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ABSTRACT

Muscle contraction acutely increases glucose upitalsieletal muscle in both, healthy
and type 2 diabetes individuals. Since enhancemegiucose uptake in the absence of
insulin has been observed in contracted skeletadchepthe existence of an insulin
independent pathway was suggested to explain tesmigmenon. However, the exact
mechanism behind the increase on glucose transp@tdJT4) translocation through
the sarcolemma during muscle contraction is not petaly identified. Meanwhile,
studies reported that insulin cascade componestatypical protein kinase C (aPKC),
become more active after muscle contraction; thaseistence of convergence points
between the insulin and contraction cascades isthgpised in the present dissertation.
For this purpose, in this document three studiempsing distinct experimental
protocol involving the contraction of isolatedleus muscle from Wistar rats, were
proceeded in order to analyse the effect musclér@oion on enhancement of glucose
uptake on skeletal muscle and the role of aPKCh@nprocess.

The first and the second study were undertakemfrave the experimental protocol.
Therefore, in order to design a suitable electratahulation protocol to evoke muscle
contraction insoleus muscle, two frequencies, high (100Hz) and low (ZQHvere
tested. Glucose uptake, GLUT4 location and musdiegrity markers were assessed.
The second study aimed to analyse the influen@gefon glucose uptake, at basal and
during contraction conditions and to associateitih ihe expression and the location of
GLUTs isoforms. Therefore, glucose uptake, GLUT1d aBLUT4 (location and
expression) were observed in rats with differerdgsagt, 10, 22 and 42 weeks. Finally,
the aim of the third study was to verify the rofea®KC on the enhancement of glucose
uptake induced by muscle contraction. For this psegoleus muscle of adult rats was
incubated in presence and in absence of insulin\&@odmannin, an inhibitor of an
aPKC insulin-upstream regulator, before muscle re@tipn protocol. At the end of the
in vitro protocol glucose uptake, GLUT4 location, aPKC phdspho-aPKC expression
was assessed.

The first study demonstrated that muscle contradtiggered at 100Hz induces higher
rates of glucose uptake than in muscle stimulatetiOdlz. However, the increase on
damaged fiber in muscle stimulation at 100Hz arel dimilar GLUT4 distribution in
both groups suggests non-physiological mechanisetsind this enhancement on
glucose uptake. Therefore 10Hz was the frequen®@jeatrical stimulation choosen for
further studies in this dissertation. In the secehdly it was observed an age related
decline on GLUT4 expression into sarcolemma. Tleislide contributes for a decrease
on the ability of skeletal muscle to take up glece@ basal and during contraction
conditions. No difference was observed betweemtl’22 weeks, thus the sample of the
last study was composed byleus muscle of rats between these ages. In the thity/st
it was observed that insulin and muscle contraceohance glucose uptake without
additive effect. Phospho-aPKC expression paralleth the enhancement on glucose
uptake triggered by insulin and by contractionatidition Wortmannin inhibited only
insulin effects.

As the main conclusion, this dissertation presemidences that aPKC is a convergence
point between the cascades which muscle contracimh insulin enhance glucose
uptake insoleus muscle of adult Wistars rats confirming the iditiypothesis. These
findings did not support the concept about theterise of two distinct and separated
cascades to increase glucose uptake in skeletallenus
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RESUMO

A contragdo muscular de forma aguda aumenta opwatesde glicose para o musculo
esquelético, tanto em individuos saudaveis quamtonelividuos com diabetes tipo 2.
Desde que o aumento do transporte de glicose feereado durante a contragédo
muscular na auséncia de insulina, foi sugeridoisténcia de uma via independente
desse hormoénio para explicar esse fendbmeno. Natenta mecanismo exato que
promove o aumento da translocacdo do transpor@ealicose (GLUT4) através do
sarcolema durante a contracdo muscular ainda n&onmgpletamente identificado.
Recentes estudos constataram que componentes dde vénalizagcdo ativada pela
insulina, como a atipica proteina quinase C (aPK@yam-se mais ativos apls a
contracdo muscular. Assim, a presente dissertagfes pontos de convergéncia entre o
mecanismo desencadeado pela insulina e pela caatragscular. Para este propdsito
foram executados trés estudos com protocolos ewpetais distintos envolvendo a
contracao do muscukmleus isolado de ratos Wistar, com o intuito de analsafeito
da contracdo muscular no aumento da captacéo desglno musculo esquelético e o
papel da aPKC sobre este processo.

O primeiro e o segundo estudos foram realizados @ajetivo de refinar o protocolo
experimental. Com o intuito de estabelecer protweolequado para induzir a contragao
muscular através de estimulagdo eletrica no mussaleus, duas frequéncias, alta
(100Hz) e baixa (10Hz), foram testadas no prime&studo. Transporte de glicose,
localizagdo GLUT4 e marcadores integridade muscideam avaliados. O segundo
estudo teve como objetivo analisar a influénciaddale sobre o transporte de glicose e
associar esse fenbmeno com a expressdo e a Igéalizdas isoformas de
transportadores de glicose. Portanto, transporte glitose, GLUT1 e GLUT4
(localizacdo e expresséo) foram observados em catosdiferentes idades: 4, 10, 22 e
42 semanas. Finalmente, o objetivo do terceirodestai verificar o papel da aPKC no
aumento do transporte de glicose induzido pelarag@id muscular. Assim, musculos de
ratos adultos foram incubados na presenca e na@asée insulina e de Wortmannin
(inibidor de uma proteina activada pela insulimafes da contragdo muscular. No final
do protocoloin vitro foram verificados transporte de glicose, locaizagGLUTA4,
isoforma fosforilada (p-aPKC) e nao fosforiladaadrKC.

O primeiro estudo demonstrou que a contracdo maiseatimulada numa frequéncia de
100Hz promove maior transporte de glicose do quengisculo estimulado a 10Hz. No
entanto, o aumento de fibras musculares danificadas o estimulo de 100Hz e a
semelhanca na distribuicio GLUT4 entre ao dois ggugugerem mecanismos nao-
fisioldgicos associados a esse aumento. Porta@tdg 1oi a frequéncia de estimulacéo
aplicado nos demais estudos desta dissertagdoedimdo estudo, foi observado um
declinio na expresséo de GLUT4 no musculo esqaelé&iacionado idade o que parece
contribuir para a redugéo da capacidade do musteuteansportar glicose em condic¢des
basais e estimulado pela contragdo. Nenhuma dgeren observada nos ratos entre 10
e 22 semanas. Assim, a amostra do terceiro estudocbmposta por muscusol eus de
ratos entre estas idades. No terceiro estudo, bservado que tanto a contracao
muscular como a insulina promovem o aumento despate de glicose e que ambos
nao apresentam efeitos aditivos. A expressdo deK@aparece relacionar-se com o
aumento na captacao de glicose desencadeado peressgnulos. De forma adicional a
Wortmannin inibiu somente o efeito da insulina solr p-aPKC e o transporte de
glicose.

Como principal concluséo, esta dissertacdo ap@sariténcias de que aPKC & um
ponto de convergéncia entre as vias que promovaomento do transporte de glicose
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ativadas pela contracdo muscular e pela insulinargrsculosoleus de ratos adultos
confirmando a hipétese inicial. Estes resultadogesem a ndo existéncia de vias
completamente distintas a ativada pela insulinajgsifiqgue o aumento do transporte
de glicose no musculo esquelético durante contrag&zular.
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RESUME

La contraction musculaire aigué augmente la captatdu glucose dans le muscle
squelettique, autant les individus en bonne saménte les diabéetes de type 2. Depuis
amélioration sur la captation du glucose en l'absatinsuline a été observée dans le
muscle squelettique contracté, l'existence d'unie wedépendante d'insuline a été
proposé pour expliquer ce phénomeéne. Cependamédanisme exact derriére la hausse
sur le transporteur de glucose (GLUT4) translocaéidravers le sarcolemme lors de la
contraction musculaire n'est pas terminée identifRRarallélement, des études ont
indiqué que les composants en cascade de l'insglimeme atypique protéine kinase C
(aPKC), a devenir plus actifs aprés la contractionsculaire; ainsi des points de
convergence entre l'insuline et des cascades diactian donc l'existence non une
insuline voie indépendante pour améliorer la captatdu glucose dans le muscle
squelettiqgue, suggérent que les précédentes, hggtotheése dans la dissertation de
présents. A cet effet, dans ce document de troisleét comprenant protocole
expérimental distinctes impliquant la contractianrdusclesoleus isolé de rats Wistar,
ont procédé dans le but d'analyser l'effet surdatraction musculaire amélioré la
captation du glucose au niveau du muscle squalettet le role de 'aPKC sur ce
processus.

La premiere et la deuxieme étude ont été entrepns®ir améliorer le protocole
expérimental. Par conséquent, afin de concevoir puotocole approprié électro
stimulation pour évoquer la contraction musculaitens le musclesoleus, deux
fréquences élevées (100 Hz) et basse (10 Hz)nétdiessai. La captation du glucose,
I'emplacement GLUT4 lintégrité musculaire et dearameurs ont été évalués. La
seconde étude visait a analyser l'influence ddliggement sur la captation du glucose,
a associer la base et dans des conditions et denaaction de I'expression et la
localisation des isoformes de GLUT. Par conséquabtorption de glucose, GLUT1 et
I'emplacement de GLUT4 et d'expression ont étérgbsechez des rats avec des ages
différents: 4, 10, 22 et 42 semaines. Enfin, |'otifele |a troisieme étude était de vérifier
le réle de I'aPKC sur le renforcement de l'absorptidu glucose induite par la
contraction musculaire. Pour ce fins musadeus de rats adultes aient été incubés en
présence et en absence d'insuline et Wortmannimphibiteur d'une insuline a aPKC
régulateur en amont, avant protocole de la comtractusculaire. A la fin de
I'expression de l'absorption du glucose protoaohtro, I'emplacement GLUT4, aPKC
et phospho-aPKC (a-PKC) a été évaluée.

La premiére étude a démontré que la contractiorcutaise déclenchée & 100Hz induit
des taux plus élevés que la captation du glucoses ¢k muscle stimulé a 10Hz.
Toutefois, 'augmentation des fibres musculairetoemmagées dans la stimulation & 100
Hz et la distribution de GLUT4 similaire dans le=mus groupes révéle des mécanismes
non-physiologiques de cette amélioration sur I'gitsmn du glucose. Par conséquent,
10Hz est la fréquence de stimulation électriqueisthde poursuivre les études dans
cette thése. Dans la deuxiéme étude, on a obseevbaisse liée a I'age sur l'expression
de GLUT4 dans sarcolemme. Cette baisse contribueeaiminution de la capacité du
muscle squelettique d'absorber le glucose a ladtadens des conditions de contraction.
Aucune différence n'a été observée entre rats d# 22 semaines, donc I'échantillon de
la derniere étude a été composé par le musteis de rats entre ces ages. Dans la
troisieme étude on a constaté que linsuline etolatraction musculaire améliorer la
captation du glucose sans effet additif. Phosph¢caParallels expression avec la mise
en valeur sur l'absorption du glucose par l'ingulat déclenché par contraction. En
Wortmannin plus inhibé que des effets d'insuline.
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Comme la principale conclusion, ce mémoire préseete preuves que aPKC est un
point de convergence entre les cascades qui laraotion musculaire et l'insuline
d'améliorer la captation du glucose dans le musoleus de rats adultes Wistars
confirmant I'hypothése initiale. Ces constatatinasconfirment pas I'existence de deux
cascades distinctes pour augmenter 'absorptigiuwbose dans le muscle squelettique.
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Fig 2.5

Fig 3.1

pathway (ATP - Adenosine triphosphate; AMP- Adenosine
monophosphate; LKB1 - serine/threonine kinase 11).

Proposed pathways to explain the increase of gkudosnsport 67
triggered by muscle contraction (PI3K - Phosphditdgitol 3-
kinase; GLUT4 - glucose transporter isoform 4; CaMK
Cal/calmodulin-dependent protein kinase; CaMKK- @kodulin-
dependent protein kinase kinase; AMPK — Adenosine
monophosphate-activated protein kinase; ERK - [Erthalar signal-
regulated kinase; AS160 - 160 KD substrate of [motenase B;
n/cPKC - novel and conventional protein kinase S I1/2 - insulin
receptor substrate; ATP - Adenosine 5'-triphosphaa®P -
Adenosine diphosphate; AMP - Adenosine monophosphat
Representative lllustration of tHa vitro protocol. 30 minutes (min)84
before electrical stimulation 04oM of Wortmannin were added into
the buffer in the Wortmannin and Insulin+Wortmanoendition. On
the 50" min of incubation 20mU/L Insulin was added to théfer in

the Insulin and Insulin+tWortmannin grups. At thedeof the
incubation period, 60 min, the buffer was replaegith a fresh Krebs
buffer containing 0.2 mCi/ml of Z4]-deoxy-D-glucose and 0.06
uCi/ml of [*C]-D mannitol with or without (Control condition)

Insulin and/or Wortmannin accordingly to the diffat groups.

