B1/2 were determined using the
substrates 7-ethoxyresorufin and 7-pentoxyresorufin (5 uM each), respectively, in a
reaction mixture containing 0.1 M Tris-HCI, pH 8, and microsomal protein (50-200
ug). The reaction was started by adding NADPH (final concentration, 250 uM). The
reaction rate was monitored by the increase in fluorescence using a SpectraMax
Gemini XS microplate reader (Molecular Devices, Sunnyvale, CA, USA), with
excitation and emission at 530 nm and 580 nm, respectively (Burke and Mayer
1983; Burke et al. 1985). Activity was expressed in arbitrary fluorescence units/mg
of protein/min.

The activity of CYP2C11 was measured by the 5-hydroxylation of tienilic
acid (TA). Microsomes (0.2-1.5 mg of protein/ml) were suspended in 0.1 M
phosphate buffer, pH 7.4, containing TA (0.1 mM). The reaction was started by
adding an NADPH-generating system (10 mM glucose-6-phosphate, 1 mM NADP
and 2 units of glucose-6-phosphate/ml) and the increase in absorbance at 390 nm
was monitored for 30 min at 37°C (Neau et al. 1990). Activity was expressed as the
increase in absorbance/mg of protein/min.

CYP2E1 activity was determined in a reaction mixture containing 0.2 M p-
nitrophenol as substrate, microsomes (1.0-2.0 mg of protein/ml) and 500 ul of 0.1
mM phosphate buffer, pH 6.8. The reaction was initiated by adding NADPH (final
concentration, 1 mM) at 37°C and was terminated after 30 min by adding 250 pul of
0.6 N perchloric acid followed by centrifugation (4000 rpm). NaOH (50 ul of a 1 M
solution) was added to 500 ul of the resulting supernatant and the absorbance then

read at 510 nm. The amount of 4-nitrocatechol released was determined from a
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standard curve (Koop 1986) and the activity was expressed as nmol/mg of
protein/min.

SDS-PAGE and immunoblotting

Aliquots (100 pg) of microsomes prepared as described above were
electrophoresed (100 V constant) in 10% polyacrylamide gels in the presence of
SDS (Laemmli 1970) and the proteins then electrotransferred (70 mA) to Hybond-P
PVDF membranes (Towbin et al. 1979). The membranes were subsequently
blocked by incubation with 5% milk for 2 h at room temperature, followed by three
washes with buffer (0.01 M Tris-HCI, pH 6.8, 0.17 M NaCl, 0.02% Tween 20) prior
to incubation with appropriate primary antibodies for each cytochrome P450
isoform and detection by chemioluminescence. The immunoreactive bands were
subsequently scanned and analyzed by densitometry using Scion Image® software.

The levels of cytochrome P450 were expressed as arbitrary densitometric units.

Statistical analysis

The results were expressed as the mean + SD. Statistical comparisons were
done using analysis of variance (ANOVA) followed by the Bonferroni test, with

values of P<0.05 indicating significance.

Results

Arterial blood pressure measurements

Table 1 shows the body weights and arterial blood pressures of the various
groups of rats studied. There were no significant differences among the body
weights of the different groups. Similarly, there were no significant differences in
the liver wet weight:body weight indicies (in %) (control rats: 3.9+0.1, 4.2+0.3 and
3.2+0.4 versus L-NAME-treated rats: 4.2+0.2, 4.2+0.2 and 4.3+0.6, for 2, 4 and 8

weeks, respectively; n=5-8 rats/group). Treatment with L-NAME significantly
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elevated the blood pressure in the three intervals studied. This increase in blood
pressure was attenuated by treatment with the ACE inhibitor enalapril or the AT
receptor antagonist losartan, neither of which alone affected blood pressure. None
of the three enzymatic inducers (B-naphthoflavone, phenobarbital and pyrazole)
had any significant effect on the basal or L-NAME-induced increase in blood
pressure.

As confirmation of the efficacy of treatment with L-NAME, the activity of
NOS in the liver of control and L-NAME-treated rats was measured. NOS activity
was significantly inhibited (>95%, p<0.05) in the latter animals compared to the
controls (Controls: 3.50 + 0.20, 2.92 + 0.14 and 4.04 + 0.48 versus L-NAME: 0.1 +
0.06, 0.15 £ 0.05, and 0.1 £ 0.004 pmol/mg/min, for 2, 4 and 8 weeks, respectively;
n=5 each).

Histological alterations and morphometric analysis

Figure 1 shows the histological appearance of liver parenchyma in control
and L-NAME-treated rats. The hepatic acini of control rats showed a normal
morphology in zones | (Fig. 1A), Il (Fig. 1C) and Ill (Fig. 1E), with hepatocytes
radially disposed in interconnected plates and liver sinusoids located among these
plates. In contrast, the livers of L-NAME-treated rats showed a reduction in the
sinusoidal capillary spaces and extensive “vacuolation” around the cell nucleus
(Fig. 1B,D,F), particularly in zones | and Il. The extensive hepatocyte perinuclear
vacuolation, which probably resulted from the loss of accumulated glycogen during
tissue processing (hepatic glycogen is elevated by treatment with L-NAME; see
below), and the interstitial expansion, were generally prevented by concomitant
treatment with enalapril or losartan (data not shown). In addition, non-polyhedric
hepatocytes and random foci of cellular infiltrates without collagen deposition were
also seen in various regions of the liver (Fig. 2).

Compared to control rats, treatment with L-NAME resulted in marked

thickening of the muscular tunica of hepatic arterial vessels, with no significant
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difference in the degree of hypertrophy among the intervals studied (Fig. 3). In
addition, there was extensive perivascular fibrosis involving the deposition of
collagen around portal vessels, as shown by staining with picrosirius red (Fig. 4).
Both the vessel wall hypertrophy and the extracellular matrix deposition were
completely prevented by concomitant treatment with enalapril or losartan (Figs. 3
and 4); neither of these drugs alone had any effect on vessel wall thickness (Fig.

3E) or collagen deposition (data not shown).

Hepatic lipid and glycogen content

The hepatic levels of HDL cholesterol (27.1+4.3, 28.0+12 and 38.8+11
mg/dl), LDL cholesterol (22.3+5.3, 19.7+5.7 and 25.0+12 g/l) and triglycerides
(126+29, 154+20 and 152+13 mg/dl) in control rats after 2, 4 and 8 weeks,
respectively, were not significantly altered by treatment with L-NAME (data not
shown). In contrast, there was a significant increase in the hepatic glycogen
content that was independent of the duration of treatment, and this increase was

completely prevented by concomitant treatment with enalapril or losartan (Fig. 5).

Cytochrome P450 activities and expression

Figure 6 shows the activities of various CYP450 in control and L-NAME-
treated rats. Treatment with L-NAME had no significant effect on the basal
activities of the CYP isoforms, nor did it affect the induction of these activities in the
various time intervals studied. This lack of effect was confirmed by western
blotting, which showed that the expression of these enzymes was unaltered by L-
NAME (Fig. 7).
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Discussion

Our results show that the chronic treatment of rats with L-NAME caused
hypertrophy of hepatic arterial vessel walls (tunica media), with perivascular
fibrosis involving the deposition of collagen fibers. In addition, compactation of the
sinusoidal lumen and interstitial expansion (increase in cellularity, mainly
fibroblasts, and connective tissue in the portal space) were observed. The
hypertrophy and fibrosis were similar to seen observed in other organs (brain,
heart and kidney) in this model (Zatz and Baylis 1998, Jover and Mimran 2001;
Hsieh et al. 2004).

The finding that the hepatic morphological alterations were attenuated by
enalapril and losartan agrees with the enhanced activity of the renin-angiotensin
system in this model and with the ability of ACE inhibitors and AT, receptor
antagonists to protect against morphological damage in cardiac and renal tissue
(Zatz and Baylis 1998; Pereira and Mandarim-de-Lacerda 2001; Sanada et al.
2001; Pereira et al. 2003). The vascular remodeling stimulated by angiotensin Il
occurs largely through the mitogenic activity of this peptide and is mediated by
intracellular signaling molecules, including kinases such as ERK1/2 (Martens et al.
2002: Sanada et al. 2001, 2003), p70°® (Minamino et al. 2000) and Rho kinase
(Ikegaki et al. 2001; Kataoka et al. 2002). In agreement with these studies,
Dupuis et al. (2004) have reported the enhanced expression of genes associated
with the regulation of cellular proliferation, extracellular matrix remodeling, and
NO/cGMP signaling in aortic tissue of rats treated with L-NAME for 15 or 30 days.

