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RESUMO

Neste estudo, investigamos os efeitos da suplementacdo com taurina (TAU; 2% adicionada a
agua de beber) sobre a tolerancia a glicose e a secre¢do de insulina frente a diferentes secretagogos
em camundongos adultos. Camundongos suplementados apresentaram aumento da tolerancia a
glicose e da sensibilidade a insulina. Ilhotas isoladas destes animais secretaram mais insulina em
resposta a glicose e L-leucina. A oxidagcdo da L-leucina foi maior no grupo TAU, ndao havendo
diferencas quanto ao consumo de glicose, concentracdes de ATP e expressdo do transportador da
glicose (GLUT) 2 e da glicoquinase (GCK). A captacio de Ca®*, na presenca de glicose, e a
expressdo protéica da subunidade B, do canal de Ca** sensivel a voltagem foi maior no grupo TAU
comparado ao controle (CTL). Ainda, a expressdo protéica da PL (fosfolipase) Cg, € da PK (proteina
quinase) Ao, bem como a secrecdo de insulina em resposta a agentes potencializadores tais como
carbacol (Cch) e IBMX, foi maior nas ilhotas TAU. A mobilizagdo intracelular de Ca®* induzida por
Cch foi também maior em ilhotas deste grupo, e observamos que a inibicdo da PKA reduziu a
captacio de Ca®* em resposta 2 glicose no grupo suplementado. Além disso, ilhotas TAU secretaram
mais glucagon em relacdo a ilhotas CTL, quando em presenca de baixa concentracdo de glicose.
Concluindo, a suplementacio com TAU melhora a homeostase glicémica e aumenta a secre¢ao de
insulina de ilhotas isoladas e incubadas na presenca de nutrientes e agentes potencializadores da
secrecdo. Os efeitos sobre a secrecdo estdo relacionados ao melhor manejo dos fons Ca** pelas

células insulares provenientes dos animais suplementados com TAU.
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ABSTRACT

In this study, we investigated the effects of taurine (TAU)-supplementation (2% in the
drinking water) on glucose tolerance and insulin secretion stimulated by different secretagogues in
adult mice. TAU-supplemented mice showed enhanced glucose tolerance and insulin sensitivity
when compared to controls (CTL). In addition, their islets secreted more insulin in response to high
concentrations of glucose and L-leucine. L—[U—14C]leucine oxidation was higher in TAU islets
compared with CTL islets, whereas D—[U—14C]g1ucose oxidation, ATP levels, and the protein
expression of the glucose transporter (GLUT) 2 and of glucokinase (GCK) were similar. BCa uptake
induced by high glucose concentrations was increased in TAU islets as well as the expression of the
B, subunit of the L-type Ca®* channel. In addition, the insulin secretion induced by carbachol (Cch)
and IBMX, but not, by forskolin and PMA was higher in TAU-supplemented compared with CTL
islets. The higher insulin secretion in the presence of Cch is accompanied by an increase in the
expression of PL (phospholipase) Cg, protein and a higher intracellular Ca’" mobilization. Besides,
TAU-supplemented islets showed increased PK (protein kinase) Ao expression. Since the increase
in Ca® uptake induced by glucose in TAU islets was minimized by the presence of the PKA
inhibitor, H89, this kinase seems to be important for the better Ca** handling in these islets. TAU-
supplementation also turns the a-cells more sensitivity since these cells secreted more glucagon
compared with CTL islets. In conclusion, TAU supplementation enhances glucose tolerance and
insulin sensitivity in mice and turns the islets more sensitive to nutrients and to potentiators of

secretion. The effect on insulin secretion seems to be linked to a better Ca** handling by B-cells.
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A glicose é o principal estimulo para a secrecdo de insulina, porém a funcdo das células 3
pancredtica pode ser regulada por outros nutrientes, tais como: aminodcidos, dcidos graxos e
cetoacidos (Gao et al., 2003; Li et al., 2004; Um et al., 2004).

Com relagdo aos aminodcidos, a secre¢do de insulina pode ser estimulada por estes nutrientes
via geracdo de ATP derivado do metabolismo do aminodcido, ou pela geracdo de compostos que ao
serem degradados aumentam o fluxo de intermedidrios para o ciclo de Krebs (Wu e Morris, 1998).
Evidéncias experimentais demonstraram que os aminodcidos ativam reguladores da sintese protéica,
contribuem para o turnover protéico, altera o potencial de membrana devido ao seu cotransporte
com o fon Na* (Sener et al., 2000; Newsholme et al., 2007). Além disso, Newsholme et al. (2005) e
Corless et al. (2006) observaram que a L-glutamina e a L-alanina regulam a expressdo génica das
células B. Por outro lado, aminodcidos ndo exercem somente efeitos positivos, Patterson et al.
(2006) verificaram que a homocisteina inibe a secrecdo de insulina em resposta a nutrientes e
potencializadores da secrecdo.

A taurina (TAU) é um aminodcido que estd presente em altas concentragdes tanto no interior
das células como no plasma de mamiferos. Apesar de varios estudos demonstrarem a contribui¢do
da TAU na prevengcdo do Diabetes mellitus (DM) do tipo 1 (DM 1) e 2 (DM 2) (Anuradha e
Balakrishnan, 1999; Nakaya et al., 2000; Chang e Kwon, 2000; Nandhini e Anuradha, 2002; Arany
et al., 2004; Di Leo et al., 2004; Tsuboyama-Kasaoka et al., 2006), seu papel sobre a secrecdao de
insulina ndo estd estabelecido. Bustamante et al. (2001) demonstraram que no pancreas a TAU esta
presente em células a e o da ilhota, sugerindo que a liberagdo de TAU por estas células participe da
modulacdo da secrecdo em células . Contudo, dados quanto a contribuicio da TAU sobre a
secrecao de insulina sdo contraditérios, sendo verificado reducido da liberagdo do hormdnio em

ilhotas perfundidas com solu¢do contendo TAU (Bustamante et al., 2001), e aumento em ilhotas



3

incubadas com o aminodacido (Cherif ef al., 1998). Por outro lado, o tratamento cronico com TAU
demonstrou aumentar a secrecdo de insulina em diferentes modelos experimentais (Cherif et al.,
1996; Cherif et al., 1998; Carneiro et al., 2008). Neste estudo investigamos a secrecdo de insulina
em resposta a nutrientes e agentes potencializadores da secrecdo, bem como o0s possiveis
mecanismos envolvidos com a liberacdo de insulina regulados pela TAU em ilhotas pancredticas de

camundongos adultos que foram submetidos a suplementacdo com 2% de TAU por 30 dias.



INTRODUCAO




Secrecdo de Insulina

A secrecdo de insulina pelas células B é controlada continuamente de acordo com as flutuag¢des
da concentracdo de nutrientes circulantes, em especial, a glicose. Este aguicar é o regulador mais
importante da secrecdo de insulina sendo que em resposta a glicose hd um aumento ripido, ou pico
da liberacdo do hormonio nos primeiros minutos da estimulagdo, o qual constitui a primeira fase da
secrecdo. Enquanto a concentracdo de glicose permanecer elevada, um segundo aumento ou fase é
observado, e embora seja de menor amplitude do que a primeira resposta, esta € sustentada até que a
euglicemia seja estabelecida (Straub e Sharp, 2002; Hiriart e Aguilar-Bryan, 2008).

Os mecanismos responsaveis pela secre¢do de insulina estimulada pela glicose iniciam-se com
o transporte deste acticar pelas células P pancredticas, através de um transportador especifico
(GLUT 2); a glicose é fosforilada a glicose-6-fosfato pela enzima glicoquinase (GCK) e
metabolizada gerando ATP. O resultado é o aumento da relacio ATP/ADP, que provoca o
fechamento de um canal de K* sensivel ao ATP (Karp), presente na membrana da célula B. A
reducdo do efluxo de K™ das células leva a despolarizagio da membrana que, por sua vez, provoca a
abertura de canais de Ca* sensiveis 4 voltagem (Ca,), e influxo deste cétion (Yang e Berggren,
2006; Hiriart e Aguilar-Bryan, 2008).

A metabolizacdo da glicose nas células e a subseqiiente elevacdo da concentracao intracelular
de Ca®* ([Ca®*]i) pode ativar enzimas que produzirio outros mensageiros intracelulares que
contribuem para a amplificacdo do sinal iniciado pela glicose. Uma destas enzimas é a adenilato
ciclase (AC) que, ao clivar o ATP, produz adenosina monofosfato ciclico (AMPc) que, por sua vez,
ativa a proteina quinase (PK) A (Delmeire er al., 2003; Dyachok et al., 2008). Além disso, a
metabolizagdo da glicose e o aumento da [Ca**]i também estimula a hidrélise de fosfoinositideos

através da ativacao da fosfolipase (PL) C (Thore et al., 2007), resultando na formagdo do inositol-
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1,4,5-trifosfato (IP3) e diacilglicerol (DAG), que induz a liberacdo de Ca** de estoques intracelulares
e ativa a PKC, respectivamente. Portanto, aumento da [Ca2+]i e ativacdo da PKA, PLC e PKC
culminam com a exocitose dos granulos de insulina (Nesher ef al., 2002; Seino e Shibasaki, 2005;
Tengholm e Gylfe, 2009).

A secrecdo de insulina também € regulada pela concentracdo de aminoécidos, 4cidos graxos e
cetodcidos plasmaticos (Kahn et al., 2006; Newsholme et al., 2007). Com relagdo aos aminodacidos,
sabe-se que os aminodcidos essenciais em condi¢des que mimetizam as fisiolégicas, aumentam a
resposta secretdria da célula $ (Dura et al., 2002), e em concentragdes suprafisiologicas aminodcidos
individuais exercem diversas agdes sobre o processo de sintese e secrecdo de insulina (Newsholme
et al., 2007).

A L-glutamina, por exemplo, € utilizada para sintese de purinas e pirimidinas, e subseqiiente
producdo de mRNA participando do turnover protéico nas células  (Newsholme et al., 2005). O
metabolismo da L-glutamina produz L-glutamato que ao ser oxidado amplifica a secrecdo de
insulina pelo aumento do fluxo de substratos para o ciclo de Krebs (Sener e Malaisse, 1980); isto
ocorre pela acdo alostérica da L-leucina sobre a enzima glutamato desidrogenase (GDH). O L-
glutamato também pode ser direcionado para a formacdo de glutationa que eleva a viabilidade e
funcdo das células B (Brennan et al., 2003), ou ser secretado pelas células e inibir a secrecdo de
insulina via receptores ionotropicos e metabotropicos (Corless et al., 20006).

Além da agdo alostérica sobre a enzima GDH, a L-leucina também contribui para a secrecio
de insulina por meio do seu metabolismo. A transaminagdo deste aminoacido ao acido o-
cetoisocaproato (KIC) alimenta o ciclo de Krebs com Acetil-CoA para producdo de ATP (Sener e
Malaisse, 1980). Estudos tém demonstrado que L-leucina pode ativar reguladores da sintese protéica
como PHAS-I (phosphorylated heat- and acid-stable protein regulated by insulin), e a proteina

quinase p70S6 via mTOR (serine/threonine kinase target of rapamycin in mamalian tissues), via de
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sinalizacdo importante para a manutencdo da massa de células B (Xu et al., 2001; Briaud et al.,
2003).

Os aminodcidos L-alanina e L-arginina podem estimular a secre¢do por meio da geracdo de
intermedidrios metabdlicos, ou por contribuir na alteracdo do potencial de membrana devido ao seu
cotransporte com Na® (Mcclenaghan et al., 1998; Sener et al., 2000). Estes aminodcidos também
regulam a expressdo de genes envolvidos no metabolismo, vias de transducdo de sinal, regulacdo
génica, sintese protéica, estruturais e com apoptose das células B (Newsholme et al., 2005; Corless
et al., 2006).

Por fim, a secrecdo de insulina pode ser modulada por neurotransmissores € hormodnios
peptidicos. O sistema nervoso parassimpdtico, por exemplo, via nervo vago, através de receptores
muscarinicos na célula B, potencializa a secrecdo da insulina, enquanto o sistema nervoso
simpdtico, agindo por meio de receptores a-adrenérgicos, inibe a secre¢ido deste hormonio (Gilon e
Henquin, 2001; Gautam et al., 2007). Hormdnios intestinais também participam da regulacao da
liberacdo de insulina. O hormdnio GLP-1 (glucagon like peptide 1), e o peptideo insulinotrépico
(GIP), sao importantes durante a ingestao alimentar. Eles sdo liberados do intestino para circula¢do
e potencializam a secre¢do de insulina. Outros hormdnios produzidos pelas ilhotas pancreaticas
como o glucagon e a somatostatina exercem acgdo estimulatoria e inibitdria, respectivamente, sobre

a secrecdo das células B (Nesher et al., 2002; Mcclenaghan, 2007; Hiriart e Aguilar-Bryan, 2008).

£ 2 . 2 e s,y
Ions Ca”*, Canais de Ca”" e a Célula B Pancredtica

~ Qg - , , . - . . . L.
A elevagio da [Ca”"]i na célula B é essencial para secrecio de insulina, pois este cdtion regula
a ancoragem (“docking”) e inicio da fusdo dos granulos secretérios com a membrana plasmaética,

num processo mediado pelas proteinas SNARE (soluble N-ethylmaleimide-sensitive factor
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attachment protein receptor). Além disso, o influxo de Ca®* na célula B participa de virios outros
eventos celulares, como a transcricdo génica, fosforilagdo e ativacdo de enzimas, mitose,
proliferacdo celular, diferenciagdo, e apoptose (Yang e Berggren, 2006).

Os principais canais responsdveis pelo influxo de Ca®* para a célula B pancredtica sdo os
canais de Ca,. Estes canais, conforme o tipo da subunidade “o1”” que forma o poro do canal, podem
ser classificados em: Cayl, Ca,2 e Ca,3 (Ertel er al., 2000). E necessdrio ressaltar que além da
subunidade al, os canais de Ca, apresentam subunidades auxiliares que sdo denominadas “f, vy,
00” e que influenciam a atividade e a translocagdo dos canais de Ca, para a membrana plasmatica
(Yang e Berggren, 2000).

Atualmente existe um consenso de que os canais do tipo L, que apresentam uma alta
condutividade ao cétion e sdo sensiveis a diidropiridinas, sdo os canais que contribuem com 0 maior
influxo de Ca®* para as células B, sendo que os canais Ca,1.2 e 1.3 sdo os subtipos mais expressos
nestas células (Ohta er al., 1993; Davalli et al., 1996; Schulla et al., 2003). Além disso, o canal de
Ca, ndo contribui apenas para a entrada do cétion; evidéncias experimentais demonstraram que o
canal Ca,1.2 interage com proteinas envolvidas no processo exocitético da insulina (Wiser et al.,
1999; Trus et al., 2007), sendo que a sua delecdo na célula B reduz a exocitose dos granulos de
insulina da primeira fase da secrecdo do hormdnio (Schulla et al., 2003).

O influxo de Ca®* na célula B também estd relacionado com o desenvolvimento celular. Foi
observado que camundongos knockout para o canal Ca,1.3 apresentam baixo peso ao nascer, € este
canal parece essencial para o desenvolvimento pancredtico pds-natal pois o niimero e o tamanho das
ilhotas no animal adulto estd reduzido (Namkung et al., 2001). Além disso, o influxo de Ca®* pelos
canais Ca, ativa a ERK1/2 (mitogen-activated protein kinase 1/2) que contribui para o controle da

massa de células B, regulacdo da transcricdo do gene da insulina, e fosforilacdo de proteinas
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envolvidas com o processo de secrecao da insulina (Benes ef al., 1999; Longuet et al., 2005;
Lawrence et al., 2008).

Os canais de Ca, sdo regulados por diferentes mecanismos que alteram a condutividade do
Ca® conforme as condicdes fisiolégicas. Dentre estes reguladores tem-se a participagdo de vérios
hormonios, mensageiros intracelulares, e quinases como PKA, PKC, Ca2+/Calrnodu1ina, PKG,
Akt/PKB (thymona viral oncogene) (Yang e Berggren, 20006).

Portanto, Ca®* é importante para o acoplamento estimulo/secrecio, desenvolvimento,
sobrevivéncia, crescimento e morte das células f. Em condigdes patoldgicas o fluxo de Ca®* é
diferencialmente regulado nestas células, sendo evidenciado em diferentes modelos experimentais

de DM que a expressdo génica e a atividade dos canais de Ca, apresentam-se alterados (Wang et al.,

1996; Wang et al., 1999; Iwashima et al., 2001; Yang e Berggren, 2006).

0O Aminodcido TAU e Suas Acées Biologicas

A TAU € um aminoicido que estd presente em altas concentracdes tanto no interior das
células como no plasma de mamiferos. Este aminodcido € obtido pela ingestdo de leite e carne
(principalmente peixe e frutos do mar), mas também pode ser biossintetizado a partir de metionina e
cisteina (Tappaz, 2004). No que diz respeito a sintese de TAU, a cisteina € oxidada ao acido
cisteinosulfinato (CSA) numa reacdo catalizada pela enzima cisteina desoxigenase. O CSA, por sua
vez, pode ser metabolizado por dois mecanismos que sdo catalizados ou pela aspartato
aminotransferase ou pela CSA descarboxilase, que produzem o sulfato inorgénico e a hipotaurina,
respectivamente (Huxtable, 1992; Nakamura et al., 2006). Nesta fase do metabolismo da cisteina

postula-se que exista uma descarboxilase que catalisa a conversao de hipotaurina a TAU (Huxtable,

1992; Tappaz, 2004).
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Uma vasta literatura demonstra que o aminodcido TAU abrange inimeras acdes biologicas
sendo que o mecanismo de acdo da TAU pode ocorrer pela combina¢do do aminodcido com vérios
tipos de canais i0nicos, transportadores e enzimas. Estudos demonstram que TAU possui a
propriedade de reagir com o 4cido hipocloroso (HOCI) gerando taurocloraminas, e desta forma ser
um antioxidante (Franconi et al., 2004). A TAU participa do controle da atividade de canais
idnicos, sendo verificado que este aminodcido inibe canais Karp no misculo esquelético (Tricarico
et al., 2000) e em fibras cardiacas (Satoh, 1996). A TAU contribui para a regulacdo da [Ca™]i,
sendo observado que este aminodcido em células cardiacas promove estimulacdo da abertura do
canal de Ca** do tipo L na presenca de baixa [Ca**]i; por outro lado, inibicdo da abertura do canal
em alta [Ca®*]i (Satoh, 1998). TAU aumenta a atividade do trocador de Na*/Ca®* nos midcitos
atriais (Satoh e Sperelakis, 1998). Além disso, em neurdnios é evidenciado um papel protetor da
TAU contra a excitotoxicidade desencadeada por glutamato, onde este aminodcido reduz a captacao
de Ca** e amplitude do aumento da [Ca2+]i estimulada pelo neurotransmissor (Chen et al., 2001).
Contudo, em hepatécitos TAU aumenta a atividade do uniporte de Ca** para a mitocondria, o que
eleva a atividade mitocondrial destas células por aumentar o aporte de Ca** para a ativacdo de

desidrogenases (Palmi et al., 1999).