Fig 4.1.1 Glucose uptae induced by muscle contraction triggered by 90

26

different frequency of electrical stimulation: 10Hand 100Hz.
Contraction-stimulated glucose uptake was calcdlatas the

percentage of variance between rested and stimuratescle. Values



Fig 4.1.2

Fig 4.1.3

are meant  SD for 6 muscles per grot p<0.0:t.

Repeesentative light micrograp with GLUT4 immunoreactivityof

all studied groups stained with fast red and castaged with
hematoxylin. Cross-section of negative control formuscle
stimulated with 100Hz; at longitudinal section adntrol muscle
(non-incubated control) it was observed high amained staining
at the sarcoplasma; Incubated are cross- and lmhig#l- sections,
respectively, obtained from a muscle which was stohulated to
electrical stimulation, presence of few red stairsdthe muscle
membrane. It was not observed presence of redirggainto the
muscle in cross- and longitudinal-sections of meigtimulated with
10Hz frequency; and from cross- and longitudina@tises of 100Hz
stimulated muscle.

Representative light micrographs from sectionssméus muscles

stained with Hematoxylin/Eosin (A) and percentafjenascle fibers
evidencing swelling and degenerative signs of dan{8j observed
in all the studied groups. In (A) the incubated obes evidence a
slight swelling particularly at the center of theusuole, which is
depicted in the photograph at the upper positidoerfi; swelled
fibers (*) are evident in muscles stimulated withHz and 100Hz;
several round huge eosinophilic fibers (#) are dispicted in 100Hz
stimulated muscles. In (B) the values are givemaan + SD (n=6

slides/group).a p<0.05 vs control group p<0.05 vs. incubated

group;o p<0.05 vs. stimulated 10Hz group.

91

93

Fig 4.1.4 Representative light micrographs (A) of all studig@ups staine 94
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Fig 4.1.5

Fig 4.2.1

Fig 4.2.2

28

with fast red and counterstained with hematoxyid percentagef

red stained muscle fibers (B); represents a negatontrol from a
muscle stimulated with 100Hz; the control musclek bt evidence
any red staining; in the incubated muscles redhesthivere observed
in several interstitial cells (apparently endothlelcells). The red
staining affecting muscle fibers from stimulatedups showing a
granular pattern distribution in all over the filim¥ing predominantly

in 100Hz than in 10Hz groups. In (B) the valuesg@iven as mean *
SD (n=6 slides/group)a p<0.05 vs. control groupB p<0.05 vs.
incubated groupd p<0.05 vs. stimulated 10Hz group.

Representative effe of electrica stimulatior triggered b 10Hz anc 95
100Hz protocols on cleaved caspase-3 expressissiens muscle A
represents an immunoblot against cleaved caspase-Bcubated,
10Hz and 100Hz muscleB. represents cleaved caspase-3 quantified
by scanning densitometry, data are means + SD (m=#jcubated,
10Hz and 100Hz muscleB;p<0.05 vs. incubated group abg<0.05

vs. stimulated 10Hz group.

Glucose uptake fronsoleus muscle in the basal (unstimulate®7
muscles) and during muscle contraction (contractedcles) of 4,
10, 22, 42 wks old rats. Results were obtained fsommimals of each
group: * P<0.05 vs. unstimulated muscle; # P < 510, 22, 42
wks unstimulated and contracted muscle; + P < @dyBpared with
the 42 wks contracted muscle group.

GLUT1 (A) and GLUT: (B) immunoreactive proteiiquantified by 99

western blotting in basableus muscle from rats with 4, 10, 22 and



Fig 4.2.3

Fig 4.3.1

Fig 4.3.2

42 wks old. Results were obtained from 5 animal of each graxt

are expressed in percentage of the amount of GLafd GLUT4
present in theoleus of 4wks old rats’ P < 0.05 vs. 4 wks groups; # P

< 0.05 vs. 42 wks group.

Representative light micrographs of GLUT1 and GLUTH00
immunoreactivity in slices ofoleus muscles from rats of 4, 10, 22
and 42 wks old. GLUT1 and GLUT4 are stained witist faed.
GLUT1 immunoreactivity is more evident in perindusaeaths and
capillaries (arrows) than at the sarcolemma, withnaticeable
qualitative age-related decline between groups.s(dening GLUT4
immunoreactivity the red stain was spread withirsabe fibers in all
groups; additionally an apparent age-related declias observed, in
particular between rats of 4 wks and the othergagaps.

Glucose uptake frorsoleus muscle in uncontracted muscle (Control,03
Insulin, Wortmannin, Insulin+Wortmannin) and cowrted muscle
(Control, Insulin, Wortmannin, Insulin+Wortmannigioups. Results
were obtained from 5 animals of each group: * PS0MEs.
uncontracted muscles; # P < 0.05 vs. uncontractedr@ muscles,
Wortmannin and InsulintWortmannin groups; + P <50.0s.
contracted Wortmannin and Insulin+Wortmannin groups
Representative light micrographs of GLUT4 immunotiéy in 104
transversal and longitudinal sectionsofeus muscle stained with fast

red and counterstained with hematoxylin. Letterndl & represents
transversal and longitudinal sections of uncong@ehuscles Control

group; letter B and F represents transversal angitladinal sections
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Fig 4.3.3

Fig 4.3.4

3C

of contracted muscles Control group; letter C andre@resent
transversal and longitudinal sections of unconé@chuscles Insulin
group; letter D and H represents transversal amgitiadinal sections
of contracted muscles Insulin groups. Comparin@dtand F it is
notorious the GLUT4 migration to the peripherakfitareas induced
by muscle contraction (B and F), insulin (C anda@yl both stimuli
(D and H)

Immunoreactive of aPKC (A), phopho-aPKC (B) aféctin (C) 105
protein from cytosolic fraction of all studied gpmi1 uncontracted
Control (1), contracted Control (2), uncontractedsulin (3),
contracted Insulin (4), uncontracted Wortmannin, (Bpntracted
Wortmannin (6), uncontracted Insulin+tWortmannin (@nd
contracted Insulin+Wortmannin (8). Even detectihg presence of
aPKC andp-actin, we were unable to detect immunoreactivity o
phospho-aPKC in cytosolic fraction dafoleus muscle in three
samples of each group.

aPKC (A) and Phospl aPKC (B) immunoreactivii protein 106
quantified by western blotting in membrane fractiom all studied
groups. Data from Phospho- aPKC (p-aPKC) were pbthfrom 3
sample from each group and are expressed in pagendf the
amount of p-aPKC present from the uncontracted 1©bgtoup;” P

< 0.05 vs. respective uncontracted into the treatme P < 0.05 vs.

uncontracted Control, Wortmannin, Insulin+Wortmamni
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1. GENERAL INTRODUCTION

The prevalence of diabetes has been progressivelgasing during the last few
decades; epidemiologic data estimate that worldaideast 171 millions of people had
diabetes in 2000, and it is expected that this ramill reach 366 millions in 2030
(wild et al. 2004). One main force driving this lieasing prevalence is a staggering
enhancement in obesity, which is considered an itapb contributor for the
pathogenesis of diabetes mellitus type 2 (DMT2} tharesents 90-95% of all diabetic
cases. Additionally to obesity (particularly thecamulation of visceral fat), other
environmental conditions, such as physical inaistignd stress, associated with age and
genetic factors also appear to contribute to theespic character of DMT2 (Litherland
et al. 2001; Moller 2001; 2006). All these factavdl favour the development of an
impaired glucose tolerance, which may result fraangveatic cell dysfunction and/or
from the increase of insulin resistance in targetues, such as skeletal muscle and
adipose tissue (Ostenson 2001).

The resulting chronic hyperglycemia, as the maimaratteristic of diabetes
mellitus, may negatively influence the structured danction of many organs and
systems, particularly the cardiovascular, nervansl, the renal system (Ostenson 2001).
The state of insulin resistance, which is the ahiibnormality for the development of
DMT2, is also linked with the progress of atheresutis, hyperlipidemia, and
hypertension. As a consequence, these patients hakegher risk of myocardial
infarction, of cerebral and peripheral arteriakedises, and of limb amputation (Brownlee
2001; Williams and Pickup 2005).

The therapeutic approaches for DMT2 and its seagnoamplications consist of
the daily control of hyperglycemia and of the imgment of insulin sensitivity (Moller

2001). The important goal behind these measuréseisncrease of glucose uptake in
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skeletal muscle, which accounts for ~80% of gluadisposal under insulin-stimulated
conditions in healthy subjects (Ryder et al. 20@yer the past years, a considerable
number of findings have revealed that an acute lmbuyphysical exercise enhances
skeletal muscle glucose uptake and that regulasipalyactivity improves the ability of
insulin to stimulate the glucose uptake at restlfir et al. 1982; Helmrich et al. 1991,
Hayashi et al. 1997; Tomas et al. 2002). This imeeel skeletal muscle glucose transport
and insulin sensitivity induced by acute and cleaxercise, respectively, may be a key
mechanism to explain the strong epidemiologicatience that the practice of regular
exercise prevents or delays the onset of DMT2 (Hehmet al. 1991; Hayashi et al.
1997; Sigal et al. 2004; Jessen and Goodyear 2@8)ough the improvement of
glucose tolerance induced by exercise has alressBn fully demonstrated, the
intracellular mechanism mediating this phenomeisamt yet well understood.
Therefore, in the past decades, several studies hagdin vitro andin situ
muscle contraction protocols in order to elucidateintracellular mechanism leading to
exercise-induced an enhance in glucose uptake (@aockt al. 1995; Wojtaszewski et
al. 1996; Hayashi et al. 1999; Woods et al. 2008gkt et al. 2005). However, most of
the methodologiem vitro (or also referred asx vivo) do not exactly mimic then vivo
muscle contraction conditions. A standard protocegarding the frequency of
stimulation, 100Hz, seems to be established oniegtugthich evoken vitro muscle
contraction by electrical stimulation. This commprotocol is employed for skeletal
muscle despite the fiber composition; thereforedist have been applying high
frequency of electrical stimulation even in slowittl muscles which in physiological
condition contract at low frequencies roughly 1QHayashi et al. 1999; Ihlemann et al.
1999; Aslesen et al. 2001; Barnes et al. 2002; kYred al. 2004). Compared to fast-

twitch fibers, the phenotype of slow-twitch muséileers is mainly characterized by a
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fragile machinery to sustain fast and abrupt ineesaof sarcoplasmic calcium
concentrations triggered by high frequency of statian (Berchtold et al. 2000; Bassel-
Duby and Olson 2006). However, it is important tghtight that this protocol of high
frequency electrical stimulation has been appliegnein the absence of studies
regarding the possible damage on skeletal muscletste triggered by the use of
inappropriate frequency of electrical stimulation.

During the life span, several phenotype modificagimccur in skeletal muscle
compromising, between others, the ability of tiesue to uptake glucose in basal state
and stimulated by insulin (Leighton et al. 1989uH@rd et al. 1995; Qiang et al. 2007).
The underlying mechanisms leading to a decreaséity b uptake glucose by skeletal
muscle throughout life are currently unknown. Theression of skeletal muscle
glucose transporters isoforms (GLUT1 and GLUT4)ehdeen associated with this
phenomenon although studies do not present a cemaleconclusion (Santalucia et al.
1992; Doria-Medina et al. 1993; Houmard et al. 1988ster et al. 2000; Gaster et al.
2000; Beeson et al. 2003). Apart from insulin, $gaand contradictory studies have
been proceeded in order to verify the influenceagé on muscle contraction-induced
glucose uptake (Gulve et al. 1993; Dolan et al5}99

There are manin vitro andin situ studies demonstrating that muscle contraction
induces an increase on glucose uptake even in edsgrninsulin (Nesher et al. 1985;
Dolan et al. 1993; Megeney et al. 1993; Dolan e1895; Aslesen et al. 2001; Wright et
al. 2004; Bruss et al. 2005; Hannukainen et al.520right et al. 2005). Therefore,
these results suggest the existence of an insudgpiendent pathway to enhance glucose
uptake triggered by muscle contraction. Among savpotential substances that have
been responsible for this process, the role of ABtRivated protein kinase (AMPK) and

Ca'? activated proteins have been identified as maimtritutors (Winder and Hardie
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1999; Tomas et al. 2002; Wright et al. 2004; Jesseh Goodyear 2005; Wright et al.
2005; Jensen et al. 2007; Jensen et al. 2007;Jensd. 2008). However, the isolated
effect of these substances on glucose transpaitgralling is lacking. For instance, it is
not clear whether the increase in muscle glucosakepn response to exercigevivo
requires or does not require the involvement ofeolar components of the insulin
cascade. Besides, recent studies reported thatsti@am regulators of insulin pathway,
as atypical protein kinase C (aPKC) and proteira&n B substrate (AS160), become
activated during exercise and AMPK pharmacologitvators also activate AS160 and
aPKC (Chen et al. 2002; Farese 2002; Bruss eDab;Xramer et al. 2006; Luna et al.
2006). Therefore, it may be speculated that thssilin-like effect induced by muscle
contraction might be explained by molecular changesmuscle fibers with an
enhancement of several metabolic substances thasimultaneously key elements in
the insulin-signalling cascade.