Treatment with L-NAME also significantly increased the hepatic glycogen
content. This observation agrees with the findings that the inhibition of NOS by L-
NAME in cultured hepatocytes increases the intracellular levels of glycogen
(Donato et al. 2001), and that NO donors such as S-nitroso-N-acetylpenicillamine
(SNAP) inhibit the biosynthesis of glycogen (Sprangers et al. 1998) and may cause
discreet inhibition of glycogenolysis stimulated by glucagon (Brass and Vetter
1993). In contrast, Hropot et al. (2003) observed that the treatment of rats with L-
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NAME (25 mg/rat/day for six weeks) decreased the cardiac tissue content of
glycogen, ATP and creatine phosphate, and Kitano et al. (2002) reported that NO
had little effect on glycogen synthesis by hepatocytes. The inhibition of glycogen
synthesis by NO involves a reduction in glycogen synthase activity (Sprangers et
al. 1998) and in the expression (MRNA levels) of the glucose transporter GLUT-2
and of phosphoenolpyruvate carboxykinase (Casada et al. 1996). Inter-organ
variation in the effect of NO on glycogen stores could be an important factor in
determining the responses observed. In agreement with this idea, the effects of
NO on glycogen metabolism in rat isolated liver (Borgs et al. 1996) and rat skeletal
muscle (Young et al. 1997) may be stimulatory or inhibitory.

Concomitant treatment with enalapril or losartan prevented hepatocyte
glycogen accumulation in L-NAME-treated rats, although neither of these inhibitors
alone had any effect on the basal glycogen levels. This finding indicates that
angiotensin I, the levels of which are elevated in this model (Zatz and Baylis
1998), modulates the accumulation of glycogen since the inhibition of ACE (leading
to reduced angiotensin Il formation) and the blockade of AT, receptors (preventing
the binding of angiotensin IlI) protected against glycogen accumulation. The
mechanism by which this occurs is unclear, particularly considering that
angiotensin |l generally stimulates glycogenolysis (Hothi et al. 1988: Machado et
al. 1995). In cardiac tissue, ACE inhibition (Hropot et al. 1994) and AT, blockade
(Hropot et al. 2003) protect against the decrease in glycogen, ATP and creatine
phosphate seen following treatment with L-NAME.

Treatment with L-NAME had no significant effect on the hepatic cholesterol
and triglyceride levels when compared to control rats. These findings agree with
those of Khedara et al. (1996) who also reported no significant variations in the
hepatic content of triglycerides, phospholipids and total cholesterol in rats fed with
L-N“-nitroarginine (L-NNA) in their diet (0.2 g/kg for five weeks). However, these
authors observed an increase in serum triglyceride levels and body fat in rats fed
this L-NNA-enriched diet, with a reduction in the activity of hepatic carnitine

palmitoyltransferase but no effect on glucose-6-phosphate dehydrogenase and
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fatty acid synthase (Khedara et al. 1996, 1999). In contrast, Zheng et al. (2002)
reported that parenterally fed rats treated with L-NAME for seven days had
increased hepatic triglyceride and cholesterol levels. In rabbits fed with a
semipurified, cholesterol-free, casein diet, NO donors such as sodium nitroprusside
prevented an increase in LDL cholesterol but did not alter hepatic lipid levels after
four weeks (Kurowska and Carroll 1998). In agreement with this, NO-donating
morpholine derivatives can act as hypolipemic and antioxidant agents by inhibiting
lipid peroxidation and reducing cholesterol (especially LDL) and triglyceride levels
(Chrysselis et al. 2002). The mechanisms by which NO modulates lipid
accumulation in hepatic tissue have not been fully elucidated but probably involve
the stimulation of soluble guanylate cyclase with the formation of cGMP and
subsequent activation of a cGMP-dependent protein kinase (PKG), and the
mobilization of intracellular calcium (Garcia-Villafranca et al. 2003).

NO can modulate the activity of CYP-450 by forming complexes with the
iron in the heme moiety of these enzymes (Ebel et al. 1975), and NO released from
NO donors, such as NOC7, sodium nitroprusside and SNAP inhibits CYP450
(Donato et al. 1997: Gergel et al. 1997). In agreement with this finding,
endogenous NO formation contributes to the rapid loss of CYP-450 activity in
cultured hepatocytes (Lopez-Garcia 1998), and enhanced NO production accounts
for the inhibition of CYP-450 expression and activity in response to cytokines (TNF-
a, IL-1p and IFN-y) (Stadler et al. 1994; Carlson and Billings 1996; Donato et al.
1997) and Escherichia coli lipopolysaccharide (LPS) (Takemura et al. 1995) in
vitro. The inhibitory action of NO on CYP-450 seen in vitro (Stadler et al. 1994;
Carlson and Billings 1996; Donato et al. 1997) and in vivo (Muller et al. 1996;
Khatsenko and Kikkawa 1997) can be prevented or reversed by NOS inhibitors
such as L-NAME and L-N®-monomethyl-arginine (L-NMMA).

Whereas various studies have investigated the importance of NO formation
on CYP-450 expression and activities in vitro (Stadler et al. 1994; Takemura et al.
1995; Carlson and Billings 1996; Donato et al. 1997) and in vivo (Sewer and

Morgan 1998; Sewer et al. 1998) in response to stimuli such as cytokines and LPS,
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few reports have examined the possible influence of a long-term reduction in NO
availability on CYP450 expression and activity. As shown here, treatment with L-
NAME for 2-8 weeks did not alter the basal or drug-induced expression and
activities of the CYP450 isoforms in any of the intervals studied. These
observations indicate that a prolonged reduction in NO availability does not
adversely affect basal CYP450 activities or the ability of the liver to respond to
enzyme inducers. These findings also agree with studies indicating that elevated
rather than reduced levels of NO are important in regulating CYP450s in vitro and
in vivo.

In conclusion, the chronic inhibition of NO biosynthesis in rats resulted in
hepatic vascular alterations similar to those seen in cardiac, cerebral and renal
tissues, and were mediated largely by angiotensin Il. In addition, a prolonged
reduction in NO formation enhanced hepatic glycogen levels but had no adverse
effect on the basal and induced expression and activities of selected CYP450

isoforms.

Acknowledgments

The authors thank José llton dos Santos for technical assistance, Dr. Luzia
Modolo (Department of Biochemistry, Institute of Biology, UNICAMP) for help with
the NOS activity assays, Dr. Patrick M. Dansete (Laboratoire de Chemie et de
Biochime Pharmacologiques et Toxicologiques, Paris, France) for providing the
tienilic acid, Dr. Aureo T. Yamada (Department of Histology and Embryology,
Institute of Biology, UNICAMP) for the use of the microscope and image analysis
system and Dr. José E. Belizario (Departament of Pharmacology, Institute of
Biochemical Sciences, University of Sao Paulo, Sdo Paulo, Brazil for use tehe
fluorimeter. C.A.B.T. is supported by a doctoral studentship from the Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP, grant no. 00/02083-0).
I.S., MAA.C.H. and S.H. are supported by research fellowships from the Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPg).

59



CAPITULO 1

References

Alexander B (1998) The role of nitric oxide in hepatic metabolism. Nutrition 14:376-
390

Aitken AE, Richardson TA, Morgan ET (2005) Regulation of drug metabolizing
enzymes and transporters in inflammation. Annu Rev Pharmacol Toxicol
46:123-149.

Bernhardt R (1996) Cytochrome P450: structure, function, and generation of

reactive oxygen species. Rev Physiol Biochem Pharmacol 127:137-221

Borgs M, Bollen M, Keppens S, Yap SH, Stalmans W, Vanstapel F (1996)
Modulation of basal hepatic glycogenolysis by nitric oxide. Hepatology 23:1564-
1571

Borzychowski AM, Chantakru S, Minhas K, Paffaro VA, Yamada AT, He H, Korach
KS, Croy BA (2003) Functional analysis of murine uterine natural killer cells

genetically devoid of oestrogen receptors. Placenta 24:403-411

Brass EP, Vetter WH (1993) Inhibition of glucagon-stimulated glycogenolysis by S-
nitroso-N-acetylpenicillamine. Pharmacol Toxicol 72:369-372

Burke MD, Mayer RT (1983) Differential effects of phenobarbitone and 3-
methylcholanthrene induction on the hepatic microsomal metabolism and
cytochrome P540 binding of phenoxazone and a homologous series of its n-

alkyl esters (alkoxyresorufins). Chem Biol Interact 45:243-258

Burke MD, Thompson S, Elcombe CR, Halpert J, Haaparanta T, Mayer RT (1985)
Ethoxy- pentoxy- and benzyloxyphenoxazones and homologues: a series of
substrates to distinguish between different induced cytochromes P-450.
Biochem Pharmacol 34:3337-3345

60



CAPITULO 1

Carlson TJ, Bilings RE (1996) Role of nitric oxide in the cytokine-mediated
regulation of cytochrome P-450. Mol Pharmacol 49:796-801