TAU e Secrecao de Insulina

No pancreas a TAU estd compartimentalizada em células da ilhota contendo glucagon e
somatostatina, sugerindo que a liberacio de TAU por estas células exerca uma possivel acdo
pardcrina sobre o processo de secrecdo de insulina pelas células B (Bustamante et al., 2001).

Uma das a¢des mediadas pela TAU nas células B pancredtica € a de inibir a atividade dos

canais de Karp (Park et al., 2004). O canal de Katp nestas células € composto pelas subunidades
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Kir6.2/SUR1 (Aguilar-Bryan et al., 1995; Inagaki et al., 1995). A subunidade Kir (ATP-sensitive

inwardly rectifying K channel) forma um poro, enquanto a SUR (receptor de sulfoniluréia) é uma
subunidade regulatéria que favorece a sensibilidade da Kir a drogas como as sulfoniluréias e
estimuladores da abertura do canal de Karp. Park ef al. (2004) ao investigarem as propriedades dos
canais Karp em células 3, quando aplicada a TAU via intracelular em presenga da glibenclamida que
tem a propriedade de interagir com duas regides de alta afinidade, os sitios sulfoniluréia e
benzamida da subunidade SUR, verificaram que a TAU aumenta a sensibilidade do canal de Karp
em resposta a esta sulfoniluréia. Além disso, células pré-tratadas com TAU apresentam aumento da
secrecdo de insulina e da [Ca**]i na presenca de glibenclamida. Portanto, a TAU modula a atividade
do canal de Karp nas células B, efeito este relacionado a sua interacdo com o sitio benzamida na
subunidade SURI, resultando em aumento da [Ca2+]i, e consequentemente da secrecdo de insulina.
Neste sentido, estudos desenvolvidos pelo nosso grupo de pesquisa demonstraram que o
tratamento in vivo e in vitro de ilhotas pancredticas com a TAU aumenta a sensibilidade das células
B a glicose e ao K, e eleva a expressio do PDX-1 (pancreatic duodenal homeobox), fator de
transcricdo importante para o desenvolvimento pancredtico e regulacdo da expressdo do gene da

insulina (Carneiro et al., 2008).

Acdo da Insulina, Diabetes e TAU

A elevacgido da concentracao de insulina em resposta ao aumento da concentragdo de nutrientes
no plasma ativa processos anabodlicos e inibe os catabdlicos. A insulina age principalmente no
musculo e tecido adiposo estimulando a captagdo da glicose, e no figado inibindo a producdo deste

actcar (Whiteman et al., 2002; Youngren, 2007).
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As agdes da insulina nos tecidos alvo ocorrem por meio da sua ligacdo com a subunidade o do
receptor de insulina (IR), que apresenta atividade tirosina quinase intrinseca. O resultado da
interacdo entre 0 hormodnio e o IR € uma mudanga conformacional, que estimula a autofosforilagdao
de varios residuos tirosinas nas subunidades 3 do IR e a fosforilacdo em tirosina dos substratos do
IR (IRS), os quais servem de ancoragem para proteinas que possuem um sitio especifico para o
acoplamento com outros sinalizadores intracelulares que apresentam o dominio SH2 (assim
denominados devido a homologia com o produto do oncogene src). A ligacdo dos dominios SH2 da
fosfatidilinositol-3-quinase aos residuos fosfotirosinas do IRS-1 ativa esta enzima, que produz
fosfolipideos de fosfatidilinositol (PI), dentre eles o PI(3,4,5)P3, que ativa a proteina quinase
dependente de PI, e subsequentemente a Akt. Esta serina/treonina quinase fosforila vérias proteinas,
dentre as quais estdo proteinas relacionadas a translocacdo de GLUT4 para a membrana plasmaética
(como a proteina alvo da Akt: AS160), modula a atividade dos componentes da tradugdo,
contribuindo para a sintese protéica; fosforila e inativa a enzima glicogénio sintase quinase 3; e
estimula a transcri¢do de enzimas relacionadas com a lipogénese e, em contrapartida, inibe a lipdlise
por ativar fosfodiesterases, inibindo a lipase hormonio sensivel (Whiteman et al., 2002; Youngren,
2007).

O DM caracteriza-se por distirbio na homeostase da glicose, resultante ou da destrui¢do
autoimune das células B (DM 1), ou pela resisténcia periférica a acdo da insulina, que pela
sobrecarga secretdria pode levar a disfuncdo e faléncia das células f (DM 2) (Cnop et al., 2005).

Apesar de vdrias evidéncias demonstrarem o envolvimento do aminodcido TAU com o
controle da concentracio plasmética de glicose (Kulakowski e Maturo, 1984; Franconi et al., 1995;
Anuradha e Balakrishnan, 1999; Aerts e Van Assche, 2001; Colivicchi et al., 2004; Tsuboyama-
Kasaoka et al., 2006; Loizzo et al., 2007; Carneiro et al., 2008; Xiao et al., 2008), o mecanismo de

acdo da TAU em prevenir ou restaurar distirbios da homeostase da glicose ndo estd completamente
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compreendido. Contudo, evidéncias sugerem uma interrelacdo entre a reducdo da concentracdo
plasmética de TAU e a ocorréncia de distirbios no controle da glicemia (Anuradha e Balakrishnan,
1999; Nakaya et al., 2000; Chang e Kwon, 2000; Nandhini e Anuradha, 2002; Arany et al., 2004; Di
Leo et al., 2004; Tsuboyama-Kasaoka et al., 2006).

Em pacientes com DM 1 e DM 2, as concentracdes plasmdticas e plaquetdrias de TAU
apresentam-se reduzidas (Franconi et al., 1995). Deficiéncia de TAU é também descrita em varios
modelos animais como em ratos com DM induzido por estreptozotocina (Aerts € Van Assche, 2001;
Colivicchi et al., 2004), e em roedores com resisténcia a insulina (Anuradha e Balakrishnan, 1999;
Tsuboyama-Kasaoka et al., 2006). Baixos niveis plasmaticos de TAU no diabetes relaciona-se
diretamente com hiperglicemia e disttrbios na osmorregulacdo celular (Hansen, 2001).

Maturo e Kulakowski (1988) verificaram a ligacdo do aminoacido TAU com o IR. Além disso,
Carneiro et al. (2008) observaram aumento da fosforilacdo do IR no figado e no misculo de
camundongos que receberam injecdo ip de TAU. Portanto, este aminodcido parece potencializar os
efeitos da insulina, e a suplementacdo com TAU em animais com resisténcia a insulina normaliza
ndo somente a concentraciao plasmatica de insulina e glicose, mas também sensibilidade a insulina,
hipertensdao e hiperlipidemia (Anuradha e Balakrishnan, 1999; Nakaya et al., 2000; Nandhini e
Anuradha, 2002; Tsuboyama-Kasaoka et al., 2006). Exerce também efeito protetor contra a
destruicdo de células B de ratos com DM 1 induzido por estreptozotocina, e em camundongos niao
obesos diabéticos (NOD) (Chang e Kwon, 2000; Arany et al., 2004), e a longo prazo aumenta a taxa
de sobrevivéncia nestes animais (Arany et al., 2004; Di Leo et al., 2004).

Desta forma, suplementos nutricionais que reduzem a necessidade da terapia com insulina, e
que impecam o desenvolvimento de complicagdes patolégicas no DM, sdo uma importante linha de
investigacdo em busca de biomoléculas que possam ser utilizadas para finalidades terapéuticas.

Conhecer o mecanismo pelo qual a TAU exerce seu papel fisiolégico, seja em controlar direta ou
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indiretamente a concentra¢do plasmatica da glicose, regular a atividade de canais idnicos, a [Ca”"]i,
ou aumentar a expressdo de genes e diminuir a apoptose de células 3, demonstra ser uma linha de
pesquisa promissora para a obtencdo de novas formas de tratamento e/ou prevencao de enfermidades

enddcrinas em especial o DM.
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Neste estudo avaliamos a secrecdo de insulina estimulada por diferentes nutrientes e
potencializadores da secre¢do, bem como os possiveis mecanismos envolvidos com a liberagdo de
insulina regulados pela TAU, em ilhotas pancredticas de camundongos adultos que foram

submetidos a suplementacdo com 2% de TAU por 30 dias.

OBJETIVOS ESPECIFICOS

- Investigar o efeito da suplementacdo com TAU sobre a tolerancia a glicose e sensibilidade a
insulina;

- Avaliar a secrecdo de insulina estimulada pela glicose e L-leucina, bem como a oxidagdo
destes nutrientes, a captacio de Ca®*, e expressdo do canal de Cay;

- Verificar a secrec¢do de insulina em resposta a estimulagdo colinérgica e ativacdo da PKA, e o

, . . . < p 2
possivel envolvimento destes mecanismos com o movimento e captacdo de fons Ca™".

Os resultados alcancados durante a realizacdo deste estudo estdo apresentados a seguir sob a
forma de dois artigos:
1. Taurine supplementation enhances nutrient-induced insulin secretion in pancreatic mice
islets (Submetido e aceito para publicacdo - Diabetes/Metabolism Research & Reviews);
2. Taurine supplementation: involvement of Cholinergic/Phospholipase C and PKA pathways

in potentiation of insulin secretion and Ca’* handling.
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Abstract

Background: Taurine (TAU), a naturally occurring sulfur-containing amino acid, is found at high
concentrations in plasma and mammalian tissues and regulates osmolarity, ion channel activity, and
glucose homeostasis. Several reports have shown that physiological plasma TAU levels seem to be
important for adequate beta (3)-cell function and insulin action, since low concentrations of TAU in
the plasma have been reported in the prediabetic and diabetic states.

Methods: Glucose tolerance and insulin sensitivity were investigated in mice supplemented with
2% (w/v) TAU in the drinking water for 30 days, as well as the insulin secretion from isolated islets
stimulated by glucose or L-leucine.

Results: TAU-supplemented mice demonstrated improved glucose tolerance and higher insulin
sensitivity, compared to controls (CTL). In addition, their islets secreted more insulin in response to
high concentrations of glucose and L-leucine. L-[U-"*C]leucine oxidation was higher in TAU than
in CTL islets, whereas D-[U-"*C]glucose oxidation, ATP levels, glucose transporter (GLUT) 2 and
glucokinase (GCK) protein expressions were similar in both types of islets. The L-type B, subunit
voltage-sensitive Ca®* channel protein, as well as *Ca uptake, was significantly higher in TAU-
supplemented than CTL islets. In addition, islets from TAU-supplemented mice secreted more
glucagon than CTL islets at low glucose.

Conclusions: TAU supplementation improves glucose tolerance and insulin sensitivity in mice, as
well as insulin secretion from isolated islets. The latter effect seems to be, at least in part, dependent

on a better Ca** handling by the islets.

Introduction
Glucose is the main stimulus for insulin secretion from pancreatic B-cells. The stimulus-

secretion coupling induced by glucose culminates with increased intracellular Ca** concentration
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([Ca*1i), which together with metabolic signals results in a complete biphasic insulin secretion
(Straub and Sharp, 2002). As with glucose, amino acids exert insulinotropic activity in B-cells.
There are three different mechanisms by which amino acids may increase insulin secretion: direct
depolarization of the plasma membrane by transport of cationic amino acids, such as L-arginine;
cotransport with Na*, which also results in an increase in [Ca2+]i; and metabolism of the amino acid,
resulting in an increase in ATP and in the ATP-to-ADP ratio (Newsholme et al., 2007).

TAU (2-aminoethanesulphonic acid), a naturally occurring sulfur-containing amino acid,
which is not incorporated into protein and not used for energy production, is found at high
concentrations in pancreatic islet cells (Bustamante et al., 2001). Previous studies have shown that
this amino acid in mammalian tissues regulates several biological processes, including osmolarity
(Schaffer et al., 2000), Ca** binding and transport (Satoh, 1998; Palmi et al., 1999; Foos and Wu,
2002; Lee et al., 2004; Park et al., 2004) and ion channel activity (Lim et al., 2004; Park et al.,
2004). TAU also prevents tissue injury by oxidative stress (Huxtable, 1992; Tas et al., 2007),
maintains the structural integrity of the plasma membrane (Moran et al., 1987), and demonstrates
hypoglycemic properties (Kulakowski and Maturo, 1984; Maturo and Kulakowski, 1988; Kaplan et
al., 2004).

A relationship between low concentrations of TAU in the plasma and the prediabetic and
diabetic states has also been suggested (Cherif et al., 1998; Nandhini et al., 2005; Tsuboyama-
Kasaoka et al., 2006). Thus, restoring the normal plasma TAU levels by supplementation may help
in the prevention of diabetes mellitus (Arany et al., 2004; Tsuboyama-Kasaoka et al., 2006). In this
regard, the maintenance of physiological plasma TAU concentrations seems to be an important
factor for adequate B-cell function and insulin action (Boujendar et al., 2002; Arany et al., 2004;
Nandhini et al., 2005; Kaniuk et al., 2007; Tas et al., 2007; Xiao et al., 2008). However, the

physiological role of this amino acid in the endocrine pancreas has not yet been completely
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elucidated. Conflicting results concerning the effects of TAU on isolated islets have been found in
the literature. It has been shown that TAU does not affect the first phase insulin secretion induced by
high concentrations of glucose in isolated rat islets, but instead reduces the rate of insulin secretion
during the second phase (Bustamante er al., 2001). In contrast, TAU plus physiological
concentrations of glucose significantly stimulated insulin secretion (Cherif et al., 1996; Cherif et al.,
1998). The ability of TAU to ameliorate insulin secretion, stimulated by glucose and other fuels in
fetal and adult isolated islets, was also observed when the plasma TAU of rodents was increased or
at least restored by TAU supplementation (Cherif et al., 1996; Cherif et al., 1998; Carneiro et al.,
2008).

In this study, we confirm previous observations that TAU supplementation improves glucose
tolerance and insulin sensitivity in mice (Carneiro et al., 2008). In addition, we observed that TAU
supplementation improves the islet hormone secretion, represented by higher insulin release
stimulated by glucose or L-leucine and higher glucagon at low glucose levels. These islets also
metabolized more L-leucine. Finally TAU-supplemented islets accumulated more Ca** in the
presence of high glucose concentrations and showed an increased expression of the L-type [

subunit Ca** channel.

Materials and Methods
Materials

D—[U—14C]g1ucose, L—[U—14C]leucine and *CaCl, were purchased from Amersham
International (Little Chalfont, Bucks, UK). Routine reagents, L-leucine, L-glutamine, 2-
aminobicyclo[2,2,1]-heptane-2-carboxylic acid (BCH), aminooxyacetic acid (AOA) and ATP were

purchased from Sigma Chemical (St Louis, MO, USA).
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Animals

All experiments were approved by the ethics committee at UNICAMP. Three-week-old Swiss
mice were obtained from the colony at UNICAMP. The mice were maintained on a 12 hour
light/dark cycle (lights on 06:00-18:00 h), controlled temperature (22 + 1°C), and allowed free
access to water and standard laboratory chow (Rodent chow; Nutrilab, Colombo, Brazil) ad libitum.
At 60 days, mice were distributed into two groups: mice that received 2% of TAU in their drinking

water for 30 days (TAU group) and those that received only water (CTL group).

General nutritional parameters

Body weight, food and water intake were measured during the experimental period (30 days)
and expressed by the area under the curve (AUC) of total body weight and food and water intake,
respectively, during the 30 days of the treatment. At the end of the supplementation period, fasted
and fed mice were decapitated, their blood collected and plasma was stored at -20 °C. Total plasma
protein and plasma albumin were measured using standard commercial kits, according to the
manufacturer’s instructions (Laborlab, Guarulhos, SP, Brazil). Plasma glucose was measured using
a glucose analyzer (Accu-Chek Advantage, Roche Diagnostic, Switzerland), insulin was measured
by RIA, and glucagon plasma concentration was quantified by commercial kit (Linco Research, St.

Charles, MO, USA).

TAU plasma levels

To measure TAU plasma concentrations in fed and fasted conditions, 200 ul of plasma were
deproteinized by adding 200 pl of 25% trichloroacetic acid solution and were then centrifuged at
21,000 g for 10 min. Supernatant (100 pl) was collected and mixed with sample loading buffer (100

ul) (Biochrom 20 reagent kit, Cambridge, UK). An aliquot of 25 pl of the mixture was then resolved
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by liquid chromatography on a Biochrom 20 plus amino acid analyzer (Amersham Pharmacia,
Piscataway, NJ, USA). Amino acid standards were analyzed first, followed by the samples. Amino

acids were quantified using Biochrom 20 control software, version 3.05.

Intraperitoneal glucose (ipGTT) and insulin tolerance test (ipITT)

For ipGTT, blood glucose levels (time 0) were measured (as previously described) in
overnight fasted mice. A glucose load of 2 g/kg body weight was then administered by ip injection
and additional blood samples were collected at 15, 30, 60, 120 and 180 min. For ipITT, fed mice
were injected with 0.75 U/Kg body weight of human insulin (Biohulin R, Biobrds, Brazil). Blood
samples were collected before insulin injection and at the times 15, 30, 60 and 90 min for glucose
analysis. The glucose disappearance rate (Kj;) was calculated using the formula, 0.693/t;,,. Glucose
ti2 was calculated from the slope of the least-squares analysis of plasma glucose concentrations

during the linear decay phase (Bonora et al., 1987).