Taken into account the above mentioned contextitsieaim of the present work
is to verify, insoleus muscle, the effect of a high vs. low frequemoyitro electrical
stimulation on glucose uptake and on several bimited and histological markers of
muscular damage closely associated with the logslefum homeostasis. Our second
aim is to evaluate the possible effect of age arcage uptake induced by muscle
contraction and to associate this mechanism with eékpression and localization of
GLUT1 and GLUT4 insoleus muscle of rats, searching for a correlation betwibese
parameters. Finally, the third and main aim of phesent work, is to analyse the aPCK
activity in soleus muscle induced by muscle contraction and insulider to associate
this activity with the changes on glucose uptake.

We hypothesized in the first study that the usédigh frequency of electrical

stimulation protocol applied to a slow twitch muesas soleus, induces cell damage
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with loss of sarcolemmal permeability. Thereforen+physiological mechanisms might
contribute to the enhancement on the rate of ghicgdake reported in literature with
high frequency of stimulation. In the second stwdy hypothesized that ageing affects
the ability of skeletal muscle to uptake glucose basal state and after muscle
contraction being this process directly associatétli the expression of GLUT4 and
GLUTL1. Finally, the hypothesis of the third studasvthat aPKC, which mediates the
cascade of insulin-induced glucose uptake, may #&soactivated during muscle
contraction even in the absence of this hormoneréibre, it was mainly hypothesized
the non existence of distinct pathways to incregseose uptake in the skeletal muscle

induced by contraction and by insulin.

1.1 Organization of the thesis

The present document is organized in seven chafitbesfirst chapter (General
introduction) presents epidemiological data, genararacteristics and consequences of
diabetes type 2. In addition, in this chapter tldaal importance of the identification of
mechanisms which promote enhancement on glucosekeaipduring exercise was
highlighted. Finally, the chapter presents the pses of this work and the hypothesis of
this dissertation.

In the second chapter (state of the art) the wathtdished pathway in which
insulin induces glucose uptake was described. biitiad, several proteins activated
during muscle contraction that have been assochattd glucose uptake induced by
muscle contraction were also analysed. Moreovedéia underlying the effect of acute
and chronic alteration in skeletal muscle post-eigerresponsible for the enhancement

of insulin sensitivity was analysed.
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The third chapter (methodology) was divided in ¢éhredependent studies. In the
first study it was analysed the effect of two pomis with different frequencies of
electrical stimulation to evoke muscle contractionsoleus muscle. It was assessed
glucose uptake, morphologic signals of muscle daaagl expression and localization
of cleaved caspase-3 in order to define the besb@ol to induce muscle contraction. In
the second study it was verified soleus muscle of rats with different ages glucose
uptake at basal state and after muscle contratiimg this data associated with the
expression and localization of glucose transpoeforms (GLUT1 and GLUTA4).
Finally, in the third study, it was analysedsmieus muscle incubated with insulin and a
PI3K inhibitor (Wortmannin) the effect of muscle ntaction on glucose uptake,
expression and the location of aPKC and the abtvirra of aPKC (phospho-aPKC).

Chapter 4 (results) presents graphics, tablesteggand a description referent to
the results of the three studies referred above. fifiding of each study is presented
independently.

In chapter 5 (discussion) all the results presemiediously (chapter 4) were
analysed and compared to different findings andlemions published in literature until
the present moment.

In chapter 6 (final conclusions) the main findirigghese three studies as well as
the main conclusion of this dissertation is present

Finally, the chapter 7 (references) contains thédgraphy of the present work.

40



CHAPTER 2

STATE OF THE ART

41



42



2. STATE OF THE ART

2.1 Glucose uptake in skeletal muscle

Glucose is carried across the cell membrane by mailyfaof specialized
transporter proteins called glucose transportedsU@ (Williams and Pickup 2005;
Watson and Pessin 2006). Skeletal muscle contdfferemht isoforms of GLUT, of
which GLUT4 is the major contributor for glucosarsport (Henriksen et al. 1990;
Hansen et al. 1998; Ai et al. 2002). These protamesmainly located in the membrane
of intracellular vesicles localized in the perireedl compartment at basal state
(unstimulated)The fast cellular translocation of these vesicteshe sarcolemma, and
the consequent redistribution of GLUT4 through pteesma membrane (Figure 2.1), is
stimulated by a complex intracellular cascade ofecwar events (Saltiel and Kahn
2001; Karylowski et al. 2004; Santos et al. 2008).

Microtubules provide an intracellular structureteat GLUT4 vesicles move to
the muscle membrane under the influence of mototeprs. The coordination of the
direction and velocity of GLUT4 vesicles is depemden specific motor proteins.
Kinesin Il (KIF2), KIF3 in mice, seems to be theeyof motor protein responsible for
the fusion of GLUT4 vesicles to the cell surface éfal. 2003; Imamura et al. 2003).

Insulin maintains the glucose homeostasis by antiyaeveral substances which
result on GLUT4 mobilization through the plasma rbemme and a consequence
increase in glucose uptake into skeletal muscldtiéband Kahn 2001; Sano et al.
2003). Nevertheless, apart from insulin other fiesctixe muscle contraction (Whitehead
et al. 2000), hypoxia (Wright et al. 2005), pharoiagic agents (Zhou et al. 2001; Song
et al. 2002), and Kdepolarization (Wijesekara et al. 2006; Thongle2@07) may also

increase the amount of GLUT4 on cell surface, amsequently, the glucose uptake.
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In mammalian skeletal muscle, the major site focgse disposal, the amount of
GLUT4 is dependent on metabolic and dynamic charatics of the fibers. In muscle
composed predominantly by type | fibers, also cafilow-twitch muscle, asoleus, the
amount of GLUT4 is higher than in muscles mainlynstduted by type Il fibers
(Henriksen et al. 1990). Thus, using intact musolesats, it was demonstrated that the
rates of glucose uptake in muscle exposed to mglitectly correlate upon the relative
abundance of GLUT4. Therefore, the capacity of siitch muscles to uptake glucose
triggered by insulin is higher than fast-twitch roles (Henriksen et al. 1990).

Apart from GLUT4, Glucose transporter 1 (GLUT1), svalso suggested to
contribute to glucose uptake in skeletal musdier8, being the main transporter at the
basal state (Guillet-Deniau et al. 1994; Marshiedlle1999; Ciaraldi et al. 2005). In fact,
this isoform seems to have an important role duthng skeletal muscle growth and
development process in order to sustain the higingetic demands, which characterize
this stage of life. Moreover, the specific celludapression of GLUT1 in mature skeletal
muscle has been a topic of debate. For instaneeralestudies reported that GLUT1
immunoreactivity was absent in the sarcoplasmawsale cross-sections, being located
mainly outside the muscle fibers, specially in ll@nd endothelial cells (Santalucia et
al. 1992; Martineau et al. 1999; Gaster et al. 2@B@ster et al. 2000). In contrast to
these observations, other studies showed the expnesf GLUT1 in muscle fibers of
adult rats and humans (Marette et al. 1992; Ciaetldl. 2005). Thus, exact GLUT1

localization and function in mature muscle fibegmnins unclear.
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Figure 2.1- Insulin and muscle contraction stimulate the reidistion of isoform 4 of
glucose transporter (GLUT4) from the membrane dbghasm vesicles through the
sarcolemma, allowing the muscular uptake of glucdsdracted from Santos et al.
(2008).
2.2 The insulin dependent cascade

In skeletal muscle fibers insulin triggers the actllular cascade by binding to
insulin receptors (IR) at the cell membrane (Fig2r/2). The IR is a tetrameric protein
with two o and twof subunits functioning as allosteric enzymes, with d-subunit
inhibiting the tyrosine kinase activity of tiiesubunit. Insulin binding to the-subunit
activates the kinase activity in tfiesubunit followed by the transphosphorylation & th
receptor (Andreasson et al. 1991; Okada et al. ;188éatham and Kahn 1995; Saltiel
and Kahn 2001). The activated IR phosphorylatesstge residues of the insulin
receptor substrate (IRS) family, initiating the salled “classical insulin cascade”
(Goodyear et al. 1995; Saltiel and Kahn 2001; Cheingl. 2004) (Figure 2.2). Upon

tyrosine phosphorylation, IRS proteins interacthwthe p85 regulatory subunit of

phosphatidylinositol (PI) -3-kinase (PI3K) leaditigthe activation of the p110 catalytic
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subunit of this enzyme, which has the membrane gitw®ids as its main target
(Cheatham et al. 1994; Okada et al. 1994). Thisdaeyponent of the classical insulin
cascade generates the lipidic product phosphatiasiliol 3,4,5-trisphosphate (PIP3),
which regulates the activity of downstream proteinsspecially of the 3-

phosphoinositide-dependent protein kinase (PDK)e RDK activates two protein
kinases that have been postulated to be essemyalfdctors for insulin-stimulated
glucose transport: protein kinase B (PKB or AKTYatypical protein kinase Candt

in humans and/A in rodents (aPKC) (Bandyopadhyay et al. 1997; Bapddhyay et al.

2001; Kanzaki et al. 2004; Kotani et al. 2004; Kaodn et al. 2005).

AKT is a signalling protein for several insulin icts, including the activation of
glycogen synthesis, protein synthesis, and GLU&ddlocation (Bruss et al. 2005). In
order to activate GLUT4 vesicles, AKT activates ldTAsubstrate with 160KD (AS160)
(Kane et al. 2002; Eguez et al. 2005), which diydatks the insulirsignal with GLUT4
trafficking (Dugani and Klip 2005). The AS160 comsaa domairfor Rabs, which are
small G-proteins required for vesicle traffickingopess. Under basal conditions the
unphosphorylated form of AS160 retains GLUT4 vesidhto the sarcoplasmma
(Kramer et al. 2006). The activation of AS160 sedémsemove the inhibitory link in
GLUT4 vesicle allowing its translocation to the gfl@a membrane (Dugani and Kilip
2005). Thus, AS160 is the identified most proxinstgp to GLUT4 vesicles in the
pathway through which insulin induces increaselucgse uptake. It should be noted
that this substrate is diminished in DMT2 patigidarlsson et al. 2005).

The protein kinase C (PKC) families have been saddd into three groups
based on sequence homology and mechanisms of tamtivaVhile differentiated by
their sensitivity to C&, both the conventional isoforms (cPKC) and nom&lKC) seem

to be dependent on diacylglycerol for full actieati The aPKC constitutes a third group
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within PKC family whichis activated by lipid binding (e.g. PIP3 or phogjtia acid)
(Newton 1995)Once activated the PKD phosphorylates aPKC arsdpifutein acts on
GLUT4 translocation in parallel with AKT and AS1§Newton 1995; Hajduch et al.
2001; Litherland et al. 2001; Saltiel and Kahn 20@ven being well established the
importance of aPKC on GLUT4 translocation, the éXa& of aPKC in this process is
not well elucidated. Studies suggest that aPKC ateslithe phopohorilation of the
motor proteins KIF3 which coordinate the directeomd the velocity of GLUT4 vesicle
along the microtubule structure to the plasma memdbr(Imamura et al. 2003).
Defective activation of aPKC has been observedusaie of DMT2 rats, monkeys and
humans (Farese 2002; Farese et al. 2005; Farake2805; Farese et al. 2007).

The binding between IR and insulin also stimulaitesnitogen activated protein
kinases (MAPK), which include the extracellularrmagregulated kinases (ERK) and
p38 MAPK (Furtado et al. 2002). This event resuttsthe stimulation of different
transcription factors, which initiate the prograimatt leads to cell proliferation or
differentiation. Such transcriptional-dependentpdations also should have the potential

to indirectly modify glucose uptake (Saltiel andnike2001).
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Figure 2.2-Signal transduction in insulin action: The autopgitamylation of the insulin
receptor (IR) catalyses the phosphorylation of RS (insulin receptor substrates) that
activates PI3K (Phosphatidylinositol 3-kinase), ethiinteracts with AKT/AS160
(Protein kinase B/AKT substrate of 160 KD) and aP(&ypical protein kinase C). The
IR activation also triggers MAPK (mitogen-activatptbtein kinase) pathways. These
pathways act in regulating GLUT4 (glucose transggoisoform 4) vesicle trafficking.
Extracted from Santos et al (2008).
2.2.1 Insulin resistance

Insulin resistance is characterized by a diminishigitity of skeletal muscle and
fat cells to respond to physiological levels ofcaiating insulin, despite the normal
GLUT4 cellular concentration. Disorders on glucased lipid metabolism might
compromise several steps of insulin cascade (Kial.e2008). Elevated free fatty acid

(FFA) levels in blood lead to the accumulation af ficid in nonadipose tissue as

skeletal muscle. In fact, lipid infusion in roder#ad high fat feeding diet in human
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reduces insulin-stimulated glucose disposal suggesite defect in lipid metabolism as
the major contributor for insulin resistance (Bodew Jadali 1991; Kim et al. 1996).

