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RESUMO

As dietas suplementadas com lipidios e/ou frutose t€m sido associadas com o
estresse oxidativo, a resisténcia a insulina e ao desenvolvimento da Sindrome Metabdlica.
Os diuréticos tiazidicos, como a hidroclorotiazida (HCTZ) sdo, frequentemente, usados por
pacientes com esses distirbios para o tratamento da hipertensdo, mas também podem
exacerbar essas alteracdes metabdlicas. Entdo, com intencdo de desenvolver um modelo
animal para o estudo dos efeitos adversos da HCTZ, o objetivo desse trabalho foi investigar
se a associacao entre uma dieta hiperlipidica (HF) ou hiperglicidica (HFD) e o tratamento
com hidroclorotiazida (HCTZ) produz uma influéncia sinérgica negativa na homeostase da
glicose e em outros pardmetros bioquimicos associados ao desenvolvimento do Diabetes
Mellitus (DM) tipo 2. Além disso, também foi avaliado se o disseleneto de difenila (PhSe)s,
um composto organico de selénio com propriedades antioxidantes, poderia reduzir as
alteragdes metabolicas induzidas pelo consumo cronico da dieta hiperglicidica e/ou HCTZ.
No modelo animal de alteragdes metabdlicas induzidas pela dieta HF e/ou HCTZ, os ratos
foram alimentados por 16 semanas com uma dieta controle ou com uma dieta HF, ambas
suplementadas com diferentes doses de HCTZ (0,4; 1,0 e 4,0 g/lkg de dieta). A HCTZ
associada com uma dieta HF causou um aumento nos niveis de glicemia, frutosamina e
também na peroxidagdo lipidica no tecido hepdtico e cerebral. Além disso, a ingestdo da
dieta HF foi associada com um aumento nos niveis de peroxidacdo lipidica cerebral,
vitamina C e grupos tidis nao-protéico (NPSH). Houve um aumento nos niveis de vitamina
C e NPSH nos grupos tratados com HCTZ (1,0 e 4,0 g/lkg) e HCTZ associada com dieta
HF. A atividade da Na"-K*-ATPase foi inibida no cérebro dos animais tratados com HCTZ
(4,0 g/kg) e HCTZ associada com a dieta HF. A ingestdao de HCTZ e dieta HF produziram
uma redugdo nos niveis de magnésio e potdssio, bem como um aumento na peroxidacio
lipidica e vitamina C no figado. Nesse contexto, a associacdo de HCTZ com a dieta HF
causou uma exacerbagdo nos parametros bioquimicos relacionados a homeostase da glicose
(particularmente, uma acentuada redu¢do de magnésio) € um maior aumento no estresse
oxidativo hepdtico e cerebral. Os dados indicam que a ingestdo cronica de doses elevadas
de HCTZ (4,0 g/kg) ou de uma dieta HF altera os indices bioquimicos de estresse oxidativo
no cérebro de ratos. Assim, os resultados sugerem que a ingestao cronica de HCTZ ou dieta
HF causa alteracdes metabdlicas relacionadas a homeostase da glicose e que a associacao
de uma dieta HF com o tratamento com HCTZ pode exacerbar algumas dessas alteracdes
bioquimicas. Portanto, pode-se sugerir que este modelo experimental pode ser usado para o
estudo dos efeitos adversos da HCTZ. No modelo experimental de alteracOes bioquimicas
causadas pela ingestdo de dieta hiperglicidica e/ou HCTZ, os ratos foram alimentados com
uma dieta controle (CT) ou com uma dieta enriquecida com frutose (HFD), ambas
suplementadas com HCTZ (4,0 g/kg) e/ou (PhSe), (3 ppm) durante 18 semanas. A HFD
causou um aumento nos niveis de glucose, frutosamina, trigliceridios e colesterol dos
animais, os quais ndo foram restaurados ao nivel do controle pela suplementacdo com
(PhSe), ou potencializado pela HCTZ. No entanto, os niveis de colesterol e trigliceridios
foram menores nos grupos que receberam HFD ou HCTZ suplementados com (PhSe), . A
ingestdo de HCTZ causou uma redug¢do na atividade da catalase (CAT) hepdtica e da
superoxido dismutase (SOD) renal, as quais foram restauradas pela suplementacio com
(PhSe),. No figado, o (PhSe), também foi efetivo no aumento dos niveis de vitamina C
reduzidos pela ingestdlo de HFD e HFD associada a HCTZ. Além disso, o (PhSe),



aumentou per se a atividade de SOD hepética e renal e reduziu a oxidacdo de lipidios e
proteinas causada pela HCTZ associada ou ndo com a ingestao de HFD. A associacdo entre
HFD e HCTZ causou uma reducao nos niveis de potdssio e exacerbou a hipomagnesemia e
a hipertrigliceridemia induzidas pela HCTZ. Esses resultados sugerem que algumas
alteracdes bioquimicas podem ser potencializadas pela ingestdo simultanea de HCTZ e
HFD. Esses dados também demonstraram que a suplementa¢do com (PhSe), reduz os
disturbios metabdlicos relacionados com o estresse oxidativo e que esse composto pode ser
considerado um agente promissor para o tratamento dos disturbios metabdlicos induzidos
pela HFD e pela HCTZ devido as suas propriedades antioxidantes.



ABSTRACT

High fat and/or high fructose diets have been associated with oxidative stress,
insulin resistance and Metabolic Syndrome development. Thiazide diuretics, such as
hydrochlorothiazide (HCTZ) are frequently used by patients with these disorders for
treatment of hypertension, but they also can exacerbate these metabolic disturbances. Thus,
in an attempt to develop a rodent model to study the adverse effects of HCTZ, the objective
of this work was to investigate whether an association between a high fat (HF) or high-
fructose diet (HFD) and HCTZ treatment produces a negative synergic influence on glucose
homeostasis and in other biochemical parameters associated to type 2 Diabetes Mellitus
(DM) development. Moreover, also was evaluated whether dietary diphenyl diselenide
(PhSe),, a organoselenium compound with antioxidant properties, could reduce the
metabolic alterations induced by chronic consumption of diets enriched with fructose
and/or HCTZ. In animal model of metabolic alterations induced by HF diet and/or HCTZ,
rats were fed for 16 weeks with a control diet or with an HF, both supplemented with
different doses of HCTZ (0.4, 1.0, and 4.0 g/kg of diet). HCTZ associated with an HF diet
caused an increase in blood glucose, fructosamine and lipid peroxidation levels in hepatic
and cerebral tissues. In addition, HF ingestion was associated with an increase in cerebral
lipid peroxidation, vitamin C and non-protein thiol groups (NPSH) levels. There was an
increase in vitamin C as well as NPSH levels in HCTZ (1.0 and 4.0 g/kg of diet) and HF
plus HCTZ groups. Cerebral Na'™-K*-ATPase activity of HCTZ (4.0 g/kg of diet) and
HCTZ plus HF-fed animals was inhibited. The intake of HCTZ and HF diet produced a
reduction in magnesium and potassium levels as well as an increase in lipid peroxidation
and vitamin C in liver. Importantly, the association of HCTZ with HF diet caused
additional worsening of biochemical parameters related to glucose homeostasis
(particularly accentuated magnesium depletion) and further increase in oxidative stress in
hepatic and cerebral tissues. The data indicate that chronic intake of a high dose of HCTZ
(4.0 g/kg of diet) or HF change biochemical indexes of oxidative stress in rat brain. Thus,
results suggest that chronic intake of HCTZ or HF diet causes metabolic changes related to
glucose homeostasis and that the association of HF diet and HCTZ treatment can
exacerbate some of these biochemical alterations. Therefore, we can suggest that this
experimental model can be used for studying the adverse effects of HCTZ. On experimental
models of biochemical alterations caused by fructose and\or HCTZ intake, rats were fed
with a control diet (CT) or with a high fructose diet (HFD), both supplemented with HCTZ
(4.0 g/kg) and/or diphenyl diselenide (3 ppm) for 18 weeks. HFD diets caused an increase
in the levels of glucose, fructosamine, triglycerides and cholesterol of animals, which were
not restored to control levels by (PhSe), supplementation or potentiated by HCTZ.
However, the levels of cholesterol and triglycerides were lower in the groups that received
HFD or HCTZ diet supplemented with (PhSe),. The ingestion of HCTZ caused a decrease
in hepatic catalase (CAT) and renal superoxide dismutase (SOD) activities, which were
restored by (PhSe), supplementation. In liver, diphenyl diselenide was also effective in
increasing vitamin C levels reduced by HFD and HFD plus HCTZ intake. Indeed, the
compound increased per se hepatic and renal SOD activity and reduced the oxidation of the
lipids and proteins caused by HCTZ associated or not with HFD intake. Furthermore, the
association between HFD and HCTZ caused a decrease in potassium levels and aggravated
the hypomagnesemia and the hypertriglyceridemia HCTZ-induced. Theses findings suggest



that some biochemical changes can be aggravated by ingestion simultaneous of HCTZ and
HFD diet. In addition, data also demonstrate that (PhSe), supplementation reduces
metabolic disorders linked to oxidative stress and that this compound can be considered a
promising agent for treatment of metabolic disturbances HFD and HCTZ-induced, via its
antioxidant properties.
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APRESENTACAO

Esta tese apresenta os resultados sob a forma de artigo publicado (capitulo 1) e
manuscritos submetidos a publicacdo (capitulos 2 e 3).

O item Discussdo apresenta interpretagdo e comentdrios gerais dos resultados
obtidos em todos os artigos que compdem esse trabalho.

O item ConclusOes apresenta as conclusdes finais do trabalho, considerando os
artigos cientificos (capitulos 1, 2 e 3).

As Referéncias Bibliogréficas referem-se somente as citagdes que sdo apresentadas

nos itens Introdugdo e Discussao.



INTRODUCAO

1. Dietas hiperlipidicas e hiperglicidicas

As dietas suplementadas com elevado teor de lipidios, elevado teor de carboidratos
ou ambos estdo associadas com intolerancia a glicose, obesidade, doengas cardiovasculares,
Diabetes Melitus (DM) tipo 2 (Feskens et al., 1991; Hill et al., 1992; Barnard et al., 1998;
Liu & Manson, 2001), hipertensdo e estresse oxidativo (Roberts et al., 2000; Girard et al.
2005; Roberts et al., 2005).

A nutricdo e os tipos de dietas ttm um papel muito importante nas alteracdes
metabdlicas relacionadas ao desenvolvimento do DM tipo 2, porém os fatores dietéticos
especificos ndo estdo claramente definidos. Ainda existem muitas controvérsias sobre a
relacdo entre o risco de DM e a quantidade e os tipos de lipidios e de carboidratos que
devem compor uma dieta adequada. No entanto, prevalece as recomendacdes dietéticas que
sugerem dietas com baixas quantidades de lipidios e carboidratos para a prevenc¢do do DM,
doencas cardiacas e outras doencas cronicas (National Research Council, 1989; U. S.
Department of Agriculture, 2000). Contudo, os lipidios e os carboidratos nao sdo moléculas
homogéneas, portanto diferentes tipos de lipidios e carboidratos tém efeitos diferenciados
sobre a homeostase da glicose e a sensibilidade a insulina.

A obesidade estd associada com a resisténcia a insulina e é um dos fatores mais
importantes para o desenvolvimento do DM tipo 2 (Reaven, 1988; Pi-Sunyer, 1993), porém
os 4cidos graxos da dieta podem afetar a acdo da insulina independente da existéncia de
obesidade (Storlien et al., 1996). Nesse contexto, acredita-se que os efeitos dos acidos

graxos da dieta sdo mediados pela composi¢ao dos lipidios das membranas celulares (Pan



et al., 1995; Storlien et al., 1996; Vessby, 2000). O perfil especifico dos lipidios nas
membranas celulares pode influenciar a acdo da insulina por varios mecanismos potentes,
incluindo uma alteracdo na ligagdo ou na afinidade dos receptores de insulina e
influenciando a permeabilidade a fons e a sinalizac¢do celular (Vessby, 2000). Assim, € o
percentual de gordura saturada que parece ter maior importancia, uma vez que a resisténcia
a insulina estd associada a uma maior propor¢do de gorduras saturadas e, a uma menor
porcentagem de gorduras poliinsaturadas (Pan et al., 1995; Storlien et al., 1996).

A origem e o mecanismo das alteracOes metabolicas induzidas pela dieta ndo estdo
completamente esclarecidos na literatura (McDonald, 1995; Busserolles et al., 2002;
Flanagan et al., 2008). No entanto, hd evidéncias de que a ingestdo cronica de dietas com
alto teor de glicidios ou lipidios estd associada com o dano oxidativo (McDonald, 1995;
Folmer et al., 2002; Folmer et al., 2003; Brito et al., 2007), uma vez que essas dietas podem
diminuir as defesas antioxidantes (Rayssiguier et al., 1981; Rayssiguier et al., 1993; Folmer
et al., 2003; Brito et al, 2007) e causar um aumento na produgdo de espécies reativas ao
oxigénio (EROs) (Rayssiguier et al., 1981; Rayssiguier et al., 1993; Folmer et al., 2002;
Folmer et al., 2003, Fachineto et al., 2005; Brito et al., 2007). Neste contexto, estudos
sugerem que a quantidade e os tipos de lipidios na dieta afetam a sensibilidade das células a
peroxidacdo lipidica e ao dano oxidativo (Thomas & Rudel, 1996). H4 evidéncias na
literatura de que os acidos graxos poliinsaturados podem sofrer oxidacdo e resultar em
produtos que podem ser toxicos as células (Halliwell & Chirico, 1993) e que os 4cidos
graxos saturados demonstram menor suscetibilidade a oxida¢do do que &cidos graxos
insaturados (Nanji et al., 1995; Varghese & Oommen, 2000). Enfim, a composi¢do da dieta
em relacdo aos acidos graxos pode afetar a composi¢do da membrana celular (Sprecher,

1989) e, conseqiientemente alterar a suscetibilidade dessas células a agentes pré-oxidantes.



De acordo com isso, o trabalho realizado por Farina el al. (2003) mostrou que o efeito
protetor do selenito contra a peroxidag¢do lipidica induzida pelo mercurio depende da
saturacdo de gordura na dieta.

Virios estudos sobre a hiperinsulinemia e a hiperglicemia sugerem um efeito
prejudicial da gordura saturada (Feskens & Kromhout, 1990; Maron et al., 1991; Parker et
al., 1993; Feskens et al., 1994; Feskens et al., 1995; Marshall et al., 1997) e um efeito
benéfico da gordura polinsaturada (Trevisan et al.,1990; Feskens et al., 1994; Salmeron et
al., 2001). No entanto, outros estudos ndo confirmam esses resultados (Mayer et al., 1993;
Mooy et al., 1995; Mayer-Davis et al., 1997). Assim, em estudos animais, ambos 0s tipos e
quantidades de lipidios tém mostrado efeito na sensibilidade a insulina (Storlien et al.,
1991). Em geral, os estudos relatam que o elevado teor de lipidios na dieta aumenta o
ganho de peso, a intolerdncia a glicose e a resisténcia a insulina (Alsaif & Duwaihy, 2004).
De acordo com a literatura, algumas das inconsisténcias nos resultados podem ter ocorrido
pela falta de ajuste na composicio da dieta ou ainda, por fatores de risco para o DM que
ndo estejam relacionados a dieta. As divergéncias entre os resultados observados em
diferentes populacdes podem ter ocorrido, porque os efeitos da dieta com alto teor de
lipidio pode variar de acordo com as caracteristicas da populagdo estudada, tais como
idade, sexo, indice de massa corporal e atividade fisica, que estdo associados com
sensibilidade a insulina (Paolisso et al., 1995; Ferrannini et al., 1997; Mayer-Davis et al.,
1998).

Semelhante aos lipidios, os carboidratos ndo sao homogéneos no que diz respeito a
estrutura quimica e as fungdes bioldgicas, assim diferentes tipos de lipidios e carboidratos
apresentam diferentes efeitos na homeostase da glicose e na resisténcia a insulina (Hu et al.,

2001). Os carboidratos sao classificados em simples ou complexos com base nas estruturas



quimicas. As recomendacgdes dietéticas tém enfatizado o uso de carboidratos complexos ou
amidos e a limitacdo de carboidratos ou aguicares simples baseado na crenga de que os
carboidratos simples seriam digeridos e absorvidos mais rapidamente e, portanto, iriam
induzir uma resposta mais rdpida a glicemia pds-prandial. No entanto, numerosos estudos
contestam essa opinido, pois € reconhecido que muitos alimentos amildceos, como batatas
cozidas e pao branco podem produzir respostas glicémicas mais elevadas do que os
carboidratos simples (Kalergis et al., 1998). Portanto, as recomendagdes dietéticas para a
prevencao das alteracOes metabdlicas associadas ao DM tipo 2 investem mais na qualidade
dos lipidios e carboidratos do que, somente na quantidade e ainda, no balanceamento da
energia total ingerida para evitar o sobrepeso e a obesidade (Hu et al., 2001).

Ha vérios modelos experimentais que utilizam animais para o estudo do DM. O DM
tipo 1 pode ser induzido em animais por uma pancreatectomia parcial ou pela
administracdo de drogas diabetogénicas. As drogas mais usadas para a indu¢ao de DM em
roedores sdo o Aloxano e a estreptozotocina, as quais destroem seletivamente as células
das ilhotas de Langerhans no pancreas (Oberley, 1988). Na literatura, hd também diversos
modelos experimentais para o estudo do DM tipo 2, incluindo a utilizacdo de dietas
suplementadas com elevadas quantidades ou tipos diferentes de carboidratos e/ou lipidios
(Folmer et al., 2002, Folmer et al., 2003, Brito et al., 2007, Ribeiro et al., 2009). Nesse
sentido, quantidades elevadas de sacarose e frutose t€ém sido usadas em modelos animais
para induzir alteracdes metabdlicas observadas na Sindrome Metabdlica, uma desordem
caracterizada por resisténcia a insulina, hipertensdo, dislipidemia e alta incidéncia de
doengas cardiovasculares (Reaven, 1988). Similarmente, as dietas com elevadas

quantidades de lipidios t€m sido muito utilizadas para o estudo dos processos que envolvem
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a resisténcia a insulina e para investigacdo dos efeitos anti-obesidade e anti-diabetogénicos
de algumas drogas. O modelo de ingestao de dietas suplementadas com lipidios € ttil para o
estudo da resisténcia a insulina branda porque ele € mais parecido com os animais normais
do que com os animais diabéticos. Assim, se a ingestdo caldrica for controlada
cuidadosamente para evitar a obesidade, esse modelo ndo exibe hiperglicemia mesmo
depois de muitas semanas submetidos a dieta (Kraegen et al., 1986; Storlien et al., 1986).
Portanto, a resisténcia a insulina desenvolve-se dentro de poucas semanas com
hiperinsulinemia associada a intolerdncia a glicose, mas o desenvolvimento de

hiperglicemia franca demora mais tempo.

2. Diabetes Mellitus

2.1 Historico

O Diabetes Mellitus € um distirbio metabdlico, cuja existéncia e sintomatologia sdo
relatadas hd mais de 20 séculos. O papiro de Ebers, um dos documentos médicos mais
antigos e importantes que se conhece e que foi escrito no antigo Egito, em data aproximada
de 1550 a.C. relata uma doenca caracterizada por mic¢do freqiiente, sintoma mais comum
da DM. No ano 70 (d.C.), ap6s estudos relacionados aos sintomas e ao quadro clinico
apresentados pelos pacientes, o médico Areteu da Capaddcia denominou ‘“Diabetes”,
palavra grega que significa sifdo, ao conjunto de sintomas constituido por polidipsia,
politdria e polifagia (Dinsmoor, 1996). Durante muitos anos a pesquisa pouco avangou no

estudo do Diabetes, portanto somente em 1670, o médico Thomas Wills observou que a
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urina dos pacientes diabéticos tinha sabor adocicado (Dinsmoor, 1996). Em 1815, o médico
Michel Chevreul confirmou que o actcar especifico presente na urina dos pacientes
diabéticos tratava-se de glicose (Dinsmoor, 1996). Portanto, a partir dessa descoberta a
doenca passou a ser denominada “Diabetes Acucarada” ou “Diabetes Mellitus”. Em estudos
realizados em 1869, Paul Langerhans observou que o pancreas continha dois grupos
distintos de células, as células acinares, que secretam enzimas digestivas, e as células
agrupadas em ilhas ou ilhotas, as quais poderiam ter funcdo enddcrina. Em 1889, essa
funcdo enddcrina foi confirmada por dois médicos pesquisadores, Oskar Minkowski e
Joseph Von Mering, ap0s a realizacdo de experimentos com cdes pancreatomizados que
desenvolveram uma sindrome semelhante ao DM nos seres humanos. Entre 1916 e 1920,
Nicolas Paulesco demonstrou que extratos pancredticos reduziam a glicemia e as cetonas
urindrias. Em 1921, Frederick G. Banting e seu colaborador Charles H. Best descobriram a
insulina (Banting et al., 1922; Minkowski, 1989). Esse achado rendeu ao mesmo o prémio

Nobel de Medicina e uma melhor qualidade de vida aos pacientes com DM.