Islet isolation, static insulin and glucagon secretion

Islets were isolated by collagenase digestion of the pancreas, as described (Bordin et al., 1995).
For static incubations, groups of four islets were first incubated for 30 min at 37 °C in Krebs-Ringer
bicarbonate (KRB) buffer with 2.8 mmol/l glucose and 3 g of BSA/], and equilibrated with a
mixture of 95% 02/5% CO?2 to give pH 7.4. This medium was then replaced with fresh buffer and
the islets incubated for 1 h under the following conditions: glucose 2.8 mmol/l alone or with L-
leucine (10 mmol/I), BCH (10 mmol/l; a non-metabolized analog of L-leucine), L-glutamine (10
mmol/l), AOA (10 mmol/l), and ATP (10 pumol/l); and glucose (22.2 mmol/l) with or without
glucagon (43 pmol/l). At the end of the incubation period, the insulin content of the medium was

measured by RIA. For glucagon analyses, groups of 15 islets were incubated for 30 min in 250 ul of
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KRB buffer with 5.6 mmol/l glucose. This medium was then replaced with 250 pl of fresh buffer

and the islets were further incubated with 0.5 mmol/l glucose for 1 h. Glucagon release was

measured as previously described and results were expressed as pg/15 islets.h (Hoy et al., 2001).

Dynamic insulin secretion studies

Groups of 50 freshly isolated islets were placed on Millipore SW 1300 filters (8.0 pm pore)
and perifused in a KRB buffer at a flow rate of Iml/min for 30 min in the presence of 2.8 mmol/l
glucose (basal conditions). After this period, the islets were perifused with 22.2 mmol/l of glucose,
or 10 mmol/l of L-leucine, or 10mmol/l of L-leucine and 10 mmol/l of L-glutamine, as indicated in
the figure legends and Results section. Perifusion solutions were gassed with 95% 0,/5% CO; and

maintained at 37 °C. Insulin release was measured by RIA.

Islet insulin, total protein and DNA content

Groups of 4 islets were collected and transferred to tubes of 1.5 ml. Deionized water (1 ml)
was added to the samples, followed by sonication of the pancreatic cells (3 times, 10 sec pulses),
and the islet insulin content was measured by RIA. For protein quantification, groups of 15 islets

were transferred to tubes of 0.6 ml, 25 ul of NaOH 1 mol/l were added to the tubes, and the samples

were stored at -20 °C. On the day of the protein assay, 25 pl of HC1 1N were added to the samples,
and islet total protein was quantified by the Bradford method (Bradford, 1976). DNA was measured

using fluorimetric probes and a standard curve of known DNA concentrations.

ATP and ADP levels
To determine ATP and ADP concentrations, groups of 150 islets were preincubated for 30 min

at 37 °C in a KRB solution with 2.8 mmol/l glucose, the solution was then replaced by fresh buffer
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containing 22.2 mmol/l glucose (gassed with a mixture of 95% O,/5% CO;) and incubated for 15

min. At the end of the incubation period, the supernatant was discarded and the islets were frozen in
liquid nitrogen. Before chromatographic analysis, islets were resuspended in 1 ml of a solution
containing 50 mmol/l KH,PO4 and 25 mmol/I citric acid (pH 4.5). The mixture was kept in a water
bath (85°C) for 2 min and the pellet of islets was then lysed by mechanical stress and filtered
through a 0.45 pm Millex filter (Millipore, Milford, MA, USA). Subsequently, 200 pl of filtrate
were mixed with 20 pl of 2-chloroacetaldehyde solution and heated at 80°C for 20 min (Kawamoto
et al., 1998; Katayama et al., 2001). An aliquot of 25 pl of the reaction mixture was then resolved by
liquid chromatography.

Chromatography: Chromatographic analyses were carried out on a Waters Alliance equipment
series 2695 (Milford, MA, USA) equipped with a quaternary pump, a sampler manager, a degasser,
and a Waters 2475 fluorescence detector model. The fluorescence of derivative compounds (ATP,
ADP) was monitored with excitation and emission wavelengths set at 280 and 420 nm, respectively.
Chromatographic separations of the compounds were achieved at room temperature, using a
reversed-phase Cosmosil 5C18-MS column (150 x 4.6 mm id.; 5 pm particle size) with a Cosmosil
guard column (5C18-MS 10 x 4.6 mm) purchased from Phenomenex (Torrance, CA, USA). The
column was equilibrated and eluted under gradient conditions using a flow rate of 1 ml/min. The
standards and samples were separated using a gradient mobile phase consisting of methanol (A) and
a solution of 50 mmol/l KH,PO4 and 25 mmol/l citric acid (pH 4.5) (B), which was prepared
immediately before use and filtered through a 0.45 pm filter (Millipore, Milford, MA, USA). The
gradient conditions were: 0—4 min, 2% A; 4-12 min linear gradient, 2-15% A; 17-18 min
reconditioning step of column was 2% A isocratic for 2 min. The chromatographic run time for each
analysis was 20 min. Aliquots of 25 pl were injected into the HPLC system. System control, data

acquisition, and processing were performed with a PC-Pentium IV Processor personal computer
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from Dell, operated with Microsoft Windows XP version 2003 and Waters Empower 2002

chromatography software.

Glucose and L-leucine oxidation

Glucose and L-leucine oxidation were measured by the rate of formation of '*CO, from D-[U-
"Clglucose (20 pCi/ml) or L-[U-"*CJleucine (8 pCi/ml) by the islets. Groups of 25 islets were
incubated for 2 h at 37 °C in 30 pl of KRB supplemented with 22.2 mmol/l of glucose or 10 mmol/l
of L-leucine. After incubation, metabolism was stopped with HCI for cell cleavage. *CO, liberated
was absorbed by NaOH and the NaH'“CO; obtained was measured by liquid scintillation in a B

radiation counter.

Uptake of 45Ca by isolated islets

Groups of 150 to 200 islets, derived from the same batch of islets, were preincubated for 30
min at 37 °C in a KRB buffer containing 2.8 mmol/l of glucose, pH 7.4. The islets were then
incubated for 5 min and 1h in 200 ul of the same medium containing *CaCl, (60 uCi/ml) and 22.2
mmol/l glucose. At the end of the incubation period, 800 ul of ice-cold medium containing 2 mmol/l
of LaCl; (pH 7.4) was added to stop the reaction. The medium was then removed and an aliquot was
saved to determine the amount of **Ca in the solution. The islets were subsequently washed three
times with fresh ice-cold La**-containing medium and islets were then placed in a Petri dish and
groups of ten islets were transferred to counting vials containing 1 ml of EGTA 0.5 mmol/l. The

uptake of **Ca was expressed as pmol Ca* per islet per time of the incubation.

Western blotting
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Pools of islets were transferred to tubes containing protease inhibitor buffer (Amaral et al.,
2003). Samples were sonicated (3 times, with 10s pulses) and the protein was determined by the
Bradford method using BSA as the standard. For SDS gel electrophoresis and Western blot analysis,
the samples were homogenized with a loading buffer containing DTT. After heating to 95 °C for 5
min, the proteins were separated by electrophoresis (55 pg protein/lane, 10% gels). Following
electrophoresis, proteins were transferred to nitrocellulose membranes. The membranes were
subsequently blotted with specific polyclonal antibodies to the [, subunit of the voltage sensitive
Ca** channel (1:1,000; Sigma Chemicals, St Louis, MO, USA), GLUT 2 (1:1,000; Calbiochem, San
Diego, CA, USA) or GCK (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Visualization of specific protein bands was performed by incubating the membranes with goat anti-
rabbit secondary antibody (1:10,000; Zymed Laboratories, Inc., San Francisco, CA, USA) and
detecting with 1 ml enhanced chemiluminescence reagents (Pierce Biotechnology, USA) followed
by exposure to X-ray film (Kodak, AM, Brazil). The band intensities were quantified by optical
densitometry (Scion, Image, Frederick, MD, USA). After assay of the target proteins, Western
blotting was repeated using B-actin (1:10,000, Abcam, Cambridge, MA, USA) antibody as an

internal control.

Statistical analysis
The results are presented as means = SEM for the number of determinations (n) indicated. The
statistical analyses were performed using unpaired Student’s t-test, and the level of significance was

set at P < 0.05.

Results

Mice features
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Food and water intakes were similar between the two groups during the period of TAU
supplementation (data not shown). At the end of this period, body size and weight, as well as
various organ weights (liver, spleen, heart, kidneys, and retroperitoneal and periepididimal fats)
were not different between TAU-supplemented and CTL mice (data not shown). Plasma parameters,
such as fasted and fed insulin, fasting glucose, albumin and total protein were also similar between
the two groups (Table 1). Glucagon plasma levels from fasted, but not fed, TAU-supplemented mice
were 35% higher than CTL (P < 0.005) (Table 1). Table 1 shows that the supplementation
methodology applied in our study efficiently increased plasma TAU concentrations, since TAU
plasma levels in fasted and fed supplemented mice were approximately 3 times higher, compared

with CTL mice (P < 0.05).

Glucose homeostasis

At the end of the experimental period, CTL and TAU-supplemented mice were submitted to an
ipGTT and ipITT. After glucose load, plasma glucose concentration reached maximal levels at 30
min in both groups. However, the TAU-supplemented mice showed lower glucose values at 15, 30,
60 and 120 min, compared with CTL mice (Figure 1 (A)). The area under the curve (AUC) of the
glucose plasma levels during the ipGTT in TAU was 37% lower than the CTL group (P < 0.01).
After insulin administration (ipITT), plasma glucose showed a constant decrease between min 15 to
min 60 in both mice groups (Figure 1 (B)). The glucose decrease was significantly higher in TAU-
supplemented than in CTL mice with a Kj; of 1.9 + 0.4 and of 0.4 £ 0.2 %/min for TAU-

supplemented and CTL mice, respectively (P < 0.02).

Insulin and Glucagon secretion
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Figure 2 (A) shows that the increase in glucose concentrations from 2.8 to 22.2 mmol/l
induced a biphasic insulin secretion in both types of islets (min 25 to 90). This biphasic secretion is
represented by a first prominent phase, followed by a period where the secretion was lower than the
first phase, but still higher than the adaptation period (min O to 25). During the stimulatory period
with 22.2 mmol/l glucose, the insulin secretion was significantly higher in TAU-supplemented than
CTL islets. The AUC for insulin released during min 25 to 90 of perifusion was 319 + 24 and 125 £
11 ng/50 islets.min™, respectively (P < 0.0001). When dynamic insulin release induced by 10
mmol/l of L-leucine was analyzed (Figure 2 (B)), a similar biphasic secretion was observed in both
types of islets. Again, the insulin secretion was significantly higher in islets from TAU-
supplemented compared with CTL mice. The sum of insulin released (AUC) during the stimulatory
period with L-leucine was 129 + 20 and 44 + 7 ng/50 islets.min™", respectively (P < 0.008).

L-leucine is known to stimulate insulin secretion by two mechanisms; firstly, by L-leucine
catabolism and secondly by allosteric activation of glutamate dehydrogenase (GDH), resulting in an
increase of the catabolism of L-glutamate synthesized from L-glutamine (Sener and Malaisse,
1980). As such, to discriminate whether the higher L-leucine-induced insulin secretion in TAU-
supplemented islets was due to a possible alteration in GDH activity and/or L-leucine metabolism,
dynamic and static insulin release was analyzed in the presence of GDH activators and L-leucine
metabolism inhibitors.

The L-leucine-induced dynamic insulin secretion in TAU and CTL islets was similar when the
perifusion medium contained 10 mmol/l L-glutamine (Figure 2 (C)). In static experimental
conditions, increased insulin secretion in response to L-leucine in TAU islets was confirmed. Figure
3 shows that, at 2.8 mmol/l glucose, the increment in the insulin secretion induced by 10 mmol/l L-
leucine was significantly higher in TAU than CTL islets (P < 0.03). Although significantly higher

than basal conditions (2.8 mmol/l glucose alone), the insulin secretion induced by 10 mmol/l BCH
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(a stimulator of GDH), or the combination of BCH and 10 mmol/l L-glutamine (a substrate for
GDH), was similar in both types of islets. The L-leucine induced secretion was also similar in both
groups when the islets were incubated in the presence of BCH and L-glutamine. Finally, the addition
of AOA (a transaminase inhibitor) significantly reduced the insulin secretion to similar levels to
those obtained when only GDH activity was present.

Glucagon release in response to 0.5 mmol/l glucose was higher in islets from TAU-
supplemented mice, compared with CTL islets (491 £ 16; 375 + 34 pg/15 islets.h, respectively; P <
0.01). To verify the stimulatory effect of glucagon on insulin secretion, islets were incubated in the
presence of 22.2 mmol/l glucose and 43 pmol/l glucagon (a concentration close to that observed in
the plasma of fasted mice). Glucagon-induced insulin secretion was 43% higher in TAU-

supplemented than CTL islets (16.7 £ 1.6 vs 11.6 + 1.7 ng/islet.h, respectively; P < 0.05).

D-[U-"C Jglucose and L-[ U-"*C]leucine oxidation, ATP and ADP islet levels, GLUT 2 and GCK
protein expression

D-[U-"Clglucose oxidation in response to 22.2 mmol/l glucose was similar between groups
(353+£4.1,;40.2 £5.9 pmol/islet/Zh'l, for TAU and CTL, respectively), whereas L—[U—14C]leucine
oxidation in the presence of 10 mmol/l of L-leucine was 28% higher in TAU compared with CTL
islets (22.9 £ 1.6 and 17.8 = 0.8 pmol/islet/2h'1, respectively; P < 0.008). The ATP concentration
and the ATP-to-ADP ratio in the presence of 22.2 mmol/l of glucose were similar in TAU and CTL
islets after 15 min of incubation (Table 2). In addition, the GLUT 2 and GCK protein expressions

were similar in the TAU and CTL groups (Figure 4 (A) and (B)).

Islet insulin and total protein content
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Total insulin content was 48% higher in TAU compared to CTL islets (130 £ 9; 87 + 10

ng/islet, respectively; P < 0.005). Protein and DNA content did not differ between TAU and CTL
islets (0.28 £ 0.01 and 1.14 = 0.1 vs 0.25 £ 0.01 pg/islet and 1.02 + 0.07 ng/islet, respectively),

indicating that TAU supplementation did not alter islet cell mass.

Ca uptake and Ca** channel protein expression

Ca uptake by TAU-supplemented and CTL islets at 22.2 mmol/l glucose after 5 min
incubation was similar (1.54 +0.21 vs 1.32 + 0.12 pmol *Ca/islet.5 min, n = 37 - 33; respectively).
However, after 1 h of incubation (representing the steady state), “°’Ca uptake by TAU islets was
significantly higher than CTL islets (Figure 5, P < 0.009). Western blotting analysis revealed that
the expression of the B, subunit of the L-type voltage sensitive Ca** channel was significantly higher
in TAU-supplemented, compared with CTL islets (P < 0.04) (Figure 4 (C)). B-actin protein

expression, measured in parallel, did not differ.

Discussion

The current work highlights the importance of TAU supplementation for pancreatic islet
functionality. In agreement with other experimental models (Anuradha and Balakrishnan, 1999;
Nakaya et al., 2000; Tsuboyama-Kasaoka et al., 2006; Loizzo et al., 2007; Carneiro et al., 2008),
our study also demonstrates that TAU supplementation enhances glucose tolerance and insulin
sensitivity in vivo.

Hypoglycemic properties of TAU have been suggested to be mediated by the interaction of
TAU with the insulin receptor (Maturo e Kulakowski, 1988). Since neonatal TAU-treated mice
demonstrate lower basal glucose plasma levels and increased glucose tolerance, it has been

suggested that TAU programs glucose metabolism (Loizzo et al., 2007). It has also been reported
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that this amino acid amplifies insulin action and, in insulin-resistant rodents, TAU supplementation
normalizes plasma insulin and glucose levels, insulin sensitivity, blood pressure, and improves
hypercholesterolemia and energy expenditure in obesity (Anuradha and Balakrishnan, 1999; Nakaya
et al., 2000; Nandhini and Anuradha, 2002; Nandhini et al., 2005; Tsuboyama-Kasaoka et al.,
2006).

TAU supplementation in our study increased fasting plasma glucagon levels, a hormone
released during hypoglycemia that induces hepatic glucose output (Barg, 2003; Gromada et al.,
2007). Thus, by enhancing glucagon levels, TAU exerts a possible dual effect on glucose
homeostasis; firstly in the fed state, by increasing glucose uptake, utilization, and/or storage, and
secondly under fasting conditions, where it increases hepatic glucose mobilization, avoiding
undesirable hypoglycemia.

High glucose tolerance in supplemented mice may account for a possible alteration in glucose-
induced insulin secretion by pancreatic islets. Despite the fact that TAU supplementation did not
alter insulin plasma levels, insulin secretion analyzed in vitro showed that supplementation
improved B-cell sensitivity to fuel secretagogues.

In dynamic studies, the islets from TAU-supplemented mice showed an increase in the first
phase and in the total insulin secretion in response to glucose (Figure 2). These alterations are not
due to modifications in GLUT 2 and GCK expression, glucose oxidation and ATP content, nor the
ATP-to-ADP ratio; however, they may be due to high *>Ca uptake after 1 h of incubation in the
presence of glucose. This enhanced Ca®* influx probably results from the high Ca®* voltage-
dependent channel expression in the plasma membrane of the TAU islets.

Glucose-stimulated biphasic insulin secretion depends, at least, on two signaling pathways: the
ATP-sensitive K" (Karp) channel-dependent pathway that involves glucose metabolism and an

increase in [Ca’*]i that results in the first phase of insulin secretion, and the Karp channel-
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independent mechanisms that work synergistically with the former and involve an increase in
[Ca®]i together with intracellular signals originating from glucose metabolism, culminating with
second-phase release (Straub e Sharp, 2002). The glucose-induced increase in [Ca**]i in pancreatic
B-cells is usually manifested as slow oscillations that, in turn, provoke oscillations in insulin plasma
levels, which are important for the action of insulin in peripheral tissues (Ahmed et al., 1999;
Tengholm and Gylfe, 2008). Thus, we suggest that increased insulin secretion and the high
oscillatory insulin release profile in the TAU group (Figure 2) could be due to a better handling of
Ca2+, in combination with elevated insulin content in these islets.

The relationship between TAU and Ca®* regulation has been documented. In many tissues,
TAU markedly affects the kinetics of Ca®* movement across both cellular and subcellular
membranes. In cardiac cells, TAU is an agonist of the Ca®* current and delayed rectified K* current
at low [Ca®*]i, whereas at high [Ca®']i, TAU inhibits both types of currents resulting in the
prolongation of the duration of the action potential (Satoh, 1998). In isolated rat liver mitochondria,
TAU enhanced Ca®* uptake via the uniport system (Palmi et al., 1999). In rat pancreatic p-cells,
TAU increased insulin secretion and Ca** oscillation via inhibition of the Karp channels due to its
interaction with a benzamido-binding site on SUR1 (Park et al., 2004). TAU also restores impaired
glucose-induced insulin secretion in uncoupling protein 2-overexpressing B-cells by inducing Ca**
sequestration into the mitochondrial matrix (Lee et al., 2004). Our work is the first to show that this
amino acid increases the expression of the B, subunit of the Ca®" voltage-dependent channels, in
parallel with an increase in Ca®* handling by the islets, in accordance with recent observations
(Carneiro et al., 2008).

