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RESUMO

Tese de doutorado - Programa de P6s-Graduagdo em Bioquimica

Universidade Federal do Pampa

Caracterizagdo das propriedades antioxidantes, hipoglicemiantes e neuroprotetoras da

erva mate em diferentes modelos

Autora: Maria Eduarda de Lima
Orientador: Prof. Dr. Vanderlei Folmer
Co-orientador: Prof. Dr. Abel Santamaria

Data e local da defesa: Uruguaiana, 04 de Agosto de 2017.

A erva mate € o produto do processamento de folhas secas e moidas de uma espécie arbérea,
conhecida como llex paraguariensis. A apresentacdo comercial da erva-mate é utilizada no
preparo de uma bebida tradicional, muito consumida na América do Sul. Dados da literatura
tem comprovado uma diversidade de efeitos benéficos da erva-mate, principalmente o
antioxidante. Sabe-se que uma grande quantidade de patologias apresenta o estresse oxidativo
como um dos seus mecanismos nocivos, desta maneira, a busca por compostos naturais que
possam balancear tais situac@es foi intensificada nos Gltimos anos. Considerando os aspectos
mencionados, o objetivo principal do presente estudo foi avaliar os possiveis efeitos
protetores do extrato de llex paraguariensis em diferentes perspectivas com énfase no estresse
oxidativo. Inicialmente, foi realizada a caraterizagdo do extrato por HPLC, seguido por uma
comparagdo in vitro em sinaptossomas, do extrato (200 mg/mL) com o seu composto
majoritario, acido clorogénico CGA (2 mg/mL), quanto a producdo de ROS, peroxidacdo de
lipidios, fungdo mitocondrial por MTT e a razdo GSH/GSSG. Por conseguinte, foi realizada a
avaliacdo in vivo, onde ratos Wistar machos (300-330 g) foram submetidos a estresse por
restricdo de movimentos, associado a outros estimulos estressantes, por 21 dias, 6h por dia
(crénico) e tratados, por via oral, concomitantemente com extrato (200 mg/mL) ou CGA (2
mg/mL) e foram analisados pardmetros comportamentais de atividade locomotora e
ansiedade, bem como, aspectos de dano celular, em cortex, hipocampo e estriado. Por fim, em
um modelo de camundongos diabéticos, induzido com estreptozotocina (100 mg/kg), foram
verificados os efeitos do extrato de erva mate (850 mg/kg), por via oral, sobre os niveis de

glicose, neuropatia diabética e marcadores de estresse oxidativo, em rim, figado e cérebro. O



extrato de erva mate mostrou-se mais efetivo que o &cido clorogénico na protecdo do dano
oxidativo em sinaptossomas, reduzindo a formacgdo de ROS, peroxidacdo de lipidios e
deplecéo de glutationa, fatos que podem explicar o efeito do extrato em prevenir a disfuncao
mitocondrial avaliada. Da mesma maneira, no modelo de estresse por restricdo de
movimentos, o0 extrato de erva mate foi mais efetivo que o acido clorogénico em prevenir as
alteracbes comportamentais dos animais. O grupo que recebeu o extrato como tratamento,
apresentou atividade locomotora igual ou superior a do grupo controle. Os animais tratados
com extrato também se mostraram menos ansiosos que 0s do grupo estressado que nao
recebeu tratamento. Além disso, o extrato exibiu efeito de protecdo do dano celular de cortex,
hipocampo e estriado, pois 0s animais tratados apresentaram um maior nimero de células
viaveis nesses tecidos. Com relacdo aos efeitos do extrato no modelo induzido de diabetes,
verificou-se que a erva mate possui atividade de protecdo ao estresse oxidativo envolvido na
patogénese dessa patologia, além de reduzir de maneira significativa o nivel glicémico dos
animais e apresentar efeito protetor a neuropatia diabética. Com base nos resultados
encontrados, é possivel dizer que, de modo geral, a erva mate atua na protecdo de diferentes
aspectos do estresse oxidativo devido ao sinergismo dos seus componentes, tendo em vista
que o &cido clorogénico isolado nao apresentou efeito protetor igual ou superior ao do extrato.
Através do seu efeito antioxidante, apresenta beneficios a reducdo dos danos causados pela
hiperglicemia cronica no diabetes mellitus e também, na modulacéo de efeitos neuroprotetores

e funcdo mitocondrial.

PALAVRAS-CHAVE: llex paraguariensis; Antioxidantes; Estresse oxidativo; Dano celular;

Estresse cronico;
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Yerba mate is the product of the processing of dried and ground leaves of a tree species,
known as llex paraguariensis. The commercial presentation of yerba mate is used in the
preparation of a traditional drink, widely consumed in South America. Data from the literature
has proven a variety of beneficial effects of yerba mate, especially the antioxidant. It is known
that a great number of pathologies present oxidative stress as one of its harmful mechanisms,
in this way, the search for natural compounds that can balance such situations has intensified
in recent years. Considering the mentioned aspects, the main objective of the present study
was evaluate the possible protective effects of llex paraguariensis extract in different
perspectives with emphasis on oxidative stress. Initially, was made the characterization of
HPLC extract, followed by an in vitro comparison in synaptosomes, of the extract (200 mg /
mL) with its major compound, chlorogenic acid CGA (2 mg / mL) in ROS formation, lipid
peroxidation, mitochondrial function by MTT and the GSH / GSSG ratio. Therefore, in vivo
evaluation was performed, where male Wistar rats (300-330 g) underwent movement
restriction stress associated with other stress stimuli for 21 days, 6 hours per day (chronic) and
treated with extract (200 mg / mL) or CGA (2 mg / mL) and behavioral parameters of
locomotor activity and anxiety were analyzed, as well as aspects of cellular damage in the
cortex, hippocampus and striatum. Finally, in a model of diabetic mice, induced with
streptozotocin (100 mg / kg), were verified the effects of yerba mate extract (850 mg / kg) on
glucose levels, diabetic neuropathy and markers Of oxidative stress, in kidney, liver and brain.
The yerba mate extract was shown to be more effective than chlorogenic acid in the protection
of oxidative damage in synaptosomes, by reducing ROS formation, lipid peroxidation and

glutathione depletion, which may explain the effect of the extract in preventing mitochondrial



dysfunction evaluated. Likewise, in the model of stress by restriction of movement, the
extract of mate grass was more effective than the chlorogenic acid in preventing the
behavioral alterations of the animals. The group that received extract as treatment had
locomotor activity equal to or greater than the control group. The animals treated with extracts
were also less anxious than those of the stressed group that did not receive treatment. In
addition, the extract exhibited a protective effect on cell damage in cortex, hippocampal and
striatum, as treated animals had a higher number of viable cells in these tissues. Regarding the
effects of the extract in the induced model of diabetes, it was verified that the yerba mate has
activity of protection to the oxidative stress involved in the pathogenesis of this pathology, in
addition to significantly reduce the glycemic level of the animals and present protective effect
to diabetic neuropathy. Based on the results found, it is possible to say that, in general, yerba
mate acts in the protection of different aspects of oxidative stress due to the synergism of its
components, considering that the isolated chlorogenic acid did not present a protective effect
equal or greater than of the extract. Through its antioxidant effect, present benefits in reducing
the damage caused by chronic hyperglycemia in diabetes mellitus, in the modulation of

neuroprotective effects and mitochondrial function.

Key words: llex paraguariensis; Antioxidants; Oxidative stress; Cell damage; Chronic stress;
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APRESENTACAO

No item INTRODUCAO, consta uma revisdo bibliografica sobre os temas
trabalhados nesta tese. A metodologia realizada e os resultados obtidos que fazem parte desta
tese estdo apresentados sob a forma de artigo e manuscritos cientificos, que se encontram nos
itens ARTIGO e MANUSCRITOS, apresentados na sessao de RESULTADOS. No mesmo
constam as se¢des: Materiais e Métodos, Resultados, Discussdes e Referéncias Bibliogréaficas.
No item DISCUSSAO GERAL, é apresentado uma discussdo do somatdrio dos resultados
presentes na sessoes “artigo” e “ manuscritos”. O item CONCLUSOES, encontrado no final
desta tese, apresenta interpretacdes e comentarios gerais sobre os resultados do artigo e
manuscritos presentes neste trabalho. Em PERSPECTIVAS sdo apontados possiveis
trabalhos futuros para uma continuidade a partir dos resultados da tese. As REFERENCIAS
referem-se somente as citacbes que aparecem nos itens INTRODUCAO, DISCUSSAO

GERAL, PERSPECTIVAS e CONCLUSOES desta Tese.
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1 INTRODUCAO

1.1 Estresse Oxidativo

Durante processos fisioldgicos ocorre a producdo de algumas espécies reativas, essa
producdo constitui um processo continuo envolvendo algumas funcdes biologicas relevantes
(Barbosa et al., 2010). Essas especies podem apresentar-se como radicais livres ou ainda
como espécies ndo radicalares. Radicais livres sdo definidos como qualquer atomo ou
molécula que apresente em seu orbital mais externo um ou mais elétrons desemparelhados,
como por exemplo, o radical superoxido, radical hidroxila, éxido nitrico e peroxinitrito
(Halliwel, 2001). Ja as espécies ndo radicalares, como os perdéxidos, ndo possuem elétrons
desemparelhados, porém desempenham um papel importante no dano oxidativo devido a sua
grande instabilidade (Halliwell, 2001; Barbosa et al., 2010).

Durante o metabolismo celular, os radicais livres atuam como mediadores para a
transferéncia de elétrons nas varias reacdes bioquimicas. Sua producdo, em proporcdes
adequadas possibilita a geracdo de energia na forma de ATP como, por exemplo, por meio da
cadeia transportadora de elétrons. Por outro lado, a producéo excessiva pode conduzir a danos
oxidativos nas biomoléculas (Shami et al., 2004; Barbosa et al., 2010).

A célula desenvolveu mecanismos de defesa antioxidante enzimaticos e néo
enzimaticos, com objetivo de limitar os niveis intracelulares de tais espécies reativas ou
radicais livres e controlar a ocorréncia de danos decorrentes (Bianchi,1999; Shami et
al.,2004).

Uma situacdo onde ha um desequilibrio entre a geracdo moléculas pro oxidantes e o
sistema de defesa antioxidante € conhecida como estresse oxidativo. Esse processo conduz a
oxidacdo de biomoléculas com conseqiente perda de suas fungdes biologicas e/ou

desequilibrio homeostatico, cuja manifestacdo € o dano oxidativo potencial contra células e
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tecidos, podendo, se ndo combatido, levar a morte celular (Halliwell et al., 2004; Barbosa et
al., 2010).

A producdo de espécies reativas pode levar a danos oxidativos em proteinas,
membranas e DNA, como pode ser visto na figura 1 (Schieber & Chandel, 2014. Além disso,

ERs podem atuar nas vias de sinalizacdo celular que modulam varias fungdes (Galley, 2011).

Oxidases Mitochondria
O, 2

Lipid
oxidation

Slgnalmg

Oxidative stress

Redox biology
Current Biology

Figura 1 - Papel dos ROS no estresse oxidativo.
Fonte: Schieber & Chandel, 2014.

1.2 Estresse Oxidativo e o Diabetes mellitus

Diabetes mellitus ¢ uma desordem metabdlica que atualmente é considerada um dos
principais problemas de satde puablica em muitos paises (IDF, 2015). E caracterizada como
um disturbio endécrino no qual o metabolismo da glicose esta alterado. A alteracdo
metabolica pode ser por diferentes maneiras, sendo por uma destruicdo das células P
pancreéticas responsaveis pela producdo e liberacdo de insulina (tipo 1), devido a uma
liberagdo inadequada de insulina pelas células p pancreaticas ou ainda uma insensibilidade a

insulina pelos tecidos alvos (tipo 2) (ADA, 2014; Petermann et al., 2015).
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Independente da forma de Diabetes, o desenvolvimento patologico de todos tipos leva
a uma condicdo de hiperglicemia. O mecanismo que parece ser comum a todas as células
lesadas, como consequéncia da hiperglicemia, é o estresse oxidativo, com énfase na producéo
aumentada de ROS (Brownlee , 2001; Kadenbach et al., 2009; Adly, 2010; Rahal et al.,
2014). Este fato coloca a célula em situacdo de dano oxidativo, quando a condicéo passa a ser
crénica, devido ao desequilibrio homeostatico (Rocha et al., 2006; Reis et al., 2008; ADA,
2014).

A geracdo aumentada de ROS no diabetes pode ser por uma série de fatores, como a
auto-oxidacdo da glicose, a formacdo de produtos finais de glicacdo avancada (AGES), a via
dos polidis e também as mudancas no conteldo e atividade no sistema de defesas
antioxidantes no tecido (Reis, et al., 2008; Silva et al., 2011; Kassab & Piwowar, 2012).

A estreptozotocina é uma glicosamina-nitrosureia comumente usada para produzir o
diabetes (Silva et al., 2011). E uma toxina sintetizada pela levedura Streptomyces
achromogenes (Delfino et al. , 2002). Por possuir uma estrutura similar a molécula de glicose,
é facilmente captada pelas células pancreéticas que contém transportadores de glicose GLUT-
2, sendo assim, as células produtoras de insulina que ndo expressam esse transportador sdo
resistentes a estreptozotocina (ETZ) (Elsner et al., 2000).

Apos estar no interior celular, a ETZ desenvolve seus mecanismos de citotoxicidade.
O processo € iniciado pela alcalinizacdo do DNA celular e subsequente ativacao da poli-ADP
ribose sintetase causando deplecdo rapida e letal de NAD nas células pancreéticas.
Posteriormente, ocorre reducé@o no nivel de ATP e posterior inibi¢do da sintese e secre¢édo da
insulina (Takasu et al., 1999; Bennet et al.,2002). Essas situa¢cdes culminam com a morte das
células B-pancreaticas e consequente incapacidade na producdo e liberagdo do hormonio
insulina, o que leva ao desenvolvimento de uma situagdo de hiperglicemia que ao tornar-se

cronica, caracteriza a desordem metabolica Diabetes mellitus tipo 1 (Silva et al.,2011). Porém
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sabe-se que, além da hiperglicemia, os processos de dano causados pela ETZ também levam a
geracdo de H,O, (Takasu et al., 2001), alem da formacdo e liberacdo de ROS, através de
alguns mecanismos como atraveés da ativacdo da oOxido nitrico sintase endotelial e/ou do
sistema Xantina Oxidase (Desco et al., 2002; Matsumoto et al., 2003). Animais tratados com
ETZ desenvolvem a maioria das complicacfes diabéticas mediadas pelo estresse oxidativo
tais como a neuropatia diabética (Comelli et al., 2009) e a perda de massa corporal (Wang et
al., 2010).

Os efeitos da ETZ estendem-se ainda para além do tecido pancreatico (células f-
pancreaticas). O dano causado, seja pela droga ou pela consequente hiperglicemia, atingem
também o figado, que € o sitio de metabolizacdo da ETZ e da homeostase de glicose, e
também os rins, sitio de excrecdo da ETZ e do excesso de glicose circulante (Karunanayake et

al., 1976, Maritim et al., 2003).

1.3 Estresse Oxidativo devido a Estresse por Restricdo de Movimentos

Uma situacdo estressante afeta a homeostase corporal, refletindo em alteragdes
bioguimicas e fisiologicas de risco a saude (McEwen, 2006; Atif et al., 2008).

A imobilizagcdo de movimentos tem sido vista como um bom indutor de estresse em
animais. Tal protocolo consiste na privagdo de movimentos espontaneos, conforme pode ser
visto na figura 2, induzindo, desta maneira, uma série de alteragdes fisicas e psicoldgicas nos

animais submetidos ao mesmo (Zaid. et al., 2004; Colin-Gonzalez et al., 2015).
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Figura 2 — Dispositivo utilizado no estresse por restricdo de movimentos
Fonte: Smith (2012).

Evidéncias afirmam que o estresse € um dos fatores primordiais para ativar algumas
vias celulares que culminam com o aumento na geracao de radicais livres (Atif et al., 2008).

O estresse por restricdo de movimentos foi relatado por causar um desequilibrio no
estado redox celular, aumentando assim o estresse oxidativo e podendo causar danos
oxidativos irreversiveis, como por exemplo, a morte celular (Radak et al., 2001; Colin-
Gonzaélez et al., 2015; Becerril-Chavez et al., 2017).

De fato, dados tem demonstrado que animais submetidos a estresse por imobilizagdo
apresentam um alto percentual de dano celular em cortex, hipocampo e estriado cerebral
(Madrigal et al., 2001; Zaid et al., 2004; Colin-Gonzélez et al., 2015; Beceril-Chavez, 2017).
Além disso, um estudo com ratos mostrou que esse tipo de estresse provoca alteragdes
comportamentais, expressas pelo aumento da atividade ansiolitica e depressdo apresentada
pelos animais nos testes avaliados (Becerril-Chavez et al., 2017).

Uma das respostas do organismo ao estresse é a ativacdo do eixo hipotalamo-hipofise-
adrenal (HPA), levando a ativacdo do horménio liberador de corticotrofina para liberacdo
adicional de horménio adrenocorticotrofico (ACTH) para a glandula pituitaria, gerando a
liberacdo de glicocorticoides (GC) para a glandula adrenal. Esta via é regulada por um
feedback negativo induzido pela ligacdo de GC aos receptores de glicocorticéides (GCR),

mantendo-os dentro dos niveis fisioldgicos (De Leon et al., 1988; Lucassen et al., 2014).
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Vaérios estudos demonstraram a relacdo entre o estresse oxidativo, a resposta ao estresse
e o0 desenvolvimento de transtornos psiquiatricos e neurologicos (Sorce, & Krause, 2009;
Schiavone et al., 2013), porém o mecanismo exato de inducdo de dano pelo estresse ao
Sistema Nervoso Central ainda esta sob investigacdo. A teoria mais enfatica aponta que haja
um desequilibrio entre as defesas antioxidantes e geracdo de espécies reativas e/ou radicais
livres, causando estresse oxidativo.
O cérebro é o oOrgdo mais vulneravel a sofrer efeitos nocivos advindos do estresse
oxidativo, pois a sua capacidade antioxidante total é relativamente pequena, além de possuir
uma grande quantidade de &cidos graxos poliinsaturados em suas membranas (Halliwell &

Gutteridge, 1985; Liu et al. 1994; Zaidi et al., 2004).