Casada M, Diaz-Guerra MJ, Bosca L, Martin-Sanz P (1996) Characterization of
nitric oxide dependent changes in carbohydrate hepatic metabolism during
septic shock. Life Sci 58:561-572

Chrysselis MC, Rekka EA, Siskou IC, Kourounakis PN (2002) Nitric oxide releasing
morpholine derivatives as hypolipidemic and antioxidant agents. J Med Chem
45:5406-5409

Clejan LA, Cederbaum Al (1992) Role of cytochrome P450 in the oxidation of
glycerol by reconstituted systems and microsomes. FASEB J 6:765-770

Donato MT, Guillén MI, Jover R, Castel JV, Gomez-Lechon MJ (1997) Nitric oxide-
mediated inhibition of cytochrome P450 by interferon-y in human hepatocytes. J
Pharmacol Exp Ther 281:484-490

Donato MT, Ponsoda X, O'Connor E, Casteli JV, Gémez-Lechdén J (2001) Role of
endogenous nitric oxide in live-specific functions and survival of cultured rat
hepatocytes. Xenobiotica 31:249-264

Dupuis M, Soubrier F, Brocheriou |, Raoux S, Haloui M, Louedec L, Michel JB,
Nadaud S (2004) Profiling of aortic smooth muscle cell gene expression in
response to chronic inhibition of nitric oxide synthase in rats. Circulation
110:867-873

Ebel RE, O’Keefe DH, Peterson JA (1975) Nitric oxide complexes of cytochrome
P450. FEBS Lett 55:198-201

Folch J, Lees M, Stanley GHS (1957) A simple method for the isolation and
purification of total lipids from animal tissues. J Biol Chem 226:497-509

61



CAPITULO 1

Garcia-Villafranca J, Guillen A, Castro J (2003) Involvement of nitric oxide/cyclic
GMP signaling pathway in the regulation of fatty acid metabolism in rat
hepatocytes. Biochem Pharmacol 65:807-812

Gergel D, Misik V, Riesz P, Cederbaum Al (1997) Inhibition of rat and human
cytochrome P450 2E1 catalytic activity and reactive oxygen radical formation by
nitric oxide. Arch Biochem Biophys 337:239-250

Gonzalez W, Fontaine V, Pueyo ME, Laquay N, Messika-Zeitoun D, Philippe M,
Arnal J-F, Jacob MP, Michel JB (2000) Molecular plasticity of vascular wall
during N®-nitro-L-arginine methyl ester-induced hypertension - modulation of

proinflammatory signals. Hypertension 36:103-109

Guengrich FP (1987) Mammalian cytochromes P450. Vol. 1 and 2. CRC Press,
Boca Raton, FL

Haugen DA, Coon MJ (1976) Properties of electrophoretically homogenous
phenobarbital-inducible forms of liver microsomal cytochrome P-450. J Biol
Chem 251:7929-7939

Hodgson PD, Renton KW (1995) The role of nitric oxide generation in interferon-
evoked cytochrome P450 down-regulation. Int J Immunopharmacol 17:995-
1000

Hothi SK, Leach RP, Titheradge MA (1988) Comparison of the effects of
[Leulenkephalin and angiotensin on hepatic carbohydrate and cyclic nucleotide
metabolism. Biochem J 249:669-676

Hropot M, Grotsch H, Klaus E, Langer KH, Linz W, Wiemer G, Scholkens BA
(1994) Ramipril prevents the detrimental sequels of chronic NO synthase
inhibition in rats: hypertension, cardiac hypertrophy and renal insufficiency.
Naunyn-Schmiedeberg’s Arch Pharmacol 350:646-652

62



CAPITULO 1

Hropot M, Langer KH, Wiemer G, Grétsch H, Linz W (2003) Angiotensin Il subtype
AT, receptor blockade prevents hypertension and renal insufficiency induced by
chronic NO-synthase inhibition in rats. Naunyn-Schmiedeberg’s Arch
Pharmacol 367:312-317

Hsieh NK, Wang JY, Liu JC, Lee WH, Chen HI (2004) Structural changes in
cerebral arteries following nitric oxide deprivation: a comparison between

normotensive and hypertensive rats. Thromb Haemost 92:162-170

Ikegaki I, Hattori T, Yamaguchi T, Sasaki Y, Satoh Sl, Asano T, Shimokawa H
(2001) Involvement of Rho-kinase in vascular remodeling caused by long-term
inhibition of nitric oxide synthesis in rats. Eur J Pharmacol 427:69-75

Jones BE, Czaja MJ (1998) Mechanisms of hepatic toxicity. Ill. Intracellular
signaling in response to toxic liver injury. Am J Physiol 275:G874-G878

Jover B, Mimran A (2001) Nitric oxide inhibition and renal alterations. J Cardiovasc
Pharmacol 38 (suppl. 2):S65-S70

Kaplowitz N (2000) Mechanisms of liver cell injury. J Hepatol 32 (suppl. 1): 39-47

Kataoka C, Egashira K, Inoue S, Takemoto M, Ni W, Koyanagi M, Kitamoto S, Usui
M, Kaibuchi K, Shimokawa H, Takeshita A (2002) Important role of Rho-kinase
in the pathogenesis of cardiovascular inflammation and remodeling induced by

long-term blockade of nitric oxide synthesis in rats. Hypertension 39:245-250

Katoh M, Egashira K, Usui M, Ichiki T, Tomita H, Shimokawa H, Rakugi H,
Takeshita A (1998) Cardiac angiotensin Il receptors are upregulated by long-
term inhibition of nitric oxide synthesis in rats. Circ Res 83:743-751

Khatsenko O (1998) Interactions between nitric oxide and cytochrome P-450 in the
liver. Biochemistry (Moscow) 63:833-839



CAPITULO 1

Khatsenko O, Kikkawa Y (1997) Nitric oxide differentially affects constitutive
cytochrome P450 isoforms in rat liver. J Pharmacol Exp Ther 280:1463-1470

Khedara A, Goto T, Morishima M, Kayashita J, Kato N (1999) Elevated body fat in
rats by the dietary nitric oxide synthase inhibitor, L-N omega nitroarginine.
Biosci Biotechnol Biochem 63:698-702

Khedara A, Kawai Y, Kayashita J, Kato N (1996) Feeding rats the nitric oxide
synthase inhibitor, L-N(omega)nitroarginine, elevates serum triglyceride and
cholesterol and lowers hepatic fatty acid oxidation. J Nutr 126:2563-2567

Kitano T, Okumura T, Nishizawa M, Liew SY, Seki T, Inoue K, Ito S (2002) Altered
response to inflammatory cytokines in hepatic energy metabolism in inducible

nitric oxide synthase knockout mice. J Hepatol 36:759-765

Koop DR (1986) Hydroxylation of p-nitrophenol by rabbit ethanol-inducible
cytochrome P-450 isozyme 3a. Mol Pharmacol 29:399-404

Kurowska EM, Carroll KK (1998) Hypercholesterolemic properties of nitric oxide. In
vivo and in vitro studies using nitric oxide donors. Biochim Biophys Acta
1392:41-50

Laemmli UK (1970) Cleavage of structural proteins during assembly of the head of
bacteriophage T4. Nature 222:680-685

Li-Masters T, Morgan ET (2002) Down-regulation of phenobarbital-induce
cytochrome P4502B mRNAs and proteins by endotoxin in mice independent
from nitric oxide production by inducible nitric oxide synthase. Biochem
Pharmacol 64:1703-1711

Lo S, Russel JC, Taylor AW (1970) Determination of glycogen in small tissue
samples. J Appl Physiol 28:234-236

64



CAPITULO 1

Lopez-Garcia MP (1998) Endogenous nitric oxide is responsible for the early loss
of P450 in cultured rat hepatocytes. FEBS Lett 438:145-149

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement with
the Folin phenol reagent. J Biol Chem 193:265-275

Machado LJ, Mihessen-Neto |, Marubayashi U, Reis AM, Coimbra CC (1995)
Hyperglycemic action of angiotensin Il in freely moving rats. Peptides 16:479-
483

Martens FMAC, Demeilliers B, Girardot D, Daigle C, Dao HH, deBlois D, Moreau P
(2002) Vessel-specific stimulation of protein synthesis by nitric oxide synthase
inhibition. Role of extracellular signal-regulated kinases 1/2. Hypertension
39:16-21

Minamino T, Kitakaze M, Papst PJ, Ueda Y, Sakata Y, Asanuma H, Ogai A,
Kuzuya T, Terada N, Hori M (2000) Inhibition of nitric oxide synthesis induced
coronary vascular remodeling and cardiac hypertrophy associated with the
activation of p70 S6 kinase in rats. Cardiovasc Drugs Ther 14:533-542