Furthermore, these data also provide new information regarding TAU effects upon islet
hormone secretion. We observed that, at low glucose concentration, TAU-supplemented islets

secreted more glucagon than CTL. It is known that the control of glucagon secretion is multifactorial
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and involves direct effects of nutrients, hormones and neurotransmitters. In alpha(a)-cells the closure
of Karp-channels, due to an increased ATP-to-ADP ratio, leads to membrane depolarization and
activation of voltage-dependent Na* and N-type Ca®* channels that contribute to the generation of
action potentials, increased [Ca®*]i, and finally glucagon secretion (Gromada et al., 2007). In addition
to the glucagon action in hepatic glucose output, a possible paracrine effect of this hormone in 3-cell
increasing insulin release is suggested (Kawai et al., 1995; Cabrera et al., 2006). This hypothesis is
supported by studies that demonstrate the presence of the glucagon receptor in 3-cells (Moens et al.,
1996; Moens et al., 1998), and a decreased glucose-stimulated insulin secretion in human islets in the
presence of a glucagon receptor antagonist (Huypens et al., 2000). Thus, the observations that TAU-
supplemented islets release more glucagon at low glucose and that these islets secreted more insulin
when incubated at high glucose in the presence of glucagon suggests that TAU supplementation
improves whole endocrine hormone sensing to nutrients and possible glucagon paracrine effects on

insulin secretion.

In B-cells, glucagon acts via a G protein-coupled receptor, increasing intracellular cAMP levels
that culminate with protein kinase A (PKA) activation (Moens et al., 1996). PKA contributes to
enhance insulin secretion activating the exocytotic machinery and Ca®* flux (Dyachok and Gylfe,
2004; Wan et al., 2004; Hatakeyama et al., 2006). It is known that PKA phosphorylates Ca®* channel
subunits and may increase open channel probability (Gao et al., 1997; Felix, 2005). As such, a
combination between increased glucagon paracrine action in the 3-cell, PKA activation, and increased
Ca” channel protein expression may contribute to enhance Ca”* uptake and insulin secretion in the

presence of high glucose in TAU-supplemented islets.

L-leucine is the most potent amino acid secretagogue of insulin and this is due to its ability to

activate GDH, associated with the generation of ATP by its own metabolism (Sener and Malaisse,
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1980). We observed that TAU islets secreted more insulin than CTL when stimulated by L-leucine,

and that this alteration is probably due to high L-leucine catabolism without alterations in GDH
activity in the TAU group. This hypothesis is supported by the fact that insulin secretion was not
different between groups when carried out in the presence of a non-metabolizable analog of L-
leucine, BCH (Liu et al., 2003), or with the combination of BCH with L-glutamine. This is also
supported by static and dynamic studies when islets were perifused or incubated with L-glutamine
plus L-leucine with or without BCH, a condition in which L-leucine-induced insulin release occurs
predominantly via GDH alosteric activity, since L-glutamine decreases L-leucine oxidation
(Macdonald et al., 2008). These results together with the similar insulin release between groups in
the presence of the stimulus, BCH/L-glutamine/L-leucine plus AOA, when L-leucine metabolism
was abolished, indicate that TAU supplementation may enhance L-leucine catabolism in islets.
Thus, TAU supplementation modifies L-leucine-induced insulin secretion by increasing substrate
flux to feed the Krebs cycle, in turn, enhancing L-leucine degradation in islet cells.

In conclusion, we demonstrate that increasing plasma TAU levels by supplementation
modifies B-cell sensitivity to glucose and L-leucine. In glucose-induced insulin secretion, TAU
supplementation may alter Ca** handling. However, the increase in the islet catabolism of L-leucine
amino acid may be the main alteration provoked by TAU regarding L-leucine-induced release. In
parallel, glucagon release was increased in TAU-supplemented islets and may also account for the
increased insulin secretion from B-cells. These data support the presumable role of TAU in
improving [-cell function in type II diabetes and pre-diabetic states that present a decreased ability

to release insulin in response to glucose and L-leucine.
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Table 1. Plasma glucose, insulin, glucagon, TAU, albumin and total protein concentrations in fasted

and fed CTL and TAU-supplemented mice.

CTL TAU
Fasted 83.8+£6.5 86.6 £ 3.6
Glucose (mg/dl)
Fed 124.1 +£4.3 1253 +423
Fasted 0.34 £ 0.07 0.31 £0.05
Insulin (ng/ml)
Fed 3.0+£04 3.0+0.5
al ( ) Fasted 68.6 +7.4 105.3 £4.3*
ucagon m
gon (pg/ Fed 95.5+8.3 107.1 £10.5
Fasted 27+04 8.4 +0.8*
TAU (pmol/ml)
Fed 35+£0.5 9.6 £2.0*
Albumin (g/dl) 24+0.1 2.5+0.1
Total proteins (g/dl) 49+0.2 4.8+0.1

Data are means = SEM (n=3-12). * P <0.05 vs CTL.
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Table 2. ATP, ADP concentrations and ATP-to-ADP ratio in islets from CTL and TAU-

supplemented mice. Islets were incubated with 22.2 mmol/l glucose for 15 min.

CTL TAU

ATP (pmol/islet) 1.40 £ 0.17 1.54 +£0.16

ADP (pmol/islet) 2.22+0.17 2.77+0.25

ATP-to-ADP ratio 0.59 +0.04 0.58 £0.02

Data are means + SEM of 10 values from three independents experiments.
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Figure Legends

Figure 1. Effect of TAU supplementation on glucose tolerance and insulin sensitivity.
Figures A and B represent changes in plasma glucose levels during ipGTT and ipITT, respectively.

Data are means + SEM obtained from 8 mice. * P < 0.05 indicates significant difference vs CTL.

Figure 2. Dynamic insulin release induced by 22.2 mmol glucose (G) (A); 2.8 mmol/l glucose and
10 mmol/l L-leucine (B); and by 2.8 mmol/l glucose, 10 mmol/l L-leucine and 10 mmol/l L-
glutamine (C) in islets from TAU-supplemented and CTL mice. Data are means + SEM obtained

from 4 independent experiments. * P < 0.05 indicates significant difference vs CTL.

Figure 3. Comparative effects of the GDH activity and L-leucine metabolism on insulin secretion in
response to L-leucine.

Islets were incubated with 2.8 mmol/l glucose (G) and/or stimulated with a combination of L-
leucine, BCH, L-glutamine and AOA (10 mmol/I for all stimuli). Data are means + SEM (n = 14 for

each group). * P < 0.05 indicates significant difference vs CTL.

Figure 4. (A) GLUT 2, (B) GCK, (C) B2 subunit of voltage-dependent Ca®* channel (Caypr) and -

actin protein expressions. * P < 0.05 indicates significant difference vs CTL.

Figure 5. Islet **Ca uptake after 1 h of incubation in the presence of 22.2 mmol/l glucose. Data are
means + SEM of 25 - 21 observations for TAU-supplemented and CTL islets, respectively. * P <

0.05, significant difference vs CTL.
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Abstract

Taurine (TAU) supplementation increases insulin secretion in response to high glucose
concentrations in rodent islets. This effect is probably due to an increase in Ca®* handling by the
islet-cells. Here, we investigated the possible involvement of the cholinergic/Phospholipase (PL) C
and protein kinase (PK) A pathways in this process. Adult mice were fed with 2% TAU in drinking
water for 30 days. After, the mice were sacrificed and pancreatic islets isolated by the collagenase
method. TAU-supplemented islets showed higher insulin secretion in the presence of 8.3 mmol/l
glucose, 100 umol/l carbachol (Cch), and 1 mmol/l IBMX. The increase in insulin secretion in
response to Cch in TAU-supplemented islets was accompanied by a higher intracellular Ca**
mobilization and PLCp, protein expression. The Ca’" uptake was higher in TAU islets in the
presence of 8.3 mmol/l glucose, but similar when the islets were challenged by glucose plus IBMX.
TAU islets also showed an increase in the expression of PKAa protein. This protein may play a role
in cation accumulation, since the amount of Ca®* in these islets was significantly reduced by the
presence of the PKA inhibitor, H89. In conclusion, TAU supplementation increases insulin secretion
in response to glucose, favoring both influx and internal mobilization of Ca**, and these effects seem

to involve the activation of both PLC/IP; and cAMP/PKA pathways.

Introduction

Insulin secretion from pancreatic B-cells is regulated by several factors including fuels,
hormones, and neurotransmitters. These agents modify the intracellular concentrations of several [3-
cell regulators such as Ca>*, phospholipids, and cyclic nucleotides that influence the amplitude and

shape of the insulin secretory response (Jones and Persaud, 1998; Tengholm and Gylfe, 2009).
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Ca”™ influx contributes to the insulin secretory process, regulating the docking and fusion of

the secretory granules with the plasma membrane (Rorsman and Renstrom, 2003), whereas Ca**
mobilized from intracellular stores is essential for the replenishment of the readily releasable pool of
secretory granules (Gromada et al., 1999). In addition, Ca®* contributes to the amplification of
secretion by activating several enzymes such as the PLC and adenylyl cyclase (AC), which generate
the intracellular messengers, inositol-1,4,5-triphosphate (IP3) plus diacylglycerol (DAG), and
cAMP, respectively (Leech et al., 1999; Rhee, 2001; Delmeire et al., 2003; Thore et al., 2005;
Thore et al., 2007).

Various hormones and neurotransmitters acting through specific receptors, located at the
plasma membrane, potentiate insulin secretion via stimulation of PLC, generating IP; and DAG
(Jones and Persaud, 1998). IP; mediates rapid mobilization of Ca®* from the endoplasmatic
reticulum, whereas DAG stimulates PKC (Liu and Gylfe, 1997; Berridge et al., 2003). PLC
contributes to the insulin secretion not only when membrane receptors are activated, but also when
the intracellular Ca®* concentration ([Caz+]i) increases in response to glucose (Thore ez al., 2007).

Evidence points to an interrelationship between cAMP and [Ca2+]i. It is known that
cAMP/PKA mobilizes Ca** from intracellular stores and regulates the activity of the L-type Ca**
channels (Ammala et al., 1993; Leiser and Fleischer, 1996; Gao et al., 1997; Dyachok and Gylfe,
2004). cAMP also alters the [Ca®*]i, modifying Ca** oscillations from slow to fast in the presence of
stimulatory glucose concentrations (Grapengiesser et al., 1991). In addition, PKA contributes to the
first phase of insulin secretion, phosphorylating some proteins involved in the exocytotic process
(Seino and Shibasaki, 2005; Hatakeyama et al., 2006).

TAU, a naturally occurring sulfur-containing amino acid, regulates several biological
processes, including osmolarity (Schaffer et al., 2000), Ca** binding and transport (Satoh, 1998;

Satoh and Sperelakis, 1998; Palmi et al., 1999), ion channel activity (Lee et al., 2004; Park et al.,
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2004), insulin secretion, and glucose homeostasis (Loizzo et al., 2007; Carneiro et al., 2008; Ribeiro
et al., submitted). Previous data from our laboratory have shown that TAU supplementation
improves glucose tolerance and insulin sensitivity in mice and increases nutrient-induced insulin
secretion in isolated islets. TAU-supplemented islets show increased Ca®* uptake and higher
expression of the L-type P, subunit Ca** channel (Ribeiro er al, 2008). It has also been
demonstrated that TAU affects the kinetics of Ca** movement in different tissues (Satoh, 1998;
Satoh and Sperelakis, 1998; Palmi et al., 1999; Lee et al., 2004). Despite reports of a regulatory role
of TAU in insulin secretion and Ca>* handling (Carneiro et al., 2008; Ribeiro et al., submitted), little
is known about its effects on cholinergic/PLC and PKA pathways in B-cells. These mechanisms
regulate and are regulated by [Ca**]i in B-cells (Ammala er al., 1993; Leiser and Fleischer, 1996;
Gao et al., 1997; Dyachok and Gylfe, 2004; Thore et al., 2007; Dyachok et al., 2008).

In this study, we confirm that TAU-supplementation increases insulin secretion in response to
glucose in isolated islets. We also show that the secretory capacity and Ca®* handling in these islets
were higher in conditions in which IP; and cAMP production was increased. Data indicate that TAU
modulation of these processes seems to be linked to the activation of cholinergic/PLC and PKA

pathways.

Materials and Methods
Materials

#CaCl, and "I human insulin were purchased from Amersham International (Little Chalfont,
Bucks, UK). Routine reagents, phorbol 12-myristate 13-acetate (PMA), Cch, Forskolin and 3-isobutyl-
I-methyl-xanthine (IBMX), N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline sulfonamide (H89)

were purchased from Sigma Chemical (St Louis, MO, USA).
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Animals

All experiments were approved by the ethics committee at UNICAMP. Three-week-old Swiss
mice were obtained from the colony at UNICAMP. The mice were maintained on a 12 hour
light/dark cycle (lights on 06:00-18:00 h), controlled temperature (22 = 1°C), and allowed free
access to water and standard laboratory chow (Rodent chow; Nutrilab, Colombo, Brazil) ad libitum.
At 60 days, mice were distributed into two groups: mice that received 2% of TAU in their drinking

water for 30 days (TAU group) and those that received only water (CTL group).

Islet isolation and static insulin secretion

Islets were isolated by collagenase digestion of the pancreas. For static incubations, groups of
four islets were first incubated for 30 min at 37 °C in Krebs-Ringer bicarbonate (KRB) buffer with
2.8 mmol/l glucose and 3 g of BSA/I, and equilibrated with a mixture of 95% 0,/5% CO; to give pH
7.4. This medium was then replaced with fresh buffer and the islets incubated for 1 h under the
following conditions: glucose (8.3 mmol/l) alone or with Cch (100 pmol/1), PMA (100 nmol/l),
Forskolin (10 umol/l) and IBMX (1 mmol/l). At the end of the incubation period, the insulin content

of the medium was measured by RIA.

Dynamic insulin secretion

Groups of freshly isolated islets were placed on Millipore SW 1300 filters (8.0 um pore) and
perifused at a flow rate of 1ml/min with KRB buffer gassed with 95% 0,/5% CO,, pH 7.4 and
maintained at 37 °C. To verify dynamic insulin secretion in response to increased [Ca**]i induced by
Cch, groups of 70 islets were perifused with Ca**-free KRB buffer containing glucose 8.3 (mmol/l)
plus 250 umol/1 of diazoxide and 10 mmol/l EGTA, with or without 100 umol/l1 of Cch, as indicated

in the figure legends and Results section. In another experimental series, groups of 50 islets were
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perifused in a KRB containing 8.3 mmol/l glucose (basal condition) for 30 minutes and, after this
period, IBMX (1 mmol/l) or Forskolin (10 umol/l ) was added to the perifusion solution (for more

information, see figure legends). Insulin release was measured by RIA.

Uptake of *Ca

Groups of 150 to 200 islets, derived from the same batch of islets, were preincubated for 30
min at 37 °C in a KRB buffer containing 2.8 mmol/l of glucose, pH 7.4. The islets were then
incubated for 30 min in 200 pl of the same medium containing **CaCl, (60 uCi/ml) and 8.3 mmol/l
glucose alone or with IBMX (1 mmol/l) or H89 (10 umol/l). At the end of the incubation period,
800 pl of ice-cold KRB containing 2 mmol/l of LaCls (pH 7.4) was added to stop the reaction. The
medium was then removed and an aliquot was saved to determine the amount of *Ca in the
solution. The islets were subsequently washed three times with ice-cold KRB containing La’* and
islets were then placed in a Petri dish. Groups of ten islets were transferred to counting vials
containing 1 ml of EGTA 50 mmol/l. The uptake of **Ca was expressed as pmol Ca** per islet per 30

min of incubation.

Cytoplasmatic Ca’* Oscillations

Fresh pancreatic islets were incubated with fura-2/AM (5 pumol/l) for 1 h at room temperature
in KRB buffer containing glucose (5.6 mmol/l) and pH 7.4 and supplemented with BSA. Islets were
washed with the same medium and placed in a chamber that was thermostatically regulated at 37 °C
on the stage of an inverted microscope (Nikon UK, Kingston, UK). Islets were then perifused with
Ca®*-free KRB continuously gassed with 95% 0,/5% CO,, pH 7.4 (37°C) containing glucose (8.3

mmol/l) plus 250 umol/1 of diazoxide and 10 mmol/l EGTA with or without 100 pmol/l of Cch. A

ratio image was acquired approximately at every 5s with an ORCA-100 CCD camera (Hammamatsu
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Photonics Iberica, Barcelona, Spain), in conjunction with a Lambda-10-CS dual filter wheel (Sutter
Instrument Company, CA, USA), equipped with 340 and 380 nm, 10 nm bandpass filters, and a
range of neutral density filters (Omega opticals, Stanmore, UK). Data were obtained using the

ImageMaster3 software (Photon Technology International, NJ, USA).

Western blotting

Isolated islets from TAU and CTL groups were solubilized in 100 pul homogenization buffer
containing (in mmol/l): 100 Tris pH 7.5, 10 sodium pyrophosphate, 100 sodium fluoride, 10 EDTA,
10 sodium vanadate, 2 PMSF and1% Triton-X 100. The islets were disrupted using a Polytron PT
1200 C homogenizer (Brinkmann Instruments, NY, USA), employing 10s pulses for 3 times. The
extracts were then centrifuged at 12,600 g at 4°C for 5 min to remove insoluble material. The
protein concentration in the supernatants was assayed using the Bradford dye method and the
BioRad reagent. For SDS gel electrophoresis and Western blot analysis, the samples were treated
with a Laemmli sample buffer containing dithiothreitol. After heating to 95 °C for 5 min, the
proteins were separated by electrophoresis (55 pg protein/lane, 10% gels). Following
electrophoresis, proteins were transferred to nitrocellulose membranes. The nitrocellulose filters
were overnight treated with a blocking buffer (5% non-fat dried milk, 10 mmol/l Tris, 150 mmol/l
NaCl, and 0.02% Tween 20) and were subsequently incubated with rabbit polyclonal antibody to
PLCp, (1:500), or PKAa (1:500), or mouse monoclonal antibody to PKCa (1:1,000). All primary
antibodies used were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Visualization of specific protein bands was made by incubating the membranes for 2 h with a
peroxidase-conjugated secondary antibody (1:10,000; Zymed Laboratories, Inc., San Francisco, CA,
USA), followed by detection with enhanced chemiluminescence reagents (Pierce Biotechnology,

USA) and exposure to X-ray film (Kodak, AM, Brazil). The band intensities were quantified by
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optical densitometry (Scion, Image, Frederick, MD, USA). After assaying the target proteins,

Western blotting was repeated using rabbit monoclonal antibody to B-actin (1:10,000, Abcam,

Cambridge, MA, USA) as an internal control.