1.4 Estresse Oxidativo e os Antioxidantes

De acordo com Sies & Stahl (1995), antioxidante ¢ definido por “qualquer substancia
que, presente em baixas concentracBes quando comparada a do substrato oxidavel, atrasa ou
inibe a oxidagdo deste substrato de maneira eficaz”. Esses agentes reagem diretamente com as
espécies reativas e/ou radicais livres, levando a formacao de produtos menos reativos. (Sies,
1993; Halliwell e Gutteridge, 2007).

Em uma situacdo de desequilibrio oxidativo os antioxidantes atuam em diferentes
niveis na protecdo do organismo neutralizando os agentes oxidantes (Halliwell & Gutteridge,
2007; Halliwell, 2011).

O organismo apresenta dois sistemas de defesa antioxidante, o enzimatico e 0 nao
enzimatico, que agem como uma barreira protegendo o corpo dos efeitos nocivos do estresse

oxidativo, oque esta expresso graficamente na figura 3.
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Figura 3 — Relacao de agentes pro-oxidantes e moléculas antioxidantes no estresse oxidativo.
Fonte: Pisoschi & Pop, 2015.

O primeiro mecanismo de defesa enddgena é impedir a formacdo das espécies
reativas, principalmente pela inibicdo das reacdes em cadeia com o ferro e o cobre. Esses
compostos sdo capazes de agir aos ataques das espécies reativas de oxigénio, impedindo sua
formacéo ou sequestram-nas de forma a ndo permitir sua interacdo com alvos celulares (Rover
Junior et al., 2001; Barbosa et al. 2010).

O sistema de defesa enzimatico inclui as enzimas Superoxido Dismutase (SOD),
Catalase (CAT), Glutationa Peroxidase (GPx) e Tioredoxina redutase (Trx). Essas enzimas
agem impedindo e/ou controlando a formacéo de espécies reativas de oxigénio, convertendo-
as em moléculas mais estaveis. A SOD catalisa a dismutacdo do Anion Superdxido em
Peroxido de Hidrogénio (H,0,) e Oxigénio, o perdxido de hidrogénio (H.0,), por sua vez
pode ser convertido a 2H,0 pela Glutationa Peroxidase ou O, + H,O pela Catalase (Ferreira
et al., 1997), ja as tioredoxinas redutase reduzem tioredoxinas oxidadas (Capacho et al. 2012).
O sistema de defesa enddgeno ndo enzimatico inclui algumas moléculas, entre elas: a
glutationa (GSH), vitaminas C e E (Halliwell & Gutteridge, 2007).

Além disso, ha antioxidantes exdgenos, principalmente os advindos da dieta, que tem
ganho espago no &mbito da pesquisa (Sies, 1991; Halliwell & Gutteridge, 2007). Alimentos

gue contém antioxidantes naturalmente, mas ndo sdo ricos em calorias, ou seja, frutas,
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legumes e grdos, ajudam a manter a saude e retardar o inicio de doencas (Halliwell e
Guteridge, 2010; Rahal et al., 2014).

De modo geral, os polifendis e em particular os flavonoides possuem estrutura ideal
para a neutralizacdo de radicais, sendo antioxidantes mais efetivos que as vitaminas C e E
(Barreiros et al. 2006; Rahal et al., 2014).

De fato, segundo Samadder et al. (2011) ha uma larga utilizagcdo de produtos naturais
como alternativa terapéutica, no que diz respeito as propriedades antioxidantes da erva-mate,
alguns autores sugerem que a ingestdo de llex paraguariensis pode contribuir para aumento
das defesas antioxidantes do organismo, minimizando os danos oxidativos associados a
formacdo excessiva de moléculas pré-oxidantes (Schinella et al., 2000; Anesini et al., 2012;

Gao et al., 2013).

1.5 llex paraguariensis

A llex paraguariensis St. Hil. Var. paraguariensis (Aquifoliaceae), conhecida
popularmente como erva-mate é uma espécie arbdrea nativa da América do Sul e tem sua area
de ocorréncia natural restrita a trés paises: Argentina, Brasil e Paraguai (Vieira et al., 2010;
Dutra et al., 2010; Junior & Morand, 2016).

Folhas secas e moidas de llex paraguariensis sao comumente utilizadas no preparo de
uma bebida peculiar (Figura 4), consumida por parte da populacdo da América do Sul, que
recebe diferentes denominagdes dependendo de onde ¢ consumida, sendo “chimarrdao” no Sul
do Brasil, “mate” na Argentina e Uruguai e “tereré” no Paraguai (Heck et al., 2007; Bracesco

etal., 2011).
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Figura 4 - Folhas secas e moidas de llex paraguariensis utilizadas no preparo do chimarrdo

Além do habito cultural, a erva-mate também foi muito utilizada na medicina popular
para o tratamento de algumas doencas, como a artrite, dor de cabeca, constipacao,
reumatismo, obesidade, fadiga, hipertensdo, desordens hepaticas, entre outros (Pio Corréa,
1984; Anesini et al. 2006).

Na composicdo fitoquimica da erva-mate, destacam-se como 0s principais compostos
bioativos os &cidos fendlicos, saponinas e metilxantinas. As propriedades desses compostos
estdo bem documentadas e alguns dos seus efeitos ja foram descritos, como por exemplo, 0
antioxidante, anti-inflamatério, antiglicacdo, entre outros (Bracesco et al., 2003; Heck et al.,
2007; Filip et al., 2010).

As principais metilxantinas encontradas em extratos de llex paraguariensis sdo a
teobromina e a cafeina (Colpo et al., 2016; Lima et al., 2017), compostos que exercem agdo
no Sistema Nervoso Central e que tem sido relatado por serem responsaveis pela acéo
estimulante exercida pelo chimarrdo (Santos et al., 2015).

Por ser tradicionalmente um habito cultural, a erva-mate passou a ser investigada
guanto aos seus possiveis efeitos a salude. Os primeiros trabalhos realizados publicaram
resultados relativos aos seus efeitos antioxidantes in vivo e in vitro (Gugliucci e Sthal 1995;
Campos et al., 1996; Gugliucci 1996). Desde entdo, uma série de estudos passou a demonstrar
uma variedade de efeitos benéficos da erva-mate em diferentes organismos modelos, no qual

salientamos nosso grupo, conforme esta exposto na tabela 1.



24

Lima et al., 2014. International Reduc¢do do nivel de ROS e

llex paraguariensis Extract
Increases Lifespan and Protects
Against the Toxic Effects
Caused by Paraquat in
Caenorhabditis elegans

Yerba mate (Ilex
paraguariensis St. Hill.)-based
beverages: How successive
extraction influences the extract
composition and its capacity to
chelate iron and scavenge free
radicals

Protective effect of Yerba mate
(Ilex paraguariensis St. Hill.)
against oxidative damage in
vitro in rat brain
synaptosomal/mitochondrial P2
fractions

Compounds from [lex
paraguariensis extracts confer
antioxidant effects in the brains

of rats subjected to chronic
immobilization stress

Journal of
Research and Public Health.

Colpo et al., 2016. Food
Chemistry.

Lima et al., 2017. Journal of
Functional Foods.

Colpo et al., 2017. Applied
Physiology, Nutrition, and
Metabolism.

Environmental protecao de efeitos toxicos do

paraquat quanto a sobrevivéncia
e reproducao in vivo.

Inibigdo dos radicais livres
DPPH e NO. 80% de quelagdo
de ferro in vitro.

Prevencio da
glutationa e disfungao
mitocondrial,  associado a
redugdo da formagido de ROS in
Vitro.

deplecao de

Efeito antioxidante em cortex,
hipocampo e estriado ex vivo de
ratos submetidos a estresse de
imobiliza¢ao.

Tabela 1 - Trabalhos publicados pelo nosso grupo com relagdo aos efeitos dos extratos de

erva mate

O composto majoritario encontrado em alguns extratos de erva mate, por

Cromatografia Liquida de Alta Eficiéncia (HPLC), foi o &cido clorogénico (Bastos et al.,

2007; Heck & Mejia, 2007; Menini et al., 2007; De Morais et al., 2009; Filip et al., 2010;

Lima et al., 2014; Colpo et. al, 2016; Lima et.al, 2017). Este acido € um composto fendlico

derivado do cafeoilquinico, muito abundante em plantas e bebidas, e tem se destacado por

exibir potenciais efeitos bioldgicos (Kwon et al., 2010; Upadhyay e Mohan Rao, 2013).
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Com relacdo aos efeitos de extratos de erva mate, Schinella et al. (2000)
demonstraram que a infusdo de erva mate comercial apresentou efeito antioxidante pela
inibicdo enzimatica e ndo enzimatica da peroxidacéo de lipidios.

Ademais, outros resultados publicados a partir de experimentos com infusGes de erva
mate verificaram alguns efeitos farmacoldgicos para a espécie: Protecdo celular em
decorréncia do seus efeitos antioxidantes(Bixby et al., 2005); Reversdo da resisténcia a
insulina, aumentando a absorcao celular de glicose, e a dislipidemia na sindrome metabolica
(Hussein et al., 2011); Reducdo do nivel de triglicerideos, colesterol e reducdo do indice
aterogénico (Balzan et al., 2013); Efeito antiobesidade na reversdo da lipogénese hepatica
induzida por dieta rica em gordura (Resende et al., 2015), entre outros.

A ampla gama de efeitos benéficos reportados, principalmente o antioxidante, tornam
0s extratos de llex paraguariensis uma potencial alternativa terapéutica futura no tratamento

de desordens que contemplam o estresse oxidativo na sua patogénese.
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2 OBJETIVOS

2.1 Objetivo Geral

O objetivo do trabalho é caracterizar as propriedades antioxidantes, hipoglicemiantes e

neuroprotetoras da erva mate em diferentes modelos.

2.2 Objetivos especificos

e Investigar in vivo os efeitos dos extratos de erva mate sobre as varia¢fes da glicemia e
sensibilidade térmica como indicador da neuropatia diabética em camundongos com
DM induzido por ETZ,

e Quantificar ex vivo os efeitos dos extratos sobre a atividade dos marcadores
antioxidantes SOD, CAT, ALA-D, TBARS, NPSH e niveis dos marcadores de dano
hepatico AST e ALT, bem como os niveis de frutosamina de camundongos com DM
induzido por ETZ;

e Verificar in vivo o efeito dos extratos de erva mate e do acido clorogénico na atividade
locomotora e ansiolitica de ratos submetidos a estrese por restricao cronica;

e Auvaliar ex vivo o efeitos dos extratos de erva-mate e do acido clorogénico em aspectos
de dano celular no hipocampo, cortex cerebral e corpo estriado destes ratos;
e Comparar os efeitos do extrato de erva mate e do acido clorogénico em sinaptossomas,

quanto a formacao de ROS, peroxidacao de lipidios e deplecdo de glutationa;

e Analisar a possibilidade de efeitos protetores desses compostos frente um modelo de

disfung@o mitocondrial,
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3 RESULTADOS

Os resultados da presente tese serdo expressos por meio de um artigo cientifico e dois
manuscritos.

Inicialmente, no Artigo 1, utilizamos um modelo de sinaptossomas isolados do cérebro
de ratos e verificamos aspectos referentes ao estresse oxidativo in vitro, onde observamos a
formacdo de ROS, peroxidacdo de lipidios, deplecdo de glutationa e funcdo mitocondrial,
assim como a possivel acdo preventiva do extrato em comparacdo ao CGA nos aspectos
avaliados.

No Manuscrito 1 constam os dados de um modelo de estresse ndo invasivo, com
mecanismo de lesdo indireta ao SNC, onde comparamos novamente os efeitos do extrato de
erva mate, com 0 seu composto majoritario, acido clorogénico (CGA). Os animais foram
submetidos a estresse por restricdo dos movimentos, associado a outros estimulos estressantes
por 21 dias, e foram analisados os efeitos do extrato ou CGA quanto a atividade locomotora e
ansiolitica, e também parametros de dano celular em cortex, hipocampo e estriado do cérebro
destes animais.

Por fim, no Manuscrito 2, apresentaremos resultados referentes a avaliacdo dos efeitos
do extrato de erva mate em um modelo de diabetes tipo 1. Neste modelo, camundongos swiss
machos, receberam uma dose Unica de estreptozotocina como indutor de hiperglicemia
crénica. Os animais hiperglicémicos receberam tratamento com extrato de erva mate, ou ndo
(grupo controle) por 90 dias. Posteriormente, analisamos o efeito do tratamento nos niveis de
glicose, frutosamina, AST e ALT, no plasma, bem como a neuropatia diabética in vivo.
Também verificamos ex vivo os efeitos do extrato na modulagdo redox através da atividade e

nivel de moléculas antioxidantes enddgenas.
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3.1 Artigo Cientifico

O seguinte artigo foi publicado em Maio/2017 na revista Journal of Functional Foods |,

quails A2 na CBII.
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Mejia, 2007). Yerba mate-based products are enriched with sapo-
nins, alkaloids, flavonoids, vitamins, tannins and polyphenols
(Heck & Mejia, 2007). Their biological activities comprise scaveng-
ing of reactive oxygen species (ROS) (Dall'Orto, Vago, Carballo, &
Rezzano, 2005), interfering with glucose absorption, and modulat-
ing the expression of genes and antioxidant enzymes (Bracesco
et al,, 2011}, Methylxanthines and phenolic compounds are essen-
tial to confer antioxidant capacity to Yerba mate extracts, The most
impaortant property of phenolic compounds is the defense against
ROS formation, commonly produced by cell metabolism in
response to external factors. In addition, evidence suggests that
their actions in vivo may involve anti-inflammatory properties
(Soto-Vaca, Gutierrez, Losso, Xu, & Finley, 2012) and regulation of
energy metaholism (Stevenson & Hurst, 2007),

Chlorogenic acid (CGA) is a polyphenol exhibiting a wide distri-
bution in products used in human diet, CGA has received increas-
ing attention due to its many reported beneficial effects
(Heitman & Ingran, 2017). Bracesco and coworkers (2011) have
established that CGA corresponds to 42% of the compounds
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extracted during the consumption of chimarrdo, being the majori-
tarian component of Yerba mate, CGA belongs to a family of esters
formed through the interaction of specific trans-cinnamic acids
and quinic acid. The commercially available form of CGA is 5-
cafeoilquinic acid (5-COQA). Ito, Sun, Watanabe, Okamoto, and
Hatano (2008) reported the ability of 5-CQA to cross the blood-
brain barrier (BBE), thus reaching the brain. The antioxidant prop-
erties of CGA include cardioprotective, antitumor and neuroprotec-
tive effects. Its effects at the CNS level are attributable to its ability
to react with ROS and chelate toxic metals (Markesbery & Lovell,
2007). These effects include: improvement of spatial leamning
(Han, Miyamae, Shigemori, & Isoda, 2010), attenuation of memory
loss (Kwon, Lee, & Kim, 2010), reduction of anxiety and improve-
ment of motor function (Jang et al., 2013), and enhanced capacity
to protect against ischemia-induced neuronal damage (Lee el al,
2012).

Therefore, it is likely that, in addition to the antioxidant proper-
ties already reported for Yerba mate, this plant might be a potential
source of neuroprotective precursors, including CGA; however, niei-
ther its mechanisms, nor the effects of its components have been
detailed. In this study, we compared the effects of a typical Yerba
mate extract with those of its main component CGA on different
oxidative endpoints in vitro in rat brain synaptosomal{mitochon-
drial fractions in order to provide enlightening mechanistic infor-
mation about the actions and therapeutic potential of this herbal
infusion in the CNS. For this purpose, the well-known pro-
oxidant iron sulfate (FeS0,) was used to induce oxidative damage
through ROS formation, whereas 3-nitropropionic acid was used as
an inhibitor of mitochondrial function.

2. Materials and methods
2.1. Chemicals

Yerba mate was purchased in the municipal Uruguayan market
of Bella Unidn. The aqueous extract was prepared as an infusion of
Mex puraguariensis (Aquifoliaceae) at a 200 mg/ml concentration,
The infusion was prepared with 10 ml of ultrapure water at 85 °C
in 25 of yerba mate for 10 min. All samples were Gltered and
diluted 50 times, 2,7-Dichlorofluorescein diacetate (DCFH-DA),
dichlorofluorescein (DCF), O-phialdialdehyde (OPA), thiobarbituric
acid (TBA), HEPES, malondialdehyde (MDA), 3-(4,5-dimethylthia
z0l-2-y1)-2,5-diphenylietrazolium bromide (MTT), M-
ethylmaleimide (NEM), sucrase, CGA, and the succinate dehydro-
genase inhibitor 3-nitropropionic acid (3-NP), were all obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). CGA was
prepared as an original stock containing 20 mgf10 mL of 0.9% sal-
ine solution, The final CGA concentration in the 2 mg/ml solution
used was 5.6 mM, an equimolar concentration to the CGA con-
tained in the diluted mate extract. This calculation is based on a
recent article by our group (Colpo et al., 2016}, in which we found
that the most diluted extract of the same mate herb used in this
study contained 2 mg/ml of CGA, as assessed by chromatographic
methods. All other reagents were obtained as reagent-grade from
well-known commercial sources.