Moncada S, Palmer RMJ, Higgs EA (1991) Nitric oxide: physiology,
pathophysiology and pharmacology. Pharmacol Rev 43:100-142

Monshouwer M, Witkamp RF, Nijmeijer SM, Van Amsterdam JG, Van Miert
ASJPAM (1996) Suppression of cytochrome P450- and UDP glucuronosyl
transferase-dependent enzyme activities by proinflammatory cytokines and
possible role of nitric oxide in primary cultures of pig hepatocytes. Toxicol Appl
Pharmacol 137:237-244

Moreno Jr. H, Metze K, Bento AC, Antunes E, Zatz R, de Nucci G (1996) Chronic
nitric oxide inhibition as a model of hypertensive heart muscle disease. Basic
Res Cardiol 91:248-255

65



CAPITULO 1

Moreno Jr H, Nathan LP, Metze K, Costa SKP, Antunes E, Hyslop S, Zatz R, de
Nucci G (1997) Non-specific inhibitors of nitric oxide synthase cause myocardial
necrosis in the rat. Clin Exp Pharmacol Physiol 24:349-352

Morgan ET, Li-Masters T, Cheng P-Y (2002) Mechanisms of cytochrome P450
regulation by inflammatory mediators. Toxicology 181-182:207-210

Morgan ET, Sewer MB, Iber H, Gonzalez FJ, Lee Y-H, Tukey RH, Okino S, Vu T,
Chen Y-H, Sidhu JS, Omiecinski CJ (1998) Physiological and
pathophysiological regulation of cytochrome P450. Drug Metab Dispos
26:1232-1240

Maller CM, Scierka A, Stiller RL, Kim Y-M, Cook DR, Lancaster Jr JR, Buffington
CW, Watkins WD (1996) Nitric oxide mediates hepatic cytochrome P450
dysfunction induced by endotoxin. Anesthesiology 84:1435-1442

Muriel P (2000) Regulation of nitric oxide synthesis in the liver. J Appl Toxicol
20:89-195

Neau E, Dansette PM, Andronik V, Mansuy D (1990) Hydroxylation of the
thiophene ring by hepatic monooxygenases. Evidence for 5-hydroxylation of 2-
aroylthiophenes as a general metabolic pathway using a simple UV-visible
assay. Biochem Pharmacol 39:1101-1107

Omura T, Sato R (1964) The carbon monoxide-binding pigment of liver
microsomes. 1. Evidence for its hemoprotein nature. J Biol Chem 239:2370-
2378

Okruhlicova L, Tribulova N, Bernatova |, Pechanova O (2000) Induction of

angiogenesis in NO-deficient rat heart. Physiol Res 49:71-76

66



CAPITULO 1

Pereira LMM, Bezerra DG, Mandarim-de-Lacerda CA (2003) Enalapril and
verapamil attenuate the aortic wall remodeling in nitric oxide deficiency. Int J
Morphol 21:9-14

Pereira LMM, Mandarim-de-Lacerda CA (1999) Quantitative study of myocardial
microcirculation in arterial hypertension due to progressive inhibition of NO
synthesis. Arq Bras Cardiol 73:407-418

Pereira LMM, Mandarim-de-Lacerda CA (2001) Stereology of cardiac hypertrophy
induced by NO blockade in rats treated with enalapril and verapamil. Anal
Quant Cytol Histol 23:330-338

Pessanha MG, Mandarin-de-Lacerda CA (2000) Influence of the chronic nitric
oxide synthesis inhibition on cardiomyocytes number. Virchows Arch 437:667-
674

Pfeilschifter J, Eberhardt W, Beck KF (2001) Regulation of gene expression by
nitric oxide. Pfligers Arch Eur J Physiol 442:479-486

Pilz RB, Casteel DE (2003) Regulation of gene expression by cyclic GMP. Circ
Res 93:1034-1046

Ribeiro M, Antunes E, De Nucci G, Lovisolo SM, Zatz R (1992) Chronic inhibition
of nitric oxide synthesis: a new model of arterial hypertension. Hypertension
20:298-303

Ribeiro Jr EA., Cunha FQ, Tamashiro WM, Martins IS (1999) Growth phase-
dependent subcellular localization of nitric oxide synthase in maize cells. FEBS
Lett 445:283-286

Sanada S, Kitakaze M, Node K, Takashima S, Ogai A, Asanuma H, Sakata Y,
Asakura M, Ogita H, Liao Y, Fukushima T, Yamada J, Minamino T, Kuzuya T,
Hori M (2001) Differential subcellular actions of ACE inhibitors and AT, receptor

67



CAPITULO 1

antagonists on cardiac remodeling induced by chronic inhibition of NO

synthesis in rats. Hypertension 38:404-411

Sanada S, Node K, Minamino T, Takeshima S, Ogai A, Asanuma H, Ogita H, Liao
Y, Asakura M, Kim J, Hori M, Kitakase M (2003) Long-lasting Ca®** blockers
prevent myocardial remodeling induced by chronic NO inhibition in rats.
Hypertension 41:963-967

Sewer MB, Barclay TB, Morgan ET (1998) Down-regulation of cytochrome P450
mRNAs and proteins in mice lacking a functional NOS2 gene. Mol Pharmacol
54:273-279

Sewer MB, Morgan ET (1997) Nitric oxide-independent suppression of P-450 2C
11 expression by interleukin-1p and endotoxin in primary rat hepatocytes.
Biochem Pharmacol 54:729-737

Sewer MB, Morgan ET (1998) Down-regulation of the expression of three major rat
liver cytochrome P450S by endotoxin in vivo occurs independently of nitric
oxide production. J Pharmacol Exp Ther 287:352-358

Simko F, Simko J (2000) The potential role of nitric oxide in the hypertrophic
growth of the left ventricle. Physiol Res 49:37-46

Sprangers F, Sauerwein HP, Romijn JA, van Woerkom GM, Meijer AJ. (1998)
Nitric oxide inhibits glycogen synthesis in isolated rat hepatocytes. Biochem J
330:1045-1049

Stadler J, Trockfeld J, Schmalix WA, Brill T, Siewert JR, Greim H, Doehmer J
(1994) Inhibition of cytochrome P4501A by nitric oxide. Proc Natl Acad Sci USA
91:3559-3563

Suzuki T, Fujita S, Narimatsu S, Masubuchi Y, Tachibana M, Ohata S, Hirobe M
(1992) Cytochrome P450 isozymes catalyzing 4-hydroxylation of Parkinsonism-

68



CAPITULO 1

related compound 1,2 3 4-tetrahydroisoquinoline in rat liver microsomes.
FASEB J 6:771-776

Takemoto M, Egashira K, Tomita H, Usui M, Okamoto H, Kitabatake A,
Shimokawa H, Sueishi K, Takeshita A (1997a) Chronic angiotensin-converting
enzyme inhibition and angiotensin Il type-1 receptor blockade: effects on
cardiovascular remodeling in rats induced by the long-term blockade of nitric
oxide synthesis. Hypertension 30:1621-1627

Takemoto M, Egashira K, Usui M, Numaguchi K, Tomita H, Tsutsui H, Shimokawa
H, Sueishi K, Takeshita A (1997b) Important role of tissue angiotensin-
converting enzyme activity in the pathogenesis of coronary vascular and
myocardial structural changes induced by long-term blockade of nitric oxide
synthesis in rats. J Clin Invest 99:278-287

Takemura S, Minamiyama Y, Imaoka S, Funae Y, Hirohashi K, Inoue M, Kinoshita
H (1999) Hepatic cytochrome P-450 is directly inactivated by nitric oxide, not by
inflammatory cytokines, in the early phase of endotoxemia. J Hepatol 30:1035-
1044

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications.
Proc Natl Acad Sci USA 76:4350-4354

Young HM, O’Brien AJ, Furness JB, Ciampoli D, Hardwick JP, McCabe TJ,
Narayanasami R, Masters BSS, Tracey WR (1997) Relationships between
NADPH diaphorase staining and neuronal, endothelial and inducible nitric oxide
synthase and cytochrome P450 reductase immunoreactivities in guinea-pig
tissues. Histochem Cell Biol 107:19-29

Zatz R, Baylis C (1998) Chronic nitric oxide inhibition model six years on.
Hypertension 32:958-964.

69



CAPITULO 1

Zheng JF, Wang HD, Liang LJ (2002) Protective effects of nitric oxide on hepatic
steatosis induced by total parenteral nutrition in rats. Acta Pharmacol Sin
23:824-828.