2.2. Fisiopatologia

O DM € um grupo de doengas metabdlicas caracterizado por hiperglicemia
resultante de defeitos na secrec¢@o de insulina, a¢do da insulina, ou ambos. A hiperglicemia
cronica do diabetes estd associada a danos que ocorrem ao longo do tempo, disfuncdo e
faléncia de vérios 6rgados, especialmente os olhos, rins, nervos, coragdo e vasos sanguineos
(ADA, 2008). Os sintomas dessa acentuada hiperglicemia sio politria, polidipsia, perda de
peso, polifagia, visdo desfocada e aumento de risco para infeccdes (ADA, 2008; Hall &

Davies, 2008). No entanto, a auséncia dos mesmos € comum em muitos pacientes com DM
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e ndo descarta a possibilidade de que exista um grau de hiperglicemia suficiente para causar
alteracdes funcionais ou patoldgicas antes que o diagndstico seja estabelecido.

A hiperglicemia cronica do DM € caracterizada por complicacdes que incluem
retinopatia com perda potencial de visdo, nefropatia levando a insuficiéncia renal,
neuropatia periférica com risco de ulceras dos pés, amputagdes e danos nas articulagdes, e
ainda neuropatia autondmica causando sintomas gastrointestinais, geniturindrios e
cardiovasculares (ADA, 2008). Os pacientes diabéticos tém uma incidéncia aumentada de
doenca cardiaca corondria, doenca vascular cerebral e doenca vascular periférica, que
representam a principal causa de morbidade e mortalidade entre esses pacientes (ADA,
2008; Hall & Davies, 2008). Essas patologias ocorrem em uma idade muito mais jovem
comparado com a populacdo nao diabética (Adisakwattana, 2005; Hall & Davies, 2008). A
hipertensdao e anormalidades no metabolismo de lipoproteinas também sdo complicacdes,
freqlientemente, encontradas em pacientes diabéticos (Ferrannini et al., 1997; Hayden &

Sowers, 2006; ADA, 2008).

2.3. Etiologia e Classificacao

Segundo o “Expert Committee on the Diagnosis and Classification of Diabetes” da
“American Diabetes Association” (ADA, 2008), a classificagdo etiolégica do DM € a
seguinte: DM tipo 1, DM tipo 2, outros tipos especificos de DM e DM gestacional. Na
maioria dos casos os pacientes podem ser clinicamente, classificados como portadores de
DM tipo 1 ou tipo 2. Os critérios da American Diabetes Association (ADA) para o
diagnéstico de diabetes incluem os sintomas cldssicos de hiperglicemia (polidria, polidipsia

e perda de peso inexplicada) e a concentracdo plasmatica de glicose casual superior a 200
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mg/dL (11,1 mmol), concentra¢do plasmatica de glicose em jejum igual ou superior a 126
mg/dL (7,0 mmol) ou concentracdo plasmdtica de glicose igual ou superior a 200 mg/dL.
(11,1 mmol/dL) dentro de 2 horas apds a ingestdo de uma carga de glicose oral (The Expert

Committee on the Diagnosis and Classification of Diabetes, 2003; ADA, 2008).

2.3.1. Diabetes Mellitus tipo 1

No DM tipo 1, a causa é uma deficiéncia absoluta da secrecdo de insulina (ADA,
2008), provocada por uma redugdo na massa das células B do pincreas. Assim, uma
destruicédo das células [ pancredticas pode ocorrer por intermédio de trés mecanismos que
parecem estar interligados: suscetibilidade genética, ataque auto-imune e algum tipo de
agressdao ambiental (Bach, 1994). Os individuos que apresentam maior risco de desenvolver
este tipo de diabetes podem ser identificados por intermédio de evidéncias sorolégicas de
um processo patoldgico auto-imune que ocorre nas ilhotas pancredticas, e também por
marcadores genéticos (ADA, 2008). Portanto, o DM tipo 1 pode ser classificado em:
+ Diabetes Mellitus tipo 1 (causa imunoldgica): Esse tipo de DM representa apenas 5
a 10 % dos casos de DM, denominado, anteriormente, diabetes dependente de insulina,
diabetes tipo I, ou diabetes de inicio juvenil e resulta de uma autodestrui¢do das células
do pancreas. Neste tipo de diabetes, a taxa de destrui¢do das células B € bastante varidvel,
sendo rdpida em algumas pessoas (principalmente beb€s e criancas) e lenta em outros
(principalmente adultos). Alguns pacientes, principalmente criancgas e adolescentes, podem
apresentar a cetoacidose como primeira manifestacdo da doenca. Outros apresentam

modesta hiperglicemia em jejum que pode mudar rapidamente para hiperglicemia grave
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e/ou cetoacidose na presenca de infeccdo ou de outro estresse. Outros ainda, sobretudo
adultos, podem apresentar uma fungdo residual das células [ suficiente para impedir
cetoacidose durante muitos anos. Esses individuos, eventualmente, tornam-se dependente
de insulina para sobreviver e estdo em risco de cetoacidose. Neste tltimo estdgio da doencga,
hid pouca ou nenhuma secrecio de insulina. O DM causado por caracteristicas
imunoldgicas, geralmente, manifesta-se na infancia e adolescéncia, mas pode ocorrer em
qualquer idade. A autodestrui¢do das células B tem multiplas predisposi¢des genéticas e
estd relacionada a fatores ambientais que ainda ndo estdo bem definidos. Devido ao DM,
esses pacientes tornam-se mais susceptiveis a outros distirbios imunolégicos. Os pacientes
que apresentam esse tipo de DM, raramente, sdo obesos, mas a presencga de obesidade ndo é
incompativel com o diagndstico.

+» Diabetes Mellitus tipo 1 (causa idiopatica): Algumas formas de DM tipo 1 nao
apresentam etiologia conhecida. Alguns destes doentes tém permanente insulinopenia e sao
propensos a cetoacidose, mas ndo apresentam evidéncias de auto-imunidade. Poucos
pacientes t€m DM tipo 1 que se enquadra nesta categoria, € dentre eles, a maioria sao
africanos ou de ascendéncia asidtica. Os individuos com esta forma de DM sofrem com
episddios de cetoacidose e apresentam diferentes graus de deficiéncia de insulina entre os
episddios. Essa forma de DM estd associada com caracteristicas hereditdrias, mas faltam

evidéncias imunoldgicas para a auto-imunidade de células .

2.3.2. Diabetes Mellitus tipo 2

Esse tipo de diabetes, que representa aproximadamente 90% dos pacientes

diabéticos, denominado, anteriormente, diabetes ndo dependente de insulina, diabetes tipo
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IT ou diabetes de inicio adulto, abrange individuos que tém resisténcia a insulina e,
geralmente possuem relativa (e ndo absoluta) deficiéncia de insulina. Inicialmente, e muitas
vezes ao longo da sua vida util, estes individuos ndo necessitam de tratamento com insulina
para sobreviver. H4 provavelmente muitas causas diferentes para essa forma de diabetes.
Apesar de ndo se conhecer as etiologias especificas, a destrui¢do auto-imune das células 3
ndo ocorre, € 0s pacientes nao apresentam outras causas de diabetes que sejam conhecidas,
atualmente.

A maioria dos pacientes com este tipo de diabetes € obeso, e a obesidade por si
causa algum grau de resisténcia a insulina. Pacientes que ndo sdo obesos, segundo o critério
tradicional para o peso, podem apresentar um aumento da percentagem de gordura corporal
distribuida, predominantemente, na regido abdominal. Nesse tipo de diabetes, a cetoacidose
raramente ocorre, espontaneamente, mas quando ocorre, geralmente estd associada com o
estresse de outra doenca como uma infec¢do. Este tipo de diabetes, freqiientemente ndo é
diagnosticado por muitos anos, devido a hiperglicemia evoluir gradualmente e, em estagios
iniciais da diabetes, pode ndo ser suficientemente grave para que o paciente perceba algum
sintoma cldssico de diabetes. No entanto, essa hiperglicemia provoca alteragdes patoldgicas
e funcionais em diversos tecidos (Baynes & Thorpe, 1996) e, esses pacientes apresentam
maior risco de desenvolver complicacdes microvasculares e macrovasculares (Hu &
Tuomilehto, 2007).

A resisténcia a insulina pode ser beneficiada por reducdo do peso e/ou tratamento
farmacoldgico da hiperglicemia, mas raramente € restaurada ao valor normal. O risco de
desenvolver este tipo de diabetes aumenta com a idade, obesidade e a falta de atividade

fisica. Ocorre mais, freqiilentemente, em mulheres com DM gestacional prévia e em
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individuos com hipertensdo arterial ou dislipidemia, e sua freqiiéncia varia entre os
diferentes subgrupos étnicos raciais. Além disso, pode ser associado a predisposicdo
genética. No entanto, as caracteristicas genéticas dessa forma de diabetes s@o complexas e

ndo estdo claramente definidas.

2.3.3. Outros tipos Especificos de Diabetes

Nessa classifica¢do sdo incluidos os defeitos genéticos da funcdo das células 3, os
defeitos genéticos na acdo da insulina, doengas exdcrinas do pancreas, endocrinopatias,
inducdo por agentes quimicos ou drogas, infec¢des, formas ndo comuns de diabetes
mediadas por caracteristicas imunoldgicas e outras sindromes genéticas associadas com o
diabetes (ADA, 2008).

A indugd@o de DM por agentes quimicos ou drogas tem um importante significado
para o nosso estudo, uma vez que usamos a hidroclorotiazida, um diurético tiazidico, em
nosso modelo experimental. Nesse contexto, muitas drogas podem prejudicar a secre¢do de
insulina, visto que estas ndo causam o DM, por si, mas podem precipitar o DM em
individuos com resisténcia a insulina (ADA, 2008). Assim, estudos sugerem que oOs
pacientes que desenvolvem o DM apds o tratamento com diuréticos tiazidicos,
provavelmente ja tinham a doenca, a qual foi exacerbada pela droga, pois o uso de

diuréticos tiazidicos, raramente provoca hiperglicemia grave (ADA, 2008).
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2.3.4. Diabetes Mellitus Gestacional (DMG)

O DM G ¢ definido como qualquer grau de intolerancia a glicose com inicio ou
identificacdo durante a gravidez (ADA, 2008). Essa definicdo ¢ aplicada,
independentemente do uso de insulina ou de apenas uma modificacdo na dieta para
tratamento ou ainda, se a condicdo persistir apds a gravidez. A intolerancia a glicose ocorre
normalmente durante a gravidez, especialmente no terceiro més de gestacao (ADA, 2008).

O nivel de glicose em jejum com resultado de 126 mg/dL (7,0 mmol/L) ou uma
glicose plasmatica aleatéria com resultado de 200 mg/dL (11,1 mmol/L) significa que essa
gestante encontra-se no limiar para o diagnostico de diabetes

E recomendado que se realize uma triagem para 0 DMG em todas as gestacdes. A
avaliacdo para o risco de desenvolvimento de DMG deve ser realizada na primeira consulta
do pré-natal. Apds, as mulheres com caracteristicas clinicas compativeis com um elevado
risco para 0 DMG (obesidade, histéria pessoal de DMG, glicosuria ou uma histéria familiar
de DM) devem fazer um teste de tolerancia a glicose, ou seja, a gestante ingere 75g de
glicose em jejum e, apds sao realizadas coletas de sangue em intervalos de tempo de 1 hora
para a realizacdo de dosagens de glicemia. Para as trés primeiras coletas os valores
maximos esperados sdo os seguintes: 95 mg/dL (jejum), 180 mg/dL (1h) e 155 mg/dL (2h)

(ADA, 2008).

Intolerancia a glicose e glicemia em jejum alterada

O Comité de Peritos sobre o Diagnédstico e Classificacio de Diabetes Mellitus
(Expert Committee on the Diagnosis and Classification of Diabetes Mellitus, 1997, 2003)

reconhece um grupo de individuos cuja glicemia, embora ndo corresponda aos critérios
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para a diabetes, € elevada para ser considerada normal. Este grupo apresenta nivel de
glicemia de jejum superior ou igual a 100 mg/dL (5,6 mmol/L), mas inferior a 126 mg/dL
(7,0 mmol/L) ou concentra¢do plasmadtica de glicose dentro de 2 horas apds a ingestdo de
uma carga de glicose oral, no teste de tolerdncia a glicose superior a 140 mg/dL (7,8
mmol/dL), mas inferior a 200 mg/dL (11,1 mg/dL). Entdo, as categorias dos valores de
glicose em jejum sdo as seguintes:

1. Normal: glicemia de jejum inferior a 100 mg/dL (5,6 mmol/L).

2. Tolerancia a glicose diminuida: glicose de jejum apresenta valores de 100 — 125
mg/dL (5,6 — 6,9 mmol/L).

3. Diagnéstico provisério de diabetes: glicemia de jejum superior a 126 mg/dL (7,0
mmol/L).

O diagnéstico provisério € confirmado pelo teste de tolerancia oral a glicose que
apresenta as seguintes categorias:

1. Tolerancia a glicose normal: concentragdo plasmaética de glicose dentro de 2 horas
ap6s a ingestdo de uma carga de glicose oral apresenta valores inferiores a 140
mg/dL (7,8 mmol/L).

2. Intolerancia a glicose: concentragdo plasmatica de glicose dentro de 2 horas apds a
ingestdo de uma carga de glicose oral entre 140 - 199 mg/dL (7,8 -11,1 mmmol).

3. Diagndstico provisério de diabetes: concentracdo plasmadtica de glicose dentro de 2
horas apds a ingestdo de uma carga de glicose oral apresenta valores superiores a

200 mg/dL (11,1 mg/dL).
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2.4. Prevaléncia

O DM ¢ um distirbio metabdlico cronico que tem um impacto significativo sobre a
saude, a qualidade de vida e a expectativa de vida dos pacientes, bem como sobre o Sistema
de Saidde. A prevaléncia do diabetes para todas as faixas etdrias em nivel mundial foi
estimada em 2,8% para o ano de 2000 e 4,4% para 2030 (Wild et. al., 2004), isso significa
que 171 milhdes de pessoas tém diabetes e que este valor, provavelmente, seja maior do
que o dobro em 2030 (Wild et al., 2004). No mundo, cerca de 2,9 milhdes de mortes no ano
de 2000 foram atribuidas as complicagdes do diabetes, isso equivale a 5,2% de todas as
mortes (Roglic et al., 2005).

Embora de cardter controldvel, o diabetes vem despontando como uma epidemia de
proporcdes graves. A sua prevaléncia estd aumentando assustadoramente, como resultado
do crescimento e envelhecimento da populacdo, da urbanizagdo e das alteracdes negativas
no estilo de vida, como prevaléncia da obesidade e da inatividade fisica (Wild et al., 2004;
Sicree & Shaw, 2007). De fato, em alguns paises tém se divulgado a existéncia de uma
epidemia de DM tipo 2, sendo a obesidade um dos principais fatores que contribui para
aumentar a incidéncia dessa patologia (Wild et al., 2004; Sicree & Shaw, 2007). Por outro
lado, embora a prevaléncia da obesidade se mantenha estidvel até 2030, o que parece
improvavel, € previsivel que o nimero de pessoas com diabetes ird aumentar mais do que o
dobro do numero de diabéticos existentes, atualmente, como conseqiiéncia do
envelhecimento populacional e da urbanizagdao (Wild et al., 2004; Sicree & Shaw, 2007).
Portanto, a partir do aumento na prevaléncia da obesidade em muitos paises do mundo e da
importancia da obesidade como fator de risco para o diabetes, o nimero de casos de

diabetes em 2030 podera ser superior a previsao dos estudos epidemioldgicos (Wild et al.,
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2004). Nesse contexto, as intervengdes efetivas para a reducdo da prevaléncia do diabetes,
incluindo mudancas na dieta, exercicios fisicos ou tratamentos farmacolégicos poderiam
representar importantes fatores de prevencao.

A prevaléncia do diabetes ¢ maior em homens do que em mulheres, mas existem
mais mulheres do que homens com diabetes (Wild et al., 2004). H4 uma projecdo que
revela que a populacio urbana, em paises em desenvolvimento, apresentard no ano de 2030
o dobro da populacio existente no ano de 2000 (Wild et al., 2004). No entanto, a alteracdo
demografica mais importante para a prevaléncia do diabetes em todo o mundo parece ser o
aumento na proporc¢io de pessoas com mais de 65 anos de idade (Wild et al., 2004), uma
vez que o DM tipo 2 é mais comum em idosos (Peter et al., 2006).

No Brasil, a diabetes atingiu cerca de 4,6 milhdes de brasileiros no ano de 2000,
ocupando o oitavo lugar entre os dez paises com maior prevaléncia no mundo. O nimero
estimado de diabetes em individuos adultos para o ano de 2030 é de, aproximadamente,
11,3 milhdes (Malerbi & Franco, 1992; King & Rewers, 1993; King & Aubert, 1998; Wild
et al., 2004). E notdvel que, aproximadamente, 40% dos individuos com DM desconhecem
que possuem a doenca e 90% deles sdo portadores de DM tipo 2 (Malerbi & Franco, 1992;
King & Rewers, 1993; King & Aubert, 1998).

Alguns dados epidemioldgicos relatam que o DM ocorre em cerca de 10% dos
pacientes hospitalizados em qualquer unidade hospitalar no mundo, em cerca de 29% dos
pacientes submetidos a cirurgia cardiaca e que a hiperglicemia ocorre em,
aproximadamente, 38% dos pacientes hospitalizados, o que leva a maior tempo de
internagdo e uma maior taxa de admissdo na Unidade de Tratameto Intensivo (UTI) e,
conseqiientemente, maior custo (Sociedade Brasileira de Diabetes, 2008). Portanto, uma

iniciativa global é necessdria para tratar a epidemia do DM.
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3. Diuréticos tiazidicos

Os diuréticos aumentam o fluxo urindrio e a excrecao de sédio e sdo utilizados para
ajustar o volume e/ou a composi¢do dos liquidos corporais em uma variedade de situagoes
clinicas, incluindo hipertensdao, insuficiéncia cardiaca, insuficiéncia renal, sindrome
nefrética e cirrose. O mecanismo exato envolvido na reducdo da pressdo arterial pelos
diuréticos tiazidicos ainda ndo estd totalmente elucidado. No entanto, estudos relatam que
esses farmacos diminuem o volume extracelular através de sua interacdo com um co-
transportador de Na-Cl sensivel a tiazidas no rim. A deplecdo dos estoques de cloreto de
s6dio (NaCl) no corpo reduz a pressdo arterial e o débito cardiaco. Entretanto, o efeito
hipotensor ¢ mantido durante a terapia a longo prazo, devido a reducdo da resisténcia
vascular. Apds algumas semanas, o débito cardiaco retorna aos valores anteriores ao
tratamento (Goodman & Gilman, 2006; Parekh et al., 2008) e o volume extracelular retorna
quase a seu valor normal, em conseqiiéncia de respostas compensatdrias, como a ativagao
do sistema renina-angiotensina (Goodman & Gilman, 2006). Nao se sabe como esse
processo ocorre, todavia os diuréticos tiazidicos promovem vasodilatacdo em vasos
isolados de animais de laboratério e seres humanos (Goodman & Gilman, 2006).