2.2, Measurement of total content of polyphenols

Measurement of the total content of polyphenols in the mate
extract was assayed by a Folin-Ciocaltew’s colorimetric method
using a mixture of 2% NaCO; sodium carbonate plus the Folin
reagent (1:2). The Mate agqueous extract was prepared as described
above, as an infusion (200 mg/mL). The total content of phenolic
compounds was evaluated by interpolating absorbance of the sam-
ples against the calibration curve constructed with increasing con-

centrations of gallic acid as standard (10-40 pM), and expressed as
1M gallic acid equivalents (GAE). The analyzes were performed in
triplicate,

23, Chromatographic analyses

The chromatographic system consisted of a Prominence liquid
chromatograph (Shimadzu, Kyoto, Japan) equipped with a CBM-
20A controller, LC-20AT pump, SIL-20A auto sampler, and
SPDM20A DAD detector. The chromatographic separation was
achieved using an OD5-Hypersil Thermo Scientific C18 column
(250 x 4.6 mm id., 5pm particle size) at 25+ 2°C. The mobile
phase consisted of water containing acetic acid (0.3%, solvent A)
and methanol (solvent B). The gradient elution started with 15-
20% B for 20 min, followed by 20-85% B for 5 min, which was
maintained for Smin more (Filip, Lipez, Giberti, Coussio, &
Ferrara, 2001, The Mow rate was 1.0 mLmin and injection volume
was 20 pl. Data acquisition by the PDA system was monitored at
265 nm for caffeine and theobromine, and at 325 nm for caffeic
and chlorogenic acids. Before analyses, the mobile phase was fil-
tered through a 0.45 pm membrane filter in a solvent filtration
apparatus (Millipore, USA), and further sonicated. The reference
substances (CGA, caffeic acid, theobromine and caffeine ) were pur-
chased from Sigma-Aldrich (5t. Louis, MO, USA), and prepared as
50% hydroethanolic solvents. All samples, including extracts, were
filtered through 0.45 mm nylon filters and injected into the HPLC.
A sample of the cromatographic analysis is shown in Fig. 1.

2.4, Animals

A total of 10 rats were employed throughout the study. Synap-
tosomalfmitochondrial P2 fractions were collected from the brains
of adult male Wistar rats (n= 4 experiments per group) obtained
from the vivarium of the ‘Instituto Nacional de Neurologia y Neu-
rocirugia’, The experiments were strictly carried oul following the
principles stated in the “Guidelines for the Use of Animals in Neu-
roscience Research® from the Society of Neuroscience, the local
Bioethics Committees, and in compliance of the ARRIVE guidelines,

2.5, Synaptosomes isolation and treatments

Synaptosomal/mitochondrial P2 fractions were obtained from
rat brains according to a method reported previously (Rangel-
Lipez et al, 2015). Synaptosomes were incubated in a shaking-
water bath at 37“C in the presence of the Yerba mate extract
(20l of the concentrated solution) or CGA (2 mg/mL = 5.6 mM)
for 30 min, and FeS04 (50 uM) as pro-oxidant or 3-NP (1 mM) as
mitochondrial toxin for the next 30 min. FeS04 was used for the
direct induction of oxidative damage through ROS formation,
whereas 3-NP was used for the induction of mitochondrial dys-
function through the selective succinate dehydrogenase inhibition,
Thirty minutes after incubated, all samples were used for the esti-
mation of all toxic endpoints. The protein content in synaptosomal/
mitochondrial fractions was quantified by the Lowry's method
(Lowry, Rosebrough, Farr, & Randall, 1951).

2.6, The assay of lipid peraxidation

Lipid peroxidation was measured in synaptosomal/mitochon-
drial enriched P2 fractions by TBARS detection, but making modi-
fications, according to a previous report (Colin-Gonzilez et al,
2015). Two hundred-pl. aliquots containing the synaptosomes
were incubated with 500 pl of the TBA reagent (0.75 g of TBA
+15¢g of trichloroacetic acid + 254 mL of HCl) for 30 min at
100 “C. Optical density was measured in a CYT3MV Biotek Cytation
3 Imaging Reader at 532 nm. A standard curve constructed with
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Fig. 1. HPLC analyses obtained from Rex ponrguariensis infusion. Peak (1) Theobromine; peak (2) Caffeic acid; peak (3) Chlorogenic acid; peak (4) Calfeine.

tetramethoxypropane was used as an index of the MDA eguiva-
lents produced. Results were expressed as nmol of MDA egquiva-
lents per mg protein.

2.7, The assay of reactive oxygen species (ROS) formation

ROS production was quantified in synaptosomes according to a
previous report (Rangel-Liper et al_ 2015). The synaptosomalf
mitochondrial fractions were incubated with 5 pM DCFH-DA for
60 min at 37 *C, and fluorescence was recorded at 488 nm of exci-
tation and 525 nm of emission wavelengths in a CYT3MV Biotek
Cytation 3 Imaging Reader. Results were expressed as percent of
DCF oxidized vs. control.

2.8, The assay of 3-(4,5-dimethylthiogzol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction

The MTT reduction assay was used to assess the degree of mito-
chondrial function, according to a method previously described by
Colin-Conzilez et al. (2015) The content of formazan was deter-
mined im a CYT3MV Biotek Cytation 3 Imaging Reader at a
570 nm wavelength. Results were expressed as percent of MTT
reduction compared to control values.

29, Estimation of the reduced:oxidized glutathiong (GSH:GSSG) ratio

The contents of GSH and GS5C were measured in samples
according to  methods previously described  (Santamaria,
Espinoza-Gonzalez, Rios, & Santamaria, 1999). For GSH estimation,
the synaptosomal/mitochondrial fractions (250 pl) were added to
2.25 ml of phosphate bulfer (pH 8.0). Aliquots (50 ul) were added
to 50pl o-phtaldialdehyde (OPA) plus 900 pl phosphate bulfer
(pH 8.0). Samples were then incubated at room temperature for
15min, and fluorescence intensity was recorded in a Perkin-
Elmer LS55 Luminescence Spectrometer at 420nm of emission
and 350 nm of excitation wavelengths. For GSSG determination,
50 pl aliquots were added to 20 pl N-ethylmaleimide (NEM) to pre-
vent GSH oxidation. Samples were then incubated at room temper-
ature and added to 430 pl 0.1 N NaOH. Fifty pl of this blend were
added to 900 pl 0.1 N NaOH plus 50 pl OPA. These samples were
incubated once again at room temperature for 15 min and the
flusrescence intensity was recorded in a Perkin-Elmer 1555 Lumi-
nescence Spectrometer at 420 nm of emission and 350 nm of exci-
tation wavelengths. Results were calculated as nmoles of GSH or
GS5C per mg protein. Final results were expressed as the GSH:
G55 ratio.

2.10. Statistical analysis

Mean values + 5.0, were graphically expressed. All data were
statistically analyzed by one- or two-way analysis of variance
(ANOVA), followed by post hoc Bonferroni's test. Values of
p < 0,05 were considered as statistically significant. For all statisti-
cal procedures, the scientific statistic software GraphPad Prism 5
(GraphPad Scientific, San Diego, CA, USA) was used.

3. Results
3.1. Total content of polyphenals

Derived from the values obtained after the calibration curve for
gallic acid was carried out, the eguation obtained was:
y = 0.0096x-0.0116, where ‘x’ is the concentration of gallic acid,
“y" is the absorbance at 750 nm, and the correlation coefficient is
R=0.989. Using these data, we found that GAE concentration in
the concentrated extract was 99.125 pM, whereas in the 50-fold
diluted sample the GAE concentration was 35.79 M. These results
demonstrated the presence of polyphenols in the extracts used in
the study.

3.2, Phytochemical composition

HPLC analysis showed four marker components present in I
paraguariensis extract. As shown in Table 1, these phenolics and
methylxanthines have been identified as theobromine (9.61 min},
caffeic acid {18.71 min), chlorogenic acid (20.54 min) and caffeine
(25.39 min) by their retention time and UV absorbance, compared
to purified standards. According to the standard peak-area ratio,
the relative amounts for each compound detected in Yerba extract
presented the following order: chlorogenic acid > caffeine » caffeic
acid > theobromine, respectively. Accordingly, a previous study of
our group (Colpo et al, 2016) showed that among these com-
pounds, CGA was found in larger amount in yerba mate samples
from Uruguay, which motivated us to use this herbal product for
present research,

3.3. Yerba mate extract decreased the FeS0-induced oxidative stress
and the 3-NP-induced mitochondrial dysfunction in synaptosomal/
mitochondrial P2 fractions

Fig. 2 depicts results of the effects of yerba mate extract on ROS
formation (in A), lipid peroxidation (in B) and mitochondrial dys-
function (in C) in rat brain synaptosomal fractions.
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Table 1

Phytoconsiiuents identilied in lex poraguarienss exirel.
Compoand mglml? 115/ Rr (i)
(hinrogesic acid 1.983 + DU 325 2054
Caffeine 1655 + 0058 2 2539
Ciffeic acid 116D £ 002 325 18.71
Theabronmine 0476 + 16 27 [LTH

* Resulis are expressed as mean values of mgimL contained in the I paraguar-
densts extract tstandard deviation, These values represent the average of three

analyses,
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Fig. 2. Hlects of Yerba mate extract (200mg/ml) on Fes0, (50 pM)-induced
ixidative damage, and I-nitropropionic acid (3-NP; 1 mM}-induced mitochondrial
dysfunction in rat brain synaptosomal P2 fractions. In (A) Yerba male extract was
tested against the FeS0g-induced reactive oxygen species (ROS) Tormation (oxida
tiom of DCFH); in (B) the effect of Yerba mate extract on the FeS0,-induced lipid
peroxidation (THARS formation) was compared with the elfect of s main
component chlorogenic acid [CGA; 2 mgimL); in (C) the effect of Yerba mate
extract on the 3-NM-induced changes in mitochondrial function (MTT reduction)
was contrasted with the effect of CGA. Data are expressed as mean valoes + 510, of
n=4 experiments per group. Symbols denote statistical differences s, control
(Pp<005), and against FeSDy or 3NP ("p<005), Dne- and bwo-way ANOVA
follewed by Bonferroni's test.

In Fig. 2A, the ROS formation induced by FeSO, (35% above the
control; p < 0.05) was prevented by the extract (41% below FeS0,;
p < 0.05), whereas when tested alone the extract decreased the ROS
levels even below the control (40%; p < 0.05).

In Fig. 2B, the FeS04-induced increased lipid peroxidation (88%
above the control; p<0.05) was completely prevented by the

Yerba mate extract (75% below FeSO4; p<0.05) and by CGA (59%
below FeS0y; p< 0,05). The extract and CGA per se decreased the
levels of lipid peroxidation even below the control values (G9%
and 99%, respectively; p<0.05).

In Fig. 2C, the 3-NP-induced decreased MTT reduction (27%
below the control; p<0.05) was prevented by the yerba mate
extract (34% above 3-NP; p<0.05). A moderate effect was pro-
duced by CGA (B% above 3-NF; N.5.). Both the extract and CGA
decreased mitochondrial activity (18% and 20% below the control),
but only CGA produced a significant effect.

3.4, Yerba mate extract prevented the disruption of the GSH:GSSG rulio
in synaptosomalmitochondrial P2 fractions

The GSH:GSSG ratio in brain synaptosomes incubated with the
Yerba mate extract or CGA, and exposed to FeS0,, was determined
after calculating the GSH and GS5G contents, Basal levels of GSH
and G55G in controls were 91,2 and 5.1 nmol/mg protein, respec-
tively, The exposure of synaptosomes to FeS0, decreased the
GSH:GSSG ratio by 74% compared to control (p <0.05), whereas
the incubation of these fractions in the presence of the extract or
CGA prevented the effect of FeS04 by 253% above (p <0.01) and
109% above (p <0.05) above the pro-oxidant, respectively (7 and
45% below control, respectively) (see Table 2). The extract and
CCA treatments alone did not medify the basal GSH:GS5G ratio,

4. Discussion

In this study, the use of the pro-oxidant agent FeSO,4 produced
the generation of a model of oxidative damage in synaptosomes
through ROS formation. It is known that iron promotes the intense
generation of hydroxyl radicals through the Fenton reaction (Yang,
Campbell, & Bondy, 2000). Considering the effects obtained in this
study with the Yerba malte extract on the prevention of ROS forma-
tion at both basal (control) and iron-stimulated levels, it is reason-
able to suggest that the different antioxidant components present
in the extract (CGA, caffeine, caffeic acid and theobromine) could
act coordinately as ROS scavengers. Therefore, these components
could trap the ROS generated by Fenton reaction, thus decreasing
the potential risk of further oxidative damage in the synaptic ter-
minals, This effect is supported by previous reports demonstrating
the antioxidant capacity of the extract under in vitro conditions
(Colpo et al, 2016; De Oliveira, Calado, Ares, & Granato, 2015).

In in vitro preparations of the CNS (brain slices), events such as
oxidative damage to proteins are linked with the generation of
hydroxyl radicals through the iron-catalyzed Fenton reaction, also
compromising the activity of the mitochondrial electron transport
chain (Bizzozero, Ziegler, De Jesus, & Bolognani, 2006). It has been
demonstrated that the Fenton reaction, and the consequent oxida-
tive activity produced, are capable of inducing the oxidation of P2
synaptosomal/mitochondrial  fractions (Yang et al, 2000)
Therefore, the oxidative model employed in this study using P2
synaptosomal/mitochondrial fractions supports the concept of
ROS generation (mainly hydroxyl radical) by iron-catalyzed reac-
tions, suggesting that the several antioxidant compounds present
in the Yerba mate extract could target this catalytic process, It is
also well-known that the Fe®'[Fe’' ratio stimulates lipid
peraxidation in synaptosomes (Guo, Zhao, Li, Shen, & Xin, 1996),
Thus, iron plays a central role in ROS generation because in Fenton
reaction H,0; oxidizes Fe™ to Fe* to generate hydroxyl radicals
(Halliwell & Gutteridge, 1992). Moreover, iron initiates a chain
reaction leading to lipid peroxidation and the consequent cellular
damage. Lipid peroxidation is damaging because the formation of
peroxidation products spread further free radical reactions
(El-Aal, 2012, chap. 3).
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Table 2
Fifects of Yerba mate extract (YME) and chlofogenic acid (CGA) on the GEHIGSSG

ratio in rat brain synaplosomes.

GSHJGSSG
Control 17.9+£48
Fetily W E e
YME 185430
CGA 15982
YME + FeS0, 6.6 £ 6.4
CGA+ FeS0y 95+ 84"

Mean values £ 5.0, of n=4 experiments per group. Two-way ANOVA followed by
Bonferroni's test,

* <0005, diferent of contral,

" p <005, different of FeS0,.

© p< 00, dilferent of FeS0,.

Also in this study, it was shown that Yerba mate extracts
reduced the TBARS formation induced by Fe** in rat brain synapto-
somes. CGA, the major compound in yerba mate extract (Colpo
et al, 2016), also demonstrated a significant capacity to reduce
lipid peroxidation in isolated synaptic terminals when adminis-
tered at an equal molar base than the CGA contained in the Mate
extract, In addition to the properties of the extract components
as ROS scavengers, these effects may be associated to the iron
chelating activity of Yerba mate. It is possible that the extract com-
pounds bind iron coordinately, thus forming a redox complex
which reduces the Fe®* availability to interact with Hy0, and
decrease hydroxyl radical formation, therefore protecting against

peroxidative damage. These considerations are reinforced by the
complete prevention of the FeSO4-induced GSH:GSSG balance dis-
ruption when incubated in the presence of the Yerba mate extract,
vs. 2 partial recovery of this ratio when synaptosomes were incu-
bated in the presence of CGAL

Some studies using natural products, or compounds synthe-
sized from these products, have demonstrated the ability to pre-
vent and sometimes reverse synaptosomal disruption andfor
oxidative damage. For instance, the saponin from the Solanum
anguivi showed an intense capacity to reduce lipid peroxidation
induced by Fe' in the P2 synaptosomal fractions of the rat brain
(Elekofehinti et al, 2015), and these properties could account for
neuroprotection. Elinos-Calderin et al. (2010) tested the effect of
S-allylcysteine (SAC) in synaptosomes submitted to toxic insults,
and demonstrated that this garlic-derived compound is ahle to
evoke protective effects even when toxic events in the brain have
already started, According to these reports, we propose that the
same mechanism described above is responsible for the results of
this study: protection against oxidative damage.

On the other hand, 3-NP has heen widely used as toxic model as
it is an irreversible inhibitor of succinate dehydrogenase (complex
1) of the electron transport chain (Ramachandran & Thangarajan,
2016). Such inhibition leads to blocking the transfer of electrons
to coenzyme Q, thereby affecting the sequence of events of the res-
piratory chain, and increasing ROS generation (Ramachandran &
Thangarajan, 2016). As a result of this oxidative imbalance, a suc-
cession of damaging effects occurs in mitochondria, leading to
energy depletion and dysfunction, Indeed, the primary event after
succinate dehydrogenase (SDH) inhibition is ROS generation,
which subsequently leads to a decreased mitochondrial function
and increased lipid peroxidation (Colle et al,, 2013).

In this study, we also collected experimental evidence showing
that the reduction in mitochondrial function caused by 3-NF can be
completely prevented by yerba mate exiract, but not by its major
compound, CGA. We therefore hypothesize that there is also a syn-
ergistic effect of the various compounds present in yerba mate
extract, acting together to neutralize ROS generated after blocking
SDH, thus avoiding subsequent damage. In support to our observa-

tions, a recent report showed that succinobucol, a phenolic com-
pound known for its antioxidant and anti-inflammatory
properties, exhibited similar effects to Yerba mate. The mentioned
report attributed this effect to the scavenging activity of the com-
pound, which is able to prevent secondary toxic events by neutral-
ization ROS generated after SDH inhibition (Colle et al, 2013).