Elevated FFA and glucose in the plasma impairy fatid oxidation due to an
increased concentration of Malonyl-CoA into thecsptasmma. The intramyocellular
lipid accumulation induces an accumulation of lipidtermediates such as
diacylglycerols (DG), ceramides and long-chainyfaitid-Coenzyme A (LC-CoA). The
concentration of lipid intermediates is directigked to defects in the insulin signalling
cascade. Ultimately, these changes in cellularadiig;g have been associated to a
decrease in insulin-stimulated glucose uptake agidipolism (Kim et al. 2008).

Recent studies have shown that the accumulatidtCe€oA, DGs, ceramides,
or any combination of these affect multiple sitéghe insulin signalling pathway: (1)
increase in serine phosphorylation of IRS protei®) decrease in PI-3K activity
(Houmard et al. 2002; Straczkowski et al. 2007), d83idecreased activation of insulin
receptor downstream molecules including aPKC andl ARaltiel and Kahn 2001;
Farese 2002). In fact, reduction of phosphorylatbhRS family members in response
to insulin stimulation has been well reported isulin- resistant animal and humans
(Bjornholm et al. 1997; Howlett et al. 2002). Onaesgible mechanism to explain the
decreased IRS response to insulin is the activdiioding of this substrate by other
molecules that do not integrate the insulin cascedhch inhibits the IRS-PI3K
interaction. In fact, it is known that FFAs stimidaa cellular receptor which mediates
the proinflammatory signalling and activates Ikinasep (IKKf) and c-Jun N-terminal
Kinase (JNK) which in turn phosphorylates IRS (itahal. 2002). This effect inhibits
the interaction between IRS and PI3K with a restltdecrease in aPKC and AKT

activity (Karlsson et al. 2005).
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Nevertheless, the presence of lipid or triglycetiinienuscle cells is not always
related to insulin resistance. It was observedgh klite athletes of endurance sports, as
marathon runners and long distance cycling, highceatration of intramyocellular
lipids into skeletal muscle without any impairmentinsulin sensitivity (van Loon et al.
2004). This accumulation of lipids was substantigjteater compared to DMT2 and
obese subjects. Researchers justify this phenomesoieing a physiological up-
regulated compensation for the increased oxidatajeacity of the muscle to chronic
exercise (Rattarasarn 2006).

Mitochondrial dysfunction and the consequent inseean reactive oxygen
species (ROS) is another potential mechanism tdagxphe insulin resistance.
Furthermore, ROS also stimulates proinflamatorynaligng by activation of 1kB kinase
B (IKKB) which impaired insulin pathway (Nishikawa and Wr2007). Mitochondrial
dysfunction also results in accumulation of lipidermediates as DG that activate some
PKCs isoforms as PKCB, 0, & that also inhibit the interaction of IRS with PI3K
(Schmitz-Peiffer and Biden 2008). The integral libktween DG, PKC and insulin
resistance has been confirmed in studies using PKRCleficient mice, where it was
observed that these genetically modified animaésgmted a protection in fat-induced
insulin resistance compared to wild rats (Sera.e2003; Gao et al. 2007).

In summary, lipid accumulation might contributeitisulin resistance by several
mechanisms promoting a reduction on the interadtietween IRS and PI3K with a
consequent decrease of insulin-induced glucosekeptaherefore, it is of clinical
importance to identify physiologic and pharmacatadjimechanisms which activate
GLUT4 or downstream insulin cascade proteins, a&Caénd AS160, independently of

IRS and PI3K, which are impaired by lipid intermeteis.
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2.2.1 Age and Insulin Resistance

Advancing age constitutes an important risk faéborinsulin resistance and for
the development of DMT2 (2006; Nakhanakup et a0&0It is well documented that
the ability to control the blood glucose level dees during the life span (Leighton et al.
1989; Houmard et al. 1995; Qiang et al. 2007). Bhg® modifications in skeletal
muscle seem to play an important role in this dec(fYoung 1997; Guillet and Boirie
2005).

In rodent models, a progressive decline in thetglwf skeletal muscle to uptake
glucose, in the absence and in the presence dfrinstas observed during the phase of
growth-related weight gains between 1 and 4 moothage (Goodman et al. 1983;
Gulve et al. 1993; Cartee et al. 1997; Qiang et2@D7). This premature and rapid
decrease in glucose uptake by the skeletal muschkelliowed by a long period of
stabilization with further slower modifications tag place during the later ageing
process (Goodman et al. 1983; Rowe et al. 19831d@a al. 2007).

The exact underlying mechanism leading to the atmed decrease in the
ability to uptake glucose is still lacking. Accuratibn of lipid intermediates, sarcopenia
and a decrease of GLUT1 and/or GLUT4 expressioe haen proposed as mechanisms
to explain the aging-induced insulin resistanceuiidard et al. 1995; Nair 2005; Qiang
et al. 2007).

With increasing age, fat mass tends to graduadiyemse, especially visceral fat,
and the daily energy expenditure tends to decr@€ise et al. 2008). The decreases of
lipid oxidative capacity have been demonstratedgead skeletal muscle of humans and
animals (Conley et al. 2000; Peltoniemi et al. 20(ditochondria of old animals
presented changes in morphology in addition to eased ROS production and

decreased in ATP production (McCarroll et al. 200fhus the increase of ROS
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production and modification of mitochondrial biogsis contribute to mitochondrial
dysfunction which increases the risk of insulinsesce development (Kim et al. 2008).

Many studies have reported a decrease in muscls, rfiasr and function with
age which has been associated with a decreaseoieirprsynthesis rate (Guillet and
Boirie 2005; Nair 2005; Short et al. 2005). Therefothis effectper se affects the
clearance of plasma glucose since the skeletal Im@counts for ~80% of glucose
disposal under insulin-stimulated conditions in Itilgayoung animals. Insulin also
regulates the protein metabolism, inducing an Em®eein synthesis and a consequent
muscle growth. This effect is impaired in DMT2 whicontributes to an increase of
sarcopenia triggered by age. Therefore, in a viioycle, sarcopenia plays a role on
DMT2 and DMT?2 contributes to sarcopenia (Guilletl 8virie 2005).

Modifications of glucose transporters in skeletalsecle have been reported
during the life span. Concerning GLUT4, a positogrelation was found between its
total amount and the capacity of muscle tissue femrmadult healthy animal to uptake
glucose under insulin stimulation (Henriksen et E390). However, it is not clear
whether the ontogenic decline in glucose uptakeliiectly related to the muscular
GLUT4 content. On this subject, conflicting resultere reported, either showing an
enhanced GLUT4 expression in adult rats with adednage compared to younger
animals (Santalucia et al. 1992) or a decreashi®fprotein expression with increasing
age (Gulve et al. 1993). In humans, several stidi@sd a negative correlation between
GLUT4 content and age (Houmard et al. 1995; Gastet. 2000). Regarding GLUT1,
which is not regulated by insulin, its expressi@eras to decline rapidly after birth
(Santalucia et al. 1992). This could partly expl#ie premature decline in glucose
uptake previously described, but only few studies/igded experimental support for this

hypothesis (Gaster et al. 2000a; Postic et al. 1 %iMilarly to the present knowledge
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about the specific cellular GLUT1 localization, teéect of age in this transporter

isoform also remains unclear.

2.2. Muscle contraction-enhanced glucose uptake

During exercise the turnover of ATP in skeletal ola@sn the contracting muscle
increases significantly being fuelled by the cal@ino of carbohydrate (intramuscular
glycogen and blood glucose) and fatty acids (intrsealar triglycerides, blood lipids).
The contribution of blood glucose for ATP resyniBest the beginning of exercise
seems to be low. However, with the increased tifrexercise the blood contribution of
glucose becomes more substantial (Rose and R200&).

It was well reported that a single bout of exergsemotes a decrease in blood
glucose even when insulin action is impaired andemwer, it is also well supported that
regular exercise in a chronic way can diminishnseuiin blood concentration with a
consequent improvement of the glycemic control (@hin et al. 2000; Christ et al.
2002; Holloszy 2005; Engler 2007). These effectsrasultant from the acute increase
of glucose uptake on contracting skeletal muscld fom the enhanced insulin
sensitivity consequent in addition to intramuscudataptation triggered by chronic
exercise. Nevertheless, the underlying mechanism ¢bntributes to the acute and
chronic modification those results in an enhanceémenglucose uptake in skeletal
muscle triggered by contraction is not completdbniified.

In the absence of insulin, muscle contractionjitro, increases glucose transport
to a degree similar to that described during egeiai vivo (Wallberg-Henriksson et al.
1988; Richter et al. 1989; Cartee and Holloszy 1T®6uen et al. 1990; Helmrich et al.
1991; Dolan et al. 1993). Additionally, a great menof studies reported a synergistic

effect of muscle contraction- and of insulin-inddcglucose uptake hypothetically
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triggered by multiple signalling cascades (WallbEenriksson et al. 1988; Richter et
al. 1989; Cartee and Holloszy 1990; Douen et @0i®¥elmrich et al. 1991; Dolan et
al. 1993). Therefore, different research groupsailly suggested the existence of a pool
of molecules completely different, triggered bysbdawo stimuli. For instance, it has
been shown during a marathon run, by using a cootis glucose monitoring system,
that the intracellular mechanism triggered by eiserovas sufficiently effective to
maintain glucose transport in diabetes type 1 stbjeCauza et al. 2005) suggesting a
low requirement of insulin to maintain transport giicose during long periods of
exercise.

On the other hand, several results have demondtrhiE this potential of
exercise to increase glucose transport is reductégpe 1 diabetic subjects compared to
normal individuals (Tuominen et al. 1997; Riddellaé 2000; Peltoniemi et al. 2001,
Peltoniemi et al. 2001). This data suggests the oblan insulin dependent component
on the mechanism whose contraction enhance glugua&e. Keeping this idea in mind,
recent findings have shown that insulin downstreagulators, such as AS160 and
aPKC, become more active on contracted skeletalclmuéBeeson et al. 2003;
Deshmukh et al. 2006). It is therefore also realslento suggest that exercise triggers an
additional effect on the insulin cascade to enhateeose uptake probably through one

or more components of the insulin cascade.

2.2.1 Mechanisms of glucose transport induced by rsale contraction

Despite the endocrine (Wicklmayr et al. 1979; Kishial. 1998; Tatar et al.
2003; Bobbert et al. 2007) and paracrine (Higakalet2001; Kingwell et al. 2002)
influence on skeletal muscle glucose uptake dugikeycise, the intracellular mechanism

triggered by muscle contraction appears to be thmmesponsible candidate for acting
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straight on the enhancement of surface GLUT4 lev@lwo main intracellular

mechanisms have been suggested to explain theactatr-dependent glucose transport.
The first one is based on the assumption that gki¢ansport might be related to the
metabolic strain imposed on skeletal muscle duexercise (Kurth-Kraczek et al. 1999;
Fujii et al. 2004) and the second one explains ghkanced glucose uptake by the
depolarization of the sarcolemma and T-tubule mamds through calcium-mediated

second messengers (Wright et al. 2004; Wright. 2G05).

2.2.1.1 Metabolic stain dependent mechanisms

A key progress to understand the molecular evdrtiew the muscle contraction
affects glucose transport came from the identiiicabf a protein kinase activated by
adenosine-5"-monophosphate (AMP), which resultedhan denomination of AMPK
(Hardie and Carling 1997; Hardie and Sakamoto 2006&he past decade, many studies
have been conducted associating the role of thisyna@ on contraction-stimulated
glucose uptakén vivo (Rasmussen and Winder 1997; Musi et al. 20013itu (Hutber
et al. 1997) andn vitro (Hayashi et al. 1998). AMPK is a heterotrimericotein
consisting on one subunit and two non-catalytic suburfitandy. Two isoforms of the
a-subunit have been identified] anda2, with different distribution among tissues, with
the highest expression a2 in skeletal muscle (Stapleton et al. 1996; Keingl.e2003).
Besides, a pharmacologic activator of AMPK, namebraminoimidazole-4-
carboxamide-riboside (AICAR), activates the glucdssnsport in resting rat muscle
(Kurth-Kraczek et al. 1999; Fisher et al. 2002; Masd Goodyear 2003). This drug
mimics the effect of AMP on AMPK without alterati®of ATP stores or of earlier steps

of the insulin cascade (Musi et al. 2003; Long atdrath 2005). Additionally to
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AICAR, hypoxia and metformin (an oral antidiabet@t$o seem to act on glucose uptake
through AMPK (Nesher et al. 1985; Zhou et al. 20FAgure 2.3).