Embora considerados seguros e eficazes, a sua utilizacdo estd associada com
alteracdes metabdlicas, incluindo dislipidemia, hiperglicemia, intolerancia a glicose e um
risco aumentado de desenvolvimento de DM tipo 2 (Wilcox, 1999; Huen & Goldfarb,
2007). Além disso, dados da literatura mostram que o uso de diuréticos tiazidicos também
estd associado com hiponatremia, hipocalemia e hipomagnesemia (Carlsen et al., 1999;
Verdecchia et al., 2004). Portanto, tem sido questionada a seguranga dos diuréticos para os

diabéticos hipertensos.
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O mecanismo pelo qual os diuréticos tiazidicos causam alteracdo na tolerdncia a
glicose ndo estd bem esclarecido, mas parece envolver uma reducdo da secrecdo de
insulina, bem como alteracdes no metabolismo da glicose (Bonner, 1994). Nesse contexto,
os efeitos dos diuréticos tiazidicos na secrecdo ou na sensibilidade a insulina podem ser
responsdveis pela alteragdo no perfil lipidico, uma vez que a insulina ativa a lipoproteina
lipase, a qual hidrolisa os trigliceridios em lipoproteinas de baixa densidade (LDL) (Grimm
et al., 1981). Portanto, os diuréticos tiazidicos podem induzir aumento nos niveis séricos de
colesterol total, triglicerideos e LDL (Grimm et al., 1981; Perez-Stable & Carilis, 1983),
além de alteracOes no metabolismo dos carboidratos, com conseqiiente hiperglicemia. Mas
esses efeitos adversos, em geral sdo dependentes da dose. Além disso, a redu¢do da dose,
além de modificacdes na dieta e do aumento da atividade fisica € suficiente, na maioria dos
casos, para controlar tais alteragdes (Jones & Sands, 1994). Entdo, uma vez que os
diuréticos tiazidicos, em doses baixas, ndo costumam produzir tais efeitos adversos (Huen
et al., 2007), torna-se crescente a recomendacdo para o uso cada vez mais intenso desse
farmaco, porém em doses cada vez menores.

Na literatura, ha evidéncias de que os efeitos adversos dos diuréticos tiazidicos nos
niveis de lipidios e na tolerancia a glicose sdo, em parte, conseqiiéncia da deplecdo de
potdssio (Helderman et al., 1983; Andersson et al., 1991), pois esses efeitos diminuem
quando € administrado potdssio simultaneamente com esses diuréticos (Wilcox et al.,
1999). Por outro lado, a hiperglicemia na auséncia de um bom controle metabdlico, bem
como a terapia com diuréticos tiazidicos podem aumentar a excre¢do urindria de magnésio
(Barbagallo & Dominguez, 2007). O magnésio intracelular desempenha um papel
fundamental na regulacdo da acdo da insulina, na captacdo de glicose mediada pela insulina

e no tonus vascular, portanto a insulina e a glicose sdo importantes reguladores do
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metabolismo do magnésio (Barbagallo & Dominguez, 2007). Assim, a hipomagnesemia
pode resultar em defeito na atividade da tirosina quinase no receptor de insulina,
comprometimento da a¢do da insulina e desenvolvimento ou piora da resisténcia a insulina
(Paolisso & Barbagallo, 1997; Barbagallo & Dominguez, 2007). Entdo, a deficiéncia de
magnésio tem sido proposta como um possivel mecanismo para o desenvolvimento da
resisténcia a insulina causada pelos diuréticos tiazidicos. Neste contexto, o DM tipo 2 é
caracterizado por deficiéncia celular e extracelular de magnésio, que € um importante co-
fator para mais de trezentas reagdes enzimadticas. Evidéncias sugerem que a deficiéncia de
magnésio estd associada com um controle metabdlico deficiente, aumento de dano tecidual
oxidativo dependente de radicais livres e cronicas complicagdes em pacientes com DM tipo

2 (Rayssiguier et al., 1993; Lourdes et al., 1998; Gums, 2004).

3.1. Hidroclorotiazida (HCTZ)

A Hidroclorotiazida (HCTZ) (Figura 1) e seus similares (tiazidicos) sdo os
diuréticos mais utilizados em todo o mundo para o controle da hipertensdo arterial. A
hidroclorotiazida (6-cloro-3, 4-dihidro-2H-1, 2, 4-benzotiadiazina-7-sulfonamida 1, 1-
di6xido) € um diurético, derivado sulfonamida representante da classe das benzotiadiazinas,

comumente conhecido como tiazida (Dollery, 1998).
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Figura 1. Estrutura quimica da Hidroclorotiazida
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Virios estudos relatam a eficdcia e seguranca dos diuréticos tiazidicos na reducdo da
morbidade e da mortalidade em pacientes hipertensos (The ALLHAT Study Group, 2002;
Turnbull, 2003), uma vez que esses diuréticos t€ém demonstrado eficidcia em diminuir a
pressdo arterial e uma comprovada capacidade de prevenir acidente vascular cerebral,
infarto do miocardio e insuficiéncia cardiaca congestiva (Mclnnes, 1992; The ALLHAT
Study Group, 2002; Turnbull, 2003). Como resultado, os tiazidicos, assim como a HCTZ
sdo recomendados como terapia de primeira linha para a hipertensdo arterial (The
ALLHAT Study Group, 2002). No entanto, o seu uso tem sido associado com
anormalidades metabdlicas, tais como distirbios eletroliticos, hiperlipidemia e
comprometimento do metabolismo da glicose (Plavinik et al., 1992; Franse et al., 2000;
Punzi & Punzi, 2004; Verdecchia et al., 2004). Portanto, esses efeitos adversos podem
causar o desenvolvimento ou exacerbacdo de distirbios metabdlicos e DM tipo 2 (Reungjui
et al., 2007), uma vez que muitos pacientes com hipertensdo arterial apresentam algum tipo

de distirbio metabdlico.

4. Estresse oxidativo

Um radical livre € qualquer dtomo, grupo de d&tomos ou moléculas capaz de existir
sob a forma independente e que contém um ou mais elétrons desemparelhados (Del
Maestro, 1980; Southorn & Powis, 1988; Bergendi et al., 1999; Halliwell, 2006b; Halliwell
& Gutteridge, 2006). O termo “Espécies Reativas de Oxigénio” (ROS) inclui os radicais de
oxigénio pouco reativos como o O," e os radicais altamente reativos, como o HO® (todos
sdo radicais que contém um ou mais elétrons desemparelhados), e alguns ndo-radicais (sem

elétrons desemparelhados), que sdo agentes oxidantes e/ou sdo facilmente convertidos em
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radicais, como por exemplo, HOCI, HOBr, O3, ONOQO/, 102 e H,0O,. Portanto, todos os
radicais de oxigénio sdo ROS, mas nem todas as ROS sdo radicais de oxigénio (Halliwell,
2006a). Ha também as Espécies Reativas de Nitrogénio (RNS), termo que inclui as espécies
radicais como NO® e NO,", bem como espécies nio-radicais como HNO; e N,O, (Halliwell,
2006a).

As EROs sdo produtos do metabolismo normal das células (Valko et al., 2007). No
entanto, um aumento na produgdo destas espécies reativas ou uma diminuicao das defesas
antioxidantes pode levar ao estresse oxidativo, que estd relacionado com a etiologia ou
progressdao de diversas doencas (Halliwell & Gutteridge, 2006; Valko et al., 2007). O
excesso de produgcdo de EROs pode causar dano em lipidios, proteinas e no &cido
desoxirribonucléico (DNA) inibindo a sua fun¢do normal (Valko et al., 2007).

Os seres vivos dispdem de mecanismos protetores para evitar o acimulo de EROs e
de seus efeitos deletérios (Halliwell, 2006). Esses sistemas de defesa podem ser de origem
enzimatica ou ndo-enzimdtica. As principais enzimas antioxidantes sdo a superoxido
dismutase, a catalase e a glutationa peroxidase. Essas enzimas evitam o acimulo de radical
superoxido, peréxido de hidrogénio e a conseqiiente producdo de radical hidroxil. As
defesas ndo enzimdticas incluem os antioxidantes lipofilicos (tocoferdis, carotendides e
bioflavondides) e hidrofilicos (glutationa e ascorbato) (Heffner & Repine, 1989; Cao et al.,
1997; Halliwell, 2006; Halliwell & Gutteridge, 2006).

Os mecanismos moleculares que levam as complicagcdes patoldgicas do diabetes ndo
estdo completamente esclarecidos na literatura, mas envolvem a participacdo de EROs
(Maritim et al., 2003) devido a hiperglicemia cronica (Baynes & Thorpe, 1996). A elevada

producdo de EROs pode ocorrer em conseqiiéncia da auto-oxidag¢do da glicose, glicagdao
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ndo-enzimdtica de proteinas e formacdo de produtos terminais de glicacdo avancada
(PTGAs), entdo os niveis elevados de EROs e a redug@o simultdnea nos mecanismos de
defesa antioxidantes podem causar danos em organelas celulares, desenvolvimento de
resisténcia a insulina (Maritim et al., 2003), alteragdes nas estruturas das proteinas,
inativacdo de enzimas e aumento nos niveis de peroxidagdo lipidica em varios tecidos (Jain
et al., 2001; Rosen et al., 2001; Folmer et al., 2002; Morgan et al., 2002; Maritim et al.,
2003). Essa peroxidacdo lipidica leva a destrui¢do oxidativa de d4cidos graxos poli
insaturados que constituem a membrana celular (Esterbauer et al., 1992; Cheeseman &

Slater, 1993).

5. A enzima Na*K*-ATPase

A Na™-K*-ATPase (EC 3.6.1.37) é uma enzima que estd incorporada na membrana
das células e € responsdvel pelo transporte ativo de fons sédio (Na) e potdssio (K*) no
sistema nervoso. Este processo regula a concentracio celular de Na'/K' e,
conseqiientemente, os seus gradientes através da membrana plasmdtica, os quais sdo
necessarios para as funcdes vitais, tais como co-transporte pela membrana, regulacdo do
volume celular e excitabilidade da membrana (Jorgensen, 1986; Doucet, 1988). Esta
enzima dimérica existe em vdrias isoformas no cérebro e consome cerca de 40-50% do
ATP gerado nesse tecido (Erecinska & Prata, 1994). A inativagio de Na'-K'-ATPase
conduz 2 despolarizacdo parcial da membrana, permitindo a entrada excessiva de Ca®* nos
neurd6nios com conseqiiente produgio de eventos neurotdxicos (Beal, 1993). A Na'-K'-

ATPase pode ser sensivel a oxidacdo causada por agentes oxidantes (Carfagna et al., 1996;
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Folmer et al., 2004), uma que possui grupos sulfidrilas, os quais sdo, altamente, suscetiveis
ao estresse oxidativo (Yufu et al, 1993; Folmer et al., 2004).

Estudos mostram que o consumo cronico de dietas com grande quantidade de
lipidios ou carboidratos pode promover o desenvolvimento de estresse oxidativo associado
a hiperglicemia em varios tecidos, o que pode conduzir a inibicdo de enzimas como a 0-
aminolevulinato desidratase (Folmer et al., 2002; Folmer et al., 2003) e a Na*-K"™-ATPase
(Morgan et al., 2002, Folmer et al., 2004). Nesse contexto, dados da literatura t€ém indicado
que a atividade da Na™-K*-ATPase em eritrécitos pode ser inibida apds exposi¢io in vitro a
altas concentracodes de glicose (Jain & Lim, 2001). No entanto, estudos relativos aos efeitos
de modelos experimentais de alteragdes metabdlicas induzidas pela dieta ou por diuréticos

tiazidicos, na atividade da Na*-K*-ATPase no tecido cerebral, sdo raros na literatura.

6. Selénio

O selénio € um elemento quimico que foi descoberto em 1817 por Berzelius e esta
localizado no grupo VI da tabela periddica. Na forma de selenocisteina, este micronutriente
encontra-se presente no sitio ativo de diversas enzimas que desempenham atividades
antioxidantes nos sistemas biologicos como a glutationa peroxidase e a fosfolipidio
hidroper6xido glutationa peroxidase (Flohe et al., 1973; Rotruck et al., 1973; Urisini et al.,
1985).

O selénio em baixas concentragdes € um elemento trago essencial aos mamiferos
(Navarro-Alarcon & Lopes-Martinez, 2000; Rayman, 2000). No entanto, estudos mostram
que altas concentragdes de compostos de selénio orgdnico ou inorganico podem causar

efeitos toxicos e pré-oxidantes devido a sua habilidade de catalisar a oxidagdo de tidis e
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produzir EROs (Nogueira et al., 2004; Schiar et al., 2009). Por outro lado, a deficiéncia de
selénio na dieta estd relacionada com a génese e/ou progressao de diversas patologias como
doencas cardiovasculares, disfuncdes imunoldgicas, cancer, diabetes e anormalidades
metabdlicas (Combs & Gray, 1998; Navarro-Aldrcon & Lopez-Martinez, 2000; Rayman,
2000; Barbosa et al., 2006; Barbosa et al., 2008). Além disso, dados da literatura relatam
que alguns compostos de selénio t€ém sido estudados em modelos clinicos e experimentais
de diabetes (Bonnefont-Rousselot, 2004; Faure et al., 2007; Barbosa et al., 2008) e parecem
ter efeitos benéficos na sensibilidade a insulina e na prevencdo de lesdo degenerativa
vascular (Faure et al., 2007).

A atividade antioxidante exibida pelo selénio parece ser responsdvel pela sua
eficdcia no tratamento e prevencdo das patologias que t€ém o estresse oxidativo como
processo central no seu desenvolvimento. Assim, nas tltimas décadas tem crescido muito o
interesse em investigar o papel de compostos de selénio como possiveis agentes
terapéuticos no tratamento de diversas patologias. No entanto, a dose de selénio a ser
administrada constitui um fator critico na atividade bioldgica do elemento, uma vez que a

quantidade requerida, nutricionalmente € muito préxima da quantidade téxica.

6.1. Disseleneto de difenila (PhSe),

\Se

Figura 2. Estrutura quimica do Disseleneto de Difenila
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O disseleneto de difenila (Figura 2) é um composto organico sintético de selénio
que reage, eficientemente, com hidroperéxidos e peréxidos organicos através de reacdo
similar a catalisada pela glutationa peroxidase (GPx). Vdrios estudos do nosso grupo de
pesquisa tém demonstrado que o (PhSe), apresenta importantes propriedades
farmacoldgicas como antioxidante, anti-inflamatoria, analgésica, neuroprotetora e anti-
aterogénicas (Ghisleni et al. 2003; Nogueira et al., 2004; Zasso et al., 2005; Barbosa et al.,
2006, Barbosa et al., 2008, Bem et al., 2008a; Bem et al., 2008b). Recentemente, dados do
nosso laboratério mostraram que o tratamento cronico com (PhSe), reduziu a hiperglicemia
e outras alteracdes bioquimicas relacionadas ao estresse oxidativo em ratos tratados com
estreptozotocina (Barbosa et al., 2006). No entanto, o efeito do (PhSe), em alteracdes
metabolicas induzidas por outros fatores como dietas suplementadas com carboidratos e/ou

lipidios associadas ao tratamento com HCTZ nio estd disponivel na literatura.

OBJETIVOS

OBJETIVO GERAL

O presente estudo visa entender melhor como o estresse oxidativo contribui para o
estabelecimento do diabetes em modelos animais. Nesse trabalho também abordamos a
andlise dos efeitos toxicoldgicos relacionados a dose de HCTZ e a possivel interacio
sinérgica entre a ingestdo de dietas hiperlipidicas ou hiperglicidicas associadas ao
tratamento com HCTZ, dois fatores de risco para o desenvolvimento de diabetes. Além

disso, procuramos desenvolver um modelo animal para o estudo da toxicidade da HCTZ
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associada aos sintomas bioquimicos do Diabetes Mellitus tipo 2 e avaliar o uso de (PhSe),,

organocalcogénio antioxidante, como possivel agente terapéutico nesse modelo animal.

OBJETIVOS ESPECIFICOS

Capitulo 1

- Investigar a possivel interagdo sinérgica entre a ingestdo cronica de uma dieta
hiperlipidica e o tratamento com HCTZ pela avaliacio dos pardmetros bioquimicos
relacionados ao estresse oxidativo no cérebro.

- Avaliar os efeitos toxicolégicos de HCTZ no cérebro durante uma suplementacao

oral com diferentes doses desse anti-hipertensivo.

Capitulo 2
- Investigar se a associa¢do entre uma dieta hiperlipidica e o tratamento com HCTZ
apresenta uma influéncia sinérgica negativa na homeostase da glicose e nos parametros
bioquimicos relacionados ao desenvolvimento de hiperglicemia, bem como investigar a
possivel relacdo entre essas alteragdes com o estresse oxidativo.

- Estudar os efeitos toxicologicos de HCTZ no figado, pela avaliacdo dos
parametros bioquimicos e marcadores de estresse oxidativo, durante uma suplementacao
oral com diferentes doses desse anti-hipertensivo.

- Desenvolver um modelo animal para o estudo da toxicidade da HCTZ associada

aos sintomas bioquimicos do DM tipo 2.
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Capitulo 3

- Estudar os efeitos da associa¢do de uma dieta hiperglicidica com o tratamento com
HCTZ nos parametros bioquimicos relacionados ao estresse oxidativo e aos marcadores
bioquimicos de desenvolvimento de DM tipo 2, a fim de investigar se a HCTZ poderia
exacerbar as alteragdes bioquimicas induzidas pela dieta hiperglicidica, uma vez que esses
distirbios sdo comuns em pacientes com hipertensao.

- Avaliar se a ingestdo cronica de (PhSe), pode prevenir e/ou reduzir as alteragdes
bioquimicas causadas pela ingestdo de uma dieta enriquecida com frutose e/ou

hidroclorotiazida.
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CAPITULO 1 - Artigo publicado.

High-fat diet and hydrochlorothiazide change biochemical indexes of oxidative stress
in brain of rats

Marinei Cristina Pereira Ribeiro, Nilda Berenice de Vargas Barbosa, Roger Monteiro,
Lutiane Mozzaquatro Parcianello, Veronica Bidinotto Brito, Juliano Perottoni, Daiana Silva

de Avila, Joao Batista Teixeira Rocha.

Cell Biochemistry & Function, 27: 473-478, 2009.
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High-fat diet and hydrochlorothiazide increase oxidative stress
in brain of rats

Marinei Cristina Pereira Ribeiro'**, Nilda Berenice de Vargas Barbosa”, Tielle Moraes de Almeida”,
Lutiane Mozzaquatro PH.rcianellu"‘, Juliano Perottoni '1', Daiana Silva de Avila®
and Jodio Batista Teixeira Rocha™*

:Ham:'ra.f Universitario de Santa Maria, Universidade Faderal de Santa Maria, Santa Maria, RS, Brazil
“Departamento de (hamica, Centro de Ciéncias Naturais e Exatas, Universidade Federal de Santa Maria, Santa Maria, RS, Brazil
*Departamento de Zootecnia, Universidade Federal de Santa Maria - CESNORS, Palmeira das Missdes, BS, Brazil

This study evaluated the effect of possible synergic interaction between high fat diet (HF) and hydrochlorothiazide (HCTZ) on biochemical
parmmeters of oxidat ive stress in brain. Rats were fed for 16 weeks with a control diet or withan HE, both supplemented with different doses of
HCTZ (0.4, 1.0, and 4.0 gkg ~" of diet), HF associated with HOTZ caused a significant increase in lipid peroxidation and blood glucose levels,
In addition, HF ingestion was associated with an increase in cercbral lipid peroxidation, vitamin C and non-protein thiol groups (NPSH)
levels, There was an increase invitamin C as well as NPSH levels in HCTZ (1.0 and 4.0 g kg of diet) and HF plus HCTZ groups, Na " K-
ATPase activity of HCTZ (4.0g ~1 of diet) and HCTZ plus HE-fed animal s was si gnificantly inhibited. Char data indicate that chronic intake
of a high dose of HCTZ (4gkg " of diet) or HF change biochemical indexes of oxidative stress in rat bmin. Furthermorne, high-fat diets
consumption and HCTZ treatment have intemctive effects on brain, showing that a long-term intake of high-fat diets can aggravate the toxeity

of HCTZ. Copyright i) 20089 John Wiley & Sons, Ltd.

KEY WoRDS —high fat diet; hydmchlorothiszide; hyperglycemia; oxidative stress; neuroboxidty

ABBREVIATIONS — CT, control diet; HCTZ, hydrochlorothiazide; HF, high fat diet; NPSH, non-protein thiol groups; TBARS, thicharbituric
acid mactive substance; ROS, ractive oxygen species

INTRODUCTION

A high fat intake is considered to be an important factor in
the development of insulin resistance’ and oxidative stress.*
Furthermore, results from both rodent and human smdies
provide evidence that chronic consumption of high-fat diets
is associated with alterations in brain chemistry and struc-
ture, increased risk of cognitive decline and dementia **
One mechanism potentially linking high-fat diets to
cognitive deficits is the development of insulin resistance
andfor type 2 disbetes mellitus.® Therefore, chronic
ingestion of high fat diet may have direct effects on
neuronal function but at the same time can be a major
contributor to other chronic diseases, including tvpe 2
diabetes mellis, cardiovascular disease and hypertension,
all of which are considered independent risk factors for
cognitive decline and dementia. Thus, it is unclear whether
diet directly impacts on brain function or mediates its effects
indirectly through of other chronic diseases.