5. Concluding remarks

Several studies have shown the antioxidant properties of Yerba
mate liked to the action of its phenolic compounds, saponins,
metilxantines, etc. (Bracesco et al., 2011; Colpo et al., 2016; Heck
& Mejia, 2007). Noteworthy, during the use of natural extracts
for human consumption, the antioxidant and protective effects
obtained could correspond to a given component of the extract
or to a synergistic action of its varous components. The extract
tested in this study has CGA as the main component, a phenolic
molecule also known for its antioxidant properties (Feng et al,
2016). However, the results presented here comparing the effects
of Yerba mate vs. CGA at an equal molar base, demonstrate that
the actions of the latter are limited when compared with the
extract, We therefore suggest that there is a coordinated action
of the different compounds present in the extract that attenuates
oxidative damage and mitochondrial dysfunction in nerve cell frac-
tions. Since the antioxidant effects of Yerba mate cannot be merely
attributed to CGA, the medicinal and therapeutic properties of this
herb deserve the consideration of all its components,
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ABATRACT

Restraint stress can produce severe damage to brain. The extracts obtained from Yerba
mate (llex paraguariensis) are enriched with natural antioxidants with neuroprotective
properties, such as chlorogenic acid (CGA). In this work we evaluated the effects of Ilex
paraguariensis extracts (IpE), and compared them with those of CGA, on behavioral
and morphological indicators of toxicity and brain damage induced by chronic restraint
stress (CRS) to rats. CRS sessions were performed every day for 6 h during 21
consecutive days. IpE (200 mg/mL, p.o.) or CGA (2 mg/mL, p.o.) were administered
daily 30 min before every single stress session. Behavioral tests comprised two different
aspects: motor and anxiolytic-like activity (open field and elevated plus-maze tests,
respectively). Histological changes were assessed by Hematoxylin & Eosin staining,
and cell damage was estimated in three different brain regions: striatum (S),
hippocampus (Hp) and cortex (Cx). Compared to control (unstressed) rats, animals
subjected to CRS exhibited a lower locomotor activity. Rats receiving the herb extract
before CRS maintained locomotor activity values similar to or greater than the
unstressed control group. Stressed animals also augmented the time remaining in close
arms of the elevate plus-maze, whereas rats receiving the extract showed a normal
exploratory behavior. In contrast, animals subjected to CRS and treated with CGA
showed no improvement compared to the CRS group in both tests. Stressed animals
also presented cellular damage in all regions analyzed, compared to the unstressed
group. Morphological damage was prevented by IpE, but not by CGA. Our findings
support the concept that the protective effects exerted by IpE in this toxic paradigm are
likely to be related to its broad range of antioxidant properties.

Keywords: Brain regions; Oxidative stress; Brain damage; Cell protection; Antioxidant

defense; Natural antioxidant compounds.
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1. Introduction

The daily routine favors exposure to different stress conditions. This stress can be
mostly acute, which is characterized by a physiological and momentary reaction to a
dangerous situation. However, when the stressing conditions are not reversed, stress
becomes chronic. Stress causes a number of changes known as the general adaptation
syndrome. This is characterized by three phases: alarm, resistance and exhaustion
(Selye, 1936; Selye, 1998; Schwarzer, 2001; McEwen, 2006). In the alarm phase, there
is an activation of the neuroendocrine system, which is characteristic of adaptive
responses to emergency situations. In the resistance phase, the body adapts to the
stressor, whereas the exhaustion phase reflects the moment when the adaptation phase
of the organism is exhausted or becomes harmful to the body, which can lead to anxiety,
depression and even death. The brain is regulator of the neuroendocrine, autonomic, and
immune systems, and chronic stress causes changes in brain function that can be seen
both in humans and animals (Selye, 1998; McEwen, 2006; Schiavone 2013; Becerril-
Chavez, 2017).

The need to model chronic stress in humans has led to the development of animals
models. Chronic restraint stress (CRS) is indicated as a good stress inducing model,
where the animals remain several hours immobilized and deprived of water and food.
Prolonged immobilization leads to the occurrence of biochemical and behavioral
alterations in animals, similar to those observed in chronic human pathologies
presenting stress as a component of their physiopathology (Glavin, et al., 1994; Liu et
al., 2013; Colin-Gonzélez et al., 2015).

Some studies have demonstrated that animals submitted to stress present a high
percentage of cellular damage in the cortex hippocampus and striatum regions. In

addition, they show altered behavior related to changes in anxiety-like locomotor
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activity and depression (Madrigal et al., 2003; Zaidi & Banu, 2004; Colin-Gonzalez et

al., 2015; Becerril-Chavez, 2017).

The mechanism of induction of stress-related damage to the CNS is still under debate,
but it is believed that there is an imbalance between the antioxidant defenses and the
generation of reactive species and/or free radicals causing oxidative damage. The brain
is the main organ undergoing oxidative damage, as it has low levels of antioxidants and
a high content of polyunsaturated fatty acids in its membranes, becoming more
vulnerable to the attack of reactive oxygen species (ROS) (Halliwell & Gutteridge,
1985; Floyd, 1991; Liu et al. 1994; Liu et al., 1996; Zaidi & Banu, 2004). In this regard,
the daily intake of antioxidants that cross the blood brain barrier - and therefore can
exert effects at the level of the CNS - is fundamental to achieve protection against the
possible stress affecting body homeostasis (Zaidi & Banu, 2004; Colin-Gonzélez et al.,
2015; Becerril-Chavez et al., 2017).

llex paraguariensis is a tree-species native plant of the South-American region used to
prepare a cultural drink mainly consumed in Brazil, Argentina, Uruguay and Paraguay.
Extracts of llex paraguariensis are composed of a large amount of phenolic compounds,
which are known to have antioxidant action (Lima et al., 2014; Colpo et al., 2016; Lima
etal., 2017).

The major component of our llex paraguariensis extract is chlorogenic acid (Lima et
al., 2017). This phenolic compound is capable of crossing the blood-brain barrier in its
intact form, or as a metabolite, and may therefore exert antioxidant and neuroprotective
effects (Ito et al., 2008; Kwon et al., 2010). The present study aimed to compare the
effects of llex paraguariensis extracts (IpE), and its major compound chlorogenic acid
(CGA), on parameters of cellular damage, locomotor activity and anxiolytic activity in

different brain regions in a CRS model in rats.
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2. Materials and methods

2.1. Chemicals and extracts preparation
The commercial presentation of yerba mate was acquired in a supermarket at the
municipal Uruguayan market of Bella Unién. The aqueous extract (200 mg/mL) was
prepared as an infusion of llex paraguariensis (Aquifoliaceae). The infusion was
prepared with 2 g of yerba mate in 10 ml of ultrapure water at 85 °C for 10 min. All
samples were filtered. CGA was obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA), and prepared as an original stock containing 20 mg/10 mL of 0.9% saline
solution. The final CGA concentration in the 2 mg/mL solution used was 5.6 mM, an
equimolar concentration to the CGA contained in the mate extract. This calculation is
based on a recent article of our group (Lima et al., 2017) in which we found that the
most diluted extract of the same mate herb used in this study contained approximately 2
mg/mL of CGA, as assessed by chromatographic methods. All other reagents were
obtained as reagent-grade from well-known commercial sources.
2.2. Animals
All animals (N = 54) were obtained from the vivarium of the National Institute of
Neurology and Neurosurgery (Mexico). Male Wistar adult rats (300-330 g) were
employed throughout the study. Initially, animals were housed in polycarbonate cages
(6 per cage) and had free access to food (rodent Chow 5001; PMI Feeds Inc.,
Richmond, IN, U.S.A.) and water. Housing facilities included controlled conditions of
temperature (25 + 3 ° C), humidity (50 = 10%) and light/dark cycles (12:12 h).
2.3. Restraint stress protocol and drugs administration protocol
Six experimental groups (n = 6 rats per group, randomly selected) were designed:
control (C), llex paraguariensis extract (IpE), chlorogenic acid (CGA), stress (S), llex

paraguariensis extract + stress (IpE + S), and CGA + stress (CGA+S). All groups under
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stress were submitted to immobilization every day during 6 h (from 8:00 am to 2:00

pm) for 21 consecutive days in a glass device with the following dimensions: 6 x 7 x 18
cm. After four hours of stress were completed, the animals were submitted to different
types of stimuli during the same 21 days. This protocol was performed to avoid the
animals to present adaptation to the restriction stress. The types of stimuli applied were:
darkness, inclination of the box, water in the box, application of heat, intense light
directed to the box, and ice; all were used alternately during the 21 days of assay. C, IpE
and CGA groups were isolated daily in acrylic cages (30 x 30 x 20 cm) during 6 h for
21 days, allowing them freely moving. The six groups were deprived of food and water
during the 6 h of isolation. IpE and IpE + S groups also received IpE (200 mg/kg) 30
min before restraint or isolation for the same 21 days, whereas CGA and CGA + S
groups received CGA (2 mg/mL). All other groups received water. All groups were
administered by gavage. At the end of the chronic stress procedure (21 days), two
different behavioral parameters were estimated (elevated plus maze and open field),
immediately followed by animal perfusion and euthanasia by decapitation to obtain the
brains for the histological assessment by Hematoxylin & Eosin (H&E) staining.
2.4. Elevated plus maze

The elevated plus maze test is commonly used to estimate anxiety-like behavior in
rodents. This device consists of a platform in the shape of a plus sign (+), with two
opposing arms open and the two closed arms along the sides. This platform is placed at
a height of 0.5 m from the ground. Rats were placed in the center of the cross, and their
willingness to enter the open arms against the relatively safer closed arms is then
assessed. Spontaneously, rodents display exploratory behavior in new environments;
however, when animals are anxious, they lose this ability. The parameters estimated

during this 5-min test were the number of entries that each animal made to close and
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open arms, and the time spent in both type of arms. For all animals, this test was

performed 30 min after the last period of immobilization or isolation.
2.5. Open field test

The open field test was carried out immediately after the elevated plus maze test,
using an AccuScan device (AccusScan Instruments Inc., Columbus, OH) in a room with
controlled conditions of light and temperature, and free of noise. The equipment
employs software programmed to detect the number of animal passages over infrared
lights on horizontal and vertical axes. The rats were placed in the center of the device
and their behavior was recorded for a total period of 15 minutes. All animals were
subjected to the open field test only once in order to avoid habituation. The estimated
parameters of motor activity included the total vertical and horizontal distances in
movement, as well as the number of total movements. The apparatus was cleaned with
70% ethanol before testing each animal.

2.6. Histological assessment

The brains of rats from all experimental groups were perfused transcardially, collected
and paraffin embedded to obtain sagittal cuts (7 um) by a Leica RM2255 microtome
(Leica Geosystems AG, St. Gallen, Switzerland). All cuts were fixed, deparaffined and
dehydrated to be stained with Hematoxylin & Eosin for the histological analysis of the
striatum, hippocampus and cortex. Digital images were obtained by a Nikon ECLIPSE
E200 microscope (DiaMedical USA, West Bloomfield, MI), using the Q-capture Pro 7
software. The percent of cell damage was estimated by counting the number of pyknotic
cells compared to the total number of cells per field in three fields from three different

animals per group.
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2.7. Statistical analysis

All data were expressed as mean values + S.E.M. of 6 rats per group. Results were
analyzed by one-way ANOVA followed by Tukey’s test for multiple comparisons,
using Prisma 5 software (GraphPad, San Diego, CA, U.S.A.). Values of p<0.05 were

considered as statistically significant.
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3. Results

3.1. Body weight changes after chronic stress in rats
The body weight of each rat was recorded weekly during the whole experimental
protocol (21 days) to monitor the effect of stress. There was a significant reduction in
the body weight of animals in the stress group (43 % below control, p<0.05), which was
prevented in the group of stressed animals also receiving the herb extract (15 % below
control, p<0.05), and partially prevented by treatment with CGA (33 % below control,
p<0.05). Figure 1 shows the body weight delta (final weight - initial weight) of all
experimental groups.
3.2. llex paraguariensis extract reduced the anxiety-like behavior in chronically-
stressed rats
To evaluate if CRS induced an anxiety-like behavior in animals, we used the elevated
plus-maze test. The number of entries that each animal made to close and open arms, as
well as the time spent in both type of arms, were considered. The stress condition
produced a reduction in the number of animal visits to close the arms (38 % below
control, p<0.05) (Figure 2A). The number of entries in the closed arms was lower
because the animals remained longer time in the closed arms compared to the control
group (36 % above control, p<0.05) (Figure 2B), which maintained its exploratory
character, passing through the four arms of the cross. The administration of IpE to
stressed rats produced a significant decrease in the anxiety behavior (34% below CRS,
p<0.05), similar to the control group. In contrast, the animals treated with CGA alone
were similar to the stressed animals, though stressed animals treated with CGA showed

a behavior similar to the control group.
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3.3. llex paraguariensis prevented motor alterations in stressed rats

Stressed animals presented a lower locomotor activity compared to the control group,
suggesting that stressed animals lost their natural exploratory activity as they presented
a shorter distance traveled both at vertical (28 % below control, p<0.05) (Figure 3A)
and horizontal (20 % below control, p<0.05) (Figure B) levels, as well as a decreased
number of total movements (24 % below control, p<0.05) (Figure 3C). The stressed
animals treated with IpE showed an increased locomotion activity (12% above control,
p<0.05) compared to the control group, in contrast to the group treated with CGA.

3.4. llex paraguariensis extract attenuated the chronic stress-induced cell damage
in cortex, striatum and hippocampus of the rat brain

CRS caused an increase in the ratio of cell damage cells in all regions from the
experimental groups, being significant for cortex (310 % above control, p<0.05),
hippocampus (325 % above control, p<0.05) and striatum (225 % above control,
p<0.05), compared to control. IpE was able to prevent this effect as rats showed less cell
damage in all regions analyzed compared to the stress group in cortex (62,5 %, p<0.05),
hippocampus (70,58 %, p<0.05) and striatum (38,46 %, p<0.05). IpE per se had no
effect on the density of damaged cells. Surprisingly, CGA per se caused some cell
damage in the brain regions (225 % above control in cortex, 215 % above control in
hippocampus and 150 % above control in striatum, p<0.05). In contrast, when stressed
animals received CGA as pretreatment, there was a partial protection (Figures 4 A (25
%, p<0.05), B (52,94 %, p<0.05) and C (46,15 %, p<0.05) compared to CRS group.
Supporting visual evidence for these observations is shown in the photomicrographs of
the three brain regions (Cx, Hp and St), presenting the H&E stained tissues in Figure 5

A, Band C.
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4. Discussion

In this study we have evaluated for the first time the effects of yerba mate extract, and
its major compound CGA, on restraint stress-induced behavioral and morphological
alterations in rats. Our results demonstrate that CRS produces brain damage affecting
specific brain regions, and compromising important functions of the CNS.

It has been shown that chronic stress is associated with the deregulation of energy
supplies, leading to body weight loss in rodents (Gamaro et al., 2003; Flak et al., 2011).
This was confirmed in our experiments since CRS was responsible for a significant
weight loss, while yerba mate was able to limit this alteration. Although the precise
mechanisms by which this protective effect occurs remain unsolved, it is known that
stress causes oxidative damage by disrupting the natural balance between pro-oxidant
and antioxidant reactions (Zafir et al.,, 2009). Together with the already reported
alterations in energetic metabolism, stress leads to ROS formation, including superoxide
radical originated from the mitochondrial electron transport chain (Du et al., 2009).
Thus, the antioxidant and protective nature of IpE could be related with its content in
polyphenols, which in turn may stabilize the redox status and improve systemic
responses to stress, thus helping to preserve major physiological markers such as body
weight. However, we cannot discard other possible mechanisms involved in this effect,
such as the regulation of the stress response to corticosterone and further hormonal
modulation.

Regarding the vulnerability of the brain regions studied to stress, this susceptibility
could be related with selective regional alterations in redox status, as these regions are
major oxygen consumers, and in general terms, the whole brain (Halliwell and
Gultteride, 2007). This could help to explain the morphological alterations found in the

striatum, hippocampus and cortex as restraint stress makes neuronal cells vulnerable to



47
the attack of ROS mainly because neuronal cell membranes are rich in polyunsaturated

fatty acids (PUFA) (Friedman et al., 2010), which in turn are major substrates for
oxidation. It is known that alterations of cellular homeostasis resulting from enhanced
ROS levels or carbonyl compounds can cause modifications on cellular components,
particularly proteins (Ambrozewicz and Bielawska, 2016). In turn, damage to nerve
cells through these mechanisms along different brain regions (striatum, cortex and
hippocampus) might affect motor and cognitive skills, thus representing a risk to
compromise major physiological functions.

Natural antioxidants such as polyphenols control ROS generation, the oxidation of
proteins and lipid peroxidation (Chen et al., 2012). Our results suggest that cells from
the striatum, cortex and hippocampus responded effectively to the stimulus provided by
IpE to display antioxidant defense mechanisms. Moreover, other studies have
demonstrated that yerba mate possess neuroprotective properties, including
antidepressant- (Ludka et al., 2016), anxiolytic- and stimulant-like (Santos et al., 2015)
effects, also attenuating dyskinesia and memory dysfunction (Colpo et al., 2007; Costa
et al., 2015), as well as reduction of the frequency of pentylenetetrazol-induced seizures
(Branco et al., 2013). Herein, we demonstrated once again the anxiolytic potential of
IpE. Altogether, these effects emphasize the therapeutic potential of this natural product.

In turn, CGA has been reported as a free radical and metal scavenger, and constitutes
the major component of IpE (Colpo et al., 2016). CGA has been shown to improve
spatial learning and memory (Han et al., 2010), inducing anti-amnesic activity by
reducing of acetylcholinesterase activity and malondialdehyde (MDA) in the
hippocampus and frontal cortex (Kwon et al., 2010). CGA has also been involved in the
reduction of brain and blood-brain barrier (BBB) damages and brain edema by radical

scavenging activity and inhibitory effects on metalloproteinases (Lee et al., 2012).
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Although in the present report CGA showed moderate protective effects compared with

IpE, the protective potential of CGA against CRS is substantial, not only in
consideration to the previous reports aforementioned, but also on the basis of recent
experimental evidence collected by us about the protective effects of CGA against the
CRS-induced oxidative damage (Colpo et al., 2017). We therefore hypothesize that the
protective effects exerted by IpE in this study obey to a synergistic action of CGA with
other polyphenols. Several mechanisms, including free radical scavenging, metal
chelation and modulation of enzyme activities, have been proposed to explain the
protective effects of polyphenols in the brain (Schaffer et al., 2012).