70



CAPITULO 1

Figure legends

Figure 1. Histological alterations in hepatic tissue of L-NAME-treated rats. L-NAME
(20 mg/rat/day, p.o.) was administered in the drinking water for two weeks. Control
rats received water without inhibitor. The panels show the appearance of hepatic
zones | (periportal zone), Il (intermediary zone) and Il (centrolobular zone) in
control (a,c,e) and L-NAME-treated (b,d,f) rats. Note the loss of the hepatic acinar
architecture and the polyhedral aspect of hepatocytes, mainly in zones | and II.
Note also the marked perinuclear unstained areas or “vacuolation” (resulting from
increased glycogen storage) in hepatocytes of zones | and Il, the parenchymal
compactness resulting from collapsed sinusoidal capillaries, and the poorly visible
hepatic plates. Similar changes were seen in rats treated with L-NAME for four and
eight weeks. In all cases, the L-NAME-induced alterations were reverted by
concomitant treatment with enalapril (25 mg/kg/day, p.o.) or losartan (30

mg/kg/day, p.o.) (not shown). HE. Bar corresponds to 40 pym.

Figure 2. Focal cellular infiltration (arrow) in the portal space (zone |) after
treatment with L-NAME for four weeks (HE). Staining with picrosirius showed that
this infiltration was not accompanied by extracellular matrix (collagen fiber)
deposition (not shown). Bar corresponds to 12.5 um.

Figure 3. Micrograph of a portal space showing arterial vessel wall hypertrophy
induced by L-NAME. Panels a-d show liver sections from control rats (a) and rats
treated with L-NAME (LN, 20 mg/rat/day, p.o., four weeks) (b), LN + enalapril
(Enal, 25 mg/kg/day, p.o.) (c) and LN + losartan (Los, 30 mg/kg/day, p.o.) (d). Note
that treatment with enalapril and losartan reverted the vessel wall hypertrophy,
which affected mainly the endothelium and muscle fibers (the tunica intima and
tunica media, respectively). Similar changes were seen in rats treated with L-
NAME for two and eight weeks. HE. Bar corresponds to 12.5 um. Vessel wall
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thickness was expressed as the ratio of the total vessel cross-sectional area
divided by the vessel lumen cross-sectional area (e). The columns represent the
mean + SD of 50 vessels from five rats/group. *p<0.001 compared to the

corresponding controls (ANOVA followed by the Bonferroni test).

Figure 4. Perivascular deposition of collagen in L-NAME-treated rats. Panels a-d
show liver sections from control rats (a) and rats treated with L-NAME (LN, 20
mg/rat/day, p.o., four weeks) (b), LN + enalapril (25 mg/kg/day, p.o.) (c) and LN +
losartan (30 mg/kg/day, p.o.) (d). Note the extensive collagen fiber deposition in
LN-treated rats and that treatment with enalapril and losartan prevented this
phenomenon. Similar changes were seen in rats treated with L-NAME for two and

eight weeks. Picrosirius staining. Bar corresponds to 150 pm.

Figure 5. Glycogen accumulation in the liver of L-NAME-treated rats. Rats were
treated with L-NAME, enalapril and losartan as described in Figure 3 and glycogen
was quantified as described in Methods. The columns represent the mean + SD of
five rats/group. *p<0.001 compared to the corresponding controls (ANOVA

followed by the Bonferroni test).

Figure 6. Cytochrome P450 activities in control and L-NAME-treated rats. The
rats were treated with L-NAME (20 mg/kg/day, p.o.) as described in Methods. In
some experiments, the rats were also treated concomitantly with phenobarbital
(Pheno; 80 mg/kg/day each, i.p., 4 d; to induce CYP2B1/2, B-naphthoflavone (B-
Naphtho; 80 mg/kg/day each, i.p., 4 d; to induce CYP1A1/2) or pyrazole (Pyraz;
200 mg/kg/day, i.p., 2 d) (to induce CYP2E1). Note that CYP2C11 activity
(constitutive) is shown only for control and L-NAME-treated rats without inducers
The columns represent the mean + SD of six rats/group. *p<0.001 compared to the

corresponding controls. AFU, arbitrary fluorescence units.
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Figure 7. Cytochrome P450 expression in control and L-NAME-treated rats. The
rats were treated with L-NAME (20 mg/kg/day, p.o.) and the livers then processed
for western blotting as described in Methods. One hundred micrograms of protein
were applied to each lane. The columns represent the mean + SD of five
rats/group. There was no significant differences in the expression levels of the

various isoforms between the two groups in a given treatment interval.
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Table 1: Body weights and arterial blood pressure measurements in the different

groups of rats studied.

Body weight (g)

Systolic blood pressure (mm Hg)

Treatment n 2 4 8 2 4 8

Control 8 233+15 280+20 302+10 118+9 120+9 1177
L-NAME 8 245+16 273+33 305+36 168+ 10* 171+ 13* 189+ 10
Losartan 5 224+15 270+29 339+27 127+5 117+9 108+8
L-NAME + Losartan 5 218+10 272+29 317+16 143+10* 142+6* 129:10
Enalapril 5 228+16 260+14 308+3 125+9 115+5 105%5
L-NAME+ Enalapril 5 232+21 272+22 303+9 140+4"* 141+6"* 1237
Phenobarbital 6 218+7 269+15 369+12 118+8 119+7 109+9
L-NAME + Phenob 6 225+11 250+10 335+12 166+ 13* 172+9* 183+8*
Pyrazole 6 244+6 276+19 359+17 116+9 113+8 122+6
L-NAME +Pyrazole 6 220+11 262+22 345+27 175+6* 175+7* 183+9"
B-Naphthoflavone 6 244+4 287+11 351+11 125+9 124+9 123+6
L-NAME + B-Naphtho 6 247+6 255+8 350+18 158+ 18* 177 +12* 182+ 11"

The values are the mean + SD of the number of rats (n) indicated. *p<0.05

compared to the corresponding control group. #p<0.05 compared to L-NAME

alone.
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Abstract

The short-term inhibition (<8 days) of nitric oxide (NO) biosynthesis by
treatment with N“-nitro-L-arginine methyl ester (L-NAME), a non-specific inhibitor
of NO synthase, produces hypertension and alters the expression of some proteins
and receptors. In this study, we examined the effect of short-term treatment with L-
NAME on rat liver morphology, glycogen and lipid content, matrix
metalloproteinase (MMP-2 and MPP-9) expression, and cytochrome P450
(CYP1A1/2, CYP2B1/2, CYP2C11 and CYP2E1) activities and expression. Male
Wistar rats received L-NAME (20 mg/rat/day, administered in the drinking water)
for four and eight days after which the livers were removed and processed for
analysis. Treatment with L-NAME significantly elevated the blood pressure and
caused vascular hypertrophy in hepatic arteries, with perivascular and interstitial
fibrosis involving collagen deposition. All of these changes were reversed by
concomitant treatment with enalapril (25 mg/kg/day) or losartan (30 mg/kg/day).
Treatment with L-NAME enhanced the expression of MMP-2 and MMP-9 in vessel
walls, but did not affect the hepatic content of cholesterol or triglycerides, or the
basal or drug (phenobarbital, B-naphthoflavone or pyrazole)-induced activities and
protein expression of cytochrome P450 isoforms. These results show that the
short-term inhibition of NO biosynthesis produces selective changes in hepatic
morphology and some biochemical parameters. The ability of enalapril and
losartan to attenuate these effects indicates involvement of the renin-angiotensin
system.

Keywords: angiotensin-converting enzyme, chronic inhibition, cytochrome P450,

hypertension, liver, nitric oxide, vascular hypertrophy
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1. Introduction

Numerous studies have shown that the prolonged inhibition of nitric oxide
(NO) biosynthesis leads to hypertension and a variety of morphological alterations
in various structures, particularly the vasculature (Arnal et al., 1992; Baylis et al.,
1992; Ribeiro et al., 1992; see Zatz and Baylis, 1998, and Jover and Mimran,
2001). The cellular effects observed include infarction, necrosis and apoptosis
(Moreno et al,, 1995, 1997; Takemoto et al., 1997a,b; Pechanova and Bernatova,
1996; Pereira and Mandarim-de-Lacerda, 2001; Pessanha and Mandarim-de-
Lacerda, 2000), as well as an increase in arterial wall thickness and left ventricular
hypertrophy with tissue remodeling (Kristek et al., 1996; Takemoto et al., 1997a,b)
and angiogenesis (Okruhlicova et al., 2000). In renal tissue, there is glomerular
ischemia with glomerulesclerosis, interstitial fibrosis (involving the infiltration by
fibroblasts and deposition of collagen) and vascular lesions that may result in
glomerular collapse (Baylis et al., 1992; Ribeiro ef al.,, 1992; Fujihara et al., 1994;
Yamada et al., 1996; Zatz and Baylis, 1998; Jover and Mimran, 2001; Hsieh et al.,
2004). Many of these alterations, particularly the arterial wall thickness and left
ventricular hypertrophy, are mediated to a large extent by the renin-angiotensin
system (RAS) since treating rats with angiotensin-converting enzyme (ACE)
inhibitors such as captopril and enalapril, or with angiotensin Il AT; receptor
antagonists such as losartan restores blood pressure to near normal levels (Zatz
and Baylis, 1998; Jover and Mimran, 2001).