In ob/ob rats (obese and insulin resistant), a wapeous administration of
AICAR was associated with a decrease in glucosserdgnce (Halseth et al. 2002). The
same phenomenon has been reported with the usdGAR\in different models of
insulin resistance as KKAy-CETP mice and Zuckes (&iedler et al. 2001; Buhl et al.
2002). In agreement with these animal studies, Musi. (2002) observed a correlation
between the increase in AMPK activity and glucasegport in DMT2 patients after
exercise. An augmentation of AMPK expression has aken reported after metformin
treatment (Musi et al. 2001). These studies sugdestat insulin resistance did not
inhibit the effect of AMPK on glucose uptake.

Recent findings convincingly propose the tumor sappor kinase LKB1
(serine/threonine kinase 11) as the major upstreegulator of AMPK in skeletal
muscle. The development of a muscle-specific LKBbdkout mouse by Sakamoto et
al. (2004) evidenced the role played by this enzymeAMPK activation. It was
demonstrated in this elegant study that the glucgsake and AMPKo2 activation
induced by AICAR, by phenformin (a metformin analey) and by muscle contraction
were diminished in LKB1 deficiergxtensor digitorum longus (EDL) muscle (Sakamoto
et al. 2004). In addition, different methodologies/e also emphasized the role of LKB1
as a dependent molecule for AMPK-induced glucostakép (Taylor et al. 2005;
Sriwijitkamol et al. 2007). Therefore, LKB1 seentsdatalyze the phosphorylation of
the AMPKo subunit turning into active AMPK complexes (Hard2905). Thus,
convincing evidences are supporting the role of Lk AMPK activation, but it is still

unknown, whether LKBL1 is the only kinase resporesfol AMPK activation.
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In spite of the well-established evidences abow tble of AMPK as an
underlying substance for contraction-induced glecoptake, the relationship between
glucose uptake and this protein does not appeagpesent a simple dose-dependent
response. It could be suggested that a componettieoinsulin cascade may be a
downstream regulator of the AMPK pathway for insiag glucose uptake.

The majority of investigations have failed to derstoate an association between
earlier components in the insulin cascade sucRaKlIS, and PI3K and the mechanisms
of contraction-stimulated glucose uptake vivo studies demonstrated that PI3K
expression decreased some minutes after exercisga@¥ewski et al. 1997; O'Gorman
et al. 2000)It was observed in isolated muscle that Wortmargai®I3K inhibitor) did
not influence contraction- and AICAR-stimulated @ige transport but, on the other
hand, this inhibitor impaired the insulin actiono@lyear et al. 1995; Lee et al. 1995;
Whitehead et al. 2000; Wright et al. 2006). Thesports suggest that molecules
responsible for that muscle contraction-inducedgbe uptake act in a downstream step
regulated by PI3K.

Consistent findings have established a convincimgnection between AS160
and AMPK. It was demonstrated in isolatagtrochlearis muscle that contraction and
AICAR, as well as insulin, stimulated AS160 phospfation (Bruss et al. 2005).
Additionally, Kramer et al. (2006) showed a synergifect among contractile activity
and AICAR on AS160 phosphorylation, without Wortmanimpairment. In addition, it
was demonstrated that the effect of AICAR on AS1Gfs abolished in AMPK:2-
inactive transgenic mice; in contrast, contracstimulated AS160 phosphorylation was
only partially affected in these animals (Treebalale 2006). This result highlights the
role of AMPK onAS160 phosphorylation but also suggests an alteenatechanism,

independently of AMPK, for AS160 activation trigger by muscle contraction.

57



Supporting studies using an vitro methodology reported, an enhancement of AS160
phosphorylation invastus lateralis of humans muscle was observed after endurance
training (Deshmukh et al. 2006). Such approachesgly support the idea that AS160
is an important AMPK downstream regulator and a@sa potential convergence point
integrating the insulin- and contraction-stimulatggicose uptake pathway(s).

Regarding aPKC, several studies have consistembiys that the aPKC activity
is higher in contracting muscle, as demonstratetdbie 2.1, suggesting the role of this
protein on contraction induced-glucose uptake (Beex al. 2003; Nielsen et al. 2003;
Perrini et al. 2004; Rose et al. 200An increase in aPKC activity was observed in the
exercised muscles in comparison to resting musclasman DMT2 subject (Beeson et
al. 2003). In addition, just like in AS160, it wasiggested that this increase was
independent of PI3K activity (Beeson et al. 200Bing a similar methodology, Perini
et al (2004) reported an increase of phospho-aPKgession in the sarcolemma of
healthy subjects after muscle contraction. Adddibn the authors suggested a
translocation of aPKC to the membrane after beimgsphorylated. Moreover, althougt
Ritcher et al (2004) reported an increase on aP&tvity after bike exercise, however
this effect was not related to the energy demaridn(Br et al. 2004). These studies
pointed out the effect of muscle contraction on @P&ctivity, however none of these
reports have directly associated aPKC activity wjitlcose uptake. Thus more research
is needed to verify if aPKC is really required tintraction-enhanced glucose uptake in
skeletal muscle.

Even being described that aPKC can be activatednbgcle contraction, the
second messager required for contraction-inducadCaRBctivation is unknown. In
contrast to AS160, little research has been coeduetith the aim of analysing the

association between AMPK and aPKC. Chen et al. 7p80ggested that AICAR and
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muscle contraction activate aPKC without the rezgmignt of PI3K. Instead, aPKC
activity induced by AMPK appears to be dependentMAPK-ERK, which activates
phospholipase D (PLD) to generate phosphatidic @49 that directly activates aPKC
(Chen et al. 2002). The correlation between thevaodn of aPKC and ERK was also
observed by two studies after endurance exercisels@hh et al. 2003; Richter et al.
2004). These results demonstrate a convincing atienebetween aPKC and ERK and
also propose the role of AMPK on aPKC activatianagreement with this idea, data
demonstrated in skeletal muscle of DMT2 subjecs mhetformin therapy also increases
aPKC activity, suggesting a common effect of aPK@ af AMPK for the enhancement
on glucose uptake in skeletal muscle (Luna etG062 Furthermore, like AS160, aPKC
may also represent a point of convergence in insid contraction pathways, although
additional research is required to address thisthgsis sufficiently.

A valuable approach to elucidate the molecular rapidms of contraction-
induced glucose uptak@& vivo was originated from transgenic mice with an inati
(dominant-negative) AMPK protein expressing an hitbry effect on the AMPKo2
subunit. Mu et al. (2002), using these transgenéenobserved a reduction of only 30%
in the glucose transport in response to hind linoimtiaction evoked by electrical
stimulation (Mu et al. 2001). Additionally, sl ora2 AMPK isoforms knockout mice it
was demonstrated that contraction-induced glua@sesport in isolated muscle was not
altered despite the inability of AICAR to stimulaggucose transport in2 knockout
mice (Jorgensen et al. 2004). These importantrigglsuggest that a small activation of
AMPK may be enough to induce normal glucose uptaice moreover, it may only be a
part of the mechanisms leading to contraction-daed glucose transport. It should

therefore be feasible to assume the existence dli@laor compensatory pathways
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acting independently of AMPK, which may be triggerby a calcium dependent

mechanism (Figure 2.5) (Derave et al. 2000; Mudi@onodyear 2003; Fuijii et al. 2005).

Metformin
AICAR

l LKB1

AMPK

!

4AmP

1

fADP

o AS160 Sa
™~ aPKC 2

Muscle contraction
Hypoxia
ATP

Figure 2.3 Phosphorylation of adenosine monophosphate-aetivatrotein kinase
(AMPK-p) dependent of LKB1 (serine/threonine kindgg, with AMPK upstream and
downstream regulators (ATP - Adenosine 5'-triphaesgh ADP - Adenosine
diphosphate; AMP - Adenosine monophosphate). Plessiteraction between aPKC
(atypical protein kinase C) and AS160 (160 KD stdist of protein kinase B) on
GLUT4 (glucose transporter isoform 4) translocati@xtracted from Santos et al
(2008).
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Studies that suggested convergence points betweasllin- and contraction-
induced glucose uptake
Stimuli Muscle type | Convergence| Characteristic | References
and point Insulin | of this response
population and exercise
Bicycle not mentioned/ aPKC Independent of | Benson et
exercise DMT2 humans activity PI3K al. (2003)
not mentioned/ p-aPKC | Activated Perini et al.
healthy humans expression | isoform located | (2004)
at membrane
fractions
vastus laterlis/ aPKC Enhance on Ritcher et
healthy humans  activity aPKC activity | al. (2004)
not p-aPKC
expression
vastus laterlis/ aPKC Independent ¢ | Rose et
healthy humansg  activity cPKC (2004)
not mentionec aPKC In parallel with | Niels et a.
healthy humans  activity ERK (2003)
vastus lateralis/ AS160 Endurance Deshmukh.
athletes activity rather than et al. (2006)
strength
exercise
Treadmill run | mice/ ELD aPKC Dependento | Chen et
activity AMPK and (2002)
ERK
AICAR L6 muscle cell aPKC Dependento | Chen et
activity AMPK and (2002)
ERK
L6 muscle cell p-AS160 | Directed relate( | Farah et a
expression | on GLUT4 (2007)
AS160 translocation
activity
mice/ EDL p-AS160 | Additive of Kramer et
expression | insulin and al. (2006)
AS160 AMPK
activity independent of
PI3K
mice AMPK (- p-AS160 | Partial Treebak et
/) ELD expression | dependent on | al. (2006)
AS160 AMPK and
activity independent of
PI3K
Metformin vastus lateralis/ aPKC Dependent on | Luna et al.
DMT2 humans activity AMPK (2006)
Electrical- Wistar rats/ p-AS160 | Additive of Bruss et al.
stimulation epitrochlearis expression | insulin and (2005)
AS160 independent of
activity PI3K
Wistar rats/ p-AS160 | Parallel of Kramer el
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EDL and in situ| expression | insulin and al. (2006)
hind limb AS160 AMPK
activity independent of
PI3K
mice AMPK (- p-AS160 | Partial Treebak et
/) ELD expression | dependent on | al. (2006)
AS160 AMPK and
activity independent of
PI3K
K+ L6 muscle cell p-AS160 | Directrelatec | Toncet al.
depolarization expression | on GLUT4 (2007)
AS160 translocation.
activity Partial
dependent on
¢/n PCK and
AMPK.

Table 2.1 - Studies demonstrating that proteins activated ksulin can also be
activated by exercisein vivo), muscle contractionirf{ vitro), AMPK (adenosine
monophosphate-activated protein kinase) specif@rmphcological activators and K+
depolarization in skeletal muscle. AS160 (160 Kbsttate of protein kinase B) and
aPKC (atypical protein kinase C) activities areeredd to studies that have used an
immunopreciptation methodology; p-AS160 (phosphated AS160 isoform) or p-
aPKC (phosphorylated aPKC isoform) are referredttmlies that have quantified these
proteins by western blotting.

2.2.2.2 Calcium dependent mechanisms

The increase in cytoplasmic calcium concentratione dto membrane

depolarization also seems to activate several anbss involved in the translocation of
GLUT4 vesicles. Several studies have shown thatoge transport is increased in
mammalian muscle when cytoplasmic calcium conceatrs are raised independently
of insulin or of the energy status (Cleland etl@89; Henriksen et al. 1989; Youn et al.
1991; Jessen and Goodyear 2005). Two proteins beee identified in the context of
this phenomenon: the Ca/calmodulin-dependent pradease (CaMK) and the PKC

(new and classical) (Ojuka et al. 2002; Wrightle@04; Wright et al. 2005; Thong et

al. 2007). In an attempt to associate the mechan@ity with calcium in the absence of
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muscle contraction, studies have used pharmacalogadcium activators and inhibitors
such as caffeine and KN-62, respectively (Brozirgthkl. 1999; Wright et al. 2004).

CaMK seems to integrate the pathway by which caicigtimulates the
translocation of GLUT4 vesicles (Fukunaga et aB& Brozinick et al. 1999; Olson and
Williams 2000; Wright et al. 2004). Wringht et gR005) analyzedn vitro the
interaction between muscle contraction, AICAR, aacdffeine, and described a
synergistic effect of these factors on glucosesyart. Additionally, the combination of
these two drugs increased glucose transport ratethd same degree as muscle
contraction. In concordance, the role of CaMK, gdilifferent tissues, was suggested to
parallel AMPK independent mechanisms (Corcoran Behns 2001; Wright et al.
2005). During steady state exercise, resulting maalest activation of AMPK, Ojuka
(2002) proposed that the primary adaptive stimdtusGLUT4 vesicles translocation
might be linked to the rise of cytoplasmic calciudm the other hand, intensive exercise
results in a more powerful stimulus for GLUT4 exgmien and translocation by
activating both, CaMK and AMPK (Figure 2.4) (Yuatt 2001; Ojuka et al. 2002).