In general terms, evidence support beneficial effects of antioxidants in chronic stress
and in redox alterations in neurodegenerative disorders, including Alzheimer’s (AD)
and Parkinson’s (PD) diseases. Zaidi and Banu (2004) demonstrated the protective
effects of vitamin E by restoring antioxidant systems in the brain of animals submitted
to restraint stress. In the hippocampus, the organosulfur compound found in aged garlic
extracts S-allyl cysteine (SAC), exerted a modulatory action on antioxidant responses in
acute restraint stress (Colin-Gonzélez et al., 2015). Hong et al. (2014) showed that
Rooibos tea reduces lipid peroxidation, restores stress-induced protein degradation, and
modulates GSH metabolism. Our results are in agreement with all these reports,
considering that the beneficial effects of IpE and CGA can be due to their antioxidant
properties as polyphenols (Leopoldini et al., 2011). Further studies on chronic stress are
needed to support our findings and demonstrate specific mechanisms of action of both

IpE and CGA.
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5. Concluding remarks

IpE produced a protective effect on behavioral and morphological parameters in
stressed rats, whereas CGA did not. It is suggested that the large number of antioxidant
compounds found in the extract act synergistically in the modulation of these effects.
Our results provide evidence that IpE can exert protective effects in the nervous system,
besides other known effects. This evidence serve to design and initiate additional
experimental paradigms that will help to consolidate the promising properties of this
herb, also suggesting that in the future, natural extracts can be used to design treatments

for counteracting alterations related with stress in the Central Nervous System.
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Figure captions

Figure 1. Body weight changes (delta) in rats exposed to chronic restraint stress (6 h
per day for 21 days) that received (or not) llex paraguariensis extract (IpE, 200 mg/kg,
p.0.) or chlorogenic acid (CGA, 2 mg/mL, p.o.). Mean values + S.E.M of n = 6 rats per
group are shown. *p<0.05, different of control (C) group; “p<0.05, different of stress (S)

group; one-way ANOVA followed by Tukey’s test.

Figure 2. Effects of llex paraguariensis extract (IpE, 200 mg/kg, p.o.) or chlorogenic
acid (CGA, 2 mg/mL p.o.) on the restraint stress-induced anxiety-like behavior in rats.
A: Number of entries to close arms. B: Time in seconds remaining in close arms. Mean
values + S.E.M of n = 6 rats per group are shown. "p<0.05, different of control (C)
group; 'p<0.05, different of stress (S) group; one-way ANOVA followed by Tukey’s

test.

Figure 3. Effects of llex paraguariensis extract (IpE, 200 mg/kg, p.o.) or chlorogenic
acid (CGA, 2 mg/mL, p.o.) on the restraint stress-induced changes in locomotor activity
(vertical and horizontal distance, and total movements) in rats. Mean values + S.E.M of
n = 6 rats per group are shown. ‘p<0.05, different of control (C) group; ~p<0.05,

different of stress (S) group; one-way ANOVA followed by Tukey’s test.

Figure 4. Effects of llex paraguariensis extract (IpE, 200 mg/kg, p.o.) or chlorogenic
acid (CGA, 2mg/mL p.o.) on the restraint stress-induced ratio of cell damage in cortex
(A) hippocampus (B) and striatum (C) of rats. Mean values + S.E.M of n = 6 rats per
group are shown. *p<0.05, different of control (C) group; “p<0.05, different of stress (S)

group; one-way ANOVA followed by Tukey’s test.
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Figure 5. Effects of llex paraguariensis extract (IpE, 200 mg/kg, p.o.) or chlorogenic

acid (CGA, 2mg/mL p.o.) on the restraint stress-induced cell damage in cortex (A)
hippocampus (B) and striatum (C) of rats. Photomicrographs of the three brain regions
(Cx, Hp and St) depicting H&E stained tissues are shown. Representative
photomicrographs of all groups are shown contrasting healthy (arrows) vs. damaged

cells (arrowheads). Magnification 40x.
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ABSTRACT

Ilex paraguariensis is used for the preparation of stimulant drinks commonly consumed
in South America. Extracts of this plant are known to contain a wide variety of
polyphenols, exerting antioxidant effects. The aim of this study was to evaluate for the
first time the effect of yerba mate extracts in a model of type 1 diabetes induced by
streptozotocin  (STZ) in mice, considering glucose levels and oxidative stress
parameters.We evaluated glucose levels, serum transaminases, and fructosamine in
blood and oxidative stress parameters in liver, kidney and brain. Finally, we analyzed
the thermal sensitivity as an indicator of diabetic neuropathy. Treatment of mice with
llex paraguariensis extracts reversed hyperglycemia caused by STZ, normalized
oxidative stress parameters and reversed peripheral neuropathy. Our extracts were able
to reverse these alterations, and these effects can be attributed to their potent antioxidant

capacity combined with a potential hypoglycemic effect thereof.

Keywords: llex paraguariensis; Diabetes mellitus; Oxidative damage; Peripheral

neuropathy; Streptozotocin.



68
1. Introduction

The search for natural products possessing beneficial biological activity to human
health has grown up lately. Among the reasons for this are the high cost of the drugs
and its wide range of side effects (Bernardi et al., 2011). In this regard, extracts of the
plant llex paraguariensis (IP) have been shown to exert various effects on a number of
pathological events, such as obesity, hypolipidemia and hypoglycemia (Arcari et al.,
2009; Pereira et al., 2012).

Chronic hyperglycemia is a clinical condition caused by a metabolic disorder known
as Diabetes mellitus. Currently, the disease is considered an important public health
problem in many countries (IDF, 2015). Thus, a variety of crude extracts and
compounds isolated from plants have been evaluated in experimental tests in order to
identify new bioactive compounds exhibiting potential beneficial effects for the
treatment of this disease (Luceford and Gugliucci, 2005; Zanatta et al., 2007; Cazarolli
et al., 2008; Folador et al., 2010).

The evolution of science has enabled several human diseases to be reproduced by
experimental models in laboratory animals. These models allow us to test potential
treatments that in the future can be extrapolated to human use. Streptozotocin (STZ) is a
glucosamine-nitrosourea commonly used to produce diabetes (Silva et al., 2011). STZ is
a toxin obtained from Streptomyces achromogenes which, being synthesized by yeast,
has very similar structure to glucose molecule, and therefore, its uptake is facilitated
into pancreatic cells that contain the GLUT-2 glucose transporter (Elsner et al., 2000,
Delfino et al., 2002).

After being incorporated by cells, STZ develops its cytotoxic mechanisms, leading to

death of pancreatic -cells and the consequent failure in the production and release of
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the hormone insulin, therefore leading to the development of chronic hyperglycemia and

featuring the metabolic disorder Diabetes mellitus type 1 (Silva et al., 2011).

In addition to hyperglycemia, the damaging processes caused by STZ recruit the
formation and release of reactive oxygen species (ROS). Thus, animals treated with
STZ develop most of diabetic complications (such as diabetic neuropathy (Comelli et
al., 2009) and body weight loss (Wang et al., 2010)) through oxidative stress.

Previous studies in our group have demonstrated the potential antioxidant effects of
Ilex paraguariensis extracts, as well as its ability to increase lifespan in animal models
by reducing oxidative damage caused by external toxins (Colpo, 2016; Lima et al,
2014). Considering the increased incidence of diabetes in human populations, and the
need to seek for alternative therapies, in this work we evaluated the effects of IP extracts
in an animal model of type 1 diabetes induced by STZ, estimating the glucose levels in
blood, peripheral neuropathy and oxidative stress parameters in mice. Our results show

protective actions of IP extracts on these endpoints of toxicity.
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2. Materials and Methods

2.1. Chemicals

Ellman’s reagent (DTNB) and STZ (reagent grade) were obtained from Sigma Aldrich
(St. Louis, MO, USA); commercial kits were supplied by Labtest (Minas Gerais,
Brazil). Other reagents were obtained from local suppliers.

2.2. Yerba mate samples

According to results previously described by our group (data not shown), Uruguayan
IP extracts showed better phytochemical composition and antioxidant activity,
compared to other commercial herbs, including Argentinian and Brazilian. Therefore,
we chose to use the Uruguayan herb in the present study (Colpo et al., 2016).

The commercial presentation of yerba mate was acquired in the municipal Uruguayan
market of Bella Union. The traceability of the herb was ensured by strict legislation and
rules that regulate the production of herbs in Brazil.

2.3. Obtaining IP extracts

Aqueous extracts were obtained by recreating the traditional mate preparation process,
according to Lima et al. (2014). Mate was prepared in a medium size gourd, with the
amount of yerba mate occupying two thirds of the volume of the bowl (60 g). Free
volume was completed successively with water (70 ml) at 80°C. Water in the bowl
remained in contact with yerba mate for one minute. Then, the water was taken out
through a pump attached to a suction system (described below). The extracts were
obtained successively (one after the other), and the infusions (1, 2, 5, 10, and, 15) were
stored. The 15th infusion is equivalent to the 1 L amount of water usually consumed by
people taking mate. The time of extraction was one minute. The other extractions were

discarded.
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The mate pump was attached by means of a rubber hose to a Kitasato flask. The bottle

cap allows the connection because it is composed of a silicone stopper with a hole
which passes through a glass tube. The extract passes through the system and falls into
the Kitasato flask, which is connected to a vacuum pump that is responsible for the
suction (based on the method described by Meinhart et al., 2010). Afterwards, the
extracts were filtered using a paper filter, thickness 205 pm (J.Prolab®, S.J. dos Pinhais,
Brazil), and stored in falcon tubes. After the extraction, the material was stored and kept
frozen in a freezer (-18°C) to administration by gavage.
2.4. Instrumentation and chromatographic analysis

The chromatographic system consisted of a Prominence liquid chromatograph
(Shimadzu, Kyoto, Japan) equipped with a CBM- 20A controller, LC-20AT pump, SIL
20a auto sampler and SPDM20A DAD detector. The chromatographic separation was
achieved using an ODS-Hypersil Thermo Scientific C18 column (250 x 4.6 mm i.d., 5
pum particle size) at 25 + 2 °C. The mobile phase consisted of water containing acetic
acid (0.3%, solvent A) and methanol (solvent B). The gradient elution started with 15 —
20% B for 20 min; 20 — 85% B for 5 min, and maintained it for more 5 min (Filip et al.,
2001). The flow rate was 1.0 ml/min and injection volume was 20 pl. Data acquisition
by the PDA system was monitored at 265 nm for caffeine and theobromine, and at 325
nm for caffeic and chlorogenic acids. Before analyses, the mobile phase was filtered
through a 0.45 um membrane filter in a solvent filtration apparatus (Millipore, USA)
and sonicated. The reference standards (chlorogenic acid, caffeic acid, theobromine and
caffeine) were purchased from Sigma—Aldrich® (St. Louis, MO, USA) and prepared as
50% hydroethanolic solvents. Different wavelengths were considered at 325 nm for
phenolic derivatives and 265 nm for methylxanthines. All samples, including mates,

were filtered through 0.45 mm nylon filters and injected into the HPLC equipment.
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2.5. Animals

All experiments were performed using 2-3 month-old male Swiss mice (25-35 g). A
total at 32 animals were housed in groups at a controlled room temperature (22 + 2°C)
and humidity (60-80 %), under a 12-12 h light-dark cycle (lights on at 07:00 a.m.), and
with food and water available ad libitum. All experimental procedures were based on
the ‘‘Principles of Laboratory Animal Care’’ from the NIH publication No. 85-23, the
International Standards of Animals recommended by the Brazilian Law (#11.794 -
10/08/2008), and approved by the Animal Ethics Committee of the Fundacao
Universidade Federal do Pampa.

2.6. Diabetes induction and IP treatment

STZ was prepared in fresh citrate buffer (0.05 M, pH 4.5) and administered to animals
after 4 hours of fasting at a dose of 100 mg/kg, i.p., according to Salgueiro et al. (2016).
Five days after STZ administration, hyperglycemia was confirmed using ACCU-Check
Active (Roche Diagnostics). IP treatment (850 mg/kg by gavage) started after
confirmation of hyperglycemia and lasted for 12 weeks. The animals were distributed
into four groups:

e G1: Control untreated: received only citrate buffer i.p. and drank water
throughout the whole period;

e (G2: STZ untreated: received a single STZ dose (100 mg/kg, i.p.) and drank
water throughout the whole period,

e G3: Control Mate: received only citrate buffer i.p., drank water ad libitum and
IP extracts by gavage once a day.

e G4: STZ + Mate: received a single STZ dose (100 mg/kg, i.p.), drank water ad

libitum and IP extracts by gavage once a day.
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2.7. Assessment of response to thermal stimulation by hot plate

The response to thermal stimuli was evaluated before and after induction of diabetes,
once a week during 12 weeks of treatment. This response was tested on a hot plate
equipment, according to previous reports (Goecks, 2011).

2.8. Evaluation of glycemic profile

Prior to euthanasia, glucose blood levels were measured in blood sample obtained
from the tail of mice, using a glucometer.

2.9. Tissue preparation for biochemical analyses

After exposed to treatments, animals were sacrificed and whole blood was collected in
heparinized tubes by cardiac puncture. The liver, kidneys and brain were removed and
homogenized in cold NaCl (0.9 %). The homogenates were centrifuged at 4,000 g for
10 min at 4° C, and the supernatants were then collected for biochemical analyses.

2.10. Evaluation of serum fructosamine levels, and AST and ALT markers

The levels of fructosamine and liver damage markers (AST and ALT) were evaluated
in blood samples using commercial Kits (Labtest, Minas Gerais/Brazil).
2.11. Measurement of SOD, CAT, 6-ALA-D enzyme activities

The activity of superoxide dismutase (SOD) was determined according to the protocol
proposed by Kostyuk and Potapovitch (1989). Catalase (CAT) activity was estimated
according to the protocol proposed by Aebi (1984). The activity of 6-ALA-D was
assessed by measuring the formation of porphobilinogen (PBG), in accordance with the
method described by Sassa (1982).

2.12. Evaluation of lipid peroxidation

The levels of lipid peroxidation in tissues were determined as the levels of TBA

reactive substances (TBA-RS), according to the method proposed by Ohkawa et al.

(1979).
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2.13. Analysis of the levels of non-protein thiols (SHNP)

The levels of non-protein thiols were assessed according to the method described by
Ellman (1959), and modified by Maldonado et al. (2006). All analyses were corrected
by protein content, using Bradford’s method (Bradford, 1976).

2.14. Statistical analysis

Graphic data were expressed as mean £ SEM. Statistical evaluation of the results was
carried out using a two-way analysis of variance followed by post hoc Tukey’s test.
Data were analyzed using GraphPad Prism 6.0 software (San Diego, CA, USA).

Statistical significance was reached at p<0.05 values.
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3. Results

3.1 Phytochemical composition of llex paraguariensis extract

Chromatographic analysis showed four marker components present in IP mate (data
not shown); these phenolics and methylxanthines have been identified as theobromine
(6.5 min), chlorogenic acid (9.43 min), caffeic acid (18.42 min) and caffeine (18.42
min), according to their retention time and UV absorbance compared to purified
standards. According to the standard peak-area ratio, the order of relative amounts of
the compounds found in mate was as follows: chlorogenic acid (11.82 mg/g) > caffeine
(8.26 mg/ g) > caffeic acid (7.44 mg/g) > theobromine (5.07 mg/qg), respectively.
3.2 llex paraguariensis extract reduce glucose levels, glycosylated blood proteins and
normalize the level of hepatic enzyme AST in plasma

The results obtained in this study confirm the efficacy of the experimental model
since 100 mg/kg STZ caused an increase in blood glucose levels (Fig. 1A) and
glycosylated blood proteins (Fig. 1B), and altered liver function (Fig. 1C and 1D).
These data allowed us to verify that, after three months of treatment with yerba mate
extracts, glucose levels and glycosylated proteins in the blood in the STZ + Mate were
normalized almost to baseline levels (Figs. 1A and 1B). Besides that, after treatment
with IP extracts, we observed a partial improvement of hepatic function in mice
evidenced by blood levels of liver enzyme AST, but not in ALT (Fig. 1C and 1D).
3.3 llex paraguariensis extract reduce lipid peroxidation in liver, kidney and brain

As seen in Figure 2, STZ increased lipid peroxidation in mice liver (Fig. 2A), kidney
(Fig. 2B) and brain (Fig. 2C), expressed herein as the levels of TBA-RS. The treatment
with IP extract was able to reduce lipid peroxidation in the three tissues analyzed by

decreasing the level of reactive species close to the level of control group.
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3.4 llex paraguariensis extract normalizes the redox status of tissue evaluated by the

modulation of activity of the enzymes SOD and CAT

Experimental model of diabetes showed increased activity of the antioxidant enzymes
superoxide dismutase (SOD) (Figure 3) in liver (Fig. 3A) and kidney (Fig. 3B), as well
as catalase (CAT) in liver (Fig. 3C), kidney (Fig. 3D) and brain (Fig. 3E). Treatment
with IP extract normalized the activity of SOD in liver and kidney, as well as the
activity of CAT in liver and brain compared to control levels.

3.5 llex paraguariensis extract normalized non-protein thiols (NPSH) levels in liver,
kidney and brain.

The STZ-induced diabetes model caused increased levels of non-protein thiols (Figure
4) in mice liver (4A), kidney (4B) and brain (4C). After 12 weeks of treatment with IP
extract, the levels of NPSH were normalized to control level in liver, kidney and brain
tissues.