* Comespmdence to; M. C. P Ribeiro or 1. B. T. Rocha, Hospital Und-
verstdrio de Santa Marta, Undversidade Federal de Santa Maria, 97105900
Santa Maria, RS, Brazil. Tel: +55-55-3220-8513. Fax: 55-55-3220-8240.
E-mail: me pribedno @ yahoocom be or jhimoe ha@ yahoo.oom br

Copyright © 2009 John Wiky & Sons, Lid.

Hydrochlorothiazide (HCTE) belongs to the thiazide class
of compounds used as diuretics in the reatment of hyper-
tension, edema associated with congestive heart failure, and
edema associated with hepatic cirrhosis® However, its side
effects include metabolic abnormalities, such as hypokale-
mia, hvpercholesterolemia, and hyperglycemin.u Thus, a
variety of smdies have reported that thiazide dinretics
therapy may impair glucose wlerance and decrease insulin
sensitivity and thereby accelerate the development of
diabetes mellitus.”~? However, few studies are available
about the effect of HCTZ on brain.

Onxidative stress occurs in biological systems when there
is an overproduction of reactive oxygen species (ROS) as
well as a deficiency of enzymatic and non-enzymatic antio-
xidants. Inother words, oxidative stress results from the mebolic
reactions that use oxygen and represents a disturbance in the
equilibrium status of prooxidant/antioxidant reactions in
living nrganLﬁmﬁ.m In this context, brain is particularly
vulnerable to oxidative damage because of the high oxygen
utilization, the high content of unsaturated fatty acids (that
are more liable to peroxidation), the presence of redox-
active metals (Cu, Fep,'™" and a low reserve of antioxidant
defences.'! Interestingly, brain makes up about 2% of a
person’s mass but consumes 20% of their metabolic oxygen.

Recefved 22 April 2000
Revised 30 June 2009
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The vast majority of this energy is used by neurons.' * In this
context, it has been shown that the oxidative stress increases
neuronal death, which contributes to the newropathology
associated with dishetes.'” In this way, enhanced formation
of ROS occurs in tissues during hyperglycemia'® and these
oxidant radicals contribute to increase neuronal death
through protzin oxidation, DNA damage, and peroxidation
of membrane lipids.'*'% Since animal models of diabetes
and insulin resistance can contribute to clarify the effects of
diabetes on brain functioning, the role of oxidative stress in
brain damage has been extens isrelg studied in experimental
diabetes and diabetic patients. '’

In the present smdy, the possible negative synergic
interaction between high fat intake and HCTZ treatment,
two risk factors for the diabetes development, was assessed
by measuring biochemical parameters related to oxidative
stress in beain.

MATERIALS AND METHODS
Chermicals

Casein (technical grade), comassie brilliant blue G, sodium
sulfate dodecyl (SDS), ethanol, reduced glutathione,
ouabain, malondialdehvde (MDA), and thiobarbimric acid
(TBA) were obtained from Sigma (St. Louis, MO, USA).
Mono and dibasic potassium phosphate, acetic acid, ascorbic
acid, artho-phosphoric acid, wis buffer (wrisfhydroxymethy-
IJaminomethane) and trichloroacetic acid were obtained from
Merck (Rio de Janeiro, Brazil). Hydrochlorothiazide, were
purchased from commercial sources cornstarch, lard, bone
meal, wheat bran, sovbean oil,

Animals and diets

Adult male Wistar rats (2 months old), weighing 250-300 g
were used for the experiments. The animals were kept on a
12h light/12 h dark cvcle. in a room with the temperature
regulated to 21-25°C and humidity at roughly 56% and with
free access to food and water. Animals were used according
to the guidelines of the Committee on Care and Use of
Experimental Animal Resources of the Faderal University of
Santa Maria, Brazil

Rats were randomly divided in eight experimental groups
with five animals per group and fed for 16 weeks with: (1)
control diet (CT}: (2) CT plus HOTZ (0.4 g kg ' of diet): (3)
CT plus HCTZ (1.0gkg ™' of die: (4) CT plus HCTZ
{40gkg 'of diet); (5) high fat diet (HF); (6) HF plus HCTZ
(04gke ' of diet); (7) HF plus HCTZ (1.0gkg ' of diet),
and (8) HF plus HCTZ (4.0gkg ' of diet). HCTZ doses
were selected on the basis of a previous study where a dose
of 300mgkg ' of HCTZ was found to be the NOAEL for
HCTZ in rats.® Here we have estimated a consumption of
about 25 gday ' rat” !, which correspond to doses of HCTZ
ranging from about 30 to 300mg HCTZ per kg of body
weight. The composition of the diets is shown in Table 1.
Diets were prepared weekly and stored at 4°C. HCTZ was
first mixed with the vitamin and mineral mixtres. Then, this

Copyright © 200% John Wiley & Sons, Lid.

Table 1. Composition of the diets {gkg ™)

Components High fat diet Control diet
Suonose 20eh 200
Caomatanch — 280
Casein 180 180
Albumin n 2
Land 280 —
Soybean odl an 20
Baone's floor &0 &
Wheat bran 188 188
Mineral mixmre® A Al
Witamin mixiume i 10

*The mineral mixire contzained {gkg ™' ): bone meal (44%; NaCl {38 KO
(134,20 MgS0, (200; ZoCl, (0.4); CuSOy (0. 175); MnSO, ( L.2); FeS0y (2),
and comstanch {355).

"The vitamin mixmre {mg e TU g~ ") was composed of Vitamin A, 2000 TU;
Vitamin D, 200 I copherol, 1000 menadions, 0.5 mg: choline, 200 mg;
folic acid, 0.2 mg; p-aminobenzode acid, 1L0mg; inositel, 10me; calcium -
panhotenate, 4.0 mg; Aboflavin, 0.8mg; thiamin-HCL, 0.5 mg; pyridoxine-
HCL, 05 mg nacinamide, (L3mg; and biotin, (004,

new mixture was extensively mixed with casein and sequen-
tially with sucrose, wheat bran and the other components of
the diet until a homogenous mixture was obtained. Diet (25—
30 grai~ ') was offered daily and the lefiovers were removed
and weighted to calculate the daily food consumption (food
consumption varied from about 20 to 25grat ' day '),

Tissane prre par tion

At the end of the 16-week treatment, after 12h of fasting, the
animals were decapitated under mild ether anesthesia and
blood was collected by cardiac puncture in heparinized mbes
for the measurement of blood glucose levels. Brain was
quickly removed, rinsed with saline, weighted, placed on
ice, and homogenized in 10 volumes (wiv}) in cold S0 mM
Tris—HC1 pH 7.4. The homogenate was centrifuged at 4000g
at 4°C for 10min to yvield low-speed supernatant fraction
(51) that was used for biochemical assavs.

Blood glucose levels

Blood gluoose levels were measured by using commercial
Kits (Labtest, Minas Cerais, Brazil).

Lipid peroxidation (LPO) fevels

Lipid peroxidation was estimated by measuring TBA
reactive substances (TBARS) and was expressed in terms
of malondialdehyde (MDA} content, according to the
method of Ohkawa et m’.__m in which MDA, an end product
of fatty acid peroxidation, reacts with TBA to form a colored
complex. In brief, samples were incubated at 100°C for
60 min in acid medium containing 0.45% SDS, 1.27 mol L™
acetic acid/270 mmol L~ HCL, pH 3.5 and 0.8% TBA. After
centrifugation, the reaction product was determined at
532nm using 1,13, 3-tetramethoxypropane as standard.

Cell Biochem Funct 208, 27: 473478
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Witamin C levels

Cerebral vitamin C (ascorbic acid) levels were determined
by the method of Jacques-Silva e al! Proteins of brain
were precipitated with 1 volume of a cold 10% trichlor-
oacetic acid followed by centrifugation. An aliquot of 300 ul
of v.upernaiantt was mixad with 2 4-dinitrophenylhydrazine
(4.5 mg ml } CuS0y (0.075 mg ml Yy and richloroacetic
acid 13.3% (final volume 1ml) and incubated for 3h at
37°C. Then, 1ml of H.80,; 65% (v/v) was added to the
medinm. Ascorbic acid levels were measured spectro-
photometrically at 520 nm and calculated using a standard
carve (1.5-4.5 pmol L ™! ascorbic acid freshly prepared in
sulfuric acid).

Non-protein thiod groups (NPSH) levels

Mon-protein thiol groups content from brain were deter-
mined as described by Ellman®® For the NPSH determi-
nation the samples of S1 from brain were precipitated with
200l of 10% trichloroacetic acid followed by centrifu-
gation. The colorimetric assay was carried out in phosphate
buffer 1 M, pH 7.4. A standard curve using glutathione was
constructed in order to calculate the non-protein thiol groups
in the tissues samples.

Determination of Na' —K'-ATPaze activity

Cerebral Na'—K'-ATPase activity was measured spectro-
photometricallv by determining the organic phosphate {P‘Ig
rele.ued according to the method of Fiske and Subbarow.

Na'-K"-ATPase acmrlty was calculated as the difference
between the total Mg®" ATPase activity (without ouabain)
and Mg" A'T‘Pase activity determined in the presence
0.5 mmol L™ ! of cusbain, Both activities were deterrmnedm
the presence of 125mmol L' NaCl and 20 mmol L~ KCL

Staristical analvsis

All values obtained are expressed as mean + standard error.
Data were analyzed by one-way or two-way ANOVA
analyses of variance followed by Duncan’s multiple range
tests when appropriate. Differences between groups were
considered to be significant when p < 0.05.

RESULTS
Crrgan weight

Two-way ANOVA (2 diets x4 HCTZ doses) revealed no
significant main effect of diet (p=0.10) or HCTZ
(p=0.10) or diet versus HCTZ interaction (p = 0.10)

Blood glucose levels

Two-way ANOVA of blood glucose levels revealed a
significant main effect of the diet [F(1, 32) =974, p < 0.05]
and a significant main effect of the HCTZ treatment [F(3,
32)=473, p-<0.05 HCTZ and HF treamment tended to

Copyright & 2009 John Wiley & Sons, Lid.
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Figure 1. Effect of co-treatment with hydmchlorothiazide and control or
high fat dieton glucose Hood levels. Data e expressedas meam + SEM of
five animals, “Mean values that do nod share 3 common superseript leter
were significantly different, p< 005 { ANOVADuncan)

increase blood glucose; however, post-hoc comparisons
indicated that a significant increase in glucose levels
occurred only after simultaneous ingestion of HF and
HCTZ (1.0 and 4.0g kg . Figure 1, p<0.05).

Lipid peroxidation (LPQ) levels

Two-way ANOVA of LPO levels revealed a significant main
effect of the diet [F(l, 32)=1543, p<0.05] and a
significant main effect of the HCTZ treatment [F(3,
32)=5.56, p< 0.05. HCTZ and HF treatment tended to
increase LPO levels: however, post-hoc comparisons
indicated that a significant ml:reaﬁe in LPC levels occurred
only after ingestion of 4.0g kg ' of HCTZ alone or after
simultaneous ingestion of HF and HCTZ at 1and 4 gkg ! of
HCTZ (Figure 2). Of particolar importance, positive
correlation was found between cerebral LPO and blood
glucose levels (r=049, p <0.05).

nmal MDA tissoe

CI CI04 CTLO CT40 HF HFI4 HFLD HFLO

Figure 2. Thivharbituric acld reactive substanee levels in s co-treated
with hydrochlorothiazide and with control or high fa des. Data ane
expressed s means+ SEM of five animak. ®“Mean values that do not
share a common superscript letter wene significandy different, p < 0005
{ ANOVADuncan
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Vilamin C levels

Two-way ANOVA of cerebral vitamin C levels revealed a
significant main effect of diet [F(1, 32)=31.47, p < 0.05]
and of HCTZ treatment [F(3, 32) =24.72, p < 0.05]. HCTZ
cansed a significant increase in the vitamin C levels in brain
of animals. Diet x HCTZ weatment interaction was also
significant [F(3, 32)=7.15, p < 0.05]. Post-hoc compari-
sons revealed that the HCTZ cansed a dose-dependent
increase in cerebral vitamin O in rats fed with the CT,
whereas only the highest dose of HCTZ cansed a significant
increase in vitamin C in rats fed with the high fat diet
(Figure 3).

Non-protein thiol groups (NPSH) levels

Two-way ANOVA of cerebral NPSH levels revealed a
significant main effect of the diet [F(1, 32)=21.89,
p<0.05] and a significant diet versus HCTZ interaction
[F13, 32)=8.72, p < 0.05]. Post-hoc comparisons indicated
that a significant increase in NPSH levels occurred in brain
from rats fed the CT only after of ingestion of 1.0 and
40gkg ' of HCTZ. In rats fed the HF, HCTZ caused an
increase in NPSH at all doses (Figure 4).

Determination of Na'—K'-ATPase activity

Two-way ANOVA of cerebral Na'-K"-ATPase activity
revealed a significant main effect of diet [F(1, 32) =47.10,
p < 0.05] and HCTZ treatment [F(3, 32) = 13.44, p < 0.05].
Post-hoc com parisons indicated that asignificant decrease in
MNa*-K*-ATPase activity in rais fed the CT occurred afier
ingestion of 40gke ' of HCTZ. In rats fed with the HF,
HCTZ decreased Na'-K'-ATPase activity at all doses
tested (Figure 5). In addition, negative correlation was found
berween the Na'-K'-ATPase activity and glucose levels
(r==0.65, p-<0.03).

g ascarhic scidly Hysuc

I CI0d4 CTLD CTM0 HY HERd HFL® HFO

Figure 3.  Viamin C levelsin s co-breated with hydoochlorothi seide and
with control or high fat dets, Dats are expressad & means + SEM of five
animals *“Mean values hatdo notshare 2 common supeseript letter wene
significantdy different, p < 005 (ANOVA/Duncan)

Copyright © 2000 Tohn Wiley & Sons, Lid.
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Figure 4. MNon-prokein thiol groups levels in ras co-treaed with hydro-
chiomihiazide and with contml or high fat dets. Dats ae expressed s
means+ SEM of five animak. values that do not share 8 common
superscript letter wene sgndficantly different, p< 0.0 { ANCWADune an)

Activity (nmol Bilg tssus mis)
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Figure 5. Effect of co-treament with hydmchlorathizzide and with con-
trol or high fat diet on Ma™K*-ATPase activity Dats are expressed s
means-+ SEM of five animak. ®“Mean values that do not share a common
superscript letter wene dgndficantly different, p < 0L05 { ANOVADune an)

DISCUSSION

Literature data have indicated that long-term consumption
of high-fat diets® as well as HCTZ treatment” are important
factors for the appearance of some metabolic changes
related to type 2 diabetes. In this way, results of the present
study indicate that high doses of HCTZ associated with HF
cansed an increase in blond glucose levels, which are
compatible with the development of insulin resistance. Thus,
we can suggested that simultaneous ingestion of high-fat
diets and the use of thiazides as diuretics for the reatment of
hy pertension could potentiate the increase of blood glicose
levels cansed by this class of drug. The mechanism by which
thiazide induces an increase in glucose levels and glucose
intolerance is not completely understood. However, it has
been implicated a decreased insulin secretion ancreatic
£ cells and decreased tissue insulin sensitvity.

In this context, it is well accepted that low to medium
range doses of this dinretic is effective in lowering blood
pressure with minimal side effects. When the dose is

Cell Biochem Finer X00; 17: 4T34T8
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increased, little contribution is observed regarding the
control of blood pressure, whereas side effects increase
.li1.1‘|:i.lit..'1r1'ri..'ltl‘_i.r.T"""jdl In fact, previous studies have indicated a
clear correlation betwesn the dose of thiazide and an
increase in fasting plucose concentrations. > In the same vein,
hydmchlorothiazide (at an average dose of 40mgday b
cansed hyperglycemin ™ Recent dat have indicated that
prolongad treatment of hypertensive patients with a low dose
of HCTZ (12.5 mg day ™~ ") improves arterial elasticity, but not
in patients with tvpe 2 diabetes mellitus or impaired fasting
glucose. In addition, they have demonstrated that treatrent
with a full dose of HCTZ (2Smgday”') can aggravate
metabolic ers and arterial stiffness.” The doses tested
here were higher than that commonly used for the treatment
of hy pertension: however, they are lower than the NOAEL of
HCTZ for rats” and can indicate thata directextrapolation of
toxic doses from rats to human is not possible.

For vears researchers have reported that ROS can canse
cell degeneration, especially in 1::1‘:11&,";"113| since it is
particularly vulnerable to oxidative stress due to limited
antioxXidant n:.']p.'n:lt'j.r.1 " Inthis context. it has been shown that
chronic intake of a HF** as well as the hyperglyveemia
condition are linked to oxidative stress generation and that
increased levels of ROS are involved in the development of
insulin resistance™ > and disbetic neuropathy'*'% 1933
However, data about the potential facilitating effects of
HCTZ in promoting insulin resistance and oxidati ve stress in
animal models are scarce or lacking in literature. Herein we
found that chronic HF consumption was associated with an
increase in LPO levels in brain tissue that was aggravated by
HCTZ treatment. In line with this, literamre data have
indicated that hyperglycemia causes an eXcessive non-
enzymatic glvcation of protein structures, with marked
inactivation of enzvmes, increased Iipidl]?emxidm.ien_. and
changes in antioxidant defense systems.” A

In this study, we observed a small but statistically
significant increase in cerebral vitamin C levels in rats fad
with high doses of HCTZ alone or in combination with HF.
Similarly, NPSH levels were increased in animals treated
with 1.0 and 40gkg™' of HCTZ and the increase was
proportionally higher in rats fed the HF diet. Accordingly, an
increase on the antioxidant defense systems has heen
observed in a variety of experimental models of pathologies
possibly as a compensatory response of the tissues to the
presence of oxidative insults* However, here the
significance of the levels of Vitamin C remains unclear,
particularly, in view of the fact that the actual differences in
Yitamin C levels across the various groups were small.

MNa'-K'-ATPase, a sulfhydryl-containing enzyme, is
embeddad in the cell membrane and is responsible for the
active transport of sodium and potassium ions in the nervous
system. This process repulates the cellular Na'/K!
concentrations and hence their gradients across the plasma
membrane, which are required for vital functions such as
membrane co-transports, cell volume regulation and
membrane excitability. This dimeric enZvme exists in
several isoforms in brain and consumes the greater part of
available ATP™” The inactivation of Na'-K'-ATPase leads

Copyright ) 200% Joln Wiley & Sons, Lid.

to partial membrane depolarization allowing excessive Ca™
entry inside neurons with resultant neurotoxic events”" In
this study, we observed a significant inhibition in Na /K" -
ATPase activity in brain of the animals treated with high
doses of HCTZ HCTZ-induced enzyvme inhibition may be
associated with an increase in oxidative stress which can
accelerate Na'-K'-ATPase denaturation.®' In fact, -SH
groups of this enzyme are highly susceptible to oxidative
stress™ and oxidizing agents.* Moreover, our data have
indicated an interaction between HF and HCTZ effects on
Na'-K"'-ATPase activity in brain. Simultaneous co-treat-
ment with HCTZ and the HF diet could cause additional pro-
oxidative stress in this organ with concomitant Nat-K*t-
ATPase inhibition. However, further studies are necessary to
understand the mechanismis) involved in the interactive
effects of diet and HCTZ on cerebral Na* K ' -ATPase.

In summary, our data indicate that chronic intake of the
high doses of HCTZ or HF changes the biochemical
parameters related to cerebral oxidative stress. The
significant positive correlation between cerebral TBARS
and blood gluicose and the nepgative correlation betwesn
Na'"-K"-ATPase and blood glucose levels may indicate a
potential role for hyperglvcemia, at least in part, in
neurochemical changes after exposure to HCTZ and/for a
high fat diet. In short, the results of the present investigation
suggested that simultaneous consumption of high fat diets
and HCTZ can exacerbate oxidative stress in brain.
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Abstract
Aims: This study was designed to investigate whether an association between a high fat (HF)
diet and hydrochlorothiazide (HCTZ) produces a negative synergic influence on glucose
homeostasis and in other biochemical parameters associated to hyperglycemia development.
Main methods: Rats were fed for 16 weeks with a control diet (CT) or with an HF diet
supplemented or not with different doses of HCTZ (0.4, 1.0 and 4.0 g/kg of diet).
Key findings: In experimental trials, HCTZ associated with an HF diet caused a significant
increase in blood glucose and fructosamine levels. The intake of HCTZ and HF diets
produced a significant reduction in magnesium and potassium levels as well as an increase in
lipid peroxidation and vitamin C in liver. Importantly, the association of HCTZ with HF diet
caused additional worsening of biochemical parameters related to glucose homeostasis
(particularly accentuated magnesium depletion) and further increase in hepatic oxidative
stress.
Significance: Our results suggest that chronic intake of HCTZ or HF diet causes metabolic
changes related to glucose homeostasis and that the association of HF diet and HCTZ
treatment can exacerbate some of these biochemical alterations. Therefore, we can suggest

that this experimental model can be used for studying the adverse effects of HCTZ.