In contrast with the idea of an AMPK independerthpeay, recent studies have
shown that calcium may activate AMPK by CaMK king§&aMKK) (Hawley et al.
2005; Woods et al. 2005; Jensen et al. 2007). # eeanmonstrated that the inhibition of
Cal/calmodulin-regulated protein kinases potenthibits AMPK phosphorylation
independently of the influence of LKB1 in muscler@st and during contraction (Jensen
et al. 2007). The same group has demonstratedoiatesl soleus muscle that the
mechanism underlying caffeine-induced glucose wp{kough a Ca increase) is also
dependent on the AMPK1 activation (Jensen et al. 2007). These data,cst@aMKK
as an upstream regulator of AMPK, and also sughastcalcium and AMPK signals are

at least partially connected rather than exclugiyrallel as proposed before. This
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assumption, however, was partially contradictedVditgczak et al. (2007) using an
innovating methodology with electroporated vectoohtaining constitutively active
CaMKK. The consequent overexpression of CaMKK iase#l thein vivo glucose
transport in wild strain and in AMPK deficient aralm, demonstrating that CaMKK-
stimulated glucose uptake may act independenthARIPK through one or more
unknown components (Witczak et al. 2007). The agmacontradiction between the
studies of Witczak et al. (2007) and of Jesseh ¢2@07a and 2007b) may be due to the
different methodologies used. Nevertheless, misdrtant to keep in mind that although
the ex vivo muscle contraction model remains a valuable mastady the components of
contraction signalling, it is unknown whether teevivo findings entirely mimic the
conditions ofin vivo studies.

To our best knowledge, the association betweenetidier insulin cascade
components and calcium-activated proteins haswveddittle attention in the literature.
It was observedhn vitro that KN-62, a specific Ca/calmodulin-dependentgirokinase
inhibitor, induced a decrease in glucose transpaygered by hypoxia and insulin,
without parallel alterations in the expression otivaty of PI3K and AKT (Brozinick
and Birnbaum 1998; Brozinick et al. 1999). Thes#adsuggest that the association
between CaMK and GLUT4 may not be explained bynéeraction with AKT or PI3K,
however, it is important to highlight that CaMK rhiginteract within a cascade step
below these substances start to act (Brozinick Bindbaum 1998; Brozinick et al.
1999). Since its identification, AS160 was assuntedbe a candidate for the
convergence point between CaMK and insulin cascadeponents as shown in figure
2.5, however, few findings have rejected this hiipsts; in one of the first studies
testing this hypothesis, it was demonstrated inattipocyte that Ca/calmodolin is not a

downstream regulator for AS160 (Kane and Lienhd@d5. In agreement, an increase
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of AS160 phosphorylation in skeletal muscle was ai®t observed with CaMKK
overexpression, suggesting that CaMKK trigger matabreactions, such as glucose
uptake, independent of AS160 (Witczak et al. 20@ditional research is certainly
required to identify the link between Ca/calmodukdgulated protein kinases and
insulin cascade components.

Although PCK negatively affects GLUT4 translocation (Griffinat 1999; Yu
et al. 2002; Haasch et al. 2006), the other new BGforms have been associated with
the promotion of glucose uptake. Using a PKC irthib{Calphostin C), a decrease of
glucose transport was observed after muscle cdmrasuggesting a major role of
conventional and novel (c/n) PKCs in glucose uptd@klemann et al. 1999). However,
this result should be interpreted with caution,duse Calphostin C inhibits all PKC
isoforms without specificity. With the aim to find possible candidate for PKC
downstream regulation, Thong et al. (2007) dematestrthat (n/c) PKC activation due
to K* depolarization and a consequent increase of igltcaar calcium increased AS160
phosphorylation, which contributed for the reguatof the GLUT4 traffic in cultured
L6 cells (Thong et al. 2007). Thus, there is a iy that PKC stimulated by muscle
contraction acts on glucose transport through ASI&fhtroversially, a recent study
using muscles from PKG: (a conventional isoform) (-/-) mice demonstrated a
significant decrease in contraction-stimulated ghgcuptake when compared to muscles
from wild type animals. The authors concluded RKC o, which represents ~97% of
conventional PKC in skeletal muscle, is not requif@ contraction-stimulated glucose
uptake (Jensen et al. 2009). Therefore it will la@artant to identify in further studies
what calcium- activation proteins are underlyingoatcium-induced glucose uptake and
if this protein is also related with the actionasfy components which mediate insulin

cascade.
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Fig. 2.4 Calcium activated proteins (PKC - protein kin&eCaMK - Ca/calmodulin-

dependent protein kinase; CaMKK - Ca/calmudulinedefent protein kinase kinase) act
on glucose transport parallel and/or connectedhto AMP-activated protein kinase
(AMPK) pathway (ATP - Adenosine 5'-triphosphate; RMAdenosine monophosphate;

LKB1 - serine/threonine kinase 11). Extracted fréantos et al. (2008).
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Figure 2.5 Proposed pathways to explain the increase of geit@nsport triggered by
muscle contraction (PI3K - PhosphatidylinositoliBdse; GLUT4 - glucose transporter
isoform 4; CaMK - Ca/calmodulin-dependent proteinake; CaMKK- Ca/calmodulin-
dependent protein kinase kinase; AMPK — Adenosinaaphosphate-activated protein
kinase; ERK - Extracellular signal-regulated kina#&160 - 160 KD substrate of
protein kinase B; n/cPKC - novel and conventioraitgin kinase C; IRS 1/2 - insulin
receptor substrate; ATP - Adenosine 5'-triphosphA@P - Adenosine diphosphate;
AMP - Adenosine monophosphate). Extracted from &aeat al. (2008)
2.3. Post-exercise adaptations of skeletal muscldeffect on glucose uptake

In 1966, Bergstrom and Hultman defined “improvenisulin sensitivity induced
by exercise” as being the decrease on the amounsolin required to skeletal muscle
at post-exercise state (rest) to uptake the sataeofajlucose observed before exercise.
(Bergstrom and Hultman 1966). This definition waset confirmed by Hollozy
(Holloszy 2005).

An early study, carried out by Richter et al. (1P88ed an isolated perfused rat

hindquarter preparation to demonstrate that affermiinutes of treadmill run the

physiological concentration of insulin had enhandedng several hours post exercise
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the glucose uptake. This effect was reproducedvthen hindquarter muscle was
electrically stimulated through the sciatic nerfcpter et al. 1989). This increase in
insulin sensitivity after contraction and exercwas later confirmed in human studies
(Richter et al. 1982; Cartee and Holloszy 1990)wdis observed a 2-fold increase in
glucose uptake in response to low physiologicallinsconcentrations 4 hours after one-
leg exercise compared with the rested leg (Mikieteal. 1988). Schineider et al. (1984)
showed that glucose tolerance was substantialtgibg@® and 17h after a single bout of
exercise (Schneider et al. 1984). Furthermoreag also shown that an improvement in
insulin sensitivity could be detected during fewslafter a single session of exercise in
people with obesity and DMT2 (Devlin et al. 198&re et al. 1989). Supporting these
conclusions, two studies done with athletes dematest that the high insulin sensitivity
observed after exercise diminishes during the Wahg days after ceasing exercise
(Heath et al. 1983; Burstein et al. 1985). In sumynthese reports established that a
single bout of exercise enhances the sensitivititha responsiveness of skeletal muscle
to insulin in both humans and experimental animals.

This persistent effect of exercise on glucose wptik promoting a glycogen
resynthesis has been characterized in two phasesaiZ 2002). While the first phase
seems to be independent of insulin or its pathwayeé early components (e.g. IRS and
PI3K), in the second phase it is dependent of instRS and PI3K (Richter et al. 1982;
Devlin et al. 1987; Chibalin et al. 2000; Zierat02). Zouh and Dohn (1997) noticed
that exercise increases the ability of insulin¢tvate PI3K (Zhou and Dohm 1997). In
agreement, Howlett et al. (2002) observed an iserea IRS and PI3K activity after
exercise (Howlett et al. 2002). In addition, it wismonstrated that the enhancement on
insulin sensibility is only partially dependentI®&S and PI3K, suggesting an additional

mechanism to explain this effect (Howlett et al02)) Therefore, on the basis of these
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findings, the early components of insulin cascaslensto be necessary to enhance the
insulin sensibility post-exercise, however, othecimnisms also appear to contribute to

this process.

2.3.1 Increase GLUT4 expression

An adaptation that may contribute to increase insaktion and, therefore,
increase glucose uptake and glycogen synthesisep@stise is an increase in skeletal
muscle GLUT4 protein expression (Ren et al. 1994p ket al. 1999). Early data
demonstrated a rapid enhancement of GLUT4 expresgnich persists 2 days after one
prolonged swimming session (Ren et al. 1994). boetance, recent data demonstrates
an increase of GLUT4 content and mRNA of GLUT4 a@ minutes, independent of
the exercise intensity (Kraniou et al. 2006). Hoale (2003) observed the effect of two
bouts of three hours swimming and carbohydrate Isupgntation in diabetic and
control rats. The effect of exercise on GLUT4 esgien was higher in control rats with
lower plasmatic insulin, which demonstrates a phariependence of insulin on this
phenomenon (Hou et al. 2003). On the other handya$ reported that GLUT4
expression did not accompany the increase of madnsibility observed after 1 and 5
bouts of swimming exercise, which suggests that A Expression is not a rate limit to
increase insulin sensitivity after exercise (Chiba¢t al. 2000). In addition, the
prevention of protein synthesis, with cycloheximi@@end thus the prevention of an
increase in GLUT4 content) did not avoid the insezhaction of insulin after exercise.
Therefore, the increase of GLUT4 content might @ayle to the late adaptive response
to exercise and not to the immediate increase sulim sensitivity observed few hours

after exercise.
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2.3.2 Lipid metabolism on increased insulin sensitity- Role of AMPK

The increased action of insulin immediately aftezreise may simply be a result
of an increased FA oxidation (Turcotte and Fish&08). This notion is consistent with
recent findings in cultured myotubes and animal etfeyswhich showed an increased
action of insulin under conditions of increaseddaidation (Koves et al. 2008). Thus,
the more important question regarding the effedtex@rcise on intramuscular lipid
intermediates is whether intramuscular levels ohoedes, DGs, or both, are reduced by
regular exercise. Few studies have examined tleetsfbf short-term or regular exercise
on the content of intracellular lipid intermedigtesd the results have been conflicting.
In line with the beneficial role of exercise in nlesinsulin sensitivity, exercise training
was shown to decrease intramuscular levels of D@k aGeramides in obese people
(Bruce et al. 2006). Conversely, short-term exereigs found to increase rather than
decrease ceramide levels in lean people (Helge 20@4) which was also observed in
endurance athletes as previously mentioned (vam lev@l. 2004). Thus, more research
is required to clarify the changes induced by dger¢acute, chronic and both) in
intracellular lipid accumulation and to verify ihdse changes in exercise and lipid
intermediates in fact play a role in skeletal mesnbkulin sensitivity. However, it seems
likely to suggest that there is a different resgookintracellular accumulation of lipid
intermediates in DMT2 people comparing to the respoon high performance athletes
on lean people.

In order to elucidate the mechanisms underlyingd limetabolism interaction
with insulin sensitivity, the activity of AMPK waserified after muscle contraction and
AICAR treatment. AMPK seems also to be a key proteiincrease fatty acid oxidation
by inducing a depletion on malonyl-CoA concentnat{®attarasarn 2006). Thus, the

activation of AMPK for muscle contraction and AICABubsequently leads to an
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enhanced insulin action (Buhl et al. 2001; Sahiedl Kahn 2001; Fisher et al. 2002). In
obese rats the AMPK activity triggered by musclatcaction was correlated with the
enhancement of mitochondrial oxidation which reswib activating lipolysis and lipid
catabolism, thereby lowering the levels of lipidxito intermediates, and therefore
ameliorated insulin resistance (Thyfault et al. 200ndeed, AMPK activation leads to
a decreased muscular LC-CoA (Hardie and Sakamof®)20-urthermore, insulin
resistance has been associated to a decrease ok AMiression (Liu et al. 2006). In
fact, in insulin resistant Zucker fa/fa rats, ag&nsubcutaneous injection of AICAR
improves insulin sensitivity (lglesias et al. 200Maving gathered all the presented
results, it is acceptable to suggest that AMPK rhagimtribute to an increase in glucose
uptake during muscle contraction by activation &180 and aPKC, and post exercise
this protein plays a role on the activation of diptatabolism which removes the
inhibitory action of lipids intermediate on IRS,creasing the sensibility of skeletal

muscle to insulin.
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3. METHODOLOGY

In order to achieve the aims of the present diagert three studies were carried
out involving male Wistar rats. Animals from thesfi and the third study were
purchased from Charles Rivers laboratory (Barcel@main) while rats from the second
study were purchased from CRIFA (Barcelona, Spahtjusing and experimental
treatment of animals were in accordance with thed&dor the Care and Use of
Laboratory Animals from the Institute for Laboratoknimal Research (ILAR 1996).
The local Ethics Committee approved the study aedekperiments were complied with
the current national laws.