3.6 Treatment with llex paraguariensis prevented the accumulation of ALA substrate in
the liver

Streptozotocin caused an inhibition in the activity of the ALA-D enzyme in liver,
kidney and brain (Figure 5), which produced a subsequent accumulation of ALA
substrate in these tissues. IP extract normalized the liver (Fig. 5A) ALA-D activity after
treatment, but not in the kidney (Fig. 5B) and brain (Fig. 5C).

3.7 llex paraguariensis extract reduces peripheral neuropathy in diabetic animals

Diabetic mice presented signs correlated with peripheral neuropathy, evidenced as a
longer time of contact of the paws in a hot plate. Treatment with IP extract significantly

reduced the response time of animals to this test (Figure 6).
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4. Discussion

In the present study we evaluated whether the IP extracts could be benefitial in the
reduction of glycemia and re-establishment of the redox status of some tissues. In fact,
some hypoglycemic effects of the extracts were found, reducing the glycemia and the
level of glycosylated proteins in the plasma of STZ-treated mice. This result can be
explained by the phytochemical composition of the extract, which, as shown, is rich in
phenolic compounds, mainly chlorogenic acid. Altogether, these IP components have
been described to exert a wide range of biological and pharmacological activities
(Pereira et al, 2012; Lima et al, 2014).

The capacity of C-glycosylated flavonoids to exert effects on insulin secretagogue has
been described in the literature (Cazarolli et al., 2009; Folador et al., 2010). However, in
our model, after the destruction of pancreatic B cells, no insulin production occurred.
Therefore, we hypothesize that IP extracts might exert insulin-like effects, favoring the
intracellular uptake of glucose, thereby reducing blood glucose and the levels of
glycosylated proteins associated with the levels of fructosamine. Broadhurst et al.
(2000) found similar results when analyzing and comparing forty nine herbs, spices, and
herbal extracts in an insulin-dependent model. These authors found an insulin-like effect
in some herbs analyzed and concluded that the polyphenols present in the extracts were
responsible for this effect.

Aminotransferase enzymes are widely distributed in the body and are present in high
concentrations in hepatocytes. Necrosis, or any disorder that causes hepatic damage,
increases blood levels of intracellular enzymes such as AST and ALT (Scott et al.,
1984;. Wang et al., 2010; Xu et al., 2014). In the experimental model of STZ-induced
diabetes, we found an increase in AST and ALT plasma levels. After treatment with IP

extracts, we observed a partial improvement of hepatic function in mice evidenced by
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blood levels of liver enzyme AST. Thus, we suggest that our extracts exerted partial

protective activity in liver in this model. Similarly, Janbaz et al. (2003) found a
protective effect of caffeic acid and quercetin under elevated transaminase levels in
blood following contact with a substance that produces hepatic toxicity. These authors
corroborated our explanation that the properties of these compounds represent a
contributing factor in this effect.

On the other hand, the mechanism of tissue damage taking place in our diabetes
model appears to be common to all injured cells, and results as a consequence of
cellular oxidative stress after increased ROS production, which may be due to auto-
oxidation of glucose, formation of advanced glycation end products (AGEs), and
alterations in the content and activity of the whole antioxidant defense system in tissue
(Reis et al., 2008; Silva et al., 2011). It is also believed that the oxidation of lipids and
proteins is associated with the development of complications in this syndrome (Rosen et
al., 2001; Folmer et al., 2002; Brownlee, 2005).

The hyperglycemia observed in mice treated with STZ may lead to the formation of
hydrogen peroxide, which in turn generates free radicals such as Oze- and OHe. These
reactive species cause lipid peroxidation resulting from the formation of endoperoxides
and fatty acid hydroperoxides, which produce increased malondialdehyde formation and
thromboxane-B2 (Negri, 2005).

IP components have been described to exert a wide range of biological and
pharmacological activities (Pereira et al, 2012; Lima et al, 2014). Protective effects of
the tested extracts can be attributed to their antioxidant properties linked to their
composition, therefore exerting protective actions on lipid peroxidation in the STZ-
treated animals receiving IP extracts. Our findings are in agreement with previous

reports describing this effect (Venkateswaran and Pari, 2003; Negri, 2005)
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Since during oxidative stress there is an increased generation of ROS, the endogenous

defense systems sense this condition and increase their activity as a compensatory
response (Halliwell and Gutteridge, 2007), as evidenced in this study with SOD and
CAT activities, and NPSH levels. In contrast, the tested extracts acted normalizing the
levels of CAT and SOD enzymes, as well as the levels of non-protein thiols. We suggest
that these effects are due to the phytochemical composition of the extracts, whose main
component is chlorogenic acid, a well-known antioxidant. Phenolic compounds are
considered as exogenous antioxidants acquired through the diet (Sousa et al., 2007).
When there is a supplementation with yerba mate extracts, it is likely that their
components acted neutralizing excess ROS induced by diabetes, thus normalizing the
enzymatic activity of SOD and CAT, and non-protein thiol levels.

Herein, we also show that STZ inhibited the activity of 6-ALA-D enzyme in all
analysed tissues. This results in the accumulation of 5-aminolevulinic acid (ALA).
ALA, under pathological conditions, acts as pro-oxidant (Smith et al, 2012), thus
aggravating the cellular oxidative damage caused by hyperglycemia (Pereira et al.,
1992; Bechara et al., 1993; Folmer et al., 2003). Our results show that treatment with 1P
extracts prevented the damage caused by STZ. These treatments protected against the
inhibition of ALA-D enzyme in mice liver, but not in kidney or brain, improving the
redox status of hepatic cells. Performing similar analyzes, Smith et al. (2012) found that
green tea reversed the inhibition of 3-ALA-D enzyme in mice, and attributed this effect
to the total content of polyphenols found in tea. Derived from this conclusion, we
suggest that the effects shown in this study exerted by the IP extracts are due to their
bioactive compounds acting as exogenous antioxidants, thus contributing to cell

protection and reversing the damage caused by STZ in mice.
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Diabetic neuropathy is the most common complication of diabetes mellitus, and is

considered the main factor of morbidity and mortality in this disease (Basi¢-Kes et al.,
2011). Since the STZ model used herein can mimic diabetic neuropathy, we used the
hot plate behavioral test to evaluate thermal sensitivity. We observed damage to the
nervous system evidenced by peripheral neuropathy caused by STZ. Animals receiving
STZ spent more time with the feet in contact with the hot plate than control mice,
indicating loss of peripheral sensitivity caused by neuropathy. In contrast, animals that
received yerba mate extracts spent less time in contact with the plate, indicating that
peripheral sensitivity was restored to the level of control mice.

The pathogenesis of peripheral neuropathy has been studied in several animal models.
However, several groups report no reproducibility of the changes caused by this
condition in humans (Cameron et al., 2001; Obrosova et al., 2009). Among the several
possible mechanisms linked to this condition are non-enzymatic glycation and glyco-
oxidation of biomolecules (Cameron et al., 2005; Toth et al., 2008), activation of
protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) (Price et al 2004;
Cheng et al., 2010), and oxidative and nitrosative stress (Cameron et al., 2001; Coppey
et al., 2000; Obrosova et al., 2004). Here we demonstrate that treatment of mice with
yerba mate extracts reduced peripheral neuropathy induced by STZ. We therefore
hypothesize that this effect was produced by the bioactive compounds present in IP;
among these are phenolic compounds known for their powerful antioxidant activity
(Sousa et al., 2007). Macro and microvascular complications of diabetes mellitus also
affect the nervous tissue (Philippe et al., 2014). About 60 % of all diabetics develop
peripheral neuropathy related with alterations in thermal and mechanical sensitivity

(Vincent et al., 2011).
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In summary, the extracts tested in this study exhibited a variety of beneficial effects,

reversing the damage caused by STZ in mice most probably through their well-known

antioxidant properties.
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5. Conclusion

In the present report, we confirmed the efficacy of the model of type 1 diabetes in
mice induced by STZ, and demonstrated the protective effects of IP extracts on
oxidative stress parameters, blood glucose levels, liver damage markers and peripheral
neuropathy. The IP extracts tested here demonstrated efficacy to reverse the
complications caused by chronic hyperglycemia in the animal model of type 1 diabetes.
These findings, together with evidence collected from the literature, suggest that 1P
compounds may help for the design of therapeutic alternatives for the treatment of
diabetes mellitus by reducing oxidative stress and other damaging mechanisms in this

disease.
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Figures captions

Figure 1. Glucose, fructosamine, AST and ALT levels in mice blood. + Indicates
differences vs. control (untreated), and *indicates differences vs. STZ group. Data were

analyzed by two-way ANOVA followed by post hoc Tukey’s (p<0.05).

Figure 2. Levels of lipid peroxidation (TBA-RS formation) in mice liver (Fig.2A),
kidney (Fig. 2B) and brain (Fig. 2C). + Indicates differences vs. control (untreated), and
*indicates differences vs. STZ group. Data were analyzed by two-way ANOVA

followed by post hoc Tukey’s (p<0.05).

Figure 3. SOD activity in mice liver (Fig. 3A) and kidney (Fig. 3B); and CAT activity
in mice liver (Fig. 3C), kidney (Fig. 3D) and brain (Fig. 3E). + Indicates differences vs.
control (untreated), and *indicates differences vs. STZ group. Data were analyzed by

two-way ANOVA followed by post hoc Tukey’s (p<0.05).

Figure 4. NPSH levels in mice liver (Fig.4A), kidney (Fig. 4B) and brain (Fig. 4C). +
Indicates differences vs. control (untreated), and *indicates differences vs. STZ group.

Data were analyzed by two-way ANOVA followed by post hoc Tukey’s (p<0.05).

Figure 5. 3-ALA-D activity in mice liver (Fig.5A), kidney (Fig. 5B) and brain (Fig.
5C). + Indicates differences vs. control (untreated), and *indicates differences vs. STZ
group. Data were analyzed by two-way ANOVA followed by post hoc Tukey’s

(p<0.05).
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Figure 6. Evaluation of thermal sensitivity in mice by hot plate. + Indicates

differences vs. control (untreated), and *indicates differences vs. STZ group. Data were

analyzed by two-way ANOVA followed by post hoc Tukey’s (p<0.05).
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Figure 5
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4 DISCUSSAO GERAL

No presente trabalho exploramos pela primeira vez os efeitos benéficos e protetores
dos extratos de llex paraguariensis (Ip) em modelos bioldgicos in vivo e in vitro a partir de
diferentes condicdes patologicas.

Inicialmente, pensando-se em avaliar a unidade funcional e estrutural de comunicacao
do SNC, as sinapses, utilizamos terminacdes nervosas isoladas do cérebro de ratos na
presenca de alguns agentes tdxicos. Adicionalmente, também comparamos os efeitos dos
extratos de llex paraguariensis com os do acido clorogénico, em marcadores bioquimicos de
dano como a funcdo mitocondrial, dano oxidativo a lipidios e producdo de ROS, bem como a
taxa de glutationa reduzida/oxidada como um indice de defesa antioxidante dessas estruturas.
Os extratos de llex paraguariensis tiveram um efeito protetor ao dano oxidativo induzido em
sinaptossomas, através da reducdo da producédo de ROS , reducdo da peroxidacao de lipidios e
também preveniram a deplecdo de glutationa, o que refletiu diretamente na protecdo da
funcdo mitocondrial exibida.

Orientando a investigacdo para avaliacdo in vivo no SNC, utilizamos um mecanismo
de lesdo indireta e avaliamos marcadores gerais funcionais e estruturais, comparando
novamente os efeitos da erva mate com o seu componente majoritario, o acido clorogénico
(Colpo et al., 2016; Lima et al., 2017).

O modelo de estresse por restricdo de movimentos afeta a motricidade, governada pela
funcdo cortico estriatal e também a ansiedade, controlada pela fungéo cortico hipocampal dos
animais. Tais efeitos comportamentais sdo correlacionados com algum grau de deterioragéo
morfoldgica das trés regides envolvidas (Colin-Gonzalez et al., 2015; Becerril-Chavez et al.,
2017).

Os animais estressados, que ndo receberam tratamento, indicam uma possivel redugdo

do carater exploratério, naturalmente exibido por roedores, além de um comportamento



97

ansiolitico elevado, corroborando com dados previamente encontrados (Becerril-Chavez et
al., 2017).

O estresse por restricdo de movimentos gera dano oxidativo podendo inclusive, causar
a morte celular em diferentes regides cerebrais, conforme ja relatado por alguns autores
(Radak et al., 2001; Colin-Gonzélez et al., 2015; Becerril-Chavez et al., 2017). De fato,
nossos dados mostraram uma correlacdo entre as alteracbes comportamentais e um
incremento no dano celular de cortex, hipocampo e estriado ex vivo.

Os efeitos do extrato de erva mate foram superiores aos do acido clorogénico tanto nos
parametros comportamentais, quanto a citotoxicidade. Os animais apresentaram inclusive uma
maior atividade locomotora, em comparacdo com o controle. Este fato pode ser explicado
devido ao extrato possuir na sua composicdo cafeina (Colpo et al., 2016), conhecida como
estimulante do SNC (Alves et al.,2009).

Os dados encontrados apontam evidéncias de que ha um sinergismo dos compostos
bioativos dos extratos de erva mate, pois quando isolou-se o composto fendlico principal,
acido clorogénico, este apresentou atividade inferior.

Recentemente, nosso grupo publicou um artigo que apoia nossos resultados e
consideracdes (Colpo et al., 2017), em tal reporte, foi demonstrado que no mesmo modelo de
estresse cronico, 0 extrato de erva mate preveniu diferentes marcadores de estresse oxidativo,
dando a este evento o carater causal de dano ao Sistema Nervoso Central e justificando os
efeitos protetores dos compostos testados.

Por fim, pensamos em estimar o efeito da erva em nivel geral, sem envolver
mecanismos especificos, através da avaliacdo de aspectos dos sistemas antioxidantes e da
vulnerabilidade dos diferentes orgédos frente ao dano produzido por um modelo mimético de

diabetes tipo 1.
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De fato, o modelo de indugdo com estreptozotocina, conforme ja relatado na literatura
(Furman et al., 2015), provoca destruicdo das células beta pancreaticas, com consequente
aumento da glicemia dos animais devido a deficiéncia de insulina.

Na diabetes, a hiperglicemia cronica é considerada o fator de risco para o
desenvolvimento das complicacdes pela doenca (Tiwari & Rao, 2002). A primeira
consequéncia da hiperglicemia cronica é a producdo aumentada de ROS (Reis, 2008), o que
leva a ativacdo de diferentes vias metabolicas, conforme pode ser visto na figura 5. Por
conseguinte, os eventos que seguem a ativacdo das vias culminam com a situacdo de estresse
oxidativo, que ocorre pela acdo de reducdo dos sistemas antioxidantes endogenos (Santini et

al., 1997; Wajchenberg, 2002; Reis, 2008).
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Figura 5 — Associacdo da ativacdo das vias metabdlicas e o estresse oxidativo no diabetes.
Fonte: Wajchenberg, 2002.

Schmatz et al. (2012) observaram que ratos diabéticos apresentaram, apés 30 dias,
uma reducdo na atividade das enzimas antioxidantes, bem como no nivel de tidis nédo
proteicos, o que foi prevenido nos animais que foram tratados com resveratrol.
Contrariamente, 0s nossos resultados apresentaram um aumento na atividade das enzimas e

também no nivel de tidis ndo proteicos em figado, rim e cérebro dos camundongos diabéticos.



99

O tratamento com extrato de erva mate durou 90 dias, desta maneira, acreditamos que
os efeitos encontrados tenham sido uma  resposta compensatoria do organismo dos animais
frente ao dano causado pela estreptozotocina, o que corrobora com os dados de Salgueiro et
al., 2016.

O extrato de erva mate foi capaz de normalizar as defesas antioxidantes ao nivel do
controle e também prevenir a neuropatia diabética nos animais tratados. A neuropatia
diabética estd diretamente relacionada com o estresse oxidativo resultante do aumento do
fluxo de glicose pela via dos poliodis. Na referida via, o sorbitol é convertido a frutose, o que
leva a um aumento na formacdo de seus derivados, frutose-3-fosfato e 3- deoxiglicosonas, que
sdo agentes da glicacdo ndo enzimaticas (AGEs) (Chung et al., 2003;Rocha et al., 2006; Reis,
2008).

Os AGEs se acumulam na maioria dos 6rgdos-alvo que podem ser acometidos no
diabetes, e além disso, tem sido relatados por agregarem-se aos nervos periféricos, piorando
assim a neuropatia diabética devido a reducdo da velocidade de conducdo nervosa e do fluxo
sanguineo para o local (Hammes et al., 1999; Chen et al., 2004; Barbosa et al., 2008).

Acredita-se que os efeitos relatados do extrato de llex paraguariensis no modelo de
diabetes induzido por estreptozotocina sejam devido as propriedades antioxidantes ja
relatadas (Oliveira et al., 2011;) através de diferentes mecanismos, desde a sua capacidade em
capturar espécies reativas de oxigénio (ROS) (Olthof et al., 2001; Lima et al., 2017) , até a sua
capacidade moduladora da atividade redox através da modulacdo da atividade e expressao do
sistema de defesa enzimatico (Pereira, 2013) que a erva mate apresenta.

Além disso, alguns autores explanam que derivados fenolicos podem possuir atividade
inibitdria sobre as enzimas chave, como a aldose redutase, a-amilase (Matsuda et al., 1998;
Kobayashi et al., 2000), ou tambem, podem atuar inibindo a absorcdo de glicose, 0 que pode

explicar a reducdo da glicemia nos animais (Welsch et al., 1989; Tiwari e Rao, 2002).
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Os efeitos protetores dos extratos foram efetivos nos trés modelos desenvolvidos
através, presumivelmente, das acdes que seus diversos compostos exercem, sobretudo
antioxidante, frente a exacerbada atividade pré-oxidante apresentada pelas diferentes
condicdes toxicas testadas.