Statistical analysis
Results are presented as means =+ SEM for the number of determinations (n) indicated. The
statistical analyses were carried out using one way analysis of variance (ANOVA) followed by the

Tukey post test for multiple comparisons or Student’s t-test for two groups comparisons (P < 0.05).

Results
Insulin secretion in TAU-supplemented mice islets

Figure 1 shows the insulin secretion induced by sub- and supra-threshold glucose
concentrations. At basal glucose, insulin secretion was similar between groups. TAU-supplemented
islets released significantly more insulin in the presence of 8.3 and 22.2 mmol/l glucose, compared
with the CTL group (P < 0.03 and P < 0.01, respectively). Since, at a physiological concentration of
glucose (8.3 mmol/l), insulin released in TAU-supplemented islets was significantly different from

CTL islets this glucose concentration was used in all subsequent insulin release experiments.

Cch and PMA-induced insulin secretion
When the islets were incubated in the presence of 100 pmol/l Cch, insulin secretion was higher
in TAU-supplemented than CTL islets (Fig. 2; P < 0.001). However, the increment in insulin

secretion, induced by 100 nmol/l PMA (that activates PKC), was similar between groups.

Cch-induced intracellular Ca’* mobilization
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In the next series of experiments, we analyzed intracellular Ca** mobilization in TAU and CTL
islets. For this purpose, 100 pmol/l Cch was added to a perifusion system with a Ca**-free medium,
containing 8.3 mmol/l glucose, 250 pmol/l diazoxide, and 10 mmol/l EGTA. Figure 3A shows that
Cch-induced increase in [Ca**]i was higher in TAU-supplemented than in CTL islets. The area
under the curves (AUC) and the amplitude of [Ca®']i were significantly higher in TAU-
supplemented, compared with CTL islets (1.06 + 0.1 and 0.19 + 0.02 vs 0.61 + 0.08 F340/380.min™"
and 0.13 £ 0.01 AF340/380, respectively; P < 0.04). In accordance, the dynamic insulin release was
also higher in the TAU group, compared with the CTL group, when challenged with the same
concentrations of Cch (Fig. 3B). The AUC of the total insulin released (min 8 to 20) and peak of
secretion (at 9 min) were 24 + 3 and 4.3 + 0.5 vs 17 + 2 ng/70 islets.min” and 2.5 + 0.4 ng/50 islets,

respectively (P < 0.05), for TAU and CTL islets.

Forskolin and IBMX-induced insulin secretion

Forskolin (10 pmol/l) and IBMX (Immol/l), which increase cAMP by AC stimulation or by
phosphodiesterase inhibition (respectively), significantly stimulated secretion in both types of islets
(Fig. 4A). However, while the increase in insulin secretion provoked by IBMX was higher in TAU-
supplemented, compared with CTL islets (P < 0.05), the increment in the insulin secretion
stimulated by forskolin was similar in both groups (Fig. 4A). Using a perifusion system, we confirm
that IBMX-potentiated release was significantly higher in TAU-supplemented compared with CTL
islets (Fig. 4B). Total insulin release during min 15-50 was 842 = 152 and 359 * 139 ng/50
islets.min™', respectively (P = 0.05). Dynamic insulin release induced by Forskolin was also
analyzed (Fig. 4C). The amount of insulin secreted during forskolin perifusion time (min 15-50) was

similar between TAU and CTL islets (507 + 60 and 380 + 27 ng/50 islets.min™', respectively).
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IBMX and H89 effects on ¥’ Ca uptake

As previously observed, TAU-supplemented islets showed increased Ca®* uptake in the
presence of high glucose concentrations (Ribeiro, Bonfleur et al., submitted). In order to analyze the
involvement of PKA in Ca®" handling by the islets, we measured *°Ca uptake in the presence of 8.3
mmol/l glucose with or without agents that stimulate (IBMX) or inhibit (H89) PKA. At 8.3 mmol/l
glucose, the Ca** uptake was higher in TAU than CTL islets (Table 1; P < 0.02). IBMX significantly
increased Ca®* uptake in TAU-supplemented and CTL islets by 32% and 58%, compared with the
respective controls (glucose alone) (Table 1). At the end of the incubation period, both groups of
islets reached similar values of Ca** uptake. The administration of H89 significantly reduced Ca®*
uptake in TAU-supplemented, but only marginally in CTL islets. These results indicated that the
participation of the cAMP/PKA pathway in Ca* influx, in response to glucose, was higher in TAU-

supplemented than in CTL islets.

PLCp;, PKCa and PKAo. protein expression
Western blotting analysis shows that the expressions of PLCp, (Fig. 5SA) and PKAa (Fig. 5C)
were two-fold higher in TAU-supplemented compared with CTL islets (P < 0.02 and P < 0.002;

respectively), whereas the expression of PKCa was similar between groups (Fig. 5B).

Discussion

Recently, we demonstrated that pancreatic islets from TAU-supplemented mice secreted more
insulin in response to glucose and that this effect seems to be linked to a higher Ca** mobilization.
We also showed increased protein expression of the B, subunit of the L-type Ca®* channel in these
islets (Ribeiro et al., submitted). Here, we investigated the mechanisms involved in the higher

insulin release in TAU-supplemented islets; the main findings presented of this study suggest that
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TAU supplementation increases the [-cells sensitivity to cholinergic/PLC and cAMP/PKA pathways

with a higher Ca®* recruitment from intra- and- extracellular compartments.

In B-cells, Cch provokes an increase in [Ca**]i in a biphasic manner. The first phase occurs by
a rapid mobilization of intracellular Ca2+, induced by IP;3, and the second one depends on Ca’" influx
through the store-operated channels located at the cell plasma membrane (Liu and Gylfe, 1997). The
intracellular Ca®* mobilization, stimulated by the activation of the PLC and IP; production by
acetylcholine, was reported to increase insulin granule movement in a PKC-independent manner
(Niwa et al., 1998). Here, we observed that insulin secretion in response to PMA, and PKCa protein
expression, did not differ between TAU-supplemented and CTL islets. However, increased PLCpg,
protein levels in TAU islets suggests that augmented activation of PLC followed by IP; production
may account for increased intracellular Ca** mobilization in Cch-stimulated TAU-supplemented
islets. These data give support to a possible effect of TAU upon IP3 production, in turn amplifying
[-cell response to fuel secretagogues.

It is known that PLC may be activated when the 3-cell is depolarized. Since all PLC isoforms
require Ca** (Rhee, 2001), it is possible that, in B-cells, the increase in [Caz+]i activates this enzyme,
leading to an increase in IP3; and DAG production that may account for an enhanced insulin
secretion in response to glucose. Supporting this view, PLCs; activity has been found to increase in
the presence of stimulatory glucose concentrations, resulting in a cycle of synthesis and degradation
of plasma membrane phosphatidylinositol-4,5-bisphosphate (Thore et al., 2005; Thore et al., 2007).

We show, herein, that TAU-supplemented islets increase insulin secretion in response to
IBMX and express more PKAa protein. Thus, in addition to PLC signals, cAMP and PKA may
contribute to increasing insulin secretion and islet functionality in the presence of glucose. In
support of this assumption, Ca** uptake, in response to glucose in TAU-supplemented islets, was

significantly reduced in the presence of a PKA inhibitor (Fig. 5C). As such, TAU supplementation



63

seems to alter islet Ca** handling either by increasing the B, subunit Ca** channels expression (see
Ribeiro et al., submitted) or by increasing the expression and/or activity of PKA, since the inhibition
of the enzyme provoked only a marginal effect on Ca®* uptake in CTL islets.

Recently, a direct coupling between Ca** and cAMP has been reported. (Dyachok e al., 2008),
monitored the alterations in cAMP levels in B-cells by observing the dissociation of PKA catalytic
from the regulatory subunits. These authors showed that glucose induces cAMP level oscillations
and that each oscillation was preceded and enhanced by the increase in [Ca**]i. In addition, INS 1
cells, exposed to GLP-1 or IBMX, exhibited cAMP/PKA oscillations synchronized with increases in
[Ca®*]i (Dyachok et al., 2006).

In the B-cell, nutrient stimulation leads to membrane depolarization and Ca’* influx. The
increase in [Ca®*]i may stimulate or inhibit cCAMP formation because B-cells express different AC
(Leech et al., 1999). The AC type VIIL, present in p-cells, is a Ca**-sensitive isoform and, in the
presence of glucose, may account for the increase in cAMP levels (Delmeire et al., 2003). This
increase represents an important signal for [Ca**]i regulation and insulin exocytosis in B-cells.
Moreover, IBMX and forskolin markedly increased the intracellular cAMP levels and,
consequently, [Ca®*]i in B-cells (Rajan et al., 1989), probably via phosphorylation of the ol subunit
of the L-type Ca®* channel by PKA (Leiser and Fleischer, 1996). This effect of PKA was also
observed in other cell types. PKA phosphorylation of the L-type Ca** channel (skeletal-muscle,
cardiac cells and neurons) increases the open probability of the channel, shifts the voltage-
dependence of activation and slows the rate of inactivation, increasing voltage-dependent facilitation
of the channel (Mundina-Weilenmann et al., 1991; Bourinet ef al., 1994; Gao et al., 1997). PKA

also phosphorylates the B, subunit of the cardiac Ca** channel (Brian et al., 1999) and this effect

contributes to increase Ca®* channel activity (Kamp and Hell, 2000). In B-cells, PKA acts upon
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intracellular Ca** dynamic via IP; receptors, increasing intracellular Ca** mobilization from the
endoplasmatic reticulum (Ammala et al., 1993; Dyachok and Gylfe, 2004).

Therefore, our results suggest that the interrelationship between PKA and Ca** is enhanced in
TAU-supplemented islets and accounts for increased Ca** handling in the presence of glucose. We
do not have a definitive explanation as to why TAU-supplemented islets, when challenged by
IBMX, but not forskolin, secreted more insulin than CTL islets, since PKAa expression was
increased in the former group of islets. However, we speculate that the maintenance of cAMP levels,
rather than the amplification of its production, is more important for the phenomenon. The other
possibility, not addressed in this work, is that phosphodiesterase activity may be higher in the TAU
group, resulting in a faster degradation of the second messenger.

In summary, this study confirms and extends previous results showing that TAU
supplementation increased insulin secretion and Ca®* handling in the presence of stimulatory
concentrations of glucose (Carneiro et al., 2008; Ribeiro et al., submitted). We also provide new
evidence that TAU supplementation increased insulin secretion in islets, in response to the
cholinergic/PLC and cAMP/PKA pathways and that these effects, at least in part, are probably due
to increased protein PLCp, and PKAa expressions and/or by a higher Ca’" mobilization from both

external and internal pools.
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Table 1. Islet *Ca uptake (pmol *Cafislet.30min) in the presence of 8.3 mmol/I glucose (G8.3),

with or without 1 mmol/l IBMX or 10 pmol/l1 H89.

G8.3 G8.3 + IBMX G8.3 + H89
CTL 1.05 + 0.06* 1.66 + 0.08° 0.91 + 0.054
TAU 1.30 + 0.08° 1.70 £ 0.10° 0.76 + 0.05¢

Data are means + SEM of (14-36) groups of islets. * P < 0.05, different words indicate a significant

difference.
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Figure Legends

Figure 1. Glucose-induced insulin secretion in islets from TAU-supplemented and CTL mice.
Groups of 4 islets were incubated for 1 h with different glucose (G) concentrations, as indicated.

Each bar represents mean = SEM of 12-21 groups of islets. * P < 0.05 vs CTL.

Figure 2. Insulin secretion, induced by Cch (100 pmol/I) or PMA (100 nmol/l), in islets from TAU
and CTL mice. Islets were incubated for 1 h at 8.3 mmol/l glucose (G8.3), with or without Cch and

PMA. Each bar represents mean = SEM of 15 groups of islets. *P < 0.05 related to respective CTL.

Figure 3. Cch (100 pmol/1 ) induced internal Ca®* mobilization (A) and insulin secretion (B) from
TAU-supplemented and CTL islets. The experiments were performed in a perifusium system in a
Ca®*-free medium containing: 8.3 mmol/l glucose (G8.3), 250 pmol/l diazoxide, and 10 mmol/l
EGTA. For Ca®*, values are the ratio of F340/F380 registered for each group. Data are means +
SEM obtained from 6-7 independent experiments. * P < 0.05 indicates significant difference vs

CTL.

Figure 4. (A) Forskolin (10 pmol/l) and IBMX (1 mmol/l) induced insulin secretion in islets from

TAU-supplemented and CTL mice. Islets were incubated for 1 h at 8.3 mmol/l glucose (G8.3), with
or without forskolin and IBMX. Dynamic insulin secretion in response to 8.3 mmol/l glucose with
or without IBMX (B) or Forskolin (C) in TAU-supplemented and CTL islets. Data are means +
SEM obtained from 14-15 groups of islets for static incubation and from 4 independent experiments

for dynamic measurements. *P < 0.05 related to respective CTL.
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Figure 5. PLCg,, PKCa and PKAa protein expressions in islets from TAU-supplemented and CTL

mice. Protein extracts were processed for Western blot detection of PLCp, (A), PKCa (B), PKAa

(C) and B-actin (internal control). The bars represent the means + SEM of the values, determined by

optical densitometry. n=3-7; *P < 0.05 vs CTL.
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Virios estudos demonstraram uma forte correlagdo entre a reducdo da concentracdo circulante
de TAU e o DM em humanos e diferentes modelos experimentais (Franconi et al., 1995; Anuradha e
Balakrishnan, 1999; Aerts e Van Assche, 2001; Colivicchi et al., 2004; Tsuboyama-Kasaoka et al.,
2006). Além disso, o tratamento com TAU foi benéfico para a prevengdao do DM 1 (Arany et al.,
2004; Tas et al., 2007), disfuncdo da célula B (Kaniuk ef al., 2007; Oprescu et al., 2007; Xiao et al.,
2008), e DM 2 (Nakaya et al., 2000; Nandhini et al., 2005; Tsuboyama-Kasaoka et al., 2006).

Neste sentido, Cherif et al. (1998) verificaram que a secrecdo de insulina de ilhotas de fetos de
ratas que foram submetidas a restricdo protéica durante a gestacdo apresenta-se reduzida em resposta
a nutrientes. A suplementacdo com TAU durante a prenhez normaliza a secrecdo de insulina e a
proliferacdo celular, restaura a sintese de DNA, reduz a apoptose, normaliza a massa de células 3, e
restaura a expressdao de genes envolvidos com o metabolismo e proliferacdo celular nas ilhotas
pancredticas destes fetos e neonatos desnutridos (Merezak et al., 2001; Boujendar et al., 2002;
Merezak et al., 2004; Kalbe et al., 2005; Reusens et al., 2008). Portanto, em modelos de pré-
disposicdo a0 DM 2, a suplementacdo com TAU contribui para a restauracdo e manutencdo da
funcdo da ilhota. Contudo, os possiveis mecanismos pelos quais este aminodcido participa da
modulacdo do processo de secrecao de insulina ndo estdo estabelecidos.

Em nosso estudo, demonstramos que a suplementacdo com TAU melhora a homeostase da
glicose, e modifica a resposta da célula B a nutrientes e potencializadores da secre¢do de insulina, e
aumenta a expressdo da subunidade B, do canal de Ca** do tipo L e de proteinas relacionadas com a

.. ~ ~ - Qe L. N . .
potencializacdo da secrecdo, regulacio da [Ca™"]i e do processo exocitético dos granulos de insulina.

Para a melhor compreensio dos parametros avaliados em nosso estudo dividimos a discussao

em topicos.
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Homeostase Glicémica

De acordo com o que ja foi relatado em outros modelos experimentais (Anuradha e
Balakrishnan, 1999; Nakaya et al., 2000; Nandhini e Anuradha, 2002; Nandhini et al., 2005;
Tsuboyama-Kasaoka et al., 2006; Loizzo et al., 2007; Carneiro et al., 2008), nosso estudo
demonstrou que a suplementa¢do com TAU promove uma melhora no controle da glicemia e acao
periférica da insulina, como pode ser observado por meio da menor glicemia pontual e total
registradas durante o ipGTT e ipITT (Fig 1; Ribeiro et al., artigo 1). Porém, esta modificacio no
controle glicémico ndo é acompanhada por alteracdo na insulinemia e glicemia de jejum, bem como
na concentracdo plasmatica de glicose, insulina e glucagon no estado alimentado (Tab. 1; Ribeiro et

al., artigo 1).

O efeito da suplementacdo com TAU sobre a homeostasia glicémica pode ser decorrente da
possivel interacdo do aminodcido com IR. Desta forma, com a elevacdo da glicemia, no estado
alimentado, a concentracdo plasmatica de insulina nos camundongos suplementados ndo seria
alterada, pois o aumento da concentra¢do plasmética de TAU agiria juntamente com a insulina nos
tecidos-alvo até a normalizacdo da glicemia. Esta hipdtese foi confirmada por um estudo
desenvolvido anteriormente pelo nosso grupo de pesquisa, no qual foi observado aumento da
fosforilagdo do IR, em tecido hepatico e muscular de camundongos, apds a administracdo ip de
TAU, sendo verificado que a fosforilagdo do IR ocorreu em valores similares aos evidenciados

quando insulina foi administrada (Carneiro et al., 2008).