Keywords: High fat diet, hydrochlorothiazide, hyperglycemia, oxidative stress, magnesium.
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Introduction

Hydrochlorothiazide (HCTZ) is a diuretic that belongs to the thiazide class of
compounds and is widely used for the treatment of hypertension (George et al. 1995). HCTZ
safety and efficacy in reducing morbidity and mortality in hypertensive patients have been
attested by numerous studies (JAMA 1991, BMJ 1992, Grossman and Messerli 20006),
however, its use can be associated with the development of metabolic abnormalities such as
hyperglycemia and type 2 diabetes mellitus (Weir and Moser 2000, Zee et al. 2005).
Therefore, the intake of this class of diuretic in diabetic hypertensive patients has been
questioned (Grossman 2006).

Similarly to HCTZ treatment, chronic intake of diets with a high proportion of fat
can promote the appearance of hyperglycemic state, which ultimately leads to an increased
risk of developing type 2 diabetes mellitus (Kamgang et al. 2005, Messier et al. 2007).
Consequently, high fat diets have been commonly used in rodent to mimic experimentally
human type 2 diabetes mellitus (Han et al. 1997, Hansen et al. 1998, Tremblay et al. 2001,
Folmer et al. 2003, Kamgang et al. 2005, Shih et al. 2008).

Hyperglycemia, the primary clinical manifestation of diabetes mellitus, is associated
with non enzymatic glycation of proteins and free radical generation (Maiese et al 2007).
These processes can cause permanent chemical alterations in proteins and increase lipid
peroxidation in a variety of tissues (Folmer et al. 2002, Brito et al. 2007, Maiese et al. 2007).
In this context, excessive production of reactive oxygen species (ROS) or inadequate
antioxidant protection facilitates the development and progression of diabetes and its
complications (Rosen et al. 2001, Maritim et al. 2003).

Liver is one of the primary insulin-responsive organs and has a central role in

modulating normal glucose homeostasis (Maiese et al. 2007). Literature reports have
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demonstrated that hepatic damage induced by ROS can disrupt cellular homeostasis and
aggravate metabolic syndrome features (Kohen and Nyska 2002, Raval et al. 2006). Thus, in
an attempt to develop a rodent model to study the adverse effects of HCTZ, the main
objective of this work was to investigate whether an association between HF diet and HCTZ
could have a negative synergic influence on glucose homeostasis and on other biochemical
parameters related to hyperglycemia development. Moreover, a possible relationship between

these changes with oxidative stress was also investigated.

Materials and Methods
Chemicals

Casein (technical grade), comassie brilliant blue G, 2,4-dinitrophenylhydrazine,
HCI, sodium sulphate dodecyl (SDS), heptane, acetate, ethanol, reduced glutathione, ouabain,
malondialdehyde (MDA) and thiobarbituric acid (TBA) were obtained from Sigma, (St.
Louis, MO., USA). Mono and dibasic potassium phosphate, acetic acid, ascorbic acid, ortho-
phosphoric acid, tris buffer (tris[hydroxymethyl]aminomethane) and trichloroacetic acid were
obtained from Merck (Rio de Janeiro, Brasil). Hydrochlorothiazide, cornstarch, lard, bone
meal, wheat bran, soybean oil, vitamin and mineral complex were obtained from various

commercial sources.

Animals and diets
Adult male Wistar rats (2 months old), weighing 250-300 g were used for the
experiments. The animals were kept on a 12 h light/12 h dark cycle, in a room with the

temperature regulated to 21-25 °C and humidity at roughly 56% and with free access to food
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and water. Animals were used according to the guidelines of the Committee on Care and Use
of Experimental Animal Resources of the Federal University of Santa Maria, Brazil.

Rats were randomly divided in eight experimental groups with five animals per
group and fed for 16 wk with: (1) control diet (CT); (2) CT plus HCTZ (0.4 g/kg of diet); (3)
CT plus HCTZ (1.0 g/kg of diet); (4) CT plus HCTZ (4.0 g/kg of diet); (5) high fat diet (HF);
(6) HF plus HCTZ (0.4 g/kg of diet); (7) HF plus HCTZ (1.0 g/kg of diet) and (8) HF plus
HCTZ (4.0 g/kg of diet). The composition of the diets is shown in Table 1. Diets were
prepared weekly and stored at 4°C. The food intake and the body weight of animals were

measured daily and every week, respectively.

Blood samples and tissue preparation

At the end of the experimental period, after 12 h of fasting, the animals were
sacrificed under mild ether anesthesia and blood was collected by cardiac puncture in
heparinized tubes for vitamin C determination. A blood fraction was collected in tubes with
sodium fluoride to determine glucose concentration. In addition, a parallel blood fraction was
collected without anticoagulant for magnesium, potassium and fructosamine determination.
The samples of liver were quickly removed, rinsed with saline, weighed, placed on ice and
homogenized in 10 volumes (w/v) in cold 50 mM Tris-HCI pH 7.4. The homogenate was
centrifuged at 4,000 x g at 4°C for 10 min to yield low-speed supernatant fraction (S1) that
was used for biochemical assays, except for measurement of protein carbonyl content (PCO),
which was determined in samples of the homogenate. In addition, total adipose tissue
deposits (total weight of perirenal, mesenteric, epididymal and subcutaneous fat-pads)

content was also determined.
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Biochemical analysis

Plasma glucose concentration was measured as previously described by Bergmeyer
(1984) and fructosamine concentration was determined as described by Baker et al. (1985).
The levels of magnesium were estimated according to the method of Bohuon (1962) and

potassium levels were measured as previously described by Kavanagh and Mills (1997).

Lipid peroxidation (LPO) levels

Lipid peroxidation was estimated by measuring thiobarbituric acid reactive
substances (TBARS) and was expressed in terms of malondialdehyde (MDA) content,
according to the method of Ohkawa et al. (1979), in which MDA, an end product of fatty acid
peroxidation, reacts with thiobarbituric acid (TBA) to form a colored complex. In brief,
samples were incubated at 100°C for 60 min in acid medium containing 0.45% sodium
dodecyl sulfate, 1.27 mol/L acetic acid/270 mmol/L HCI, pH 3.5 and 0.8% thiobarbituric
acid. TBARS produced were measured at 532 nm and the absorbance was compared with the

standard curve using malondialdehyde.

Protein carbonyl (PCO) content

The PCO content was determined as described by Levine et al. (1989) with some
modifications. Briefly, homogenates were diluted to 750-800 pug/mL of protein in each
sample, and 1 mL aliquots were mixed with 0.2 mL of 2,4-dinitrophenylhydrazine (DNPH,
10 mM) or 0.2 mL HCI (2 M). After incubation at room temperature for lh in a dark ambient,
0.6 mL of denaturing buffer (150 mM sodium phosphate buffer, pH 6.8, containing 3%

SDS), 1.8 mL of heptane (99.5%) and 1.8 mL of ethanol (99.8%) were sequentially added,
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mixed with vortex agitation for 40 sec and centrifuged for 15 min. The protein isolated from
the interface was washed two times with 1 mL of ethyl acetate/ethanol 1:1 (v/v) and
suspended in 1 mL of denaturing buffer. Each DNPH sample was read at 370 nm in a
spectrophotometer against the corresponding HCl sample (blank), and total carbonylation
calculated using a molar extinction coefficient of 22,000M'cm™. Protein was measured by

method of Bradford (1976) using bovine serum albumin as standard.

Vitamin C levels

Total content of vitamin C (ascorbic acid) in plasma and liver was determined by
the method of Jacques-Silva et al. (2001). Proteins of plasma and liver were precipitated with
1 vol. of a cold 10% trichloroacetic acid followed by centrifugation. An aliquot of 300 uL of
the supernatants was mixed with 2,4-dinitrophenylhydrazine (4.5 mg/mL), CuSO,4 (0.075
mg/mL) and trichloroacetic acid 13.3% (final volume 1 mL) and incubated for 3 h at 37°C.
Then, 1 mL of H,SO4 65% (v/v) was added to the medium. Ascorbic acid levels were
measured spectrophotometrically at 520 nm and calculated using a standard curve (1.5-4.5

pumol/L ascorbic acid freshly prepared in sulfuric acid).

Statistical analysis

All values obtained are expressed as mean * standard error. Data were analyzed by
one-way, two-way or three-way ANOVA analyses of variance followed by Duncan’s
multiple range tests when appropriate. Differences between groups were considered to be

significant when p < 0.05.
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Results

Body weight, organ weight and total adipose tissue deposit weight

Three-way ANOVA (2 diets x 4 HCTZ x 16 sampling times) revealed significant
HCTZ x time interaction (Fig. 1A and 1B, p < 0.05), indicating that HCTZ treatment caused
a reduction in body weight gain rate (Table 2). Two-way ANOVA of total adipose tissue
weight revealed a significant main effect of HCTZ [F(3,32)=10.75, p < 0.05], indicating that
HCTZ treatment decreased total adipose tissue deposits (Table 2). However, the proportion
of lipid to body weight was significantly higher in the high fat diet group that was fed with

4.0 kg HCTZ than in other groups (data not shown).

Blood glucose levels

Two-way ANOVA of blood glucose levels revealed a significant main effect of the
diet [F(1,32)=9.74, p < 0.05] and a significant main effect of the HCTZ treatment
[F(3,32)=4.73, p < 0.05. HCTZ and HF treatment tended to increase blood glucose; however,
post-hoc comparisons indicated that a significant increase in glucose levels occurred only

after simultaneous ingestion of HF and HCTZ (1.0 and 4.0 g/kg; Table 3).

Fructosamine levels
Two-way ANOVA for fructosamine data revealed a significant main effect of the
diet (F(1,32)=32.23, p < 0.05). In fact, the ingestion of the HF diet increased fructosamine

levels in all groups (Table 3).
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Magnesium and potassium determination

Two-way ANOVA of magnesium levels revealed a significant main effect of the
diet [F(1,32)=17,23, p < 0.05] and a significant main effect of HCTZ [F(3,32)=8.34, p <
0.05]. Post-hoc treatment by Duncan’s multiple range tests revealed that HF diet caused a
significant reduction in magnesium level. Analyses also demonstrated that HCTZ caused
further decrease in magnesium level in control and HF diets (Table 3). Of particular
importance, negative correlations were found between the magnesium and glucose levels (r =
- 0.51, p < 0.05) as well as between magnesium and fructosamine levels (r =- 0.37, p < 0.05).

Two-way ANOVA of potassium levels revealed a significant main effect of the diet
(F(1,32)= 20.8. p < 0.05) and of the HCTZ treatment [F(3,32)=10,99, p < 0.05] and a
tendency for significant diet x HCTZ interaction [F(3,32)=2.44, p < 0.10]. Post-hoc
comparisons indicated that HCTZ and HF caused a significant decrease in potassium levels
when compared to CT group (Table 3). In addition, positive correlation was found between

the potassium and magnesium levels (r = 0.62, p < 0.05).

Lipid peroxidation levels

Two-way ANOVA of LPO levels revealed a significant diet x HCTZ interaction
[F(3, 32)=45,93, p < 0.05]. Post-hoc comparisons indicated that HCTZ caused a significant
increase in hepatic TBARS levels that was higher in the HF + HCTZ (4.0 g/kg) group (Table

4) than in the corresponding CT group.

Protein carbonyl group content
No significant difference was observed in PCO levels in liver of animals (Table 4, p

> 0.05).
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Vitamin C levels

Two way ANOVA revealed that the intake of the HF diet [F(1,32)=50.96, p < 0.05]
and HCTZ treatment [F(3,32)=21.16, p < 0.05] caused a significant increase in the vitamin C
levels in liver of animals. However, the increase was proportionally higher in the HF groups
treated simultaneously with HCTZ as evidenced by a significant interaction diet x HCTZ
treatment [F(3,32)=8.85, p < 0.05] (Table 4). No significant difference was observed in

vitamin C levels in plasma of animals (Table 4, p > 0.05).

Discussion

It has been shown that long-term consumption of HF diet as well as HCTZ
treatment are important factors for the appearance of some metabolic changes related to
hyperglycemia. In this way, in the present study we observed that HF supplemented with
HCTZ caused an increase in blood glucose levels and, that HF diet, associated or not with
HCTZ, enhanced the fructosamine levels, which are compatible with the development of
hyperglycemic state. Thus, we can observe that the experimental model, with certain
limitations, mimics the epidemiological data from literature and may indicate that
simultaneous ingestion of high fat diets and the use of thiazides as diuretics for the treatment
of hypertension could potentiate the adverse effects of this class of drug.

Literature data have reported that chronic intake of a HF diet (Folmer et al. 2003) as
well as the hyperglycemia condition is linked to oxidative stress generation (Maiese et al.
2007, Lopes et al. 2008). However, data about the potential facilitating effects of HCTZ on
these parameters in animal models are scarce or lacking in literature. In this context, we
observed that chronic HF consumption caused a significant increase in hepatic TBARS levels

that was potentialized by HCTZ treatment. The fact that PCO levels were not modified
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indicates that the hepatic oxidative stress caused by HCTZ chronic intake was more restricted
to biomembranes than proteins. In this way, HF diet produced an increase in glucose and
fructosamine that triggered oxidative stress in hepatic tissue which was potentiated by HCTZ.
In general, the non enzymatic glycation of proteins generates highly reactive products that
could explain the relationship between hyperglycemia and lipid peroxidation (Lopes et al.
2008).

Another aspect that must be considered is that the treatment with HCTZ alone or in
combination with HF diet increased vitamin C levels; a fact that could have occurred as a
mechanism of protection against lipid peroxidation. Accordingly, an increase on the
antioxidant defense systems has been observed in a variety of experimental models of
pathologies possibily as a compensatory response of the tissues to the presence of oxidative
insults (Barbosa et al. 2006, 2008).

It has been suggested that the depletion of potassium levels by thiazide is likely to
have a role in impaired glucose metabolism (Rowe et al. 1980) and, that potassium
supplementation can attenuate glucose intolerance induced by thiazides (Helderman et al.
1983). Intracellular magnesium also seems to play a key role in modulating glucose uptake
(Barbagallo et al. 2003, Sontia and Touyz 2007). In fact, studies have evidenced a
relationship between low magnesium levels with metabolic diseases such as type 2 diabetes
mellitus, hypertension (Ma et al. 1995, Sontia and Touyz 2007) and with increased levels of
free radical dependent-oxidative tissue damage (Lourdes 1998, Gums 2004). Accordingly,
here we found a significant decrease in plasmatic magnesium and potassium levels as well as
an increase in hepatic lipid peroxidation in rats fed with HF diet, associated or not with
HCTZ. It is important to emphasize that the association of the HF diet with HCTZ (4.0 g/kg

of diet) potentiated magnesium depletion and increased lipid peroxidation. Moreover, it has
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been reported that a diet rich in saturated fats hinders magnesium absorption (Johnson 2001).
In this context, we suggest that someone who eats a diet with high fat content may present
loss of magnesium and potassium; a fact that may contribute to diabetes and oxidative stress
development. Furthermore, the use of HCTZ by these patients may accelerate the
development of diabetes and its complications. In this vein, the results here presented may
indicate that magnesium and potassium play an important role in the adverse effects of
HCTZ. Besides, the association of HCTZ and HF diet caused additional loss of magnesium,
which may indicate that this element has a more fundamental role in HCTZ toxicity than
potassium. Since biochemical changes were exacerbated by the combined consumption of
HCTZ and HF diet, we can suppose that magnesium loss may have a central role in the
adverse effects of HCTZ associated with high fat intake in rats. These results are in
agreement with literature which indicates that intracellular magnesium plays a central role in
glucose metabolism (Paolisso and Barbagallo 1997, Barbagallo 2000, 2001, 2003, 2007). Of
particular importance, epidemiological studies have indicated that type 2 diabetes and
hypertension can be associated with lowered intracellular magnesium (Paolisso and

Barbagallo 1997, Barbagallo et al. 2000, 2001).

Conclusion

The data presented in this study show that the chronic intake of HCTZ or HF diet
causes metabolic changes related to glucose homeostasis and that the association of the HF
diet with HCTZ treatment can exarcebate some of these biochemical alterations. Besides, we
can suggest that our experimental model can be used to study the adverse effects of HCTZ.
Furthermore, in view of the fact that HF ingestion aggravated the effects of HCTZ, it would

be important to investigate whether the incidence of type 2 diabetes by use of HCTZ is more
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frequent in hypertensive patients who eat diets with high levels fat.
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Figure legends

Figure 1A: Effect of control diet supplemented with hydrochlorothiazide on body weight.

Data are expressed as means = S.E.M. of five animals.

Figure 1B: Effect of high fat diet supplemented with hydrochlorothiazide on body weight.

Data are expressed as means = S.E.M. of five animals. * Denoted p < 0.05 as compared to

the HF group. (ANOVA/Duncan, p < 0.05).
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Figure 1A
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Figure 1B
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Table 1: Composition of the diets (g/kg).

Components High fat diet Control diet
Sucrose 200 200
Cornstarch - 280
Casein 180 180
Albumin 22 22
Lard 280 -
Soybean Oil 20 20
Bone's flour 60 60
Wheat bran 188 188
Mineral mixture ' 40 40
Vitamin mixture 2 10 10

" The mineral mixture contained (g/kg): bone meal (449); NaCl (38); KCl (134.2); MgSO,
(20); ZnCl, (0.4); CuSOy4 (0.175); MnSOy4 (1.2); FeSO4 (2), and cornstarch (355).

? The vitamin mixture (mg or IU/g) was composed of Vitamin A, 2000 IU; Vitamin D 200
IU; tocopherol, 10 IU; menadione, 0.5 mg; choline, 200 mg; folic acid, 0.2 mg; p-
aminobenzoic acid, 1.0 mg; inositol, 10 mg; calcium D-panthotenate, 4.0 mg; riboflavin,
0.8 mg; thiamin-HCI, 0.5 mg; pyridoxine-HCl, 0.5 mg; niacinamide, 0.3 mg; and biotin,

0.04.
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Table 2: Effect of hydrochlorothiazide associated with control or high fat diet on body weight, organ weight and total adipose tissue deposits weight.

CT CT+HCTZ CT+HCTZ CT+HCTZ HF HF + HCTZ HF +HCTZ HF + HCTZ

(0.4 g/kg) (1.0 g/kg) (4.0 g/kg) (0.4 g/kg) (1.0 g/kg) (4.0 g/kg)

Initial body 270.0+0.8 276.6+3.9 268.0£12.4 273.0£12.4 266.0+0.8 261.0+6.6 259.0£19.5 269.6+14.4

weight (g)

Final body 418.6£17.3*"  399.0+10.2*°  383.0+18.5™"  353.0£21.9*°  4442+17.3° 384.6+22.1*"  397.0+31.3*"  298.6+39.1 ¢

weight (g)

Body weight 148.5+16.4*°  122.5+7.9*"  115.04262*°  80.0+14.1*¢  178.2+17.7° 123.5+15.5*"  138.0+35.6™"  29.0+28.3 ¢

gain (g)

Liver (g) 11.240.2 11.240.4 10.3+0.5 10.7+0.8 11.320.3 11.60.5 10.8+1.3 10.00.5

Total adipose ~ 5.1+0.1° 5.6+0.1° 5.1+0.2° 4.2+0.4° 54+03° 5.6+0.1° 5.1%0.1° 4.840.1°

tissue

deposits (g) '

' The total weight of perirenal, mesenteric, epididymal and subcutaneous fat-pads.

Data are expressed as means + S.E.M. of five animals.
¢ Mean values within a row not sharing a common superscript letter were significantly different, p < 0.05.
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Table 3: Effect of hydrochlorothiazide associated with control or high fat diet on biochemical parameters.