Animals were housed (two per cage) in a room wahstant temperature (21-
23°C) and exposed to a light cycle of 12h light/d2itk. Commercial chow and tap
water were providedad libitum. In all three studies, 12h before the experimental

protocol food were removed.

3.1 First Study
3.1.1 Animal handling

Eighteen Wistar rats (weighting 334.89+7.36 g, adeld14 weeks) were
randomly divided into 2 different groups accordite the frequency of electrical
stimulation to be applied: the 10Hz group (n=9) #mel 100Hz group (n=9). Rats were
sacrificed by decapitation and intasileus and gastrocnemius muscles (n=36) were
excised.Gastrocnemius muscles were only used to evaluate the water nbiteskeletal
muscle tissue. Oneoleus muscle from each animabas assigned to the electrical
stimulation protocol (10Hz or 100Hz) while the aatateral muscle served as incubated

rested control. Four extra animals with similarrelageristics (age and gender) like those
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used in thein vitro protocol were further used to control potentsaleus muscle

alterations induced by the incubation processfitsel

3.1.2 Muscle preparation, stabilizing period, and xperimental groups

The muscles were placed vertically suspended inoman bath between 2
electrodes attached to an isometric transducerruadgassive tension of 10g. The
muscles were incubated in a Krebs Buffer with tbikofving composition (mM): 117
NaCl, 4.7 KCI, 2.5 CaG] 1.2 KHPO4, 1.2 MgSQ 24.6 NaHCQ, 5.5 glucose, 2
pyruvic acid and 5 HEPES, gassed with a mixtur8586 CQ and 5% CQ and kept at
30°C (Aslesen et al. 2001). After a stabilizati@nigd of 60 min, one muscle from each
animal was submitted to electrical stimulation pooi (“stimulated”) whereas the
contralateral muscle, was not stimulated and reeshimcubated during the time
required for the stimulation protocol (“incubatedntrols”). Immediately before the
application of electrical stimulation the bufferlwdth muscles was refreshed with Krebs
Buffer containing 0.2aCi/ml of 2-deoxy-D -[13H]-glucose (8.50 Ci/mmol; Amersham,
UK) and 0.061uCi/ml of [1-**C]-D mannitol (61 mCi/mmol; Amersham, UK$oleus
muscles obtained from the 4 animals which weresnbimitted to then vitro protocol,

constituted the “non-incubated controls”.

3.1.3In vitro muscle electrical stimulation

The protocols of electrical stimulation consistédrains of pulses (10V, 0.2ms
pulse width) delivered at 100Hz for periods of Hrands with 50 seconds interval
during 10 minutes, or at 10Hz for periods of 10osets with 50 seconds interval during
30 minutes. After each protocol, muscles were assido biochemical (n=6 animals per

group) or morphological assays (n=3 animals peugjro
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3.1.4 Muscles biochemical assays

Stimulated and rested incubated muscles were UOlotte filter paper and
homogenized on ice in 1 ml of 10 mM Tris- HCI buffeontaining 1 mM EDTA and
protease inhibitors (500M of phenylmethylsulfonyl fluoride, fig/ml of leupeptin, and
1 png/ml pepstatin). A part of the homogenate (500was frozen at -80°C for further
assay of cleaved caspase-3 while the remainingdigested in 2 ml of 1 M NaOH
during 10 minutes at 80°C foiH and *C quantification. Digested samples were
neutralized with 2 ml of 1 M HCI mixed with 10 mf scintillation cocktail (Optiphase
HiSafe 3, PerkinElmer) antH and*‘C in the samples were evaluated by scintillation
spectrometry (Beckman LS 6500, Beckman Instruments)

The intracellular water content was calculated éach muscle taking into
account the measured interstitial water volume thedpercentage of total muscle water
content assessed in a 5-day lyophiligestrocnemius (EZ Dry Benchtop Freeze Dryer-
FTS Systems). Total muscle water content was cledlby the difference between the
initial and the final muscle weight. Glucose uptakas normalized by the calculated
intracellular water volume and expressed as alsafalues for each group of muscles,
being the effect of electrical stimulation on glaeauptake presented as a percentage of
control incubated muscles.

To assessthe muscular expression of cleaved caspase-3, samples were
centrifuged at 14.000g at 4°C for 10 minutes ardstlppernatant protein concentrations
were determined according to the Lowry protocolwiky et al. 1951). Supernatant
volumes containing 3Qg of protein were separated on 12.5% SDS-PAGE gdl a
transferred to a PVDF membrane. Membrane was btbakelris Buffered Saline —
Tween (TBS-T), pH 7.6 containing 5% dry milk andubated with rabbit anti-cleaved

caspase-3 antibody (1:1000, Cell Signaling Techmgldollowed by incubation with

77



anti-rabbit IgG HRP conjugated (Amersham BioscisjicBands were detected using a
chemiluminescence ECL-kit (Amersham Biosciencesgndgjfied in Image J software
(version 1.41) and expressed as percentage of esmamt from the incubated control

muscle.

3.1.5 Morphological assays

Muscles from 3 animals of each group (and from4tanimals not submitted to
electrical stimulation — the non-incubated conirolgere fixed overnight in a 4%
formaldehyde/phosphate-buffered saline (PBS pH hdifer. Muscles were then
dehydrated through a graded series of ethanol tengyand imbedded in paraffin
following the conventional protocol. Transversatldongitudinal sections of gm were
prepared for immunohistochemistry of cleaved casf®aand GLUT4 or were stained
with hematoxylin/eosin for light microscopy. Brigfl after being deparaffinised and
rehydrated, slices were placed in 10 mM citratefdyuin a microwave oven (700W)
during 20 min for antigen retrievalissues were then submitted to a blsokution of
3% bovine serum albumin (BSA) in TBS-T at 37° Cingir60 minutes. After several
washes, sections were incubated over night at 4R6 eleaved caspase-3 primary
antibody (rabbit polyclonal, 1:100 Cell Signaliriggchnology) or with GLUT4 primary
antibody (rabbit polyclonal 1:200 Chemicon, Intdroaal) at 37°C for 1h. After
washing, all sections were incubated at 37°C fdnoir with alkaline phosphatase
conjugated anti-rabbit antibody (1:100, Santa (Biatechnology). Fast Red reagent
(Sigma-Aldrich) was used to detect the alkalineggiatase from secondary antibodies
and slides were counterstained with hematoxylingdtiee controls were prepared by
replacing primary or secondary antibodies by TB3-3dr. cleaved caspase-3, the results

were expressed as the percentage of fibers staieddin at least 300 muscle
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fibers/skeletal muscle. The analysis of GLUT4 dideas merely qualitative taking into
consideration the distribution of red stain witmmuscle fibers. In slides stained with
hematoxylin/eosin, the percentage of swelled arginephilic fibers was quantitatively
assessed after observing at least 300 muscle/Sketstal muscle.

The non-incubated control muscles were specificabed for morphological
analysis in order to control immunohistochemistayadand morphological alterations of

the soleus muscle, which might have been induced by the iatiab process itself.

3.1.6 Statistical Analysis

Data were calculated as means * standard devig8bn Statistical analyses
were carried out using SPSS 15.0 for Windows so#w@omparisons between groups
were performed using the Mann-Whithney U test sitiee normal distribuition test
(Kolmogorov-Smirnov test) detected an abnormalriistion in our data. Significance

level was set at P<0.05.

3.2 Second Study
3.2.1 Animal handling

Twenty eight animals aged of 4 (n=7), 10 (n=7),(827) and 42 (n=7) weeks
(wks) were classified, respectively, as childhoodug, juvenile group, adult young
group and adult old group. They were sacrificeattycussion followed by decapitation
with exsanguinations and both intascteus and gastrocnemius muscles were excised,;

the latter were only used to evaluate the wateterdnn skeletal muscle tissue.

79



3.2.2 Electrical stimulation

Soleus muscles were split longitudinally in pieces witm#ar weight and placed
in organ baths and incubated as previously destribe section 3.1.2. After the
stabilization period of 60 min one muscle from eacimal was electrically stimulated
with trains of pulses (20 V, 0.2 ms width) delivera 10 Hz for periods of 10 seconds
with 50 seconds interval during 30 min, referrec¢astracted muscles; the contralateral
muscle was submitted to the same conditions buéldetrical stimulation was omitted,
being referred as unstimulated muscles. At thea@ngtimulation period muscles were
collected and processed to quantify the expressio®GLUT1, GLUT4 and glucose

uptake.

3.2.3 Glucose uptake assays

Before application of electrical stimulation, theubation medium was replaced
by a buffer containing 0.25:.Ci/ml of 2-PH] deoxy-D-glucose (8.50 Ci/mmol;
Amersham Biosciences), which was used as an iricdtglucose uptake, and 0.061
uCi/ml of [1-*%C]-D mannitol (61 mCi/mmol; Amersham Biosciencasjed to calculate
the interstitial muscle volume. At the end of tliensilation period muscles were blotted
on filter paper and homogenized on ice in 1 ml wffdr containing 1% Triton X-100,
0.1% SDS, in PBS (pH 7.4ind protease inhibitors (5QM of phenylmethylsulfonyl
fluoride, 5 ug/ml of leupeptin, 1ug/ml pepstatin and 2g/ml of aprotinin; (Ben-
Abraham et al. 2003). A fraction of the homogen®&te0 ul) was frozen at -80 °C for
further evaluation of GLUT expression (see belowhe remaining 500ul were

processed as previously described in 3.1.4.
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Glucose uptake was expressed in mol/L/30min, cpaeding to the amount of
glucose uptake by the muscle during the 30 minbaton normalized by the calculated

intracellular mean of water volume from each grasplescribed in section 3.1.4.

3.2.4 Western blotting assays

To assessthe muscular expression of GLUT4 and GLUT1 samples were
centrifuged at 10,0009 at 4°C for 10 min and theégdn concentration in the supernatant
determined according to Lowry et al. (1951). Sup&nt volumes containing 3@ of
protein were separated on 10% SDS-PAGE gel andfeaed to a PVDF membrane.
The membrane was blocked with Tris buffer with 0%91of tween 20 (TBS-T, pH 7.4)
containing 5% dry milk and incubated with rabbittigBLUT1 antibody (1:500,
ABCam) and anti-GLUT4 antibody (1:1000, Chemicorietnational) followed by
incubation with conjugated anti-rabbit IgG HRP (Asteam Biosciences).
Immunoreactive bands were detected using a chenmésvence ECL-kit (Amersham
Biosciences), quantified in Image J software (warsi.41) and expressed in percentage

of the expression observed in 4 wks old rats.

3.2.5 Immunohistochemistry assays

Transversal sections of unstimulated muscles weoeegsed for GLUT4 and
GLUT1 immunohistochemistry assays as decribed ictige 3.1.5. Sections were
incubated overnight at 4°C with GLUT1 primary anty (rabbit polyclonal 1:25,
Abcam) or with GLUT4 primary antibody (rabbit polgoal 1:200; Chemicon
International) at 37°C for 1h. After washing, adcBons were incubated at 37°C for 1
hour with alkaline phosphatase conjugated antiitabbtibody (1:100, Santa Cruz

Biotechnology). Fast Red reagent (Sigma-Aldrich)swesed to detect the alkaline-
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phosphatase from secondary antibodies and slidese wmunterstained with
hematoxylin. Analyses of the intracellular and agéllular distribution of GLUT4 and

GLUT1 in the tissue were merely qualitative.

3.2.6 Statistical analysis

Results were presented as means + standard dev{&i») Statistical analyses
were carried out using Sigma Stat software (ver8i&i. All data were tested for normal
distribution (Kolmogorov-Smirnov test). The Wilicom test was used to compare
contracted and unstimulated muscles glucose uptaitein group. Comparisons
between groups were performed using the multifeadt&NOVA test for variables with
normal distribution such as muscle water contentseie weight and body weight, or
with the Kruskal-Wallis test for variables with alymal distribution such as glucose
uptake, GLUT1 and GLUT4 content. The Spearman’s wess used for correlations
between muscle glucose uptake vs. GLUT1 or GLUT@ression and age vs. glucose

uptake or GLUT1 and GLUT4 expression. Significalesel was set at P < 0.05.