Camundongos suplementados demonstraram um aumento na concentragdo circulante de
glucagon no estado de jejum (Tab. 1; Ribeiro et al., artigol). A elevacio da concentragcdo plasmdtica
deste hormdnio no jejum estd bem documentada. Glucagon e insulina agem de formas antagdnicas
buscando a normaliza¢do da glicemia e fornecimento de glicose aos tecidos. No jejum, a reducdo da

concentragdo circulante deste agucar estimula a secrecido de glucagon, o qual atua sobre estoques de
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glicose existentes no figado (Gromada et al., 2007). Portanto, a elevacdo plasmatica de glucagon
sugere que a TAU modifica os processos de controle da glicemia, tanto em situacdes onde a
concentracdo plasmatica deste agicar apresenta-se elevada, quanto em condi¢des que a mobilizagcdo

da glicose € necessaria, como no estado de jejum para evitar hipoglicemia.

Secrecdo de Insulina

Ao estudarmos a secre¢dao de insulina em ilhotas isoladas, foi evidenciado que ilhotas
pancredticas do grupo suplementado com TAU apresentam uma maior elevacdo e sustentacdo da
secrecdo dinamica de insulina em resposta ao aumento da glicose (Fig. 2; Ribeiro et al., artigo 1).
Este efeito ndo € devido ao aumento do metabolismo ou captacdo deste agucar, ja que a oxidacdo da
glicose e expressao da GCK e GLUT 2 nao foram alterados pela suplementacdo com TAU. Porém,
ilhotas TAU apresentaram maior captacio de fons Ca** na presenca de glicose, e expressdo protéica
da subunidade 3, do canal de Ca, (Fig. 4 e 5; Ribeiro et al., artigo 1).

Uma vez que o influxo de Ca®* através dos canais de Ca, em resposta a vérios estimulos nas
células [ resulta na secrecdo de insulina, é provavel que a regulacdo da expressdo e da atividade dos
canais de Ca, seja um fator determinante para a secre¢do do hormonio. Em diferentes tipos celulares
foi demonstrado que a subunidade B participa no processo de translocaco dos canais de Ca** para a
membrana plasmdtica, aumenta a amplitude da corrente do Ca®* e a cinética de ativacdo do canal
(Chien et al., 1995; Josephson e Varadi, 1996; Dolphin, 2003; Yang e Berggren, 2006). Além disso,
foi sugerido que a subunidade 3 também regule a expressdo génica (Hibino et al., 2003). Apesar de
em células B a funcdo desta subunidade ndo estar totalmente estabelecida, Thara et al. (1995), ao
transfectarem em células ovarianas uma subunidade al que é expressa em células RINmSF e em

ilhotas de ratos, verificaram que o canal de Ca, sO apresenta-se ativo quando co-expresso a
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subunidade f,, 0 que sugere que a atividade destes canais pode estar sob o controle desta subunidade
em células f.

Além da subunidade ,, a subunidade B3 é expressa em células RINmSF, ilhotas de ratos e
camundongos (Safayhi et al., 1997; Iwashima et al., 2001; Berggren et al., 2004), e parece ser
importante no controle da [Ca**]i e na geracio de mensageiros intracelulares na célula B, uma vez
que a sua delecdo eleva a secrecdo de insulina em ilhotas de camundongos por aumento das
oscilagdes da [Ca**]i em resposta 2 glicose, devido 2 uma maior producio de IP3 e da mobilizacio
de Ca™* de estoques intracelulares (Berggren et al., 2004).

Além disso, os canais do tipo L interagem fisicamente com as proteinas SNARE: sintaxina 1,
SNAP2S5 (synaptosomal-associated protein) e sinaptotagmina formando um complexo denominado
“excitossoma” (Wiser ef al., 1999), o qual é essencial para expor o pool de granulos 2 alta [Ca**]i
que ocorre na vizinhanca dos canais de Ca®* do tipo L e permitir a rapida exocitose dos granulos de
insulina que contribuem para a primeira fase da secrecao (Wiser et al., 1999; Mears, 2004; Trus et
al., 2007). Portanto, as evidéncias de que as subunidades [ apresentam um importante papel na
regulacio da atividade dos canais de Ca, e da [Ca®]i, juntamente com nossos resultados que
demonstraram que a suplementacdo com TAU eleva o conteiido total de insulina armazenado,
sugerem que ilhotas de animais tratados com TAU apresentam maior resposta secretdria de insulina
na presenca de glicose provavelmente pelo aumento do influxo de Ca**, e da interagdo deste cition
com o0 aparato exocitético, beneficiando o acoplamento estimulo/secre¢do de insulina.

Ilhotas pancreaticas do grupo TAU apresentaram aumento da secre¢do de insulina na presenga
de L-leucina (Fig. 2 e 3; Ribeiro et al., artigo 1). Esta modificacdo da resposta secretoria a L-leucina
no grupo TAU € devido ao maior catabolismo da L-leucina, ja que a oxidacdo deste aminodcido é
maior em ilhotas TAU. A secrecdo de insulina em resposta a0 BCH (um andlogo ndo metabolizavel

da L-leucina; (Liu et al., 2003) e ao BCH/L-glutamina, que sio estimulos que priorizam a atividade
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da GDH; bem como na presenga de combinacdes de estimulos que reduzem ou inibem o
metabolismo da L-leucina como: L-leucina/L-glutamina, BCH/L-glutamina/L-leucina, ou BCH/L-
glutamina/L-leucina e o inibidor de transaminase AOA (4cido aminooxiacético) (Malaisse et al.,
1982; Gao et al., 2003; MacDonald et al., 2008), apresenta-se semelhante entre ilhotas TAU e CTL.
Desta forma, nossos dados sugerem que o tratamento in vivo com TAU modifica a secrecdo de
insulina na presenga de L-leucina primariamente por alteracdo na transaminacio deste aminodcido
ao KIC, elevando assim o aporte de acetil-CoA para o ciclo de Krebs, consequentemente geracao de
ATP, despolarizacio da membrana da célula B, e possivelmente maior elevacdo da [Ca®*]i em
ilhotas TAU.

Cabe novamente salientar que a célula B pancredtica é equipada de vérios tipos de canais de
Ca,, € que no processo exocitGtico da insulina os fons Ca** e os canais de Ca, estdo diretamente
relacionados com a adequada secre¢cdo do hormodnio frente a elevacdo da concentragdo de glicose
(Yang e Berggren, 2006). Além da contribuicdo da subunidade B do canal sobre o controle da
atividade dos canais de Ca, e da mobilizacdo do cation de estoques intracelulares (Ihara et al., 1995;
Berggren et al., 2004), quinases como a PKA e PKC, e mensageiros intracelulares como IP3, gerado
pela ativacdo da PLC, contribuem para a regulacio da [Ca**]i por meio de acdes sobre os canais de
Ca, e/ou da mobilizagdo intracelular de Ca** (Liu e Gylfe, 1997; Niwa er al., 1998; Kamp e Hell,
2000; Kang et al., 2005). Assim, a secrecdo de insulina, bem como o movimento e captacdo de ions
Ca”* foram avaliados em resposta a estimulos que ativam estas quinases.

Em nosso estudo, a secrecdo de insulina na presenga do Cch foi maior no grupo TAU
comparado ao CTL (Fig. 2; Ribeiro et al., artigo 2). Este aumento ndo foi dependente da PKC, uma
vez que a secrecdo em resposta ao PMA, ativador desta enzima, ndo difere entre os grupos
estudados. A maior secre¢do de insulina frente ao Cch pode ser devido a maior producdo de IPs,

uma vez que ilhotas TAU apresentaram aumento da expressdao protéica da PLCpg, e maior
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mobilizacdo de Ca®* de estoques intracelulares em resposta ao Cch (Fig. 5 e 3, respectivamente;
Ribeiro et al., artigo 2). Portanto, novamente verificamos que as possiveis contribuicdes sobre o
processo de secregdo de insulina moduladas pela TAU ocorreram por regulagio da [Ca®*]i.

O aumento na resposta secretoria ao Cch e da expressdo da PLCg, em ilhotas TAU ressalta
uma das vias pela qual este aminodcido pode contribuir para a preservacdo da funcio da célula 3 e
homeostase da glicose. Estudos demonstraram que a delecdo do receptor muscarinico 3 (M3) em
células B reduz a tolerAncia a glicose e a secrecdo de insulina em camundongos. Contudo,

camundongos com superexpressio do M3 somente nas células B pancredticas tornaram-se
resistentes ao desenvolvimento de hiperglicemia e de intolerancia a glicose induzida por dieta
(Gautam et al., 2007).

Dentre as varias quinases que regulam a atividade dos canais de Ca, estd a PKA (Kamp e Hell,
2000). Em miécitos a PKA fosforila os canais de Ca** do tipo L resultando no aumento do nimero
de canais que estdo prontos para serem abertos durante a despolarizacdo, e é sugerido que a
fosforilagdo do canal pela PKA seja necessdria para que o canal se torne ativo (Kamp e Hell, 2000).
A expressao da subunidade P, é maior em ilhotas TAU, e pelo menos com relacido a subunidade 32,

£ : A e . 459/478/47
é relatado que existam trés residuos serina (Ser®”*7#47

) que sao fosforilados pela PKA, e esta
fosforilagdo aumenta a atividade do canal (Gao et al., 1997; Gerhardstein et al., 1999). Desta forma,
sugerimos que o maior influxo de Ca®* em ilhotas do grupo suplementado pode estar sendo regulado
por esta quinase, uma vez que evidéncias demonstraram uma interrelacio entre a [Ca**]i e a via
cAMP/PKA em células B. Sendo relatado nestas células que hd modificacio do padrdo das
oscilagdes da [Ca®*]i na presenca de AMPc (Grapengiesser ef al., 1991), e que a concentragio deste

mensageiro frente a glicose oscila assim como a [Caz+]i (Dyachok et al., 2008). A PKA também age

sobre o reticulo endoplasmético da célula B contribuindo para a mobilizagdo de Ca®* de estoques
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intracelulares (Kang et al., 2005), além de atuar no controle da [Ca**]i na célula B, esta quinase
também estd envolvida no processo de exocitose dos granulos de insulina (Seino e Shibasaki, 2005).

Ao estudarmos a secrecdo de insulina em resposta a agentes que elevam a concentracdo de
AMPc na célula 3, foi observado que ilhotas TAU secretam mais insulina na presenga do inibidor de
fosfodiesterase IBMX. Porém, a liberacdo do hormdnio na presenga de forskolin, um ativador da
AC, foi similar entre os grupos estudados, apesar da expressdo protéica da PKAa em ilhotas TAU
ter sido significativamente maior em relacdo a ilhotas CTL (Fig. 4 e 5; Ribeiro et al., artigo 2).
Ainda, a PKA parece modular a captacio de fons Ca** em ilhotas do grupo TAU na presenca de
glicose, pois o acimulo deste cation foi reduzido neste grupo quando a atividade da PKA foi inibida
pelo H89 (Tab. 1; Ribeiro et al., artigo 2).

Os resultados obtidos em nosso estudo demonstram que o efeito global da TAU em aumentar a
resposta secretéria da ilhota deve ocorrer por regulacio da [Ca®']i. Estes efeitos podem ser
derivados tanto do aumento da expressdo de subunidades que modulam a fun¢do do canal de Ca,,
bem como da expressio de proteinas e/ou da producdo de mensageiros intracelulares que

contribuem para o influxo e mobilizacio intracelular de Ca** em ilhotas do grupo suplementado.

Suplementacdo com TAU e Funcdo Secretoria da Ithota

Observamos que a suplementacdo com TAU alterou a sensibilidade secretdria da ilhota aos
nutrientes, pois além da modificagdo do padrdo secretério de insulina, ilhotas do grupo TAU
apresentaram aumento na secre¢ao de glucagon na presenca de baixa concentracio de glicose (Ribeiro
et al., artigo 1).

O processo de secrecao de glucagon € regulado por nutrientes, hormonios, e pelo sistema

z

nervoso autondmico. O estimulo para a secre¢do deste hormodnio € a redugcdo da concentracdo
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circulante de glicose que é rapidamente detectada pelas células o pancredticas. A glicose € captada
por essas células através do transportador GLUT1 e, uma vez metabolizada, aumenta a relagcdo
ATP/ADP, promovendo o fechamento de um canal de Karp € elevacdo do potencial de membrana em
repouso, que ativa canais de Na* sensiveis 2 voltagem e canais de Ca>* do tipo N que sdo responsaveis
pelo desenvolvimento do potencial de ac¢do e pela exocitose dos granulos que contém glucagon
(Gromada et al., 2007).

Além de agir sobre estoques de glicose, sugere-se que glucagon exercga efeito pardcrino sobre a
célula B, estimulando a secrecdo de insulina (Kawai et al., 1995; Cabrera et al., 2006). Vérias
evidéncias contribuem com essa idéia, pois as células B apresentam receptor para o hormonio
glucagon (Moens et al., 1996; Moens et al., 1998), e a utilizacio de um antagonista para glucagon
reduz a secrecdo de insulina em ilhotas de humanos (Huypens et al., 2000). Desta forma, sugerimos
que além da suplementacdo com TAU alterar a resposta secretéria dos hormdnios da ilhota, TAU
possa modificar o controle pardcrino dos horménios do pancreas enddcrino, pois ilhotas do grupo
TAU apresentam maior potencializacdo da secrecdo de insulina quando glucagon é adicionado ao

meio de incubagao.

Consideracées Finais

E importante ressaltar que as modificacdes observadas quanto ao manejo diferenciado de fons
Ca®™ em ilhotas do grupo suplementado demonstra que a TAU pode exercer papel relevante na
preservacdo da fungdo das células B em situagdes que resultardo no DM, ji que em diferentes

modelos experimentais desta doencga a expressao génica e a atividade dos canais Ca, apresentam-se

alterados (Wang et al., 1996; Wang et al., 1999; Iwashima et al., 2001; Yang e Berggren, 20006).
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Foi observado em linhagem de células secretoras de insulina (GH3) cultivadas na presenca de
soro de pacientes com DM 1 aumento da atividade dos canais de Ca,, elevacido da [Caz+]i basal,
fragmentacdo do DNA e destruicdo destas células (Juntti-Berggren et al., 1993). O mesmo foi
verificado em células B de camundongos NOD, as quais apresentaram a [Ca®*]i basal trés vezes
maior devido a expressdo de canais Ca,3. Estes canais apresentam baixo limiar para ativagdo, e nao
sdo normalmente encontrados em células . Esta alteracdo parece ser decorrente do ataque de
citocinas que ocorre nas células insulinares de animais NOD, ja que células  de camundongos
Swiss e a linhagem de células TC3 tratadas com interleucina 1 e interferon y, demonstraram a
expressdo deste mesmo canal com aumento da [Ca**]i basal e da apoptose (Wang et al., 1996; Wang
et al., 1999). Além disso, ilhotas pancreaticas de ratos OLETF (Otsuka Long-Evans Tokushima
Fatty) com DM 2 apresentam reducio da secrecdo de insulina e do influxo de Ca**, e a expressio
génica das subunidades do canal de Cav: al.3, B, e B3 apresentam-se reduzidas (Iwashima et al.,
2001).

Portanto, conforme nossos dados e evidéncias da literatura que demonstram que a TAU
participa do controle da atividade de canais i6nicos (Satoh, 1996; Tricarico et al., 2000; Park et al.,
2004) e regula a [Ca**]i em diferentes tecidos (Satoh e Sperelakis, 1998; Palmi et al., 1999; Chen et
al., 2001). Além disso, que a suplementacdo com TAU retarda o aparecimento do DM, eleva a taxa
de proliferacdo e reduz a apoptose nas células B de camundongos NOD (Arany et al., 2004), e no
DM 2 o tratamento com TAU em ratos OLETF aumenta a tolerdncia a glicose e sensibilidade a
insulina (Nakaya et al., 2000). Sugerimos que nestes modelos a TAU participe no controle da
homeostase da glicose, da manutencdo da massa insular, e da integridade das estruturas celulares do
pancreas endécrino, por modulagdo da [Ca**]i, via regulacdo da expressdo do canal de Ca,, ou da
modulacdo de proteinas que contribuirdo para a regulacido da concentragdo deste cation na célula f3.

2 z . . ~ 2 2
E como o Ca™, além de ser importante para o acoplamento estimulo/secre¢do, é também
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fundamental para o desenvolvimento, sobrevivéncia, crescimento e morte das células . A
iye - . , . - Qe , .
utilizacdo de biomoléculas que contribuem para a regulacdo da [Ca~"]i no DM € essencial para a

manutencdo da fun¢do do pancreas enddcrino.
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CONCLUSOES
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Os resultados obtidos neste estudo permitem as seguintes conclusoes:

e Camundongos suplementados com TAU por 30 dias demonstram aumento da tolerancia a
glicose e da sensibilidade periférica a insulina;

e A suplementacdo com TAU aumenta a secre¢do de insulina, de ilhotas isoladas, em resposta
a nutrientes e agentes potencializadores da secrecdo;

e O aumento da secrecdo de insulina na presenca de glicose ¢ acompanhado por uma maior
captacdo de fons Ca’*, sem alteracdo para o metabolismo do agtcar em ilhotas do grupo
TAU;

e Aumento da captacio de fons Ca®* pode ser decorrente da maior expressio protéica da
subunidade 3, do canal de Ca,;

e O conteudo total de insulina ¢ maior em ilhotas do grupo TAU;

e A TAU eleva a secrecio de insulina em resposta a L-leucina por aumentar o seu
catabolismo;

e O aumento na secre¢do de insulina em resposta ao Cch é possivelmente decorrente da maior
expressao protéica da PLCg; e da liberagdo de Ca™" de estoques intracelulares em ilhotas do
grupo TAU;

e Jlhotas TAU apresentam maior expressdo protéica da PKAa, e aumento na secrecdo de
insulina em resposta ao IBMX;;

e A PKA deve estar envolvida com o maior influxo de Ca** em ilhotas do grupo TAU, pois a

captacdo do cation na presenca de glicose € minimizada, nestas ilhotas, quando a atividade

da PKA ¢ inibida.
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Ilhotas TAU, apresentam aumento na secre¢cdo de glucagon na presenca de baixa
concentracdo de glicose, o que sugere que a funcdo secretdria como um todo da ilhota é

modificada pela suplementacdo com TAU.



91

REFERENCIAS BIBLIOGRAFICAS




92

Aerts, L. e F. A. Van Assche. Low taurine, gamma-aminobutyric acid and carnosine levels in
plasma of diabetic pregnant rats: consequences for the offspring. J Perinat Med, v.29, n.1, p.81-4.
2001.