Some studies have also examined the physiological effects of short-term NO
inhibition. Usui et al. (1998) reported an increase in the mRNA levels and number
of AT;aand AT;g receptors (but not of AT, receptors) for angiotensin Il in adrenal
gland after one week of treatment with N”-nitro-L-arginine methyl ester (L-NAME).
Katoh et al. (1998) described a similar phenomenon for AT, and AT, receptors in
cardiac tissue of rats after one week of treatment with L-NAME, with the changes
disappearing after four weeks of treatment. In addition, treatment with L-NAME for
up to one week results in augmented inflammatory responses, including enhanced

monocyte adhesion to the endothelium, infiltration of monocytes, increased
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expression of monocyte chemoattractant protein (MCP-1), P-selectin, intracellular
adhesion molecule (ICAM)-1 and TGF-B; vascular endothelial growth factor
(VEGF), and type | collagen in cardiac tissue and blood vessels (Tomita et al.,
1998a,b; Koyanagi et al., 2000a,b; Zhao et al., 2002; Kataoka ef al., 2004).

Since NO has an important role in modulating hepatic vascular tone and in
cytoprotection (Alexander, 1998; Taylor et al., 1998; Clemens, 1999; Muriel, 2000),
and since NO can influence the expression of numerous genes (Pfeilschifter et al.,
2001; Piz and Casteel, 2003), enzyme activities (Takemoto et al, 1997a,b;
Khatsenko, 1998; Gonzalez et al, 2000) and intracellular signaling molecules
(Minamino et al., 2000; Martens ef al., 2002; lto et al., 2004), we have investigated
the effect of inhibiting NO biosynthesis for up to eight days on liver morphology,
glycogen and lipid content, matrix metalloproteinase (MMP-2 and MMP-9)
expression, and the activities and expression of selected cytochrome P450
isoforms (CYP1A1/2, CYP2B1/2, CYP2C11 and CYP2E1).

2. Material and methods
2.1. Reagents

L-arginine, L-citrulline, L-aminoguanidine, bovine serum albumin,
calmodulin, dithiothreitol, D-glucose-6-phosphate dehydrogenase, D-glucose-6-
phosphate disodium hydrate, ethoxyresorufin, FAD (flavine-adenine-dinucleotide),
FMN  (flavine-adenine-mononucleotide), = NADP  (B-nicotinamide  adenine
dinucleotide phosphate, sodium salt)) NADPH (B-nicotinamide adenine
dinucleotide phosphate), f-naphthoflavone, 4-nitrocatechol, p-nitrophenol, N“-nitro-
L-arginine methyl ester (L-NAME), 7-pentoxyresorufin and pyrazole were from
Sigma Chemical Co. (St. Louis, MO, USA). Acrylamide, ammonium persulfate, [U-
14C]arginine, Coomassie brilliant blue R250, donkey anti-mouse IgG-peroxidase
conjugate, glycerol, Hybond-P PVDF membrane (0.45 um), N,N-methylene bis-
acrylamide, sodium dodecyl sulphate (SDS), N,N,N’,N’-tetramethylenediamine
(Temed) and Tris base were from Amersham Biosciences (Piscataway, NJ, USA).
Anti-mouse IgG monoclonal antibodies to CYP1A1/2, CYP2B1/2, CYP2C11 and
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CYP2E1 were from Oxford Biomedicals (Oxford, OH, USA). Tienilic acid was a
generous gift from Dr. Patrick M. Dansete (Laboratoire de Chemie et de Biochime
Pharmacologiques et Toxicologiques, Paris, Franga). Flat-bottomed 96-well plates
were from Corning (Corning, MA, USA), chemiluminescence kits (SuperSignal,
West Pico) were from Pierce Chemicals (Rockford, IL, USA) and photographic film
was from Kodak (Sao José dos Campos, SP, Brazil). Sodium pentobarbital
(Hypnol®) was obtained from Cristalia IndGstria Farmacéutica (ltapira, SP, Brazil).
Formalin (10%) and solvents for histology were from Synth (Sao Paulo, SP, Brazil).
Paraffin (Histosec), hematoxylin, eosin, periodic acid-Schiff reagent and entellan
were from Merck (Rio de Janeiro, RJ, Brazil). Kits for the quantification of HDL
cholesterol and triglycerides were from Laborlab (Sao Paulo, SP, Brazil) and those
for LDL cholesterol were from Wiener (Rosario, Argentina). Other reagents of

analytical grade were obtained from Baker or Merck.

2.2.  Animals

Male Wistar rats (~150 g at the start of the experiment) were supplied by the
Multidisciplinary Center for Biological Investigation (CEMIB-UNICAMP) and were
housed at 23+1°C on a 12 h light/dark cycle with food and water ad libitum. The
experiments described here were done in accordance with the guidelines

established by the Brazilian College for Animal Experimentation (COBEA).

2.3.  Treatment with L-NAME and blood pressure measurements

Rats were treated with L-NAME (20 mg/rat/day) given in their drinking water
(Ribeiro et al., 1992) for four and eight days. The amount of L-NAME ingested was
calculated based on the water intake of the rats which was monitored daily. Control
rats received tap water alone. The rats were weighed and tail blood pressure was
measured by a tail-cuff method (Kent Instruments).

In some experiments, rats treated with L-NAME also received losartan (30

mg.kg™ day™) or enalapril (25 mg.kg™'.day™) to block angiotensin Il AT, receptors
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and inhibit ACE activity, respectively. These inhibitors were given in the drinking
water together with L-NAME (Hropot et al., 2003; Pereira et al., 2003).

2.4. Cytochrome P450 induction

To induce selected cytochrome P450s, control and L-NAME-treated rats
received phenobarbital (to induce CYP2B1/2), B-naphthoflavone (to induce
CYP1A1/2) (80 mg/kg/day each, i.p., 4 d) (Suzuki et al., 1992) or pyrazole (200
mg/kg/day, i.p., 2 d) (to induce CYP2E1) (Clejan and Cederbaum, 1992) prior to
sacrificing.

2.5. NOS activity
Liver NOS activity was measured by the method of Rees et al. (1995), as
described by Ribeiro Jr. et al. (1999) using [°H]L-arginine as substrate. Enzyme

activity was expressed as pmol of [°H]L-citrulline formed/mg of protein/min.

2.6. Histological analysis

At the end of each period of treatment, the rats were anesthetized with
sodium pentobarbital (>50 mg/kg, i.p; Hypnol®) and perfused via the aorta with
heparinized saline to remove blood from the liver. The liver was then excised and
fixed in 10% formalin for 24 h. Fragments of liver were subsequently embedded in
paraffin and sections 5 um thick were cut on a Leica microtome and stained with
hematoxylin-eosin or picrosirius red. The stained sections were examined by light
microscopy using a Nikon Eclipse E800 microscope and images were captured
and processed with Image ProPlus software. Arterial wall thickness was expressed
as the ratio of the vessel total cross-sectional area divided by the vessel lumen
cross-sectional area (10 vessels/rat, 5 rats/group; total of 50 vessels/group)
(Borzychowski et al., 2003). All measurements and analyses were done using the

microscope and software described above.
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2.7. Determination of hepatic lipid and glycogen content

Pentobarbital-anesthetized rats were perfused with heparinized saline and
the livers were collected and frozen in liquid nitrogen prior to storage at -80°C until
used. Hepatic lipids were extracted by the method of Folch et al. (1957) and the
concentrations of triglycerides, HDL-cholesterol and LDL-cholesterol were
measured using commercial kits.

The hepatic glycogen content was determined according to Lo et al. (1970),
with minor modifications. Liver samples were weighed and immersed for 30 min at
100°C in 1 ml of 30% KOH saturated with Na,SO,. Ethanol (95%) (1.5 ml) was
added to precipitate the glycogen from the alkaline digest. The samples were then
centrifuged and the supernatants were carefully aspirated. The pellets were
resuspended in 1 ml of distilled water containing phenol (5%) and concentrated
H2SO4, and the resulting absorbance was read in a Beckman spectrophotometer
(Fullerton, CA, USA) at 490 nm. The results were calculated using a standard
curve of glucose and were expressed in mg of glycogen/100 mg of wet weight of

tissue.