CT CT+HCTZ CT+HCTZ CT+HCTZ HF HF + HCTZ HF +HCTZ HF + HCTZ
(0.4 g/kg) (1.0 g/kg) (4.0 g/kg) (0.4 g/kg) (1.0 g/kg) (4.0 g/kg)
Glucose * 70.840.5° 70.8+13.1 2 90.0+8.3 *° 89.245.8 76.644.8° 95.8+10.0 *° 1192+11.2°  114.0£14.4°
Fructosamine ** 0.99+0.13*  1.0+0.01 ° 1.1£0.02° 1.0£0.07 * 1.6240.07°  1.3240.06° 1.43+0.04 ° 1.4040.2°
Magnesium * 1.440.13° 1.3+0.06 *° 1.120.02 >4 1.1£0.04 >4 1.240.11 > 1.0+0.08 *° 0.9+0.03 ¢ 0.9+0.04 ¢
Potassium * 6.8+0.16 5.240.22° 5.240.29 5.3+0.38 5.340.12° 4.740.28 * 45+0.21° 4.840.11°

Data are expressed as means + S.E.M. of five animals.

#ed Mean values within a row not sharing a common superscript letter were significantly different, p < 0.05.
* Data of glucose, magnesium and potassium levels are presented as mg/dL.
** Data of fructosamine levels are presented as mmol/L.
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Table 4: Effect of hydrochlorothiazide associated with control or high fat diet on TBARS, PCO and vitamin C levels.

CT CT+HCTZ CT+HCTZ CT+HCTZ HF HF + HCTZ HF +HCTZ HF + HCTZ
(0.4 g/kg) (1.0 g/kg) (4.0 g/kg) (0.4 g/kg) (1.0 g/kg) (4.0 g/kg)

TBARS *

Liver 68.740.9*  752+02°°  77.4+03° 73.3+0.7 ° 7512404 > 753+1.6 "¢ 76.0+1.2 >¢ 90.5+0.1 ¢
Protein
carbonylation **

Liver 23.2+1.3 18.842.3 20.1+0.6 20.7+2.4 17.7+1.0 19.1+0.7 19.1+0.4 19.5+1.0
Vitamin C *

Liver 498.0+20.0 %  717.6£32.4% 721.1+55.7"°  696.0£50.9° 684.0+17.4° 811.4+69.1°°  842.8+59.7¢  1198.8+15.6¢

Plasma 5.3+0.8 5.840.2 5.5+0.8 5.4+0.4 5.9+0.4 7.140.6 7.0£0.2 6.0+0.5

Data are expressed as means = S.E.M. of five animals.

“ed Mean values within a row not sharing a common superscript letter were significantly different, p < 0.05.
* TBARS is expressed as nmol/g tissue. TBARS: Thiobarbituric acid reactive substances.
** Protein carbonylation is expressed as nmol/mg protein.

*Vitamin C is expressed as \Lg ascorbic acid/g tissue.
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CAPITULO 3 — Manuscrito 2.

Diphenyl diselenide supplementation reduces biochemical alterations associated to
oxidative stress in rats fed with fructose and hydrochlorothiazide
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ABSTRACT

High fructose diets have been associated with oxidative stress, insulin resistance and
metabolic syndrome development. Thiazides, such as hydrochlorothiazide (HCTZ), are
frequently used by patients with these disorders for the treatment of hypertension; however
they also can exacerbate metabolic disturbances. This study evaluated whether dietary
diphenyl diselenide (PhSe),, a simple synthetic organoselenium compound with antioxidant
properties, could reduce the biochemical alterations induced by chronic consumption of
diets enriched with fructose and/or HCTZ. Rats were fed with a control diet (CT) or with a
high fructose diet (HFD), both supplemented with HCTZ (4.0 g/kg) and/or (PhSe), (3 ppm)
for 18 weeks. HFD diet caused a significant increase in the levels of glucose, fructosamine,
triglycerides and cholesterol of animals, which were not restored to control levels by
(PhSe), supplementation or potentiated by HCTZ. However, the levels of cholesterol and
triglycerides were lower in the groups that received HFD or HCTZ diet supplemented with
(PhSe),. The ingestion of HCTZ caused a decrease in hepatic catalase (CAT) and renal
superoxide dismutase (SOD) activities, which were restored by (PhSe), supplementation. In
liver, (PhSe), was also effective in increasing vitamin C levels reduced by HFD and HFD
plus HCTZ intake. Indeed, the compound increased per se hepatic and renal SOD activity
and reduced the oxidation of the lipids and proteins caused by HCTZ associated or not with
HFD intake. Furthermore, the association between HFD and HCTZ caused a decrease in
potassium levels and aggravated the hypomagnesemia and the hypertriglyceridemia HCTZ-
induced. Our findings suggest that some biochemical changes can be aggravated by
ingestion simultaneous of HCTZ and HFD diet. In addition, our data also demonstrate that

(PhSe); supplementation reduces metabolic disorders linked to oxidative stress and that this
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compound can be considered a promising agent for treatment of metabolic disturbances

HFD and HCTZ-induced, via its antioxidant properties.

Keywords: High fructose diet, hydrochlorothiazide, diphenyl diselenide, oxidative stress.
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1. INTRODUCTION

High fructose diets have been commonly used in animal models to induce metabolic
changes as those observed in metabolic syndrome, a disorder characterized by insulin
resistance, hypertension and dyslipidemia, which are risk factors for cardiovascular
diseases and type 2 diabetes mellitus [1,2]. The origin and mechanisms involved on
detrimental consequences fructose-induced in animal models are not completely
established; however, there are points of evidence that chronic fructose feeding is
associated with oxidative damage [3]. In line with this, literature data indicate that high
fructose intake can decrease antioxidant defenses and cause an overproduction of reactive
oxygen species (ROS) [4,5].

Hydrochlorothiazide (HCTZ) is a diuretic, representative of the benzothiadiazine
class of sulfonamide derivatives, usually known as thiazides [6]. The use of HCTZ is
beneficial to patients with hypertension because it reduces both morbidity and mortality
process [7,8]. In fact, this diuretic prevents strokes, myocardial infarction and congestive
heart failure by its blood pressure-lowering efficacy [7-9]. Consequently, thiazides are
frequently recommended as the first-line therapy for hypertension [8]. However, HCTZ can
cause several adverse effects, such as electrolyte disorders (hypokalemia, hyponatremia,
and hypomagnesemia), hyperlipidemia, and impairment of glucose metabolism [10-12].
Moreover, these adverse effects can result in the development or exacerbation of metabolic
syndrome and type 2 diabetes, since many patients with hypertension have metabolic
disturbances [13].

Selenium is a nutritionally essential trace element to mammals [14,15]. Importantly,
selenium plays a crucial role as an integral component of several enzymes with antioxidant

properties, including glutathione peroxidase isoforms [16-18]. In addition, its deficiency
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has been linked to an increase in the incidence of cardiovascular diseases, immune
dysfunctions, cancer, diabetes and metabolic abnormalities [14,15,19]. Of particular
importance, literature reports have indicated that some selenium compounds can attenuate
diabetes complications via its insulin-mimetic and anti-glycating properties [20,21].
Furthermore, selenium compounds have been documented as pharmacological agents in
insulin sensitivity dysfunctions and vascular degenerative lesions in both experimental and
clinical diabetes [22,23].

The interest on chemistry and biochemistry of organoselenium compounds have
increased in the last three decades mainly due the antioxidant activity exhibited by several
selenium organic forms [16]. In this context, diphenyl diselenide (PhSe),, the simplest of
the synthetic diaryl diselenides, has glutathione peroxidase-like activity and other
antioxidant properties [24]. Importantly, this compound also displays neuroprotective, anti-
nociceptive, anti-hipercolesterolemic and anti-inflammatory activities in different
experimental models of human pathologies [16,25-29]. Regarding to metabolic disorders,
recent data from our group have demonstrated that chronic treatment with (PhSe), reduces
hyperglycemia and biochemical changes associated to oxidative stress in streptozotocin-
treated rats [26,30]. However, the effect of (PhSe), in metabolic disturbances induced by
other factors as diets enriched with carbohydrates and/or by HCTZ treatment is not
available in literature. Hence, the present study was designed to evaluate whether (PhSe),
supplementation could prevent or reduce biochemical alterations caused by fructose and\or
HCTZ intake. Furthermore, we were interested to know whether thiazides consumption
could exacerbate these features, since metabolic disorders are common in patients with

hypertension.
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2. MATERIALS AND METHODS
2.1. Chemicals

Casein (technical grade), coomassie brilliant blue G, 2,4-dinitrophenylhydrazine,
HCI, sodium sulphate dodecyl, heptane, acetate, ethanol, malondialdehyde (MDA) and
thiobarbituric acid (TBA) were obtained from Sigma, (St. Louis, MO., USA). Mono and
dibasic potassium phosphate, acetic acid, ascorbic acid, ortho-phosphoric acid, tris buffer
(tris[hydroxymethyl]Jaminomethane), fructose and trichloroacetic acid were obtained from
Merck (Rio de Janeiro, Brazil). Diphenyl diselenide compound was synthesized by method
described by Paulmier [31]. Analysis of the '"H NMR and BC NMR spectra showed
analytical and spectroscopic data in full agreement with its assigned structure. The
chemical purity of (PhSe), (99.9%) was determined by GC/HPLC. All other chemicals

were of analytical grade and obtained from standard commercial suppliers.

2.2 Animals and diets

Adult male Wistar rats (2 months old), weighing 250-300 g were used for the
experiments. The animals were kept on a 12 h light/12 h dark cycle, in a room with the
temperature regulated to 21-25 °C and humidity at roughly 56% with free access to food
and water. Animals were used according to the guidelines of the Committee on Care and
Use of Experimental Animal Resources of the Federal University of Santa Maria, Brazil.

Rats were fed for 18 wk and randomly divided into eight experimental groups
(n=6): (1) control (CT); (2) CT + HCTZ (4.0 g/kg); (3) CT + (PhSe), (3 ppm); (4) CT +
HCTZ + (PhSe),; (5) high fructose diet (HFD); (6) HFD + HCTZ; (7) HFD + (PhSe), and
(8) HFD + HCTZ + (PhSe),. The composition of the diets is shown in Table 1. Diphenyl

diselenide was dissolved in soybean oil and mixed in the diet with a food mixer to insure
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uniform distribution. This diet provided 3 pg selenium/g of diet/per day, which is
considered acceptable amount for this element [23]. The diets were prepared weekly and

stored at 4 °C.

2.3. Blood samples and tissue preparation

At the end of the experimental period, rats were fasted 12 h, anesthetized with ether
and sacrificed by decapitation. A blood fraction was collected without anticoagulant and
was centrifuged at 4000 x g for 10 min to yield serum samples that were used for
fructosamine, total cholesterol, triglycerides, magnesium, potassium, urea and creatinine
determination. A parallel blood fraction was collected in tubes with sodium fluoride to
determine glucose concentration.

The samples of the tissues were quickly removed, rinsed with saline, weighted,
placed on ice and homogenized in 10 volumes (w/v) in cold 50 mM Tris-HCI1 pH 7.4. The
homogenate was centrifuged at 4000 x g at 4°C for 10 min to yield low-speed supernatant
fraction (S1) that was used for biochemical assays, except for measurement of protein
carbonylation, which was determined in samples of the homogenates. In addition, adipose
tissue deposit (total weight of perirenal, mesenteric, epididymal and subcutaneous fat-pads)

content was also determined.

2.4. Measurements

Food and water consumption were measured daily at the same time (9:00 to 10:00

h). The body weights were determined once a week.
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2.5. Biochemical analysis

Plasma glucose concentration was measured as previously described by Bergmeyer
[32] and fructosamine concentration was determined as described by Baker et al. [33].
Serum total cholesterol concentration was measured as previously described by Alain et al.
[34] and triglycerides concentration was measured as described by Bucolo and David [35].
The levels of magnesium were estimated according to the method of Bohuon [36] and
potassium levels were measured as previously described by Kavanagh and Mills [37]. In
addition, serum urea and creatinine were determined by method of Bergmeyer [38] and,
Yatzidis [39], respectively. The biochemical assays were done using a Johnson &

Johnson:Vitros 750XRC chemistry analyzer.

2.6. Lipid peroxidation (LPO) levels

Lipid peroxidation was estimated by measuring thiobarbituric acid reactive
substances (TBARS) and expressed in terms of malondialdehyde (MDA) content,
according to the method of Ohkawa et al. [40], in which MDA, an end product of fatty acid
peroxidation, reacts with thiobarbituric acid (TBA) to form a colored complex. In brief,
samples were incubated at 100°C for 60 min in acid medium containing 0.45% sodium
dodecyl sulfate, 1.27 mol/L acetic acid/270 mmol/L HCI, pH 3.5 and 0.8% thiobarbituric
acid. TBARS produced were measured at 532 nm and the absorbance was compared with

the standard curve using malondialdehyde.

2.7. Protein carbonyl (PCO) content
The PCO content was determined as described by method of Levine et al. [41] with

some modifications. Briefly, homogenates were diluted to 750-800 pg/mL of protein in
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each sample, and 1 mL aliquots were mixed with 0.2 mL of 2,4-dinitrophenylhydrazine
(DNPH, 10 mM) or 0.2 mL HCI (2 M). After incubation at room temperature for lh in a
dark ambient, 0.6 mL of denaturing buffer (150 mM sodium phosphate buffer, pH 6.8,
containing 3% SDS), 1.8 mL of heptane (99.5%) and 1.8 mL of ethanol (99.8%) were
sequentially added, and mixed with vortex agitation for 40 sec and centrifuged for 15 min.
The protein isolated from the interface was washed two times with 1 mL of ethyl
acetate/ethanol 1:1 (v/v) and suspended in 1 mL of denaturing buffer. Each DNPH sample
was read at 370 nm in a spectrophotometer against the corresponding HCI sample (blank),
and total carbonylation calculated using a molar extinction coefficient of 22,000M'cm.

Protein was measured by method of Bradford [42] using bovine serum albumin as standard.

2.8. Vitamin C levels

Hepatic and renal vitamin C (ascorbic acid) levels were determined by method of
Jacques-Silva et al. [43]. Proteins of liver and kidney were precipitated with 1 vol. of a cold
10% trichloroacetic acid followed by centrifugation. An aliquot of 300 puL of the
supernatants were mixed with 2,4-dinitrophenylhydrazine (4.5 mg/mL), CuSO, (0.075
mg/mL) and trichloroacetic acid 13.3% (final volume 1 mL) and incubated for 3 h at 37°C.
Then 1 mL of H,SO4 65% (v/v) was added to the medium. Ascorbic acid levels were
measured spectrophotometrically at 520 nm and calculated using a standard curve (1.5-4.5

umol/L ascorbic acid freshly prepared in sulfuric acid).

2.9. Catalase (CAT) activity
The measurement of CAT activity from liver and kidney was determined as

described by method of Aebi [44]. Samples of S1 from liver and kidney were added to a
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cuvette and the reaction was started by the addition of 70 UL of freshly prepared 300 mM
H,0; in phosphate buffer (50 mM, pH 7.0; total volume of incubation: 1 mL). The rate of
H,0, decomposition was measured spectrophotometrically at 240 nm during 120 s. One
unit of the enzyme is considered as the amount of enzyme which decomposes 1 pmol

H>O,/min at pH 7.0.

2.10. Superoxide dismutase (SOD) activity

Hepatic and renal SOD activity in S1 was determined as described by Misra and
Fridovich [45]. This method is based on the capacity of SOD in inhibiting autoxidation of
adrenaline to adrenochrome. The color reaction was measured at 480 nm. One unit of
enzyme was defined as the amount of enzyme required to inhibit the rate of epinephrine
autoxidation by 50% at 26°C. The S1 was diluted 1:10 (v/v) for determination of SOD
activity in the test day. Aliquots of supernatant were added in a glycine buffer 50 mM pH
10.3. Enzymatic reaction was started by adding of epinephrine. One unit of enzyme was
defined as the amount of enzyme required to inhibit the rate of epinephrine autoxidation by

50% at 26°C. The enzymatic activity was expressed as Units U/mg protein.

2.11. Statistical analysis

All values obtained are expressed as mean + standard error. Data were analyzed by
one-way, two-way or three-way ANOVA analysis of variance, followed by Duncan’s
multiple range tests when appropriate. Differences between groups were considered to be

significant when p < 0.05.
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3. RESULTS

3.1. Body weight, organ weight and total adipose tissue deposits weight

The data of table 2 show that the intake of HFD, HCTZ or (PhSe), alone did not
modify neither body weight gain nor final body weight of the rats when compared to
control group (Table 2, p > 0.05). On the other hand, three-way ANOVA (2 diets (CT or
HFD) x 2 (CT or HCTZ) x 2 (CT or (PhSe),) revealed significant HCTZ x HFD interaction,
indicating that HCTZ plus HFD caused a reduction in final body weight (Table 2, p < 0.05).

The consumption of (PhSe), diet caused a significant increase in the organ weight
for liver and kidney when compared to control group (Table 2, p < 0.05).

HCTZ caused per se a significant reduction in total adipose tissue deposits weight
when compared to control group (Table 2, p < 0.05), that were not restored by (PhSe),

supplementation or modified in HCTZ plus HFD group.

3.2. Water and food consumption

Water consumption of animals fed with HFD or HCTZ alone was significantly
greater than animals fed with control diet (Table 3, p < 0.05). Moreover, three-way
ANOVA (2 diets (CT or HFD) x 2 (CT or HCTZ) x 2 (CT or (PhSe),) revealed significant
HCTZ x HFD interaction (Table 3, p < 0.05), showing that HCTZ and HFD caused a
increase in water consumption. The animals supplemented with HFD diet also had a
significant reduction in food consumption when compared to control groups (Table 3, p <

0.05).
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3.3. Blood glucose and fructosamine levels

The results of table 4 demonstrate that HCTZ and (PhSe), intake did not change the
levels of glucose and fructosamine of rats. Different, HFD consumption caused a
significant increase in blood glucose and fructosamine contents of animals when compared
to values found in control group (Table 4, p < 0.05). However, (PhSe), supplementation
was not effective in restoring the levels of glucose and fructosamine enhanced by HFD

intake (Table 4, p > 0.05).

3.4. Total cholesterol and triglycerides levels

The animals fed with HFD diets had a significant increase in total cholesterol levels
when compared to values found in control group (Table 4, p < 0.05). Statistical analysis
revealed again that the intake of HCTZ and HFD diets caused a significant increase in the
levels of triglycerides and that this enhance was proportionally higher in the HFD groups.
The data of table 4 also demonstrate that triglycerides and cholesterol levels were lower in

the groups that received HFD and HCTZ diet supplemented with (PhSe),.

3.5. Magnesium and potassium levels

HCTZ intake caused a significant decrease in magnesium levels, which were not
prevented by (PhSe), supplementation when compared to control group (Table 4, p < 0.05).
Furthermore, the reduction in magnesium levels HCTZ-induced was higher in the groups
that received HCTZ associated to HFD. However, in this reduction in the magnesium levels
did not modify by (PhSe), supplementation. Similarly, the animals fed with HCTZ plus
HFD had an decrease in the content of potassium, which were not prevented by (PhSe),

supplementation when compared to values found in control group (Table 4, p < 0.05). In
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these parameters, three-way ANOVA (2 diets (CT or HFD) x 2 (CT or HCTZ) x 2 (CT or
(PhSe),) revealed a significant HCTZ x HFD interaction (Table 4, p < 0.05), indicating that
HCTZ plus HFD caused a reduction in magnesium and potassium levels. Of particular
importance, negative correlations were found between the magnesium and glucose levels (r
= - 0.18, p < 0.05); magnesium and fructosamine levels (r = - 0.09, p < 0.05), as well as
potassium and glucose levels (r = - 0.18, p < 0.05) and between potassium and
fructosamine levels (r = - 0.05, p < 0.05). Indeed, positive correlation was found between

the potassium and magnesium levels (r = 0.42, p < 0.05).

3.6. Urea and creatinine levels
No significant difference was observed in the levels of urea and creatinine of groups

(Table 4, p > 0.05).

3.7. Lipid peroxidation (LPO) levels

HFD, HCTZ and HFD plus HCTZ intake caused a significant increase on hepatic
and renal lipid peroxidation (Fig. 1A and 1B). Moreover, three-way ANOV A of LPO levels
in liver and kidney revealed a significant HFD x HCTZ interaction (p < 0.05). In both
tissues, (PhSe), supplementation was effective in reducing the LPO induced by

consumption of HFD plus HCTZ diet (Fig. 1A and 1B, p < 0.05).