Aguilar-Bryan, L., C. G. Nichols, S. W. Wechsler, J. P. T. Clement, A. E. Boyd, 3rd, G. Gonzalez,
H. Herrera-Sosa, K. Nguy, J. Bryan e D. A. Nelson. Cloning of the beta cell high-affinity
sulfonylurea receptor: a regulator of insulin secretion. Science, v.268, n.5209, Apr 21, p.423-6.
1995.

Anuradha, C. V. e S. D. Balakrishnan. Taurine attenuates hypertension and improves insulin

sensitivity in the fructose-fed rat, an animal model of insulin resistance. Can J Physiol Pharmacol,
v.77, n.10, Oct, p.749-54. 1999.

Arany, E., B. Strutt, P. Romanus, C. Remacle, B. Reusens e D. J. Hill. Taurine supplement in early
life altered islet morphology, decreased insulitis and delayed the onset of diabetes in non-obese
diabetic mice. Diabetologia, v.47, n.10, Oct, p.1831-7. 2004.

Benes, C., V. Poitout, J. C. Marie, J. Martin-Perez, M. P. Roisin e R. Fagard. Mode of regulation of
the extracellular signal-regulated kinases in the pancreatic beta-cell line MING6 and their implication
in the regulation of insulin gene transcription. Biochem J, v.340 ( Pt 1), May 15, p.219-25. 1999.
Berggren, P. O., S. N. Yang, M. Murakami, A. M. Efanov, S. Uhles, M. Kohler, T. Moede, A.
Fernstrom, 1. B. Appelskog, C. A. Aspinwall, S. V. Zaitsev, O. Larsson, L. M. De Vargas, C.
Fecher-Trost, P. Weissgerber, A. Ludwig, B. Leibiger, L. Juntti-Berggren, C. J. Barker, J. Gromada,
M. Freichel, I. B. Leibiger e V. Flockerzi. Removal of Ca** channel beta3 subunit enhances Ca*

oscillation frequency and insulin exocytosis. Cell, v.119, n.2, Oct 15, p.273-84. 2004.



93
Boujendar, S., B. Reusens, S. Merezak, M. T. Ahn, E. Arany, D. Hill e C. Remacle. Taurine

supplementation to a low protein diet during foetal and early postnatal life restores a normal
proliferation and apoptosis of rat pancreatic islets. Diabetologia, v.45, n.6, Jun, p.856-66. 2002.
Brennan, L., M. Corless, C. Hewage, J. P. Malthouse, N. H. Mcclenaghan, P. R. Flatt e P.
Newsholme. 13C NMR analysis reveals a link between L-glutamine metabolism, D-glucose
metabolism and gamma-glutamyl cycle activity in a clonal pancreatic beta-cell line. Diabetologia,
v.46, n.11, Nov, p.1512-21. 2003.

Briaud, 1., M. K. Lingohr, L. M. Dickson, C. E. Wrede e C. J. Rhodes. Differential activation
mechanisms of Erk-1/2 and p70(S6K) by glucose in pancreatic beta-cells. Diabetes, v.52, n.4, Apr,
p-974-83. 2003.

Bustamante, J., M. V. Lobo, F. J. Alonso, N. T. Mukala, E. Gine, J. M. Solis, J. Tamarit-Rodriguez
e R. Martin Del Rio. An osmotic-sensitive taurine pool is localized in rat pancreatic islet cells

containing glucagon and somatostatin. Am J Physiol Endocrinol Metab, v.281, n.6, Dec, p.E1275-

85.2001.
Cabrera, O., D. M. Berman, N. S. Kenyon, C. Ricordi, P. O. Berggren e A. Caicedo. The unique

cytoarchitecture of human pancreatic islets has implications for islet cell function. Proc Natl Acad

SciUS A, v.103, n.7, Feb 14, p.2334-9. 2006.
Carneiro, E. M., M. Q. Latorraca, E. Araujo, M. Beltra, M. J. Oliveras, M. Navarro, G. Berna, F. J.
Bedoya, L. A. Velloso, B. Soria e F. Martin. Taurine supplementation modulates glucose

homeostasis and islet function. J Nutr Biochem, Aug 15. 2008.

Chang, K. J. ¢ W. Kwon. Immunohistochemical localization of insulin in pancreatic beta-cells of

taurine-supplemented or taurine-depleted diabetic rats. Adv Exp Med Biol, v.483, p.579-87. 2000.




94
Chen, W. Q., H. Jin, M. Nguyen, J. Carr, Y. J. Lee, C. C. Hsu, M. D. Faiman, J. V. Schloss e J. Y.

Wu. Role of taurine in regulation of intracellular calcium level and neuroprotective function in

cultured neurons. J Neurosci Res, v.66, n.4, Nov 15, p.612-9. 2001.

Cherif, H., B. Reusens, M. T. Ahn, J. J. Hoet e C. Remacle. Effects of taurine on the insulin
secretion of rat fetal islets from dams fed a low-protein diet. J Endocrinol, v.159, n.2, Nov, p.341-8.
1998.

Cherif, H., B. Reusens, S. Dahri, C. Remacle e J. J. Hoet. Stimulatory effects of taurine on insulin
secretion by fetal rat islets cultured in vitro. J Endocrinol, v.151, n.3, Dec, p.501-6. 1996.

Chien, A. J., X. Zhao, R. E. Shirokov, T. S. Puri, C. F. Chang, D. Sun, E. Rios e M. M. Hosey.
Roles of a membrane-localized beta subunit in the formation and targeting of functional L-type Ca**
channels. J Biol Chem, v.270, n.50, Dec 15, p.30036-44. 1995.

Cnop, M., N. Welsh, J. C. Jonas, A. Jorns, S. Lenzen e D. L. Eizirik. Mechanisms of pancreatic
beta-cell death in type 1 and type 2 diabetes: many differences, few similarities. Diabetes, v.54
Suppl 2, Dec, p.S97-107. 2005.

Colivicchi, M. A., L. Raimondi, L. Bianchi, K. F. Tipton, R. Pirisino e L. Della Corte. Taurine
prevents streptozotocin impairment of hormone-stimulated glucose uptake in rat adipocytes. Eur J
Pharmacol, v.495, n.2-3, Jul 14, p.209-15. 2004.

Corless, M., A. Kiely, N. H. Mcclenaghan, P. R. Flatt e P. Newsholme. Glutamine regulates
expression of key transcription factor, signal transduction, metabolic gene, and protein expression in
a clonal pancreatic beta-cell line. J Endocrinol, v.190, n.3, Sep, p.719-27. 2006.

Davalli, A. M., E. Biancardi, A. Pollo, C. Socci, A. E. Pontiroli, G. Pozza, F. Clementi, E. Sher e E.
Carbone. Dihydropyridine-sensitive and -insensitive voltage-operated calcium channels participate
in the control of glucose-induced insulin release from human pancreatic beta cells. J Endocrinol,

v.150, n.2, Aug, p.195-203. 1996.



95
Delmeire, D., D. Flamez, S. A. Hinke, J. J. Cali, D. Pipeleers e F. Schuit. Type VIII adenylyl

cyclase in rat beta cells: coincidence signal detector/generator for glucose and GLP-1. Diabetologia,
v.46, n.10, Oct, p.1383-93. 2003.

Di Leo, M. A., S. A. Santini, N. G. Silveri, B. Giardina, F. Franconi e G. Ghirlanda. Long-term
taurine supplementation reduces mortality rate in streptozotocin-induced diabetic rats. Amino Acids,
v.27,n.2, Oct, p.187-91. 2004.

Dolphin, A. C. Beta subunits of voltage-gated calcium channels. J Bioenerg Biomembr, v.35, n.6,

Dec, p.599-620. 2003.

Dura, E., H. Jjjakli, H. X. Zhang, B. Oguzhan, A. Sener ¢ W. J. Malaisse. Insulinotropic action of
amino acids at their physiological concentrations: I. Experiments in incubated islets. Int J Mol Med,
v.9, n.5, May, p.527-31. 2002.

Dyachok, O., O. Idevall-Hagren, J. Sagetorp, G. Tian, A. Wuttke, C. Arrieumerlou, G. Akusjarvi, E.
Gylfe e A. Tengholm. Glucose-induced cyclic AMP oscillations regulate pulsatile insulin secretion.
Cell Metab, v.8, n.1, Jul, p.26-37. 2008.

Ertel, E. A., K. P. Campbell, M. M. Harpold, F. Hofmann, Y. Mori, E. Perez-Reyes, A. Schwartz, T.
P. Snutch, T. Tanabe, L. Birnbaumer, R. W. Tsien e W. A. Catterall. Nomenclature of voltage-gated

calcium channels. Neuron, v.25, n.3, Mar, p.533-5. 2000.

Franconi, F., F. Bennardini, A. Mattana, M. Miceli, M. Ciuti, M. Mian, A. Gironi, R. Anichini e G.
Seghieri. Plasma and platelet taurine are reduced in subjects with insulin-dependent diabetes

mellitus: effects of taurine supplementation. Am J Clin Nutr, v.61, n.5, May, p.1115-9. 1995.

Franconi, F., M. A. Di Leo, F. Bennardini e G. Ghirlanda. Is taurine beneficial in reducing risk

factors for diabetes mellitus? Neurochem Res, v.29, n.1, Jan, p.143-50. 2004.




96
Gao, T., A. Yatani, M. L. Dell'acqua, H. Sako, S. A. Green, N. Dascal, J. D. Scott e M. M. Hosey.

cAMP-dependent regulation of cardiac L-type Ca** channels requires membrane targeting of PKA
and phosphorylation of channel subunits. Neuron, v.19, n.1, Jul, p.185-96. 1997.
Gao, Z., R. A. Young, G. Li, H. Najafi, C. Buettger, S. S. Sukumvanich, R. K. Wong, B. A. Wolfe

F. M. Matschinsky. Distinguishing features of leucine and alpha-ketoisocaproate sensing in

pancreatic beta-cells. Endocrinology, v.144, n.5, May, p.1949-57. 2003.
Gautam, D., S. J. Han, A. Duttaroy, D. Mears, F. F. Hamdan, J. H. Li, Y. Cui, J. Jeon e J. Wess.
Role of the M3 muscarinic acetylcholine receptor in beta-cell function and glucose homeostasis.

Diabetes Obes Metab, v.9 Suppl 2, Nov, p.158-69. 2007.

Gerhardstein, B. L., T. S. Puri, A. J. Chien e M. M. Hosey. Identification of the sites phosphorylated
by cyclic AMP-dependent protein kinase on the beta 2 subunit of L-type voltage-dependent calcium
channels. Biochemistry, v.38, n.32, Aug 10, p.10361-70. 1999.

Gilon, P. e J. C. Henquin. Mechanisms and physiological significance of the cholinergic control of
pancreatic beta-cell function. Endocr Rev, v.22, n.5, Oct, p.565-604. 2001.

Grapengiesser, E., E. Gylfe e B. Hellman. Cyclic AMP as a determinant for glucose induction of
fast Ca2+ oscillations in isolated pancreatic beta-cells. J Biol Chem, v.266, n.19, Jul 5, p.12207-10.
1991.

Gromada, J., I. Franklin e C. B. Wollheim. Alpha-cells of the endocrine pancreas: 35 years of
research but the enigma remains. Endocr Rev, v.28, n.1, Feb, p.84-116. 2007.

Hansen, S. H. The role of taurine in diabetes and the development of diabetic complications.

Diabetes Metab Res Rev, v.17, n.5, Sep-Oct, p.330-46. 2001.

Hibino, H., R. Pironkova, O. Onwumere, M. Rousset, P. Charnet, A. J. Hudspeth e F. Lesage. Direct
interaction with a nuclear protein and regulation of gene silencing by a variant of the Ca**-channel

beta 4 subunit. Proc Natl Acad SciU S A, v.100, n.1, Jan 7, p.307-12. 2003.




97

Hiriart, M. e L. Aguilar-Bryan. Channel regulation of glucose sensing in the pancreatic beta-cell.

Am J Physiol Endocrinol Metab, v.295, n.6, Dec, p.E1298-306. 2008.

Huxtable, R. J. Physiological actions of taurine. Physiol Rev, v.72, n.1, Jan, p.101-63. 1992.
Huypens, P., Z. Ling, D. Pipeleers e F. Schuit. Glucagon receptors on human islet cells contribute to
glucose competence of insulin release. Diabetologia, v.43, n.8, Aug, p.1012-9. 2000.

Ihara, Y., Y. Yamada, Y. Fujii, T. Gonoi, H. Yano, K. Yasuda, N. Inagaki, Y. Seino e S. Seino.
Molecular diversity and functional characterization of voltage-dependent calcium channels

(CACN4) expressed in pancreatic beta-cells. Mol Endocrinol, v.9, n.1, Jan, p.121-30. 1995.

Inagaki, N., T. Gonoi, J. P. T. Clement, N. Namba, J. Inazawa, G. Gonzalez, L. Aguilar-Bryan, S.
Seino e J. Bryan. Reconstitution of IKATP: an inward rectifier subunit plus the sulfonylurea

receptor. Science, v.270, n.5239, Nov 17, p.1166-70. 1995.

Iwashima, Y., A. Abiko, F. Ushikubi, A. Hata, K. Kaku, H. Sano e M. Eto. Downregulation of the
voltage-dependent calcium channel (VDCC) beta-subunit mRNAs in pancreatic islets of type 2

diabetic rats. Biochem Biophys Res Commun, v.280, n.3, Jan 26, p.923-32. 2001.

Josephson, I. R. e G. Varadi. The beta subunit increases Ca** currents and gating charge movements
of human cardiac L-type Ca’* channels. Biophys J, v.70, n.3, Mar, p.1285-93. 1996.
Juntti-Berggren, L., O. Larsson, P. Rorsman, C. Ammala, K. Bokvist, K. Wahlander, P. Nicotera, J.
Dypbukt, S. Orrenius, A. Hallberg e Et Al Increased activity of L-type Ca®* channels exposed to
serum from patients with type I diabetes. Science, v.261, n.5117, Jul 2, p.86-90. 1993.

Kahn, S. E., R. L. Hull e K. M. Utzschneider. Mechanisms linking obesity to insulin resistance and

type 2 diabetes. Nature, v.444, n.7121, Dec 14, p.840-6. 2006.

Kalbe, L., A. Leunda, T. Sparre, C. Meulemans, M. T. Ahn, T. Orntoft, M. Kruhoffer, B. Reusens, J.
Nerup e C. Remacle. Nutritional regulation of proteases involved in fetal rat insulin secretion and

islet cell proliferation. Br J Nutr, v.93, n.3, Mar, p.309-16. 2005.



98
Kamp, T. J. e J. W. Hell. Regulation of cardiac L-type calcium channels by protein kinase A and

protein kinase C. Circ Res, v.87, n.12, Dec 8, p.1095-102. 2000.

Kang, G., O. G. Chepurny, M. J. Rindler, L. Collis, Z. Chepurny, W. H. Li, M. Harbeck, M. W. Roe
e G. G. Holz. A cAMP and Ca®" coincidence detector in support of Ca**-induced Ca®* release in
mouse pancreatic beta cells. J Physiol, v.566, n.Pt 1, Jul 1, p.173-88. 2005.

Kaniuk, N. A., M. Kiraly, H. Bates, M. Vranic, A. Volchuk e J. H. Brumell. Ubiquitinated-protein
aggregates form in pancreatic beta-cells during diabetes-induced oxidative stress and are regulated
by autophagy. Diabetes, v.56, n.4, Apr, p.930-9. 2007.

Kawai, K., C. Yokota, S. Ohashi, Y. Watanabe e K. Yamashita. Evidence that glucagon stimulates
insulin secretion through its own receptor in rats. Diabetologia, v.38, n.3, Mar, p.274-6. 1995.
Kulakowski, E. C. e J. Maturo. Hypoglycemic properties of taurine: not mediated by enhanced

insulin release. Biochem Pharmacol, v.33, n.18, Sep 15, p.2835-8. 1984.

Lawrence, M., C. Shao, L. Duan, K. Mcglynn e M. H. Cobb. The protein kinases ERK1/2 and their

roles in pancreatic beta cells. Acta Physiol (Oxf), v.192, n.1, Jan, p.11-7. 2008.

Li, C., C. Buettger, J. Kwagh, A. Matter, Y. Daikhin, I. B. Nissim, H. W. Collins, M. Yudkoff, C. A.
Stanley e F. M. Matschinsky. A signaling role of glutamine in insulin secretion. J Biol Chem, v.279,
n.14, Apr 2, p.13393-401. 2004.

Liu, Y. J., H. Cheng, H. Drought, M. J. Macdonald, G. W. Sharp e S. G. Straub. Activation of the
KATP channel-independent signaling pathway by the nonhydrolyzable analog of leucine, BCH. Am

J Physiol Endocrinol Metab, v.285, n.2, Aug, p.E380-9. 2003.

Liu, Y. J. e E. Gylfe. Store-operated Ca** entry in insulin-releasing pancreatic beta-cells. Cell

Calcium, v.22, n.4, Oct, p.277-86. 1997.



99
Loizzo, A., S. Carta, F. Bennardini, R. Coinu, S. Loizzo, I. Guarino, G. Seghieri, G. Ghirlanda e F.

Franconi. Neonatal taurine administration modifies metabolic programming in male mice. Early
Hum Dev, v.83, n.10, Oct, p.693-6. 2007.
Longuet, C., C. Broca, S. Costes, E. H. Hani, D. Bataille e S. Dalle. Extracellularly regulated

kinases 1/2 (p44/42 mitogen-activated protein kinases) phosphorylate synapsin I and regulate insulin

secretion in the MING beta-cell line and islets of Langerhans. Endocrinology, v.146, n.2, Feb, p.643-
54. 2005.

Macdonald, M. J., N. M. Hasan e M. J. Longacre. Studies with leucine, beta-hydroxybutyrate and
ATP citrate lyase-deficient beta cells support the acetoacetate pathway of insulin secretion. Biochim
Biophys Acta, v.1780, n.7-8, Jul-Aug, p.966-72. 2008.

Malaisse, W. J., A. Sener, F. Malaisse-Lagae, M. Welsh, D. E. Matthews, D. M. Bier e C.
Hellerstrom. The stimulus-secretion coupling of amino acid-induced insulin release. Metabolic
response of pancreatic islets of L-glutamine and L-leucine. J Biol Chem, v.257, n.15, Aug 10,
p-8731-7. 1982.

Maturo, J. e E. C. Kulakowski. Taurine binding to the purified insulin receptor. Biochem Pharmacol,

v.37,n.19, Oct 1, p.3755-60. 1988.