Em cada modelo, as ac¢Ges antioxidantes dos extratos de Ip, foram capazes de reduzir
ou inibir os diversos marcadores de toxicidade avaliados. Juntamente com os efeitos benéficos
exercidos pelo &cido clorogénico, os resultados obtidos com os extratos de Ip sugerem, de
maneira solida um amplo espectro de atividade terapéutica a nivel experimental por parte
deste composto natural.

As implicacOes destes resultados impactam ndo somente a investigacdo biomédica ao
sustentar a eficacia de compostos naturais ricos em antioxidantes contra eventos tdxicos
gerados por diversas patologias, se ndo também o nivel social e cultural, ao demonstrar que
compostos naturais que sdo consumidos tradicionalmente por populacdes especificas
constituem um elo da biomedicina moderna com a cultura tradicional.

Portanto, as repercussdes do presente trabalho fomentam que infusfes de erva mate
devem seguir sendo consumidas como habito cultural pois podem exercer efeitos benéficos a
salde do povo que a consome (Dutra et al., 2010; Bracesco et al., 2011; Janior & Morand,
2016).

Os compostos fendlicos, especialmente os flavonoides, que constituem, entre outros
componentes, a erva mate, possuem uma ampla atividade antioxidante (Pietta, 2000;
Havsteen, 2002; Denisov & Afanas’ev, 2005), atuando na reducdo do estresse oxidativo e
podendo exercer atividade benéfica em outras alteracbes celulares paralelas como a
inflamacéo (Arcari et al., 2011;Puangpraphant et al., 2011), disfuncdo mitocondrial e déficit
energético (Lima et al., 2017), excitotoxicidade (Schinella et al., 2000; Anesini et al., 2012) e

a morte celular (Bixby et al., 2005).
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Ja foi demonstrado que alguns compostos do extrato de erva mate, como acido
clorogénico e a cafeina, atuam no SNC via barreira hematoencefalica na sua forma intacta ou
através de metabdlitos (Ito. et al., 2008), o que explica em parte os efeitos protetores aqui
expostos. Além disso, um estudo mais recente (Oliveira et al., 2013) verificou a
biodisponibilidade de extratos de erva mate e constatou que os acidos clorogénicos livres
foram os principais acidos fendlicos presentes no estbmago e intestino grosso, enquanto no
plasma, figado e urina foram encontrados metabolitos, especialmente o acido cafeico ligado
ao acido glicurénico.

Sem embargo, com os resultados aqui apresentados, podemos conferir aos extratos de
erva mate efeitos hipoglicemiantes, antiexcitotdxicos, citoprotetores e reguladores da
motricidade. A diversidade destes efeitos modula diferentes vias que estes compostos podem
estar regulando nos organismos vivos e que devem ser mais exploradas em estudos
posteriores.

Uma alternativa para explicar a inibicdo de processos diversos de dano através da
modulacéo redox radica na regulacdo de vias de sinalizacdo mediadas pela estimulagdo de
fatores de transcricdo de resposta antioxidante, como o Nrf2. Esse fator € conhecido como
regulador mestre de respostas antioxidantes em organismos vivos (Jaiswal, 2004; Singh et al.,
2010; Johnson & Johnson, 2015), e tem um reportado cruzamento com vias inflamatorias,
como NFKB, inibindo as moléculas pr6 inflamatorias (Linker et al., 2011; Scannevin et al.,
2012).Em estudos futuros, avaliaremos o papel deste fator na sinalizacdo antioxidante e o seu
efeito em outras vias de dano confluentes.

O denominador comum nos modelos avaliados é o dano oxidativo, e o fator comum
nos compostos testados € o seu carater antioxidante. Desta maneira, propomos a hipotese de
que o potencial antioxidante e modulador redox dos extratos de erva mate, bem como a agéo

do acido clorogénico, ja reportado como antioxidante e indutor da ativacdo de Nrf2 (Sato et
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al., 2011; Jang & Kim et al., 2017), sdo os responsaveis pela protecdo encontradas em todos
resultados desta tese.

Conferimos ao estresse oxidativo o valor causal de dano em nivel central e periférico
em diferentes patologias, e sustentamos o valor dos antioxidantes para o desenho de terapias
comuns a estas doencas. Afirmamos entdo que tanto a diabetes, como as alteragdes produzidas
pelo estresse e as doencgas neurodegenerativas dividem o elemento comum de dano oxidativo
e o potencial de ser moduladas por antioxidantes (Rocha et al., 2006; Salgueiro et al., 2016;
Colpo et al, 2017; Lima et al., 2017)

Adicionalmente, um papel realmente neuroprotetor dos flavonoides encontrados nos
extratos de Ip requer uma caracterizacdo experimental mais detalhada, dado que a
citoprotecdo demonstrada em nossos estudos nao implica neuroprotecdo de maneira
especifica. A este respeito, futuros estudos avaliando a capacidade neuroprotetora especifica
dos flavonoides dos extratos de Ip deve ser realizada através da avaliacdo da experessao de
proteinas neuronais especificas, tais como NeuN e MAP2, as quais podem ser encontradas
como parte do citoplasma do citoesqueleto dos neurdnios (Mullen et al, 1992; Riederer et al.,
1995). A perspectiva de encontrar propriedades neuroprotetoras para estes compostos através
de diferentes modelos experimentais de neurotoxicidade constitui uma alternativa per se para
continuar nossos estudos.

Em resumo, os resultados prometedores das nossas investigacdes ndo sO sustentam
efeitos protetores de componentes ativos de llex paraguariensis, mas também fomentam uma
investigacdo mais profunda dos mecanismos que esses agentes exercem para gerar tal

protecdo em modelos toxicos diversos.
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5 CONCLUSOES

De acordo com os resultados apresentados nesta tese pode-se concluir que 0s extratos
de erva mate apresentam efeito hipoglicemiante e preventivo da neuropatia diabética bem
como reducdo do nivel do marcador de dano hepatico AST e os niveis de frutosamina em
camundongos diabéticos induzidos com estreptozotocina,

Além disso, o extrato também apresentou efeito benéfico ex vivo na modulacdo redox
de alguns marcadores antioxidantes como a normalizacdo da atividade das enzimas
superdxido dismutase, catalase, delta aminolevulinato desidratase. O extrato normalizou ainda
o nivel de espécies reativas ao acido tiobarbitlrico e de tidis ndo proteicos, nos animais
diabéticos.

Com relacdo ao modelo de estresse por restricdo de movimentos, o extrato foi mais
efetivo que o &cido clorogénico, pois melhorou a atividade locomotora e reduziu a atividade
ansiolitica dos ratos estressados. Ademais, 0 extrato protegeu hipocampo, cértex cerebral e
corpo estriado ex vivo do dano celular induzido pelo estresse, nesses animais.

Por conseguinte, o extrato de erva mate exibiu novamente efeito superior ao do acido
clorogénico na protecdo ao dano oxidativo induzido in vitro, em sinaptossomas. Verificamos
uma reducdo da formacdo de ROS, menor peroxidacdo de lipidios e manutencdo da razao
GSH/GSSG nos niveis adequados, o que deve ter influenciado na protecdo da funcéo
mitocondrial observada neste modelo.

O conjunto de dados encontrados aponta que 0s extratos de erva mate atuam de
maneira sinérgica reduzindo o estresse oxidativo e dessa maneira, atenuando o dano de

algumas condicdes clinicas que cursam com estresse na sua patogénese.
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6 PERSPECTIVAS

A partir dos resultados apresentados nesta tese, tém-se como perspectiva 0
desenvolvimento de estudos que verifiguem os mecanismos envolvidos nos efeitos dos
extratos de erva mate aqui expostos.

Estudaremos os mecanismos especificos envolvidos nos padrdes de protecdo da erva
mate, atraves de estudos de sinalizacdo e regulacdo/ modulacdo de vias. Temos um interesse
particular na possivel ativacdo das vias antioxidantes como a Nrf2/Keapl/ARE e o possivel
silenciamento ou modulacdo de vias inflamatorias como a NFkB/IkBa/IRE. Acompanhado
desses estudos, abordaremos os padrées de atividade e expressdo de proteinas antioxidantes e
pré/anti-inflamatorias.

Com estas novas aproximacdes, daremos aos efeitos de erva mate uma nova dimensao

de acBes a niveis celular, bioquimico e molecular.



106

REFERENCIAS BIBLIOGRAFICAS

Adly, A. A. M. Oxidative Stress and Disease: An Updated Review. Research Journal of
Immunology, 2010, 3:129-145.

Alves, R. C., Casal, S., & Oliveira, B. Beneficios do café na saide: mito ou realidade. Quim
Nova, 2009; 32(2169), e80.

American Diabetes Association. Diagnosis and Classification ofDiabetes Mellitus. Diabetes
Care, 2014, 37(1).

Andrade JP, Assuncao M. Protective effects of chronic green teaconsumption on age-related
neurodegeneration. CurrPharm Des., 2012, v:18:4-14.

Anesini, C., Ferraro, G., & Filip, R. Peroxidase-like activity of llex paraguariensis. Food
Chemistry, 2006; 97(3), 459-464.

Anesini, C., Turner, S., Cogoi, L., & Filip, R. Study of the participation of caffeine and
polyphenols on the overall antioxidant activity of mate (llex paraguariensis). LWT - Food
Science and Technology,2012; 45, 299-304.

Arcari, D. P., Bartchewsky, W., Dos Santos, T. W., Oliveira, K. A., DeOliveira, C. C.,
Gotardo, E. M., ... & Ribeiro, M. L. Anti-inflammatory effects of yerba maté extract (llex
paraguariensis) ameliorate insulin resistance in mice with high fat diet-induced obesity.
Molecular and cellular endocrinology, 2011; 335(2), 110-115.

Atif, F, Yousuf, S, & Agrawal, SK. Restraint stress-induced oxidative damage and its
amelioration with selenium. European journal of pharmacology, 2008; 600(1), 59-63.

Balzan, S., Hernandes, A., Reichert, C. L., Donaduzzi, C., Pires, V. A., Gasparotto, A., &
Cardozo, E. L. Lipid-lowering effects of standardized extracts of llex paraguariensis in
high-fat-diet rats. Fitoterapia, 2013; 86, 115-122.

Barbosa KBF, Costa NMB, Alfenas RCG, Paula SO, Minim VPR, Bressan J. Estresse
oxidativo: conceito, implicacBese fatores modulatérios.Rev. Nutr.,2010, 23(4):629-643.
Barbosa, JH, Oliveira, SL, & Seara, LT. The role of advanced glycation end-products (AGESs)
in the development of vascular diabetic complications. Arquivos Brasileiros de

Endocrinologia & Metabologia, 2008; 52(6), 940-950.

Barreiros ALSB, David JM. Estresse oxidativo: relacdo entre geracdo deespecies reativas e
defesa do organismo. Quim. Nova, 2006, Vol. 29, No. 1, 113-123.

Bastos, D. H., Saldanha, L. A., Catharino, R. R., Sawaya, A., Cunha, I. B., Carvalho, P. O., &
Eberlin, M. N. Phenolic antioxidants identified by ESI-MS from yerba maté (llex



107

paraguariensis) and green tea (Camelia sinensis) extracts. Molecules, 2007; 12(3): 423-
432.

Becerril-Chavez, H., Colin-Gonzalez, A. L., Villeda-Hernandez, J., Galvan-Arzate, S.,
Chavarria, A., de Lima, M. E., ... & Santamaria, A. Protective effects of S-allyl cysteine on
behavioral, morphological and biochemical alterations in rats subjected to chronic restraint
stress: Antioxidant and anxiolytic effects. Journal of Functional Foods, 2017; 35: 105-114.

Bennett RA, Pegg AE. Alkylation of DNA in rat tissues following administration of
streptozotocin. Cancer Res., 1981, 41(7):2786-90. 12.

Bianchi MLP, Antunes LMG. Radicais livres e os principais antioxidantes da dieta. Rev
Nutr., 1999, 12(12):123-30.

Bixby, M., Spieler, L., Menini, T., & Gugliucci, A. llex paraguariensis extracts are potent
inhibitors of nitrosative stress: a comparative study with green tea and wines using a
protein nitration model and mammalian cell cytotoxicity. Life Sciences, 2005; 77(3), 345-
358.

Bracesco N, Dell M, Rocha A, Behtash S, Menini T, Gugliucci A, Nunes, E. Antioxidant
activity of a botanical extract preparation of llex paraguariensis, prevention of DNA
double-strand breaksin Saccharomyces cerevisiae and human low-density lipoprotein
oxidation. Journal of Alternativeand Complementary Medicine, 2003, v. 9:378-387.

Bracesco N, Sanchez AG, Contreras V, Menini T, Gugliucci A. Recent advances on llex
paraguariensis research: Minireview. Journal of Ethnopharmacology, 2011, 136(3):378-
84.

Bradford, M. M. (1976). "A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding." Anal Biochem 72: 248-
254,

Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature.
2001;414(6865):813-20.

Campos, A.M., Escobar, J., Lissi, E.A. The total reactive antioxidant potential (TRAP) and
total antioxidant reactivity (TAR) of llex paraguariensis extracts and red wine. Journal of
the Brazilian Chemical Society, 1996; 7 (1), 43-49.

Capacho, Ana Sofia Cardoso. Avaliacdo in silico da tioredoxina redutase como alvo para
terapia anti-tumoral, 2012. Tese de Doutorado.

Chen As, Taguchi t, Sugiura M, Wakasugi Y, Kamei A, Wang, MW, et al. Pyridoxal-
aminoguanidine adduct is more effective than aminoguanidine in preventing neuropathy
and cataract in diabetic rats. Horm Metab res. 2004;36(3):183-7.



108

Chung, SSM, Ho, ECM., Lam, KSL, e Chung, SK. Contribuition of polyol pathway to
diabetes-induced oxidative stress. J. Am. Soc. Nephrol.,2003; 14: S233 S236.

Colin-Gonzélez, A.L., Becerril, H., Flores-Reyes, B.R. et al. Acute restraint stress reduces
hippocampal oxidative damage and behavior in rats: Effect of S-allyl cysteine. Life
sciences, 2015; 135: 165-172.

Colpo, A.C., Lima, M.E., Maya-Lo6pez, M., et al. Compounds from llex paraguariensis
extracts confer antioxidant effects in the brains of rats subjected to chronic immobilization
stress. Applied Physiology, Nutrition, and Metabolism, 2017,
https://doi.org/10.1139/apnm-2017-0267

Colpo, A.C., Rosa, H., Lima, M.E. et al.Yerba mate (llex paraguariensis St. Hill.)-based
beverages: How successive extraction influences the extract composition and its capacity
to chelate iron and scavenge free radicals. Food chemistry 2016; 209: 185-195.

Comelli F, Bettoni I, Colleoni M, Giagnoni G, Costa B.Beneficial effects of a Cannabis sativa
extract treatment on diabetes-induced neuropathy and oxidative stress. Phytotherapy
Research, 2009, 23, 1678-1684.

De Leon, M.J., McRae, T., Tsai, J.R., George, A.E., Marcus, D.L., Freedman, M., Wolf, A.P.,
McEwen, B. Abnormal cortisol response in Alzheimer’s disease linked to hippocampal
atrophy. Lancet, 1988; 2: 391-392.

De Morais, E. C., Stefanuto, A., Klein, G. A., Boaventura, B. C., De Andrade, F., Wazlawik,
E.,& da Silva, E. L.. Consumption of yerba mate (llex paraguariensis) improves serum
lipid parameters in healthy dyslipidemic subjects and provides an additional LDL-
cholesterol reduction in individuals on statin therapy. Journal of Agricultural and Food
Chemistry, 2009; 57, 8316-8324.

Delfino VDA, F. FJ, Matsuo T, Favero ME, Matni AM, Mocelin AJ. Streptozotocin-induced
diabetes mellitus: long-term comparison of two drug administration routes. . Jornal
Brasileiro de Nefrologia, 2002, 24:7.

Denisov, E. T., & Afanas' ev, I. B. Oxidation and antioxidants in organic chemistry and
biology. CRC press, 2005.

Desco, M.C., Asensi, M., Marquez, R., Martinez-Valls, J., Vento, M., Pallardo, F.V., Sastre,
J. and Vina, J. Xanthine oxidase is involved in free radical production in Type 1 diabates.
Diabetes, 2002; 51: 1118-1124.

Dutra FLG, Hoffmann-Ribani R, Ribani M. Determinagdo de compostosfendlicos por
cromatografia liquida de alta eficiéncia isocratica duranteestacionamento da erva-
mate.Quimica Nova, 2010, v.33,p.119-123.



109

Elsner M, Guldbakke B, Tiedge M, Munday R, Lenzen S. Relative importance of transport
and alkylation for pancreatic beta-cell toxicity of streptozotocin. Diabetologia., 2000,
43(12):1528-33.

Ferreira ALA, Matsubara LS. Radicais livres: conceitos, doencasrelacionadas, sistema de
defesa e estresse oxidativo. Rev Ass Med Brasil., 1997, 43(1): 61-8.

Filip R, Davicino R, Anesini C. Antifungal Activity of the Aqueous Extract ofllex
paraguariensis Against Malassezia furfur. Phytotherapy research, 2010, v. 24: 715- 719.

Filip, R., Davicino, R., & Anesini, C. Antifungal activity of the aqueous extract of llex
paraguariensis against Malassezia furfur. Phytotherapy Research, 2010; 24: 715-719.

Furman, BL. Streptozotocin-induced diabetic models in mice and rats. Current Protocols in
Pharmacology, 2015; 5-47.

Galley HF. Oxidative stress and mitochondrial dysfunction in sepsis.British Journal of
Anaesthesia, 2011, v:107(1):57-64.

Gao, H, Liu, Z, Qu, X, & Zhao, Y. Effects of Yerba Mate tea (llex paraguariensis) on vascular
endothelial function and liver lipoprotein receptor gene expression in hyperlipidemic rats.
Fitoterapia, 2013; 84, 264-272.