3.8. Protein carbonyl content
HCTZ, HFD and HCTZ plus HFD intake caused a significant increase in hepatic
and renal protein oxidation (Fig. 2A and 2B, p < 0.05), which were restored to control

levels by (PhSe), supplementation (Fig. 2A and 2B, p < 0.05).
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3.9. Vitamin C levels

The data of figure 3A show that HCTZ, HFD and HCTZ plus HFD intake caused a
significant decrease in hepatic vitamin C levels, which were restored to control levels by
(PhSe), supplementation only in HFD-fed rats (Fig. 3A, p < 0.05). In liver, three-way
ANOVA of vitamin C levels revealed a significant HFD x HCTZ interaction (p < 0.05).
Contrary, no significant difference was observed in renal vitamin C content between groups

(Fig. 3B, p > 0.05).

3.10. Catalase and SOD activities

HCTZ and HCTZ plus HFD diet caused a significant reduction in hepatic catalase
activity that was restored to control levels by (PhSe), supplementation (Fig. 4A, p < 0.05).
Different, no change was observed in renal catalase activity of groups (Fig. 4B, p > 0.05).

The consumption of HCTZ, HFD or HCTZ plus HFD did not modify hepatic SOD
activity (Fig. 5A, p < 0.05). On the other hand, all groups supplemented with (PhSe), had
an increase in SOD activity of liver. In kidney, HCTZ alone or associated to HFD caused a
significant decrease in renal SOD activity of rats that was restored to control values by

(PhSe), supplementation (Fig. 5B, p < 0.05).

4. DISCUSSION

Thiazide diuretics are frequently used in patients with metabolic disorders as well as
in type 2 diabetes for treatment of hypertension. However, the chronic use of thiazides also
may exacerbate theses metabolic alterations [7-13]. Indeed, literature data have reported
that long-term consumption of HFD as well as HCTZ treatment are important factors for

the appearance of some metabolic changes related to type 2 diabetes [46-49]. According, in
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the present study we observe that HFD intake, associated or not with HCTZ, increased
glucose, fructosamine, total cholesterol and triglycerides levels, which are factors related
with the development of insulin resistance. Thus, we can suggest that the experimental
protocol used in this work, with certain limitations, mimics the epidemiological data from
literature and may indicate that simultaneous ingestion of HFD and thiazides as diuretics
for the treatment of hypertension potentiates the adverse effects of this class of drug.

It has been suggested that the oxidative stress is partly responsible for metabolic
disorders induced by diets enriched with carbohydrates and that antioxidants are potential
therapeutic agents by preventing or reducing the oxidative damage [46-49]. In this way,
numerous studies have showed that selenium supplementation increase antioxidant
defenses; decrease lipid peroxidation levels and up-regulated mRNA expression for
antioxidant enzymes in patient and animal diabetics [50-52]. In line with this, our results
showed that (PhSe), supplementation provided a protective effect against the alterations in
antioxidant defenses induced by HFD and HCTZ intake. In fact, the long-term (PhSe),
intake restored the decrease in hepatic vitamin C levels caused by association between
HCTZ and HFD as well as reduced the lipids and proteins oxidation in liver and kidney of
animals fed with HCTZ associated or not with HFD. Indeed, (PhSe), dietary was able on
reversing the reduction in CAT (liver) and SOD activities (kidney) HCTZ-induced. The
antioxidant potential of (PhSe), can be explained, at least in part, by its glutathione
peroxidase-like activity [24]. Interestingly, this compound increased per se hepatic and
renal SOD activity.

Another point that we have observed was that (PhSe), intake did not attenuate the
increase of glycemia induced by HFD consumption. The lack of anti-hyperglycemic

activity of compound in this protocol model can be related with the route used. This
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hypothesis is supported by studies showing that chronic administration of (PhSe),, via
subcutaneous, promotes a significant decrease in plasma glucose levels of streptozotocin-
induced diabetic rats [26].

The chronic intakes of an HFD as well as hyperglycemia condition are linked to
oxidative stress generation and increased levels of ROS with the development of insulin
resistance [3,4,53]. In this context, fructose is considered a potent agent involved in the
glycoxidation process, therefore may intensify oxidative stress [54]. In general, the
nonenzymatic glycation of proteins has been postulated to explain the relationship between
hyperglycemia and oxidant events as lipid peroxidation [55]. This process generates
radicals and highly reactive oxidants from the glycated proteins under physiologic
conditions [55]. However, data about the potential facilitating effects of HCTZ in
promoting insulin resistance and oxidative stress in animal models is scarce or lacking in
literature. Regarding to, our results suggest that HFD associated or not with HCTZ elevates
glucose and fructosamine levels, which can trigger oxidative damage in hepatic and renal
tissues, since TBARS and protein carbonylation were enhanced in these tissues.

It has been showed that long-term treatment with thiazide diuretics may impair
glucose tolerance and decrease insulin sensitivity and thereby accelerate the development
of diabetes mellitus [56]. In addition, diuretic therapy has been associated with increases in
serum total cholesterol and LDL-cholesterol of up to 10% of baseline levels. Moreover,
triglyceride concentrations can increase by 5% to 15% [57]. Different, here we observed an
increase in the total cholesterol levels only when HCTZ was associated with HFD in rats.
Furthermore, our results demonstrated that HCTZ caused an increase in triglycerides levels

that was aggravated by association between HFD and HCTZ. Moreover, (PhSe), intake
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attenuated the increase of triglycerides and cholesterol levels caused by HFD or HCTZ
intake.

It is important to emphasize that HCTZ caused a decrease in magnesium levels and
that the association between HFD and HCTZ aggravated the hypomagnesemia condition.
Through these data we can suggest that hypertensive patients that use HCTZ and eat a diet
with high fructose content may present loss of magnesium, a fact that may contribute to
metabolic disorders and oxidative stress development. Furthermore, the use of HCTZ by
these patients could precipitate further the onset of diabetes and its complications. In fact,
several studies suggest that intracellular magnesium may play a key role in modulating
insulin-mediated glucose uptake and vascular tone [58,59]. Accordingly, points of evidence
indicate an association between low magnesium levels and metabolic diseases, including
the type 2 diabetes mellitus, hypertension [58,59] and increased free radical dependent-
oxidative tissue damage [59]. In addition, has been reported that hypokalemia may be an
important factor in hyperglycemia, hyperinsulinemia, and insulin resistance in patients
receiving HCTZ, because these features can be restored with potassium supplements [13].
Our results also show that potassium depletion is significantly associated with exacerbation
of hyperglycemia as well as hypomagnesemia. Thus, we can suggest that the model
experimental developed in this work can be used for further studies regarding HCTZ
toxicity, as well as to clarify the role of magnesium and potassium in insulin resistance
associated with HCTZ treatment and high fructose ingestion. Besides, this model may also
allow the investigations whether the incidence of metabolic disturbances as well as type 2
diabetes HCTC-induced is more frequent in hypertensive patients who eat diets with high
fructose content. Indeed we suggest that the reduction in electrolytes is related with HCTZ,

since the animals treated with fructose or (PhSe), did not show these changes.
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S. CONCLUSIONS

In conclusion, the results obtained in this study suggest that some biochemical
changes can be aggravated by ingestion simultaneous of HCTZ and HFD diet. In addition,
our data demonstrate that (PhSe), supplementation reduces metabolic disorders linked to
oxidative stress and that this compound can be considered a promising agent for treatment
of metabolic disturbances by antioxidant therapy. Nevertheless, it will be important to

determine whether similar protection can be provided by this way in humans.
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Figures legends

Figure 1. Thiobarbituric acid-reactive species content in the liver (A) and kidney (B) of
diphenyl diselenide-fed rats associated to fructose and HCTZ intake. Data are expressed as
means * SEM of six animals. **** Mean values that do not share a common superscript
letter were significantly different, p < 0.05 (ANOVA/Duncan). CT, control; HFD, high
fructose diet; HCTZ, hydrochlorothiazide; Se, diphenyl diselenide; MDA,

malondialdehyde.

Figure 2. Protein carbonylation levels in the liver (A) and kidney (B) of diphenyl
diselenide-fed rats associated to fructose and HCTZ intake. Data are expressed as means *
SEM of six animals. ** Mean values that do not share a common superscript letter were
significantly different, p < 0.05 (ANOVA/Duncan). CT, control; HFD, high fructose diet;

HCTZ, hydrochlorothiazide; Se, diphenyl diselenide.

Figure 3. Vitamin C levels in the liver (A) and kidney (B) of diphenyl diselenide-fed rats
associated to fructose and HCTZ intake. Data are expressed as means £ SEM of six

animals. **¢ Mean values that do not share a common superscript letter were significantly
different, p < 0.05 (ANOVA/Duncan). CT, control; HFD, high fructose diet; HCTZ,

hydrochlorothiazide; Se, diphenyl diselenide.

Figure 4. Catalase activity in the liver (A) and kidney (B) of diphenyl diselenide-fed rats
associated to fructose and HCTZ intake. Data are expressed as means £ SEM of six

animals. * Mean values that do not share a common superscript letter were significantly
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different, p < 0.05 (ANOVA/Duncan). CT, control; HFD, high fructose diet; HCTZ,

hydrochlorothiazide; Se, diphenyl diselenide.

Figure 5. Superoxide dismutase activity in the liver (A) and kidney (B) of diphenyl
diselenide-fed rats associated to fructose and HCTZ intake. Data are expressed as means +

SEM of six animals. ** Mean values that do not share a common superscript letter were
significantly different, p < 0.05 (ANOVA/Duncan). CT, control; HFD, high fructose diet;

HCTZ, hydrochlorothiazide; Se, diphenyl diselenide.
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Tables

Table 1 - Composition of the diets (g/kg)

Components Control diet Diet enriched with fructose
Fructose - 600

Casein 150 150

Soybean Oil 50 50

Lard 50 50

Wheat flour 105 105

Cornstarch 600 -

Mineral mixture ' 35 35

Vitamin mixture 10 10

! The mineral mixture contained (g/kg): bone meal (449); NaCl (38); KCI (134.2); MgSO4
(20); ZnCl, (0.4); CuSO4 (0.175); MnSOy4 (1.2); FeSO4 (2), and cornstarch (355).

? The vitamin mixture (mg or IU/g) was composed of Vitamin A, 2000 IU; Vitamin D 200
IU; tocopherol, 10 IU; menadione, 0.5 mg; choline, 200 mg; folic acid, 0.2 mg; p-
aminobenzoic acid, 1.0 mg; inositol, 10 mg; calcium D-panthotenate, 4.0 mg; riboflavin, 0.8
mg; thiamin-HCI, 0.5 mg; pyridoxine-HCI, 0.5 mg; niacinamide, 0.3 mg; and biotin, 0.04.

Diphenyl diselenide (3 ppm) was dissolved in soybean oil and mixed in the diet in a food
mixer to insure uniform distribution.

Wheat flour (4g/kg of diet) was substituted by HCTZ.
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Table 2. Body weight, organ weight and total adipose tissue deposits (g) changes in diphenyl diselenide-fed rats associated to fructose and HCTZ

intake.
Groups
Parameters
Control HCTZ Se Se + HCTZ HFD HFD + HCTZ HFD + Se HFD + HCTZ +Se
Initial body 254.0+18.4 259.3+£19.8 254.7+17.4 258.7£19.0 264.0+11.8 256.7£15.6 251.3£21.2 257.3%£18.6
weight
Final body 357.3x13.1 a 359.3+5.1a 355.3+£3.6a 340.0£17.2 a 330.7+£8.8 a,b 2713822 ¢ 306.3£10.3 b 277.3+8.4 ¢
weight
Body weight 103.3£31.2 a 100.0£17.2 a 100.7£20.7 a 81.3£29.7 a,b 66.7+6.6 a,b,c 14.7+13.5¢ 54.7+£10.9 a,b,c 20.0+£24.0 b,c
gain
Liver 8.8+0.3 a,b 8.9+0.2 a,b 10.5+0.1 ¢ 8.6£0.2 a,b 8.9+0.2 a,b 8.2+0.2 a 8.9+0.3 a,b 9.2+0.4 b
Kidney 2.0£0.03 a,b 1.9£0.03 a 2.320.04 d 2.1+0.06 b,c 2.240.02b,c,d  2.1+0.02 b,c 2.240.05 ¢,d 2.3+0.03 d
Total adipose 6.7+0.3 a 4.6+0.1 b,c 5.940.8 a,b 5.320.7 a,b,c 5.940.4 a,b 3.740.6 ¢ 5.240.7 a,b,c 4.2+0.7 b,c
tissue
deposits

Data are expressed as means + S.E.M. of six animals per group.

aed Mean values within a row not sharing a common superscript letter were significantly different, p < 0.05.

" The total weight of perirenal, mesenteric, epididymal and subcutaneous fat-pads.
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Table 3. Water and food consumption (months) changes in diphenyl diselenide-fed rats associated to fructose and HCTZ intake.

Groups
Parameters
Control HCTZ Se HCTZ + Se HFD HFD + HCTZ  HFD +Se HFD +HCTZ + Se
Water
consumption
1 15.1£1.6 23.7+1.4 a 14.6+1.1 18.5+0.3 26.3t1.5a 23.9+1.1a 25.7#2.1a 229+19a
2 23.9+1.3ab 31.841.3c 21.6x1.3a 23.8+41.7ab  33.9+0.8c 35.4+09 c 27.5+2.0b 26.4+0.8 b
3 21.9+1.3a 31.0£2.3b,c  22.741.3a 22.7#1.5a 28.6+1.8 b,c  339+19c 27.9+1.6 b 29.9+2.0 b,c
4 229409 a 35.6£1.7c 2294+2.1a 209+19a 31.7¢1.4b,c  329+2.5b,c 29.242.3 b 29.5£0.5b
Food
consumption
1 229409 a 22.240.5a 22940.8a 21.0+0.8 a 12.9+0.8 b 11.3£0.6 b,c 11.240.6 b,c  10.8£0.6 c
2 18.9+0.9 a 20.6+0.8 a 20.4+0.9a 20.9+0.8 a 12.9+0.6 b 12.4+0.5 b,c 12.3+0.7b,c  10.7£0.5¢
3 19.3£0.7 18.7+£1.0 18.4+0.7 18.5+0.6 12.940.4 a 12.74£0.6 a 11.5¢0.4 a 12.240.6 a
4 16.9+£0.9 16.6+0.9 17.4£0.9 15.540.6 11.740.6 a 10.5+0.4 a 11.1£0.4 a 10.94£0.5 a

Data are expressed as means = S.E.M. of six animals per group.

¢ Mean values within a row not sharing a common superscript letter were significantly different, p < 0.05.
Data of water and food consumption are presented as months.
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Table 4. Effect of diphenyl diselenide supplementation on biochemical parameters associated to fructose and HCTZ intake.

Groups

Parameters

Control HCTZ Se HCTZ + Se HFD HFD + HCTZ HFD + Se HFD + HCTZ + Se
Glucose 84.4+1.5a 84.3+0.8 a 85.6+0.3 a,b 89.2+2.9ab,c 92.0+3.2c¢ 93.3+1.1c¢c 91.0£2.9 b,c 93.240.4 ¢
Fructosamine 100.740.9 a 98.5+0.8 a 97.243.1a 102.5t4.1ab 113.0x1.3c¢c 108.5f1.6 b,c 107.8:2.4b,c  108.5+0.5 b,c
Cholesterol 94.3f1.2a 91.2422 a 890.743.4 a 88.313.0a 151.3833 ¢ 102.3%£14Db 101.2+2.1b 101.7420.4 b
Triglycerides 86.3x1.9a 110.0£1.2b,c  96.0£7.7 a,b 103.024.8 a,b,c 144.7£3.1d 141.749.1d 117.7£0.3 ¢ 140.849.5d
Magnesium 2.620.12 a 2.140.06 b,c,d 2.4+0.10ab  2.1£0.08 c.d 2.620.15a 1.620.03 e 2.3+0.07 b,c 1.9+0.05d
Potassium 6.910.20 6.81+0.07 6.710.21 6.910.16 6.910.16 5.8+0.55a 6.710.10 5.6£0.47 a
Urea 48.3+0.3 49.7£1.0 44.6x3.7 45.243.1 49,7125 44.0+1.2 44.2+1.4 44.4+0.4
Creatinine 0.8£0.02 0.7£0.01 0.9£0.07 0.7£0.05 0.9£0.03 0.710.06 0.8+0.04 0.8+0.04

Data are expressed as means + S.E.M. of six animals per group.
“ed Mean values within a row not sharing a common superscript letter were significantly different, p < 0.05.
Data of glucose, fructosamine, cholesterol, triglycerides, magnesium, potassium, urea and creatinine levels are presented as mg/dL.
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DISCUSSAO

O consumo cronico de dietas hiperlipidicas e/ou hiperglicidicas (Folmer et al., 2002;
Folmer et al., 2003; Brito et al., 2007; Faure et al., 2007), assim como o tratamento com o
anti-hipertensivo, HCTZ (Pepine & Cooper-DeHoff, 2004) sdo fatores importantes para o
aparecimento de algumas alteracdes metabdlicas relacionadas ao DM tipo 2. A partir dessas
evidéncias, associou-se a HCTZ com modelos de distirbios metabdlicos relacionados ao
desenvolvimento de DM tipo 2 induzidos pelas dietas hiperlipidicas e hiperglicidicas, uma
vez que essas desordens metabdlicas sdo comuns em pacientes com hipertensao e, portanto
seria importante determinar se os diuréticos tiazidicos poderiam exacerbar esses alteracdes
metabdlicas. Dessa maneira, um dos objetivos desta pesquisa foi avaliar o efeito de uma
dieta hiperlipidica suplementada com diferentes concentracdes de hidroclorotiazida, em
ratos, com a inten¢do de investigar uma possivel interacio sinérgica desses dois fatores de
risco para o desenvolvimento do DM tipo 2 sobre os pardmetros bioquimicos relacionados
ao estresse oxidativo. Os resultados obtidos nesse trabalho mostram que altas doses de
HCTZ associadas com dietas hiperlipidicas causaram um aumento nos niveis de glicose
sangiifnea (artigo 1 e manuscrito 1), e que a dieta hiperlipidica, associada ou ndo com a
HCTZ, aumentou os niveis de frutosamina (manuscrito 1), fatos que sdo compativeis com o
desenvolvimento de resisténcia a insulina. Entdo, pode-se sugerir que a ingestao simultinea
de dietas hiperlipidicas e o uso de HCTZ como diurético para o tratamento da hipertensao
pode potencializar o aumento da glicemia causada por essa classe de drogas. O mecanismo
pelo qual os diuréticos tiazidicos induzem aumento na glicemia e intolerancia a glicose ndo

estd bem esclarecido. No entanto, algumas evidéncias da literatura sugerem esses diuréticos
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causam uma reducéo na secre¢do de insulina pelas células B do pancreas e uma diminui¢io

na sensibilidade a insulina pelos tecidos (Grossman & Messerli, 2006).

Ha estudos que relatam que os diuréticos tiazidicos, em doses baixas e médias, sao
eficazes na reducdo da pressdo sanguinea e causam minimos efeitos colaterais. Porém,
quando a dose é aumentada, uma pequena contribuicio é observada em relagdo ao controle
da pressdo arterial, enquanto € significativo o aumento de efeitos colaterais (Pepine &
Cooper-DeHoff, 2004; Zee et al., 2005; Grossman & Messerli, 2006). De fato, trabalhos
prévios indicaram uma clara correlacio entre a dose de HCTZ e o aumento nas
concentracdes de glicemia em jejum (Carlsen et al., 1990) e, que a HCTZ, em dose média
de 40 mg/dia, causou hiperglicemia (Pollare, 1989). Recentes dados tém indicado que o
tratamento prolongado de pacientes hipertensos com uma dose baixa de HCTZ (12,5
mg/dia) melhora a elasticidade arterial, mas ndo em pacientes com DM tipo 2 ou com
glicemia de jejum alterada. Além disso, esses estudos demonstraram que o tratamento com
uma dose de 25 mg/dia de HCTZ agravou os parametros metabodlicos e a rigidez arterial
(Zimlichman et al., 2004). De acordo com essas considera¢des, as doses testadas nesse
trabalho foram maiores do que aquelas, comumente, utilizadas para o tratamento da
hipertensdao, no entanto, sdo inferiores as do Nivel sem Efeito Adverso Observado
(NOAEL) para HCTZ em ratos (George et al., 1995) e pode indicar que uma extrapolacao
direta de doses toxicas de ratos para humanos nao € possivel.