Mcclenaghan, N. H. Physiological regulation of the pancreatic beta-cell: functional insights for
understanding and therapy of diabetes. Exp Physiol, v.92, n.3, May, p.481-96. 2007.

Mcclenaghan, N. H., C. R. Barnett e P. R. Flatt. Na® cotransport by metabolizable and
nonmetabolizable amino acids stimulates a glucose-regulated insulin-secretory response. Biochem

Biophys Res Commun, v.249, n.2, Aug 19, p.299-303. 1998.

Mears, D. Regulation of insulin secretion in islets of Langerhans by Ca®* channels. ] Membr Biol,

v.200, n.2, Jul 15, p.57-66. 2004.



100
Merezak, S., A. A. Hardikar, C. S. Yajnik, C. Remacle e B. Reusens. Intrauterine low protein diet

increases fetal beta-cell sensitivity to NO and IL-1 beta: the protective role of taurine. J Endocrinol,
v.171, n.2, Nov, p.299-308. 2001.

Merezak, S., B. Reusens, A. Renard, K. Goosse, L. Kalbe, M. T. Ahn, J. Tamarit-Rodriguez e C.
Remacle. Effect of maternal low-protein diet and taurine on the vulnerability of adult Wistar rat
islets to cytokines. Diabetologia, v.47, n.4, Apr, p.669-75. 2004.

Moens, K., D. Flamez, C. Van Schravendijk, Z. Ling, D. Pipeleers e F. Schuit. Dual glucagon
recognition by pancreatic beta-cells via glucagon and glucagon-like peptide 1 receptors. Diabetes,
v.47,n.1, Jan, p.66-72. 1998.

Moens, K., H. Heimberg, D. Flamez, P. Huypens, E. Quartier, Z. Ling, D. Pipeleers, S. Gremlich, B.
Thorens e F. Schuit. Expression and functional activity of glucagon, glucagon-like peptide I, and
glucose-dependent insulinotropic peptide receptors in rat pancreatic islet cells. Diabetes, v.45, n.2,
Feb, p.257-61. 1996.

Nakamura, H., J. Yatsuki e T. Ubuka. Production of hypotaurine, taurine and sulfate in rats and mice
injected with L-cysteinesulfinate. Amino Acids, v.31, n.1, Jul, p.27-33. 2006.

Nakaya, Y., A. Minami, N. Harada, S. Sakamoto, Y. Niwa e M. Ohnaka. Taurine improves insulin
sensitivity in the Otsuka Long-Evans Tokushima Fatty rat, a model of spontaneous type 2 diabetes.

Am J Clin Nutr, v.71, n.1, Jan, p.54-8. 2000.

Namkung, Y., Skrypnyk, N., Jeong, M.J., Lee, T., Lee, M.S., Kim, H.L., Chin, H., Suh, P.G., Kim,
S.S. e Shin, H.S. Requirement for the L-type Ca®* channel o.1D subunit in postnatal pancreatic cell
generation. J Clin Invest v108, p1015-1022. 2001

Nandhini, A. T. e C. V. Anuradha. Taurine modulates kallikrein activity and glucose metabolism in

insulin resistant rats. Amino Acids, v.22, n.1, p.27-38. 2002.



101
Nandhini, A. T., V. Thirunavukkarasu, M. K. Ravichandran e C. V. Anuradha. Effect of taurine on

biomarkers of oxidative stress in tissues of fructose-fed insulin-resistant rats. Singapore Med J, v.46,

n.2, Feb, p.82-7. 2005.

Nesher, R., E. Anteby, M. Yedovizky, N. Warwar, N. Kaiser e E. Cerasi. Beta-cell protein kinases
and the dynamics of the insulin response to glucose. Diabetes, v.51 Suppl 1, Feb, p.S68-73. 2002.
Newsholme, P., K. Bender, A. Kiely e L. Brennan. Amino acid metabolism, insulin secretion and

diabetes. Biochem Soc Trans, v.35, n.Pt 5, Nov, p.1180-6. 2007.

Newsholme, P., L. Brennan, B. Rubi e P. Maechler. New insights into amino acid metabolism, beta-

cell function and diabetes. Clin Sci (LLond), v.108, n.3, Mar, p.185-94. 2005.

Niwa, T., Y. Matsukawa, T. Senda, Y. Nimura, H. Hidaka e I. Niki. Acetylcholine activates
intracellular movement of insulin granules in pancreatic beta-cells via inositol trisphosphate-
dependent mobilization of intracellular Ca". Diabetes, v.47, n.11, Nov, p-1699-706. 1998.

Ohta, M., J. Nelson, D. Nelson, M. D. Meglasson e M. Erecinska. Effect of Ca** channel blockers
on energy level and stimulated insulin secretion in isolated rat islets of Langerhans. J Pharmacol
Exp Ther, v.264, n.1, Jan, p.35-40. 1993.

Oprescu, A. L., G. Bikopoulos, A. Naassan, E. M. Allister, C. Tang, E. Park, H. Uchino, G. F. Lewis,
I. G. Fantus, M. Rozakis-Adcock, M. B. Wheeler e A. Giacca. Free fatty acid-induced reduction in
glucose-stimulated insulin secretion: evidence for a role of oxidative stress in vitro and in vivo.
Diabetes, v.56, n.12, Dec, p.2927-37. 2007.

Palmi, M., G. T. Youmbi, F. Fusi, G. P. Sgaragli, H. B. Dixon, M. Frosini e K. F. Tipton.

Potentiation of mitochondrial Ca** sequestration by taurine. Biochem Pharmacol, v.58, n.7, Oct 1,

p-1123-31. 1999.
Park, E. J., J. H. Bae, S. Y. Kim, J. G. Lim, W. K. Baek, T. K. Kwon, S. I. Suh, J. W. Park, I. K.

Lee, F. M. Ashcroft e D. K. Song. Inhibition of ATP-sensitive K" channels by taurine through a



102

benzamido-binding site on sulfonylurea receptor 1. Biochem Pharmacol, v.67, n.6, Mar 15, p.1089-

96. 2004.

Patterson, S., P. R. Flatt, L. Brennan, P. Newsholme e N. H. Mcclenaghan. Detrimental actions of
metabolic syndrome risk factor, homocysteine, on pancreatic beta-cell glucose metabolism and
insulin secretion. J Endocrinol, v.189, n.2, May, p.301-10. 2006.

Reusens, B., T. Sparre, L. Kalbe, T. Bouckenooghe, N. Theys, M. Kruhoffer, T. F. Orntoft, J. Nerup
e C. Remacle. The intrauterine metabolic environment modulates the gene expression pattern in fetal
rat islets: prevention by maternal taurine supplementation. Diabetologia, v.51, n.5, May, p.836-45.
2008.

Safayhi, H., H. Haase, U. Kramer, A. Bihlmayer, M. Roenfeldt, H. P. Ammon, M. Froschmayr, T.
N. Cassidy, I. Morano, M. K. Ahlijanian e J. Striessnig. L-type calcium channels in insulin-secreting

cells: biochemical characterization and phosphorylation in RINmSF cells. Mol Endocrinol, v.11, n.5,

May, p.619-29. 1997.
Satoh, H. Direct inhibition by taurine of the ATP-sensitive K* channel in guinea pig ventricular

cardiomyocytes. Gen Pharmacol, v.27, n.4, Jun, p.625-7. 1996.

. Cardiac actions of taurine as a modulator of the ion channels. Adv Exp Med Biol, v.442,

p-121-8. 1998.
Satoh, H. e N. Sperelakis. Review of some actions of taurine on ion channels of cardiac muscle cells

and others. Gen Pharmacol, v.30, n.4, Apr, p.451-63. 1998.

Schulla, V., E. Renstrom, R. Feil, S. Feil, I. Franklin, A. Gjinovci, X. J. Jing, D. Laux, I. Lundquist,
M. A. Magnuson, S. Obermuller, C. S. Olofsson, A. Salehi, A. Wendt, N. Klugbauer, C. B.
Wollheim, P. Rorsman e F. Hofmann. Impaired insulin secretion and glucose tolerance in beta cell-

selective Ca,1.2 Ca** channel null mice. Embo J, v.22, n.15, Aug 1, p.3844-54. 2003.



103
Seino, S. e T. Shibasaki. PKA-dependent and PKA-independent pathways for cAMP-regulated

exocytosis. Physiol Rev, v.85, n.4, Oct, p.1303-42. 2005.

Sener, A., L. C. Best, A. P. Yates, M. M. Kadiata, E. Olivares, K. Louchami, H. Jijakli, L. Ladriere
e W. J. Malaisse. Stimulus-secretion coupling of arginine-induced insulin release: comparison
between the cationic amino acid and its methyl ester. Endocrine, v.13, n.3, Dec, p.329-40. 2000.
Sener, A. e W. J. Malaisse. L-leucine and a nonmetabolized analogue activate pancreatic islet
glutamate dehydrogenase. Nature, v.288, n.5787, Nov 13, p.187-9. 1980.

Straub, S. G. e G. W. Sharp. Glucose-stimulated signaling pathways in biphasic insulin secretion.

Diabetes Metab Res Rev, v.18, n.6, Nov-Dec, p.451-63. 2002.

Tappaz, M. L. Taurine biosynthetic enzymes and taurine transporter: molecular identification and

regulations. Neurochem Res, v.29, n.1, Jan, p.83-96. 2004.

Tas, S., E. Sarandol, S. Z. Ayvalik, Z. Serdar e M. Dirican. Vanadyl sulfate, taurine, and combined
vanadyl sulfate and taurine treatments in diabetic rats: effects on the oxidative and antioxidative
systems. Arch Med Res, v.38, n.3, Apr, p.276-83. 2007.

Tengholm, A. e E. Gylfe. Oscillatory control of insulin secretion. Mol Cell Endocrinol, v.297, n.1-2,

Jan 15, p.58-72. 2009.

Thore, S., A. Wuttke e A. Tengholm. Rapid turnover of phosphatidylinositol-4,5-bisphosphate in
insulin-secreting cells mediated by Ca®* and the ATP-to-ADP ratio. Diabetes, v.56, n.3, Mar, p.818-
26. 2007.

Tricarico, D., M. Barbieri e D. C. Camerino. Taurine blocks ATP-sensitive potassium channels of

rat skeletal muscle fibres interfering with the sulphonylurea receptor. Br J Pharmacol, v.130, n.4,

Jun, p.827-34. 2000.



104
Trus, M., R. F. Corkey, R. Nesher, A. M. Richard, J. T. Deeney, B. E. Corkey e D. Atlas. The L-

type voltage-gated Ca®* channel is the Ca®* sensor protein of stimulus-secretion coupling in
pancreatic beta cells. Biochemistry, v.46, n.50, Dec 18, p.14461-7. 2007.
Tsuboyama-Kasaoka, N., C. Shozawa, K. Sano, Y. Kamei, S. Kasaoka, Y. Hosokawa e O. Ezaki.

Taurine (2-aminoethanesulfonic acid) deficiency creates a vicious circle promoting obesity.

Endocrinology, v.147, n.7, Jul, p.3276-84. 2006.

Um, S. H., F. Frigerio, M. Watanabe, F. Picard, M. Joaquin, M. Sticker, S. Fumagalli, P. R.
Allegrini, S. C. Kozma, J. Auwerx e G. Thomas. Absence of S6K1 protects against age- and diet-
induced obesity while enhancing insulin sensitivity. Nature, v.431, n.7005, Sep 9, p.200-5. 2004.
Wang, L., A. Bhattacharjee, J. Fu e M. Li. Abnormally expressed low-voltage-activated calcium
channels in beta-cells from NOD mice and a related clonal cell line. Diabetes, v.45, n.12, Dec,
p-1678-83. 1996.

Wang, L., A. Bhattacharjee, Z. Zuo, F. Hu, R. E. Honkanen, P. O. Berggren e M. Li. A low voltage-

activated Ca®* current mediates cytokine-induced pancreatic beta-cell death. Endocrinology, v.140,

n.3, Mar, p.1200-4. 1999.
Whiteman, E. L., H. Cho e M. J. Birnbaum. Role of Akt/protein kinase B in metabolism. Trends

Endocrinol Metab, v.13, n.10, Dec, p.444-51. 2002.

Wiser, O., M. Trus, A. Hernandez, E. Renstrom, S. Barg, P. Rorsman e D. Atlas. The voltage

sensitive Le-type Ca** channel is functionally coupled to the exocytotic machinery. Proc Natl Acad

SciUS A, v.96, n.1, Jan 5, p.248-53. 1999.
Wu, G. e S. M. Morris, Jr. Arginine metabolism: nitric oxide and beyond. Biochem J, v.336 ( Pt 1),

Nov 15, p.1-17. 1998.



105

Xiao, C., A. Giacca e G. F. Lewis. Oral taurine but not N-acetylcysteine ameliorates NEFA-induced
impairment in insulin sensitivity and beta cell function in obese and overweight, non-diabetic men.
Diabetologia, v.51, n.1, Jan, p.139-46. 2008.

Xu, G., G. Kwon, W. S. Cruz, C. A. Marshall e M. L. Mcdaniel. Metabolic regulation by leucine of
translation initiation through the mTOR-signaling pathway by pancreatic beta-cells. Diabetes, v.50,
n.2, Feb, p.353-60. 2001.

Yang, S. N. e P. O. Berggren. The role of voltage-gated calcium channels in pancreatic beta-cell
physiology and pathophysiology. Endocr Rev, v.27, n.6, Oct, p.621-76. 2006.

Youngren, J. F. Regulation of insulin receptor function. Cell Mol Life Sci, v.64, n.7-8, Apr, p.873-

91. 2007.



106

ANEXOS




Publicacao do Artigo 1

Edit Account | Instructions & Forms | Log Out | Get Help Mow

Diabetes / Metabolism -
Research and Reviews @SChOlﬁFONE

Manusecript Central

Main Menu -+ Author Dashboard -+ Submission Confirmation

You are logged in as Rosane Ribeiro

Submission
Confirmation

Thank you for submitting yvour manuscript to Disbetes/Metabolism Research and Reviews,

Manuscript ID: DMRR-08-RES-244

TAURINE SUPPLEMENTATION ENHANCES NUTRIENT-INDUCED INSULIN SECRETION IN

Title: o NCREATIC MICE ISLETS

Ribeiro, Rosane
Bonfleur, Maria
Amaral, Andressa
Authors: Vanzela, Emerielle
Rocco, Silvana
Boschero, Antonio
Carneiro, Everardo

Date Submitted: 07-Nowv-2008

@ Print @ Return to Dashboard

02-Mar-2009
Dear Dr Ribeiro

I am pleased to inform you that your revised manuscript "TAURINE
SUPPLEMENTATION ENHANCES NUTRIENT-INDUCED INSULIN SECRETION IN
PANCREATIC MICE ISLETS" is accepted for publication in Diabetes/Metabolism
Research and Reviews. The manuscript files you have submitted will be electronically
transferred to the Production Department at John Wiley & Sons, Ltd. You will receive
proofs of your article in due course via email.

Thank you for submitting your paper to Diabetes/Metabolism Research and Reviews and we
will look forward to receiving additional manuscripts from you in the future.

Sincerely,

Prof. Juleen Zierath
Diabetes/Metabolism Research and Reviews



DECLARACAO

Declaro para os devidos fins que o contetido de minha tese de Doutorado intitulada
REGULAGCAO DA SECRECAO DE INSULINA EM ILHOTAS PANCREATICAS DE
CAMUNDONGOS SUPLEMENTADOS COM TAURINA:

() n#o se enquadra no § 3° do Artigo 1° da Informagdo CCPG 01/08, referente a bioética
e biosseguranga.

() esta inserido no Projeto CIBio/IB/UNICAMP (Protocolo n°® ), intitulado

>

( X ) tem autorizagdo da Comissio de Ktica em Experimentacio
Animal/IB/UNICAMP (Protocolo n°® 1201-1);

( ) tem autorizagio do Comité de Ktica para Pesquisa com Seres
Humanos/FCM/UNICAMP (Protocolo n° );

() tem autorizag@o de comissdo de bioética ou biosseguranga externa a UNICAMP.
Especificar:

/ﬁma W L D% ﬂ@aw

Aluno: ROSANE APARECIDA RIBEIRO

- ——{A\ N

M i il

Orientador: EVERARDO MAGALHAES CARNEIRO

Para uso da Comiss@o ou Comité pertinente:
(X) Deferido () Indeferido

P g, 4
/ %mrw\a,_ eépauad/g//%u%@éa/
ome: / (/ ] {

N30T profa. Dra ANAMARIA A GUARALDO
Presidente
Comissao de Etica na Experimentago Animal
CEEA/IB - UNICAMP




\‘") Universidade Estadual de Campinas ) 1
¢‘\ Instituto de Biologia L
UNICAMP 45

CEEA-IB-UNICAMP

Comissio de Etica na Experimentacao Animal
CEEA-IB-UNICAMP

CERTIFICADO

Certificamos que o Protocolo n° 1201-1, sobre "Secrecdo e sinalizagdo
insulinica e movimento do calcio em ilhotas pancreaticas de camundongos

suplementados com Taurina", sob a responsabilidade de Prof. Dr. Everardo

Magalhaes Carneiro / Rosane Aparecida Ribeiro, estd de acordo com os

Principios Eticos na Experimentagdo Animal adotados pelo Colégio Brasileiro de
Experimentacdo Animal (COBEA), tendo sido aprovado pela Comissdo de Etica
na Experimentagdao Animal (CEEA)-IB-UNICAMP em 27 de fevereiro de 2007.

CERTIFICATE

We certify that the protocol n°® 1201-1, entitled "Insulin signaling and secretion,
and calcium oscillations in Langerhans islets from Taurine treated mice", is

in agreement with the Ethical Principles for Animal Research established by the
Brazilian College for Animal Experimentation (COBEA). This project was approved
by the institutional Committee for Ethics in Animal Research (State University of
Campinas - UNICAMP) on February 27, 2007.

Campinas, 27 de fevereiro de 2007.

\

) N

/W;,‘ﬂ%w 7a L//}au/wa ' \“&)\\\“f\
( P/rofa Dra. Ana MgnéA G[eraldo Fatima Alon@o/

Presidente Secretaria Executiva

CEEAJ/IB - Unicamp Telefone: (19) 3521-6359
Caixa Postal 6109 Telefax: (19) 3521-6356
13083-970 Campinas, SP — Brasil E-mail: comisib@unicamp.br

http://www.ib.unicamp.br/institucional/ceeal/index.htm