Gugliucci, A. Antioxidant effects of llex paraguariensis: induction of decreased oxidability of
human LDL in vivo. Biochem. Biophys. Res. Commun., 1996; 224, 338-344.

Gugliucci, A., & Stahl, A. J. Low density lipoprotein oxidation is inhibited by extracts of llex
paraguariensis. Biochemistry and molecular biology international,, 1995; 35(1), 47-56.
Halliwel, B. Free Radicals and other reactive species in Disease. Encyclopedia of Life

Sciences, 2001.

Halliwell B, Lee CYJ. Using Isoprostanes as Biomarkers of Oxidative Stress:Some Rarely
Considered Issues. Antioxidants & Redox signaling, 2010, v: 13, 2.

Halliwell B, Whiteman M. Measuring reactivespecies and oxidative damage in vivo and in
cellculture: how should you do it and what do theresults mean? Br J Pharmacol.,2004,
142(2):231-55.

Halliwell, B. & Gultteride, J.M.C. Free radicals in biology and medicine, 2007, New York,
(capitulos 3, 4, 5).

Halliwell, B. Free radicals and antioxidants—quo vadis?. Trends in pharmacological sciences,
2011; 32(3), 125-130.

Halliwell, B., & Gutteridge, J. M. Free radicals in biology and medicine. Oxford University
Press, USA. 1985.



110

Hammes HP, Alt A, niwa t, clausen Jt, Bretzel rg, Brownlee M, et al. Differential
accumulation of advanced glycation end products in the course of diabetic retinopathy.
diabetologia. 1999;42(6):728-36.

Havsteen, BH. The biochemistry and medical significance of the flavonoids. Pharmacology &
therapeutics,2002; 96(2), 67-202.

Heck CI, Mejia EG. Yerba Mate Tea (llex paraguariensis): A Comprehensive Review on
Chemistry, Health Implications, and TechnologicalConsiderations. Journal of food science,
2007, v: 72:138-151.

Heck, C.1., de Mejia, E.G. Yerba Mate Tea (llex paraguariensis), a comprehensive review on
chemistry, health implications, and technological considerations. Journal of Food Science,
2007; 72, R138-R151.

Hussein, GM, Matsuda, H, Nakamura, S, Akiyama, T, Tamura, K, & Yoshikawa, M.
Protective and ameliorative effects of maté (llex paraguariensis) on metabolic syndrome in
TSOD mice. Phytomedicine, 2011; 19(1), 88-97.

IDF (International Diabetes Federation). About diabetes. URL: http://www.idf.org/about-
diabetes (Accessed 05.07.2015).

Jaiswal, A. K. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free
radical biology & medicine, 2004; 36, 1199-1207 4.

Jang, M, & Kim, GH. The cytoprotective effect of chlorogenic acid against oxidative stress-
induced cell damage via the ERK and PI3K/Akt-mediated Nrf2/HO-1 signaling pathways.
The FASEB Journal, 31(1 Supplement), 2017; Ib186-1b186.

Johnson,DA, and Johnson, JA.Nrf2-a therapeutic target for the treatment of
neurodegenerative diseases. Free radical biology & medicine, 2015.

Junior, E. L. C., & Morand, C. Interest of mate (llex paraguariensis A. St.-Hil.) as a new
natural functional food to preserve human cardiovascular health-A review. Journal of
Functional Foods, 2016; 21, 440-454.

Kadenbach, B, Ramzan, R, Vogt, S. Degenerative diseases, oxidative stress and cytochrome ¢
oxidase function.Trends in molecular medicine, 2009; 15(4):139-147.

Karunanayake EH, Hearse DJ, Mellows G. Streptozotocin: its excretion and metabolism in
the rat. Diabetologia, 1976, 12:483-8.

Kassab A, Piwowar A. Cell oxidant stress delivery and cell dysfunction onset in type 2
diabetes. Biochimie., 2012, 94:1837-48.



111

Kobayashi, K.; Saito, Y.; Nakazawa, |. e Yoshizaki, F. Screening of Crude Drugs for
Influence on Amylase Activity and Postprandial Blood Glucose in Mouse Plasma. Biol.
Pharm. Bull. 2000 23(10): 1250-1253.

Kwon, S.H., Lee, H.K., Kim, J.A. et al. Neuroprotective effects of chlorogenic acid on
scopolamine induced amnesia via anti-acetylcholinesterase and anti-oxidative activities in
mice. European journal of pharmacology, 2010; 649(1), 210-217.

Lima, M. E., Colpo, A. C., Maya-Lopez, M., et al. Protective effect of Yerba mate (llex
paraguariensis St. Hill.) against oxidative damage in wvitro in rat brain
synaptosomal/mitochondrial P2 fractions. Journal of Functional Foods, 2017; 34: 447-452.

Lima, M.E., Colpo, A.C., Salgueiro, W.G. et al. llex paraguariensis extract increases lifespan
and protects against the toxic effects caused by paraquat in Caenorhabditis elegans.
International journal of environmental research and public health, 2014; 11(10), 10091-
10104.

Linker RA, Lee DH, Ryan S, van Dam AM, Conrad R, Bista P, Zeng W, Hronowsky X, Buko
A, Chollate S, Ellrichmann G, Bruck W, Dawson K, Goelz S, Wiese S, Scannevin RH,
Lukashev M, and Gold R. Fumaric acid esters exert neuroprotective effects in
neuroinflammation via activation of the Nrf2 antioxidant pathway. Brain, 2011; 134: 678—
692.

Liu J., Wang X., Mori A. 1994. Immobilization stress induced antioxidant defences changes
in rat plasma. Effect of treatment with reduced glutathione. Int J Biochem, 1994; 14:511 —
7.

Lucassen, P.J., Pruessner, J., Sousa, N., Almeida, O.F., Van Dam. A.M., Rajkowska, G.,
Swaab, D.F., Czéh, B. Neuropathology of stress. Acta Neuropathologica, 2014; 127: 109-
135.

Madrigal, J.L.M., Moro, M.A., Lizasoain, I. et al. Induction of cyclooxygenase-2 account of
restraint stress-induced oxidative status in rat brain, Neuropsychopharmacology, 2001; 24:
420-429.

Maritim AC, Sanders RA, Watkins JB, 3rd. Diabetes, oxidative stress, and antioxidants: a
review. Journal of biochemical and molecular toxicology, 2003, 17:24-38.
Neuropsychopharmacology 24: 420-429.

Matsuda, H., Li, Y., Murakami, T., Matsumura, N., Yamahara, J., & Yoshikawa,M.
Antidiabetic principles of natural medicines. Ill. Structure-related inhibitory activity and
action mode of oleanolic acid glycosides on hypoglycemic activity. Chemical and
Pharmaceutical Bulletin, 1998; 46(9), 1399-1403.



112

Matsumoto, S., Koshiishi, I., Inoguchi, T., Nawata, H., & Utsumi, H. Confirmation of
superoxide generation via xanthine oxidase in streptozotocin-induced diabetic mice. Free
radical research, 2003; 37(7): 767-772.

McEwen, BS. Protective and damaging effects of stress mediators: central role of the brain.
Dialogues in clinical neuroscience; 2006; 8(4): 367.

Mullen RJ, Buck CR, Smith AM. NeuN, a neuronal specific nuclear protein in vertebrates.
Development, 1992; 116: 201-211.

Oliveira, CCD, Calado, VMD., Ares, G & Granato, D. Statistical approaches to assess the
association between phenolic compounds and the in vitro antioxidant activity of Camellia
sinensis and llex paraguariensis teas. Critical reviews in food science and nutrition, 2015;
55(10), 1456-1473.

Olthof, MR, Hollman, PCH, Katan, MB.. Chlorogenic acid and caffeic acid are absorbed in
humans. J. Nutr., 2001; v. 131, n. 1, p. 66-71.

Pereira, Ariana Aparecida Ferreira. Cha mate (llex paraguariensis) melhora a defesa
antioxidante e diminui o dano oxidativo em fémeas Wistar senis. 2013. 102 f. Dissertacao
(mestrado) - Universidade Estadual Paulista Julio de Mesquita Filho, Faculdade de
Odontologia de Aragatuba, 2013. Disponivel em: <http://hdl.handle.net/11449/92089>.

Petermann, XB, Machado, IS, Pimentel, BN, Miolo, SB, Martins, LR, Fedosse, E.
Epidemiologia e cuidado a Diabetes Mellitus praticado na Atencdo Priméria a Salde: uma
revisao narrativa. Satde (Santa Maria), 2015; v. 41, n. 1, p. 49-56.

Pietta, P. G. Flavonoids as antioxidants. Journal of natural products,2000; 63(7), 1035-1042.

Pio Corréa M. Dicionério das Plantas Uteis do Brasil e das Exdticas Cultivadas.Instituto
Brasileiro de Desenvolvimento Florestal. Rio de Janeiro, 1984,p.138-143.

Pisoschi, A. M., & Pop, A. The role of antioxidants in the chemistry of oxidative stress: A
review. European journal of medicinal chemistry, 2015; 97, 55-74.

Puangpraphant S, Berhow MA, Vermillion K, Potts G, Gonzalez DE Mejia E.
Dicaffeoylquinic acids in Yerba mate (llex paraguariensis St. Hilaire)inhibit NF-kappaB
nucleus translocation in macrophages and induce apoptosisby activating caspases-8 and -3
in human colon cancer cells. MolecularNutrition and Food Research, 2011, 5 (10), 1509-
1522.

Radak, Z., Sasvari, M., Nyakas, C., Kaneko, T., Tahara, S., Ohno, H., & Goto, S. Single bout
of exercise eliminates the immobilization-induced oxidative stress in rat brain.
Neurochemistry international, 2001; 39(1), 33-38.



113

Rahal, A, Kumar, A, Singh, V, Yadav, B, Tiwari, R., Chakraborty, S, Dhama, K. Oxidative
stress, prooxidants, and antioxidants: the interplay. Biomed. Res. Int., 2014: 761264.

Reis, J. S., Veloso, C. A., Mattos, R. T., Purish, S., & Nogueira-Machado, J. A. Estresse
oxidativo: revisdo da sinalizacdo metabolica no diabetes tipo 1. Arg. bras. endocrinol.
metab,2008; 52(7), 1096-1105.

Resende, P. E., Kaiser, S., Pittol, V., Hoefel, A. L., Silva, R. D. A., Marques, C. V., ... &
Ortega, G. G. Influence of crude extract and bioactive fractions of llex paraguariensis A.
St. Hil.(yerba mate) on the Wistar rat lipid metabolism. Journal of Functional Foods, 2015;
15, 440-451.

Riederer BM, Draberova E, Viklicky V, Draber P. Changes of MAP2 phosphorylation during
brain development. J Histochem Cytochem, 1995 43: 1269-1284.

Rocha FD, Teixeira VL, Pereira RC, Kaplan MAC.Diabetes mellitus e estresse oxidativo:
produtosnaturais como alvo de novos modelos terapéuticos. Rev. Bras. Farm., 2006, 87(2):
49-54,

Rover Jr, Hoer NF, Vellasco AP. Sistema antioxidante envolvendo o ciclometabdlico da
glutationa associado a métodos eletroanaliticos na avaliacdo doestresse oxidativo. Quimica
Nova, 2001, v: 24:112-119.

Salgueiro AC, Folmer V, da Silva MP, Mendez AS, Zemolin AP, Posser, T, Franco JL, Puntel
RL, Puntel GO (2016) Effects of Bauhinia forficata tea on oxidative stress and liver
damage in diabetic mice. Oxidative Med Cell Longev 2016:8902954

Samadder A, Chakraborty D, De A, Bhattacharyya SS, Bhadra K, Khuda-Bukhsh AR.
Possible signaling cascades involved in attenuation of alloxan-induced oxidative stress and
hyperglycemia in mice by ethanolic extract of Syzygium jambolanum: drug-DNA
interaction with calf thymus DNA as target. European journa]l of pharmaceutical sciences:
official journal of the European Federation for Pharmaceutical Sciences, 2011, 44:207-17.

Santini, S. A., Marra, G., Giardina, B., Cotroneo, P., Mordente, A., Martorana, G. E., ... &
Ghirlanda, G. Defective plasma antioxidant defenses and enhanced susceptibility to lipid
peroxidation in uncomplicated IDDM. Diabetes, 1997; 46(11), 1853-1858.

Santos, E. C. S., Bicca, M. A., Blum-Silva, C. H., Costa, A. P. R., Dos Santos, A. A,
Schenkel, E. P., ... & De Lima, T. C. M. Anxiolytic-like, stimulant and neuroprotective
effects of llex paraguariensis extracts in mice. Neuroscience, 2015; 292, 13-21.

Sato, Y., Itagaki, S., Kurokawa, T., Ogura, J., Kobayashi, M., Hirano, T., ... & Iseki, K. In
vitro and in vivo antioxidant properties of chlorogenic acid and caffeic acid. International
journal of pharmaceutics, 2011; 403(1), 136-138.



114

Scannevin RH, Chollate S, Jung MY, Shackett M, Patel H, Bista P, Zeng W, Ryan S,
Yamamoto M, Lukashev M, and Rhodes KJ. Fumarates promote cytoprotection of central
nervous system cells against oxidative stress via the nuclear factor (erythroid-derived 2)-
like 2 pathway. J Pharmacol Exp Ther, 2012; 341: 274-284.

Schiavone, S., Jaquet, V., Trabace, L., Krause, K.H. Severe life stress and oxidative stress in
the brain: from animal models to human pathology. Antioxidants & Redox Signaling,
2013; 18: 1475-1490.

Schieber, M., & Chandel, N. S. ROS function in redox signaling and oxidative stress. Current
biology, 2014; 24(10), R453-R462.

Schinella G R, Troiani G, Davila V, Buschiazzo PM, Tournier HA.Antioxidant Effects of an
Aqueous Extract of llex paraguariensis. Biochemicaland Biophysical Research
Communications,2000, v. 269, p. 357-360.

Schmatz, R., Perreira, L. B., Stefanello, N., Mazzanti, C., Spanevello, R., Gutierres, J., ... &
Zanini, D. Effects of resveratrol on biomarkers of oxidative stress and on the activity of
delta aminolevulinic acid dehydratase in liver and kidney of streptozotocin-induced
diabetic rats. Biochimie, 2012; 94(2), 374-383.

Shami NJIE, Moreira EAM. Licopeno como agente antioxidante. Rev Nutr., 2004, 17(2):227-
36.

Sies H, Stahl W. Vitamins E and C, p-carotene, and other carotenoids asantioxidants.
American Journal of Clinical Nutrition, 1995, v.62, n.6, p.1315- 1321.

Sies, H. Oxidative stress: from basic research to clinical application. The American journal of
medicine, 1991; 91(3), S31-S38.

Sies, H. Strategies of antioxidant defence. Review. European Journal of Biochemistry,1993,
v.215, n.2, p.213-2109.

Silva M, Lima WG, Silva ME, Pedrosa ML. Efeito da estreptozotocina sobre os perfis
glicémico e lipidico e oestresse oxidativo em hamsters. Arg Bras Endocrinol Metab., 2011,
55/1.

Singh S, Vrishni S, Singh BK, Rahman |, and Kakkar P. Nrf2-ARE stress response
mechanism: a control point in oxidative stress-mediated dysfunctions and chronic in-
flammatory diseases. Free Radic Res, 2010; 44: 1267-1288.

Smith C. Using Rodent Models to Simulate Stress of Physiologically Relevant Severity:
When, Why and How. Intech10, 2012.

Sorce, S., Krause, K.H. NOX enzymes in the central nervous system: from signaling to
disease. Antioxidants & Redox Signaling, 2009; 11: 2481-2504.



115

Takasu N, Komiya I, Asawa T, Nagasawa Y, Yamada T. Streptozocinand alloxan-induced
H202 generation and DNA fragmentation in pancreatic islets. H202 as mediator for DNA
fragmentation. Diabetes, 1991, 40(9):1141-5.

Takasu, N., Komiya, I., Asawa, T., Nagasawa, Y., & Yamada, T. Streptozocin-and alloxan-
induced H202 generation and DNA fragmentation in pancreatic islets: H202 as mediator
for DNA fragmentation. Diabetes, 1991; 40(9): 1141-1145.

Tiwari, A. K., & Rao, J. M.. Diabetes mellitus and multiple therapeutic approaches of
phytochemicals: Present status and future prospects. Current science, 2002; 30-38.

Upadhyay, R., & Mohan Rao, L. J. An outlook on chlorogenic acids—occurrence, chemistry,
technology, and biological activities. Critical reviews in food science and nutrition, 2013;
53(9), 968-984.

Vieira MA, Maraschin M, Pagliosa CM, Podestd R, DE Simas KN, Rockenbach 11, Amboni
RD, Amante ER. Phenolic acids and methylxanthines composition and antioxidant
properties of mate (llex paraguariensis) Residue. Journal of food science, 2010, v: 75:
283- 285.

Wajchenberg, B. L. Disfuncdo endotelial no diabetes do tipo 2. Arg. bras. endocrinol. metab,
2002; 46(5), 514-5109.

Wang L, Zhang XT, Zhang HY, Yao HY, Zhang H. Effect of Vaccinium bracteatum Thunb.
leaves extract on blood glucose and plasma lipid levels in streptozotocin-induced diabetic
mice. Journal of Ethnopharmacology, 2010,130(3):465-469.

Welsch, C. A., Lachance, P. A., & Wasserman, B. P. Dietary phenolic compounds: inhibition
of Na+-dependent d-glucose uptake in rat intestinal brush border membrane vesicles. The
Journal of nutrition, 1989; 119(11), 1698-1704.

Zaidi, S.M. and Banu, N. Antioxidant potential of vitamins A, E and C in modulating
oxidative stress in rat brain. Clinica Chimica Acta, 2004; 340(1): 229-233.