Dados da literatura t€m relatado que a ingestdo cronica de uma dieta hiperlipidica
(Folmer et al., 2003; Fachineto et al., 2005), bem como a hiperglicemia estdo ligados a
producdo de estresse oxidativo e que o aumento dos niveis de EROs estdo envolvidas no

desenvolvimento de resisténcia a insulina (Folmer et al., 2002; Aksoy et al., 2003; Brito et
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al., 2007; Maiese et al., 2007) e neuropatia diabética (McCall, 1992; Greene et al., 1999;
Baydas et al., 2003; Baydas et al., 2004). Entretanto, dados sobre os efeitos da HCTZ na
promogdo da resisténcia a insulina e estresse oxidativo em modelos animais sdo raros na
literatura.

Virios pesquisadores relataram que as EROs podem causar degeneracdo celular,
especialmente no cérebro (Baydas et al., 2003; Baydas et al., 2004), uma vez que é
particularmente vulnerdvel ao estresse oxidativo, devido a sua limitada capacidade
antioxidante (Shulman et al., 2004). Por outro lado, o figado € o 6rgdo que apresenta papel
central na modulacdo da homeostase da glicose (Maiese et al., 2007). Assim, estudos
demonstraram que o dano hepético induzido pelas EROs pode prejudicar a homeostase
celular e potencializar as caracteristicas da Sindrome Metabdlica (Kohen & Nyska, 2002;
Raval et al., 2006). Em nosso trabalho, constatou-se que o consumo cronico da dieta
hiperlipidica produziu um aumento na glicose (artigo 1 e manuscritol) e na frutosamina
(manuscrito 1), as quais provocaram estresse oxidativo nos tecidos cerebral e hepatico,
evidenciado pelo aumento dos niveis de peroxidagdo, estes que foram exacerbados pelo
tratamento com HCTZ (artigo 1 e manuscrito 1). Em consonancia com este resultado,
dados da literatura t€ém indicado que a hiperglicemia provoca uma excessiva glicacdo nao
enzimatica de proteinas, com acentuada inativacdo de enzimas, aumento na peroxidacdo
lipidica e alteracdes no sistema de defesa antioxidante (Morgan et al., 2002; Aksoy et al.,
2003). Em geral, a glicacdo ndo enzimadtica de proteinas gera produtos altamente reativos,
fato que poderia explicar a relacdo entre a hiperglicemia e a peroxidagao lipidica (Lopes et
al., 2008).

Neste estudo, observou-se um significativo aumento nos niveis de vitamina C, no

tecido hepdtico e cerebral, dos ratos alimentados com doses elevadas de HCTZ, quando
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foram administradas isoladamente ou em combinacdo com a dieta hiperlipidica (artigo 1 e
manuscrito 1). Da mesma forma, os niveis de grupos tiol ndo-protéico (NPSH) foram
aumentados em animais tratados com 1,0 e 4,0 g/lkg de HCTZ e o aumento foi,
proporcionalmente, maior nos ratos alimentados com a dieta hiperlipidica (artigo 1). De
acordo com esses resultados, um aumento nos sistemas de defesa antioxidante foi
observado em uma variedade de modelos experimentais de patologias, possivelmente como
uma resposta compensatdria dos tecidos a presenga de danos oxidativos (Barbosa et al.,
2006; Barbosa et al., 2008).

Neste estudo, observou-se uma inibi¢do significativa da atividade da Na'-K'-
ATPase no cérebro dos animais tratados com altas doses de HCTZ. A inibi¢do dessa
enzima induzida pela HCTZ pode estar associada a um aumento no estresse oxidativo, o
qual pode acelerar a desnaturagdo da Na™-K™-ATPase (Thevenod & Friedmann, 1999). De
fato, os grupos -SH da enzima sdo altamente suscetiveis ao estresse oxidativo (Yufu et al.,
1993) e a agentes oxidantes (Carfagna et al., 1996). Além disso, os dados obtidos nesse
estudo indicaram uma interacdo entre os efeitos da dieta hiperlipidica e da HCTZ na
atividade da Na™-K"-ATPase no cérebro. Assim, torna-se razodvel sugerir que simultinea
ingestdo de uma dieta hiperlipidica com o co-tratamento com HCTZ pode causar efeitos
pré-oxidativos adicionais a este 6rgdo com inibi¢do da atividade da Na*-K*-ATPase. No
entanto, mais estudos sdo necessdrios para entender o mecanismo envolvido nos efeitos
interativos da dieta e hidroclorotiazida na atividade da Na"K'-ATPase. A significativa
correlagdo positiva entre o TBARS cerebral e a glicemia, assim como a correlacdo negativa
entre Na*-K*-ATPase e niveis de glicose sanguinea podem indicar um papel potencial para
a hiperglicemia, pelo menos em parte, nas alteracdes neuroquimicas apds a exposi¢ao a

HCTZ e/ou uma dieta hiperlipidica (artigo 1).
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Ha evidéncias de que a diminui¢do dos niveis de potdssio causada pelos diuréticos
tiazidicos pode ter um papel importante no metabolismo da glicose (Rowe et al., 1980), e
que uma dieta suplementada com potdssio pode atenuar a intolerancia a glicose induzida
pelas tiazidas (Helderman et al., 1983). Neste contexto, o magnésio intracelular, também
parece desempenhar um papel fundamental no metabolismo da glicose (Paolisso &
Barbagallo, 1997; Barbagallo et al., 2000; Barbagallo et al., 2001; Barbagallo et al., 2003,
Barbagallo & Dominguez, 2007; Sontia & Touyz 2007), uma vez que estudos
epidemioldgicos tém indicado que as doencas metabdlicas, tais como o DM tipo 2 e a
hipertensdo podem ser associados com a reducdo do magnésio intracelular (Ma et al., 1995;
Paolisso & Barbagallo, 1997; Barbagallo et al., 2000; Barbagallo et al., 2001; Sontia &
Touyz, 2007) e aumento no dano oxidativo em vdrios tecidos (Lourdes, 1998; Gums,
2004). Assim, os dados obtidos no manuscrito 1 mostram uma diminui¢do significativa nos
niveis de magnésio e potdssio plasmdticos, bem como um aumento na peroxidagao lipidica
hepidtica em ratos alimentados com uma dieta hiperlipidica associada ou nio 2 HCTZ. E
importante ressaltar que a associa¢do da dieta hiperlipidica com a HCTZ (4,0 g/kg de
racdo) potencializou a deplecdo de magnésio e aumentou a peroxidacdo lipidica. Entdo,
considerando que as dietas suplementadas com gorduras saturadas dificultam a absor¢do de
magnésio (Johnson, 2001), sugere-se que individuos que ingerem uma dieta suplementada
com lipidios do tipo saturado podem apresentar perda de magnésio e potdssio, fato que
pode contribuir para o desenvolvimento de diabetes e estresse oxidativo. Nesse sentido, 0s
resultados apresentados nesse trabalho podem indicar que o magnésio e o potdssio
desempenham um papel importante nos efeitos adversos da HCTZ e, uma vez que as
alteracdes bioquimicas foram exacerbadas pelo consumo combinado de HCTZ com uma

dieta hiperlipidica, pode-se supor que a perda de magnésio pode ter um papel central nos
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efeitos adversos da hidroclorotiazida associada com a ingestdo de dietas hiperlipidicas em
ratos.

Enfim, os dados apresentados no artigo 1 e no manuscrito 1, indicam que a ingestao
cronica de doses elevadas de HCTZ ou dieta hiperlipidica provoca alteracdes metabdlicas
relacionadas com a homeostase da glicose e com o estresse oxidativo no tecido cerebral e
hepético. Além disso, os resultados também sugerem que a associagdo da dieta hiperlipidica
com o tratamento com HCTZ pode exacerbar algumas destas alteragdes bioquimicas.
Assim, podemos sugerir que o nosso modelo experimental pode ser usado para o estudo dos
efeitos adversos da HCTZ.

Atualmente, tem sido intensa a procura por compostos naturais ou sintéticos
efetivos no tratamento da diabetes e suas complicacOes. Assim, compostos com
propriedades antioxidantes e hipoglicemiantes sdo usados com relativo sucesso no controle
da hiperglicemia e do estresse oxidativo. Nesse contexto, nas ultimas trés décadas, os
estudos quimicos e bioquimicos dos compostos de selénio tém aumentado, principalmente
devido ao fato de que uma variedade de formas organicas de selénio possui atividade
antioxidante (Andersson et al., 1994; Nogueira et al., 2004). Similarmente, a suplementacio
com formas inorganicas de selénio como o selenito e selenato de s6dio, sdo bastante usadas
no tratamento de pacientes e de animais com diabetes por apresentarem estas propriedades
(Berg et al., 1995; Mukherjee et al., 1998; Stapleton, 2000; Faure, 2004). Baseando-se
nestas evidéncias e pelo fato de que nao existem dados na literatura que avaliem o efeito de
compostos de selénio sobre as alteragdes metabdlicas induzidas por outros fatores como
dietas suplementadas com carboidratos e/ou tratamento com HCTZ, os objetivos do
manuscrito 2 foram avaliar se o (PhSe), poderia evitar ou reduzir as altera¢cdes bioquimicas

provocadas pela ingestdo de uma dieta hiperglicidica e/ou HCTZ, bem como investigar se o
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consumo de tiazidas poderia exacerbar essas alteragdes, uma vez que esses distirbios
metabdlicos sdo comuns em pacientes com hipertensao.

Os resultados obtidos no manuscrito 2 demonstraram que a ingestdo da dieta
hiperglicidica, associada ou ndo com a HCTZ, causou aumento na glicemia, frutosamina,
colesterol total e trigliceridios, que sdo fatores relacionados com o desenvolvimento da
resisténcia a insulina. Assim, pode-se sugerir que a ingestdo simultinea de dietas
hiperglicidicas com o tratamento com tiazidas potencializa os efeitos adversos desta classe
de drogas.

Virios estudos sugerem que o estresse oxidativo € parcialmente responsdvel por
disturbios metabodlicos induzidos por dietas suplementadas com carboidratos e que os
antioxidantes sdo agentes terapéuticos efetivos para prevenir ou reduzir esse dano oxidativo
(Ho et al., 2001; Chander et al., 2004; Di Leo et al., 2004; El-Dermerdasch et al., 2005;
Miranda et al., 2006). De acordo com essas evidéncias, os dados obtidos no manuscrito 2
mostram um efeito protetor da suplementacdo com (PhSe), contra as alteragdes nas defesas
antioxidantes induzidas pela dieta hiperglicidica e pelo tratamento com a HCTZ. De fato, o
(PhSe); restaurou a diminuicao dos niveis de vitamina C hepdtica causada pela associacao
entre HCTZ e dieta hiperglicidica, bem como reduziu a oxidag@o de lipidios e proteinas no
figado e rins de animais tratados com HCTZ associada ou ndo com a dieta hiperglicidica.
Além disso, o (PhSe), foi capaz de reverter a reducdo das atividades da catalase (figado) e
da superéxido dismutase (SOD) (rim) induzidas pela HCTZ. De particular importancia, este
composto também causou um aumentou per se na atividade da SOD hepadtica e renal. Esses
resultados estdo de acordo com outros estudos que mostram que a suplementacdo com
selénio aumenta as defesas antioxidantes, diminui os niveis de peroxidacdo lipidica e

incrementam a expressdo de RNAm para as enzimas antioxidantes em pacientes diabéticos
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e modelos animais (Naziroglu & Cay, 2001; Faure, 2003; Faure et al., 2004; El-
Dermerdasch et al., 2005). Pode-se sugerir que o potencial antioxidante do (PhSe), pode ser
explicado, pelo menos em parte, pela sua atividade mimética a glutationa peroxidase
(Wilson et al., 1989).

Nesse trabalho (manuscrito 2) observou-se que a ingestdo de (PhSe), ndo atenuou o
aumento da glicemia induzida pelo consumo da dieta hiperglicidica. Portanto, sugere-se
que a falta de atividade anti-hiperglicemiante desse composto neste modelo experimental
pode estar relacionado com a via de administracdo utilizada, uma vez que estudos
mostrando que a administracdo cronica de (PhSe),, via subcutinea, promove uma
diminui¢do significativa nos niveis plasmadticos de glicose em ratos diabéticos (Barbosa et
al., 2006).

A ingestdo cronica de uma dieta hiperglicidica, bem como a hiperglicemia esta
associada a geracdo de estresse oxidativo e com o desenvolvimento da resisténcia a insulina
(Rayssiguier et al., 1981; Rayssiguier et al., 1993; McDonald, 1995; Maiese et al., 2007).
Neste estudo, observou-se que a dieta hiperglicidica associada ou ndao com a HCTZ (que
provoca um efeito per se) elevou os niveis de glicose e frutosamina, fato que pode ter
causado danos oxidativos nos tecidos hepdtico e renal, uma vez que os niveis de
peroxidacdo lipidica e carbonilagc@o de proteinas foram aumentados nesses tecidos.

Ha evidéncias de que o tratamento cronico com diuréticos tiazidicos pode prejudicar
a tolerancia a glicose e diminuir a sensibilidade a insulina e, assim, acelerar o
desenvolvimento de DM (Bonner, 1994). Além disso, a terapia com diuréticos tem sido
associada com o aumento nos niveis de colesterol e trigliceridios. Neste trabalho, observou-
se um aumento nos niveis de colesterol total, somente quando a HCTZ foi associada com a

dieta hiperglicidica. Além disso, também foi observado um aumento nos niveis de
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trigliceridios causado pela HCTZ, o qual foi exacerbado pela associacdo entre a dieta
hiperglicidica e HCTZ. Nesse aspecto, a ingestdo de (PhSe), atenuou o aumento dos
trigliceridios causados por HCTZ e o aumento dos niveis de colesterol e trigliceridios
causados pela ingestdo da dieta hiperglicidica.

E importante enfatizar que a HCTZ causou uma diminuigo nos niveis de magnésio
(manuscritos 1 e 2) e que a associacdo entre a dieta hiperglicidica e a HCTZ agravou a
condicdo de hipomagnesemia (manuscrito 2). Esse resultado sugere que os pacientes
hipertensos que usam HCTZ e ingerem dietas hiperlipidicas e hiperglicidicas podem
apresentar perda de magnésio, fato que pode contribuir para o desenvolvimento de
disturbios metabdlicos e dano oxidativo. Além disso, pode-se sugerir que o uso de HCTZ
por esses pacientes pode ainda precipitar o aparecimento do diabetes e suas complicagdes.

Os resultados dos manuscritos 1 e 2 mostram que a redu¢do nos niveis de potdssio
foi, significativamente, associada com o aumento da hiperglicemia e da hipomagnesemia,
fato que indica que os modelos experimentais desenvolvido neste trabalho podem ser usado
para o estudo dos efeitos adversos da HCTZ e para esclarecer o papel do magnésio e do
potdssio na resisténcia a insulina associada com a ingestdo de dietas hiperlipidicas ou
hiperglicidicas associadas a HCTZ. Além disso, com o uso deste modelo pode-se também
investigar se a incidéncia de distdrbios metabdlicos como DM tipo 2, pelo uso de HCTZ ¢é
mais freqiiente em pacientes hipertensos que consomem esses tipos de dieta.

Os resultados obtidos no manuscrito 2 sugerem que algumas alteragdes bioquimicas
induzidas pela ingestdo de dietas hiperglicidicas pode ser agravada pelo uso simultaneo de
HCTZ. Além disso, outro aspecto muito importante desse estudo foi evidenciado pela
capacidade do (PhSe), contribuir para a prevencao das alteragdes metabdlicas relacionadas

ao estresse oxidativo. Assim, sugere-se que este composto pode ser considerado um agente
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promissor para o tratamento de distirbios metabdlicos pela terapia antioxidante. Baseado
nessas consideracdes, os resultados obtidos neste estudo contribuem para um melhor
entendimento das bases toxicoldgicas e farmacoldgicas da aplicabilidade clinica do
(PhSe),. Neste contexto pode-se inferir que o (PhSe), € um composto com atrativas

propriedades farmacoldgicas relacionada a atividade anti-diabetogénica.
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CONCLUSOES

De acordo com os resultados apresentados nesse trabalho pode-se concluir que:

Capitulo 1

A ingestdo cronica de doses altas de HCTZ ou de uma dieta hiperlipidica altera os
indices bioquimicos de estresse oxidativo, fato que demonstra a possivel contribuicdo do
aumento da glicemia para o dano cerebral. Além disso, o consumo de dietas hiperlipidicas e
o tratamento com HCTZ apresentam efeitos interativos no cérebro, indicando que, a longo

prazo, a ingestdo cronica dessas dietas pode acentuar a toxicidade da HCTZ.

Capitulo 2

A ingestdo cronica de HCTZ ou dieta hiperlipidica causa alteragdes metabdlicas
relacionadas a homeostase da glicose e a associacdo entre a dieta hiperlipidica e o
tratamento com HCTZ pode exacerbar algumas dessas alteracdes bioquimicas. Portanto,
pode-se sugerir que este modelo experimental pode ser usado para estudos dos efeitos

toxicolégicos da HCTZ.

Capitulo 3

A ingestdo cronica de uma dieta hiperglicidica exacerbou algumas alteracOes
bioquimicas causadas pela HCTZ, nesse modelo experimental. Portanto, esse trabalho foi
validado como modelo vidvel para o estudo das interagdes entre desordens metabdlicas e o
tratamento com HCTZ, droga usada para a terapia anti-hipertensiva, mas que em

determinadas concentra¢des e condi¢des patoldgicas individuais pode causar sérios danos
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aos pacientes. Assim, esse estudo é também importante para auxiliar a satide e bem estar
desses pacientes. Além disso, os resultados deste trabalho sugerem que a suplementagdo
com (PhSe), contribui para a prevencdo e/ou reducdo de alteracdes metabdlicas
relacionadas ao estresse oxidativo e, que este composto pode ser considerado um agente

promissor para o tratamento de distirbios metabdlicos pela terapia antioxidante.
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PERSPECTIVAS

A partir dos promissores resultados obtidos nesta tese, poderiamos aprofundar ainda
mais esses estudos pela concretizacdo dos seguintes objetivos:

- Investigar o mecanismo envolvido nos efeitos interativos das dietas hiperlipidicas
ou hiperglicidicas associadas a HCTZ nos parametros bioquimicos relacionados ao estresse
oxidativo.

- Investigar se a incidéncia de DM tipo 2, pelo uso de HCTZ € mais freqiiente em
pacientes hipertensos que consomem dietas hiperlipidicas e/ou hiperglicidicas.

- Testar a HCTZ em via de administracdo e tempo de tratamento diferente associada
com dietas hiperlipidicas ou hiperglicidicas, a fim de investigar os efeitos toxicoldgicos
desse anti-hipertensivo.

- Investigar os efeitos de dietas hiperlipidicas e/ou hiperglicidicas associadas ao
tratamento com a HCTZ na populagdo humana.

- Testar o (PhSe), em concentracdes, via de administragdo e tempo de tratamento
diferentes, a fim de comparar a sua efetividade e estabelecer uma dose/resposta.

- Procurar identificar o metabdlito responsdvel pelo efeito farmacoldgico do
(PhSe),, uma vez que a via de administragdo modifica a eficdcia do tratamento.

- Testar outros compostos organicos de selénio com o propdsito de desenvolvimento
de novos farmacos com agdo antioxidantes para o uso na terapéutica de alteracOes
metabolicas relacionadas a DM (e talvez de outras doencas que envolvam espécies reativas

de oxigénio e nitrogénio).
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on Na"™-K*-ATPase activity.

MANUSCRITO 1

Figura 1A: Effect of control diet supplemented with hydrochlorothiazide on body weight.

Figura 1B: Effect of high fat diet supplemented with hydrochlorothiazide on body weight.
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MANUSCRITO 2

Figura 1: Thiobarbituric acid-reactive species content in the liver (A) and kidney (B) of
diphenyl diselenide-fed rats associated to fructose and HCTZ intake.

Figura 2: Protein carbonylation levels in the liver (A) and kidney (B) of diphenyl
diselenide-fed rats associated to fructose and HCTZ intake.

Figura 3: Vitamin C levels in the liver (A) and kidney (B) of diphenyl diselenide-fed rats
associated to fructose and HCTZ intake.

Figura 4. Catalase activity in the liver (A) and kidney (B) of diphenyl diselenide-fed rats
associated to fructose and HCTZ intake.

Figura 5. Superoxide dismutase activity in the liver (A) and kidney (B) of diphenyl

diselenide-fed rats associated to fructose and HCTZ intake.
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