2.8. Preparation of microsomes

Livers were collected from pentobarbital-anesthetized rats as described in
section 2.7. Samples of liver tissue were homogenized in 5-10 volumes of ice-cold
0.1 M potassium phosphate, pH 7.4, containing 1 mM EDTA and 0.15 M KCI, and
then centrifuged (10,000 g for 20 min at 4°C) (Beckman JA 25.5 rotor). The
resulting supernatant (S9) was then centrifuged at 105,000 g (Beckman L5-75Ki
rotor) for 60 min to obtain the microsomes. The microsomal pellets were gently
resuspended in phosphate buffer containing 20% glycerol and stored at -80°C
(Haugen and Coon, 1976; Khatsenko and Kikkawa, 1997). The microsomal
cytochrome P450 content was determined according to Omura and Sato (1964a,b)
using an absorption coefficient of 91 mM'cm™ for P450. Spectral scans were

obtained from 400 nm to 700 nm in a Beckman DU70 spectrophotometer.
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2.9. Protein concentrations

Protein concentrations were determined by the method of Lowry et al

(1951) using bovine serum albumin as standard.

2.10. Enzymatic assays

The activities of CYP1A1/2 and CYP2B1/2 were determined using the
substrates 7-ethoxyresorufin and 7-pentoxyresorufin (5 uM each), respectively, in a
reaction mixture containing 0.1 M Tris-HCI, pH 8, and microsomal protein (50-200
ug). The reaction was started by adding NADPH (final concentration, 250 uM). The
reaction rate was monitored by the increase in fluorescence using a SpectraMax
Gemini XS microplate reader (Molecular Devices, Sunnyvale, CA, USA), with
excitation and emission at 530 nm and 580 nm, respectively (Burke and Mayer,
1983; Burke et al, 1985). Activity was expressed in arbitrary fluorescence
units/mg of protein/min.

The activity of CYP2C11 was measured by the 5-hydroxylation of tienilic
acid (TA). Microsomes (0.2-1.5 mg of protein/ml) were suspended in 0.1 M
phosphate buffer, pH 7.4, containing TA (0.1 mM). The reaction was started by
adding an NADPH-generating system (10 mM glucose-6-phosphate, 1 mM NADP
and 2 units of glucose-6-phosphate/ml) and the increase in absorbance at 390 nm
was monitored for 30 min at 37°C (Neau ef al., 1990). Activity was expressed as
the increase in absorbance/mg of protein/min.

CYP2E1 activity was determined in a reaction mixture containing 0.2 M p-
nitrophenol as substrate, microsomes (1.0-2.0 mg of protein/ml) and 500 pl of 0.1
mM phosphate buffer, pH 6.8. The reaction was initiated by adding NADPH (final
concentration, 1 mM) at 37°C and was terminated after 30 min by adding 250 pl of
0.6 N perchlioric acid followed by centrifugation (4000 rpm). NaOH (50 ul of a 1 M
solution) was added to 500 ul of the resulting supernatant and the absorbance then

read at 510 nm. The amount of 4-nitrocatechol released was determined from a
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standard curve (Koop, 1986) and the activity was expressed as nmol/mg of

protein/min.

2.11. SDS-PAGE and immunoblotting

Aliquots (100 pg) of microsomes prepared as described above were
electrophoresed (100 V constant) in 10% polyacrylamide gels in the presence of
SDS (Laemmli, 1970) and the proteins then electrotransferred (70 mA) to Hybond-
P PVDF membranes (Towbin et al., 1979). The membranes were subsequently
blocked by incubation with 5% milk for 2 h at room temperature, followed by three
washes with buffer (0.01 M Tris-HCI, pH 6.8, 0.17 M NaCl, 0.02% Tween 20) prior
to incubation with appropriate primary antibodies for each cytochrome P450
isoform and detection by chemioluminescence. The immunoreactive bands were
subsequently scanned and analyzed by densitometry using Scion Image® software.

The levels of cytochrome P450 were expressed as arbitrary densitometric units.

2.12. Immunohistochemical detection of MMP-2 and MMP-9

Immunohistochemistry for the detection of MMP-2 and MMP-9 was done as
described by Nikkari et al. (1996), using tissue sections prepared as described in
section 2.6, with primary antibodies against rat MMP-2 (diluted 1:150) and MMP-9
(diluted 1:100) (NeoMarkers, LabVision, USA). A peroxidase-conjugated
secondary antibody (diluted 1:500; Amersham) and (DAB) were used to detect the
MMP antibodies. The labeled sections were viewed and documented as described

in section 2.6.

2.13. Statistical analysis
The results were expressed as the mean + SD. Statistical comparisons were
done using analysis of variance (ANOVA) followed by the Bonferroni test, with

values of P<0.05 indicating significance.
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3. Results
3.1.  Arterial blood pressure measurements

Table 1 shows the body weights and arterial blood pressures of the various
groups of rats studied. There were no significant differences among the body
weights of the different groups. Treatment with L-NAME significantly elevated the
blood pressure in the two intervals studied. This increase in blood pressure was
reversed by treatment with the ACE inhibitor enalapril or the AT; receptor
antagonist losartan, neither of which alone affected blood pressure. None of the
three enzymatic inducers (B-naphthoflavone, phenobarbital and pyrazole) had any
effect on the basal or L-NAME-induced increase in blood pressure. Treatment with
L-NAME significantly (p<0.05) inhibited the NOS activity of hepatic tissue by ~90%

(data not shown).

3.2. Histological alterations and morphometrical analysis

Figure 1 shows the histological appearance of liver parenchyma in control
and L-NAME-treated rats. The hepatic acini of control rats showed a normal
morphology in zones | (Fig. 1A), Il (Fig. 1B) and lll (Fig. 1C), with hepatocytes
radially disposed in interconnected plates and interspersed with hepatic sinusoids.
The livers of L-NAME-treated rats showed a reduced sinusoidal capillary space
and extensive “vacuolation” around the hepatocyte nucleus (Fig. 1D,E,F). The
extensive hepatocyte perinuclear vacuolation and the interstitial expansion were
generally prevented by concomitant treatment with enalapril or losartan (data not
shown).

Compared to control rats, treatment with L-NAME resulted in marked
hepatic arterial vessel wall hypertrophy, with no significant difference in the degree
of hypertrophy among the intervals studied (Fig. 3). In addition, there was
extensive perivascular fibrosis involving the deposition of collagen around portal

vessels, as shown by staining with picrosirius red (Fig. 2). The vessel wall
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hypertrophy and the extracellular matrix deposition were completely prevented by

concomitant treatment with enalapril or losartan.

3.3.  Hepatic lipid and glycogen content

The hepatic levels of HDL cholesterol (23.0+9 and 26.8+11 mg/dl), LDL
cholesterol (20.5+4.3 and 22.0+8 g/l) and triglycerides (134+14 and 127+9 mg/dl)
in control rats after 4 and 8 days, respectively, were not significantly altered by
treatment with L-NAME (data not shown). However, the hepatic glycogen content
increased significantly with L-NAME, and this increase was completely prevented
by concomitant treatment with enalapril or losartan (Fig. 4).

3.4.  Cytochrome P450 activities and expression

Treatment with L-NAME had no significant effect on the basal or induced
CYP activities in the two time intervals studied (Fig. 5). In agreement with this,
western blotting showed that L-NAME did not affect the expression of these

enzymes (Fig. 6).

3.5.  Immunohistochemical detection of MMP-2 and MMP-9

MMP-2 expression was detected in the cytoplasm of hepatocytes in control
and L-NAME-treated rats, although there was no marked difference in the staining
between the control group and those treated with L-NAME for 4 or 8 days. In
contrast, whereas little MMP-2 was detected in normal vessel walls, the presence
of this enzyme was increased in the walls of hypertrophic vessels in L-NAME-
treated rats (Fig. 7A-F). There was little staining for MMP-9 in the liver of control
and L-NAME-treated rats; in the treated groups, staining was associated mainly
with specific cells (mast cells, macrophages) in the vessel walls and surrounding
regions of fibrosis (Fig. 8A-F).
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4. Discussion

Treatment with L-NAME for four or eight days increased the arterial blood
pressure of rats, as also observed by others (Katoh et al, 1998; Tomita et al,
1998a,b; Usui et al., 1998, Koyanagi ef al., 2000a,b; Zhao et al., 2002; Kataoka et
al, 2004). This hypertension was attenuated by concomitant treatment with
enalapril or losartan, indicating involvement of the RAS (Zatz and Baylis, 1998).
The hypertension was accompanied by vascular changes that included vessel wall
hypertrophy and interstitial fibrosis, which were most marked after eight days.
Again, these changes were prevented by concomitant treatment with enalapril or
losartan.

Matrix metalloproteinases (MMPs) are extensively involved in turnover of the
extracellular matrix and in tissue remodeling (Lindsey, 2004), and the activity and
expression of some MMPs in aortic tissue are altered during long-term inhibition of
NO biosynthesis (Gonzalez et al., 2000). In agreement with this, we observed
enhanced immunodetection of MMP-2 and, to a lesser extent, MMP-9, in the
hepatic arterial vessel walls of rats treated with L-NAME for four and eight days.
Increased levels of these enzymes in vessel walls may be mediated by enhanced
formation of reactive oxygen species (ROS) in the vessel walls of L-NAME-treated
rats (Kataoka et al., 2004) since ROS can stimulate the expression of MMPs (Siwik
and Colucci, 2004). The increased expression of MMPs may contribute to vascular
and perivascular remodeling (Lindsey, 2004) by modulating the levels of
extracellular matrix components such as type | collagen, the expression of which is
augmented in this experimental model (Koyonagi et al, 2000a; Tomita ef al,
1998b) .

In contrast to the changes noted above, there were no alterations in the
hepatic content of lipids or in the activities and expression of CYP450 isoforms.
CYP450 are activated by increased levels of NO (Khatsenko and Kikkawa, 1997;
Khatsenko, 1998), particularly during pathological conditions such as inflammation
(Aitken et al., 2005). Our results indicate that a reduction in NO formation does not

adversely affect the activity or expression of these enzymes. The lack of effect on
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CYP450 activity and expression contrasts with the enhanced expression of certain
receptors (Katoh et al., 1998; Usui et al,, 1998), and the increased expression and
activity of signaling proteins and pathways in this model (Depuis et al., 2004),
including kinase signaling pathways (lkegaki et al., 2001; Kataoka et al., 2002:
Martens et al, 2002; Minamino et al, 2000) and inflammatory proteins and
mediators (Tomita et al, 1998a,b; Koyanagi et al., 2000a,b; Zhao et al., 2002:
Kataoka et al., 2004).

In conclusion, short-term inhibition of NO biosynthesis produces vascular
changes and selectively affects different enzymes or pathways in rat liver. These
findings agree with the ability of NO to differentially affect the gene expression and
activity of various proteins and enzymes (Pfeilschifter ef al., 2001; Piz and Casteel,
2003), including during prolonged inhibition of NO biosynthesis (Depuis et al.,
2004).
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Figure legends

Figure 1. Histological alterations in hepatic tissue of L-NAME-treated rats. L-NAME
(20 mg/rat/day, p.o.) was administered in the drinking water for four and eight days.
Control rats received water without inhibitor. The panels show the appearance of
hepatic zones | (periportal zone), Il (intermediary zone) and lll (centrolobular zone)
in control (A,B,C) and L-NAME-treated (D,E,F) rats. Note the marked perinuclear
unstained areas (resulting from increased glycogen storage) in hepatocytes of
zones |, Il and lll, the parenchymal compactness caused by collapse of the
sinusoidal capillaries, and the poorly visible liver plates. All of the L-NAME-induced
alterations were reverted by concomitant treatment with enalapril (25 mg/kg/day,
p.o.) or losartan (30 mg/kg/day, p.o.) (results not shown). HE. Bar corresponds to
40 um.

Figure 2. Perivascular deposition of collagen in L-NAME-treated rats. Panels A-C
show liver sections from control rats (A) and from rats treated with L-NAME (20
mg/rat/day, p.o.) for four (B) and eight (C) days. In all cases, the L-NAME-induced
alterations were reverted by concomitant treatment with enalapril (25 mg/kg/day,
p.o.) or losartan (30 mg/kg/day, p.o.) (results not shown). Picrosirius staining. Bar

corresponds to 35 um.

Figure 3. Arterial vessel wall hypertrophy induced by L-NAME. Panels A and B
show liver sections from a control rat (A) and a rat treated with L-NAME (LN, 20
mg/rat/day, p.o.) for four days (B). Concomitant treatment with enalapril (Enal, 25
mg/kg/day, p.o.) or losartan (Los, 30 mg/kg/day, p.o.) prevented the vessel wall
hypertrophy (not shown). Similar but more marked changes were seen in rats
treated with L-NAME eight days. Panel (C) shows the vessel wall thickness
expressed as a ratio of the total vessel cross-sectional area divided by the vessel

lumen cross-sectional area. The columns represent the mean + SD of 50 vessels
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from five rats/group. *p<0.001 compared to the corresponding control (ANOVA
followed by the Bonferroni test). HE. Bar corresponds to 50 ym.

Figure 4. Glycogen accumulation in the liver of L-NAME-treated rats. Rats were
treated with L-NAME, enalapril and losartan as described in Figure 3 and glycogen
was quantified as described in Methods. The columns represent the mean + SD of

five rats/group. *p<0.001 compared to the corresponding control (ANOVA followed
by the Bonferroni test).

Figure 5. Cytochrome P450 activities in control and L-NAME-treated rats. The
rats were treated with L-NAME (20 mg/rat/day, p.o.) for four or eight days. In some
experiments, the rats were also treated concomitantly with phenobarbital (Pheno;
80 mg/kg/day each, i.p., 4 d; to induce CYP2B1/2), B-naphthoflavone (B-Naphtho;
80 mg/kg/day each, i.p., 4 d; to induce CYP1A1/2) or pyrazole (Pyraz; 200
mg/kg/day, ip., 2 d; to induce CYP2E1). Note that CYP2C11 activities
(constitutive) are shown only for control and L-NAME-treated rats without inducers
The columns represent the mean + SD of six rats/group. *p<0.001 compared to the

corresponding control or L-NAME alone group. AFU, arbitrary fluorescence units.

Figure 6. Cytochrome P450 expression in control and L-NAME-treated rats. The
rats were treated with L-NAME (20 mg/rat/day, p.o.) for four or eight days and the
livers then processed for western blotting as described in Methods. One hundred
micrograms of protein were applied to each lane. The columns represent the
mean + SD of five rats/group. There were no significant differences in the
expression levels of the various isoforms between the control and treated groups.

CYP450 expression in rats treated with inducers was not assessed.

Figure 7. Immunochemical detection of MMP-2 (A-F) in liver of control and L-
NAME-treated (20 mg/rat/day, p.o., four or eight days) rats. The proteins were

105



CAPITULO 2

detected (brown staining) as described in Methods. A,B — control, C,D — L-NAME
(four days) and E,F — L-NAME (eight days).

Figure 8. Immunochemical detection of MMP-9 (A-F) in liver of control and L-
NAME-treated (20 mg/rat/day, p.o., four or eight days) rats. The proteins were
detected (brown staining) as described in Methods. A,B — control, C,D — L-NAME
(four days) and E,F — L-NAME (eight days).
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Table 1: Body weight and arterial blood pressure in the groups of rats studied.

Treatment Body weight (g) Systolic blood
pressure (mm Hg)
4 8 4 8
Control 215+5 240+19 118+9 120+ 9
L-NAME 220+6 230+6 168+10* 170+ 10*
Losartan 212+9 228+12 127 %5 1275
L-NAME + Losartan 212+8 222+10 141+8** 142+6**
Enalapril 2184£7 233110 125+10 125+10
L-NAME + Enalapril 214+5 238+6 135+4** 138+ 3**
Phenobarbital 21945 235+12 1188 118 .7
L-NAME + Phenobarbital 2206 235f£11 160+£8* 165+9*
Pyrazole 216+5 238+7 116+9 18£8
L-NAME + Pyrazole 212+4 245+17 170+6* 170+8*
B-Naphthoflavone 215+6 251111 12549 124 + 9

L-NAME + B-Naphthoflavone 225+8 250+8 1608 170£9*

The values are the mean + S.D. of five rats in each group. **p<0.05 compared

to the control (*) and L-NAME-treated (#) rats.
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Figure 2
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Figure 7
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Figure 8

115



4. CONCLUSOES

116



CONCLUSOES

Os resultados deste trabalho mostram que:

1

O tratamento agudo ou crénico com L-NAME resulta em alteracées
morfolégicas hepaticas que incluem hipertrofia da parede vascular,
deposicao de matriz extracelular (principalmente colageno) e infiltracao
de celulas inflamatorias. Estas alteragbes sao semelhantes as

observadas em tecido cardiaco, renal e cerebral.

O tratamento agudo ou crénico com L-NAME leva a um acumulo de
glicogénio hepatico, sem alterar significativamente o contetdo de

colesterol (HDL e LDL) e triglicérides.

As alteragbes morfologicas (hipertrofia vascular e deposicdo de matriz
extracelular) e o aumento de glicogénio hepatico sao abolidos por
tratamento concomitante com enalapril (inibidor da ECA) ou losartan
(antagonista de receptores AT,), indicando um papel importante do

sistema RAS nestas respostas.

O tratamento com L-NAME (crénico ou agudo) nao afeta as atividades
(basal e induzida) e expressao das isoformas de citocromo P450,
indicando que niveis reduzidos de NO por tempos variados nao
influenciam a atividade e expressao destas enzimas. Este achado
contrasta com diversos estudos mostrando que um aumento na
producdo de NO leva a um aumento na atividade e expressao de

citocromos P450.
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