3.3 Third Study
3.3.1 Animal handling

Sixteen-week-old rats (n=28) were randomly dividatb 4 different groups
according to then vitro incubation treatment: not treated (n=7); incubatétt Insulin
(n=7); incubated with Wortmannin (n=7); and incudzhtvith Insulin plus Wortmannin
(n=7) being referred as Control, Wortmannin, Insuland Insulin+Wortmannin
respectively. After being designated they were iaed by concussion followed by
decapitation with exsanguination and both insattus muscles andastrocnemius were

excised. The latter were only used to evaluatevdtter content in skeletal muscle tissue.
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3.3.2 Muscle Incubation

Soleus muscles were placed in organ baths, between Pates, attached to an
isometric transducer under a passive tension off Hhd incubated in a Krebs buffer
with the following composition (mM): 117 NaCl, 4KClI, 2.5 CaC}, 1.2 KH,PO4, 1.2
MgSQy, 24.6 NaHCQ, 5.5 glucose, 2 pyruvic acid and 5 HEPES, gasstdasmixture
of 95% Q and 5% C®@and kept at 30 °C during a stabilization perioé@imin. During
the incubation period muscles from each animal vresged on the following conditions
as shown in figure 3.1: a) not treated (Controlthvb) 500nM of Wortmannin (Sigma-
Aldrich) dissolved in 0.05% DMSO for 30 min (Wortman); ¢) 10mU/ml of insulin

(Insulin) for 10 min; and d) both drugs, Insulin+Yfoannin.

3.3.3 Electrical Stimulation

After stabilization period, 0.2 mCi/ml of ZH]-deoxy-D-glucose and 0.06
uCi/ml of [**C]-D mannitol were added to the baths and one raifsoin each animal
was electrically stimulated with trains of puls@® {, 0.2 ms width) delivered at 10 Hz
for periods of 10 seconds with 50 seconds inteiuaing 30 min, referred as contracted
muscle; the contralateral muscle was submittethéosame conditions but the electrical
stimulation was omitted, being referred as uncdettanuscle. Therefore, 8 conditions
were analysed, 4 in the study uncontracted mug@estrol, Insulin, Wortmannin,
Insulin+Wortmannin); and 4 in contracted musclesr(ttol, Insulin, Wortmannin,

Insulin+Wortmannin).
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BEGINNING OF THE

IN VITRO PROTOCOL Biochemical and

morphological

60 min 30 min  assays
/ 30min 50min \ ﬁ%

| | -
N i)

10mU/ml Insulin

0,5 pM Wortmannin 2- [3H] -deoxy-D-glucose
[4C] -D mannitol

Fig 3.1- Representative lllustration of tha vitro protocol. 30 minutes (min) before
electrical stimulation 0.5uM of Wortmannin were added into the buffer in the
Wortmannin and Insulin+Wortmannin condition. On 8% min of incubation 10mU/L
Insulin was added to the buffer in the Insulin dnsulin+Wortmannin groups. At the
end of the incubation period, 60 min, the buffesweplaced with a fresh Krebs buffer
containing 0.2 mCi/ml of 22H]-deoxy-D-glucose and 0.06Ci/ml of [**C]-D mannitol
with or without (Control condition) Insulin and/dNortmannin accordingly to the
different groups.
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3.3.4 Glucose uptake assays

Afterwards, muscles were homogenised in a buffettaining 50mM tris-HCI,
250mM sucrose, 1mM EDTA, 1mM EGTA, 1ImM PMSF, 1mMn2rcaptoetanol, 5
mM sodium fluoride, 5mM sodium vanadate, 10% glgte? pug/ml aprotin, 5Sug/mi
leupetin, 2ug/ml of pepstatin and 0.5 mM PMSF. A fraction of thomogenate (50d)
was frozen at -80 °C for further evaluation of aRl&€6d phospho-aPKC expression (see

below) and processed as explained in section 3.1.4.

3.3.5 Immunohistochemistry assays
Muscles of all groups (n=2) were prepared for imotustochemistry of GLUT4
as described previously in section 3.1.5. As in ghevious study, the analysis of the

GLUT4 intracellular distribution was merely qualites.

3.3.6 Western Blotting assays

In order to assess aPKC and phospho-aPKC expressianembrane and
cytosolic fractions, samples were centrifuged af,Q00g at 4°C for 60 min. The
cytosolic fractions, the supernatant, were remofadfurther analysis, whereas the
remaining pellet contains, membrane fractions, wasuspended in a similar
homogeneizated buffer containing 1% of Triton-X.eTresuspendend samples were
centrifuged at 15,0009 at 4°C for 15 min and theesuatant with membrane fractions
was removed. Protein concentration was determinedrding to Bradford et al. (1976).
Supernatant volumes containingu80of protein were separated on 12.5% SDS-PAGE
gel and transferred to a PVDF membrane. The merebras blocked with Tris buffer
with 0.01 % of tween 20 (TBS-T, pH 7.4) containi® dry milk and incubated with

rabbit polyclonal anti-phospho aPKC antibody (1:50@ll Signaling) and mouse
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monoclonal anti-aPKC (1:10,000 Santa Cruz). Folldwg incubation with conjugated
anti-rabbit IgG HRP (1:1,000, Santa Cruz) and argiise IgG HRP (1:1,000 Amersham
Biosciences) in phospho-aPKC and aPKC membrangmeatgely. Immunoreactive
bands were detected using a chemiluminescence BC{Aknersham Biosciences),
guantified in Image J software (version 1.41) amgbressed in percentage of the

expression observed in uncontracted Control muscles

3.3.7 Statistical Analysis

Data were calculated as means * standard devicdiatistical analyses were
carried out using SPSS 15.0 for Windows softwark.data were tested for normal
distribution (Kolmogorov-Smirnov). As the variablgsesented abnormal distribution
the Wilcoxon test was used to compare uncontraateti contracted muscles glucose
uptake within the same group. Comparisons betweenpg were performed using the

Kruskal-Wallis test. Significance level was seP&0.05.
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4. RESULTS

Results of each study will be presented indepehdastfurther described:

4.1 First Study
4.1.1 Glucose Uptake

After the adjustment of muscular glucose contentht® respective incubation
period of each protocol (10 or 30 minutes), theubated controls for the muscles
stimulated at 10Hz and 100Hz presented a basabsguaptake rate of 42.5+8.6 (n=6)
and 40.6x7.3 (n=6) nmol/ml/min, respectively. In soles submitted to electrical
stimulation these rates increased significantly 6.3+15.5 (n=6) and 71.7£17.1
nmol/ml/min (n=6), which correspond to a variance 143+16 and 180+24% for

muscles stimulated at 10Hz and 100Hz, respectifegure 4.1.1).

4.1.2 GLUT4 localization

As depicted in figure 4.1.2, a notorious differeetween the incubated control
and stimulated muscles regarding the location oJ&A within the muscle fibers was
observed. This transporter protein was spread\at ¢the fiber in incubated control
muscles while it was mainly positioned near thesl@mma in stimulated muscles. In
both protocols of stimulation (10Hz and 100Hz),réhevas no qualitative difference
concerning the GLUT4 distribution at the periphefythe fibers, suggesting that both
frequencies of stimulation have a similar effect the translocation of this protein
towards the muscle fiber membrane. Compared toimoubated control muscles, the
incubated control muscles also showed some disdéret@ase in concentration of
GLUT4 near the periphery of fibers, suggesting thatincubation process itself might

have constituted a weak stimulus for GLUT4 transtmn (Figure 4.1.2).
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Figure 4.1.1Glucose uptake induced by muscle contraction trigmydoy two different
frequency of electrical stimulation: 10Hz and 100Kontraction-stimulated glucose
uptake was calculated as the percentage of varibebeeen rested and stimulated

muscle. Values are means + SD for 6 muscles peipgm<0.05.
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Fig 4.1.2Representative light micrographs with GLUT4 immuesxtivity of all studied
groups stained with fast red and counterstainedh Wwegmatoxylin. Cross-section of
negative control form muscle stimulated with 100l#zjongitudinal section of control
muscle (non-incubated control) it was observed hagmount of red staining at the
sarcoplasma; Incubated are cross- and longitudseakions, respectively, obtained from
a muscle which was not stimulated to electricahstation, presence of few red stained
at the muscle membrane. It was not observed presgined staining into the muscle in
cross- and longitudinal-sections of muscle stimadatvith 10Hz frequency; and from
cross- and longitudinal-sections of 100Hz stimudatauscle.

4.1.3 Morphological alterations

Thein vitro protocol induced several morphological alterationsoleus muscle
fibers. The incubated control muscles demonstrtegresence of a few swelled fibers
(3.2+1.8%, n>300 fibers/muscle) located mainly le tcentre of the muscle (Figure
4.1.3A), whereas such alteration was not foundan-imcubated control muscles. Both
electrical stimulation protocols, at 10Hz and 100Qkwmuced a significant increase of

swelled fibers compared to the incubated musclanfative analysis revealed highest
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numbers of swelled fibers in muscles stimulated180Hz (44.6£11.5%, n>300
fibers/muscle), while only 18.2+6.6% (from n>300drs/muscle) of the fibers showed
this feature in muscles stimulated at 10Hz (Figdrg&.3B). Concerning the severed
damage of fibers, as evaluated by eosinophilimstgj such was only observed in the
stimulated muscles (Figure 3A), and the percentdgfected fibers was significantly
higher in muscles stimulated at 100Hz (5.2+2.2%30®>fibers/muscle) compared to

10Hz (0.8+0.8%, n>300 fibers/muscle, Figure 4.1.3B)

4.1.4 Cleaved caspase-3

The absence of cleaved caspase-3 inside the fiferon-incubated and of
incubated control muscles demonstrated thairitebated procegser se did not induce
any proteolysis signal. However, the discrete presef this protein in its active form in
the interstitial space of the incubated musclesgesiy the occurrence of some
proteolysis in endothelial cells (Figure 4.1.4Ah tontrast, the fibers of muscles
stimulated either at 10Hz or 100Hz showed the presef cleaved caspase-3 (Figure
4.1.4A). This was more frequent in the muscles wtited at 100Hz (38.3%=7.6%,
n>300 fibers/muscle) than in the 10Hz-stimulated sohes (5.1+0.8%, n>300
fibers/muscle; Figure 4.1.4B). In order to confittne immunohistochemistry results, the
western blot technique was used to detect the eteaaspase-3 content 8oleus
muscles. In agreement with immunohistochemical ,datascles submitted to electrical
stimulation presented a higher expression of cleéagspase-3 than incubated control
muscles. Furthermore, the expression of cleavedasas3 was significantly higher in

muscles stimulated at 100Hz than in muscles stitedlat 10Hz (Figure 4.1.5).
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Fig 4.1.3Representative light micrographs from sectionsotdus muscles stained with
Hematoxylin/Eosin (A) and percentage of muscle rBbevidencing swelling and
degenerative signs of damage (B) observed in &l studied groups. In (A) the
incubated muscles evidence a slight swelling paleity at the center of the muscle,
which is depicted in the photograph at the uppeitipm fibers; swelled fibers (*) are
evident in muscles stimulated with 10Hz and 100s&eral round huge eosinophilic
fibers (#) are also depicted in 100Hz stimulatedscies. In (B) the values are given as
mean = SD (n=6 slides/groupd. p<0.05 vs. control groud’ p<0.05 vs. incubated
group;d p<0.05 vs. stimulated 10Hz group.
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Figure 4.1.4Representative light micrographs (A) of all stadgroups stained with fast
red and counterstained with hematoxylin and peeggntof red stained muscle fibers
(B); represents a negative control from a musdlawated with 100Hz; the control
muscles did not evidence any red staining; in tlbated muscles red stained were
observed in several interstitial cells (apparerghdothelial cells). The red staining
affecting muscle fibers from stimulated groups simgma granular pattern distribution in
all over the fiber being predominantly in 100Hzrthia 10Hz groups. In (B) the values
are given as mean = SD (n=6 slides/group)<0.05 vs. control groud p<0.05 vs.
incubated groupd p<0.05 vs. stimulated 10Hz group.
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Fig. 4.1.5Representative effect of electrical stimulativiggered by 10Hz and 100Hz
protocols on cleaved caspase-3 expressicolens muscle. A represents an immunoblot
against cleaved caspase-3 on incubated, 10Hz didzliiuscles. B represents cleaved
caspase-3 quantified by scanning densitometry, atataneans + SD (n=4) in incubated,
10Hz and 100Hz musclef; p<0.05 vs. incubated group andp<0.05 vs. stimulated
10Hz group.

4.2 Second Study
4.2.1 General observations

Animal characteristics of body weight, muscle weigind percentage of
muscular water content in the studied groups aesgmted in Table 4.1. The body
weight and muscular weight increased between asiofad wks and those of 10 and 22
wks, but no change was observed in these paranireen animals of 22 and 42 wks
old. The muscular water content was similar in aigof 4 and 10 wks, declined in

animals of 22 and 42 wks and remained unchangedekatanimals of 22 and 42 wks.
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4.2.2 Glucose uptake

Regarding glucose uptake on unstimulated stateiffierehces were observed
betweensoleus muscles from rats of 10, 22 or 42 wks, but it waghér in the younger
group, rats with 4 wks, compared to all other gso(ipig. 4.2.1). Muscle contraction
increased glucose transport in all studied groéphigher rate of glucose uptake was
induced by muscle contraction in the childhood grqd wks) when compared to
juveniles (10 wks), young adults (22 wks) and tteltaold group (42 wks). A decline in
glucose uptake was also observed in contractedlesust 42 wks compared to 10 wk

rats.

4.2.3 Expression of GLUT1 and GLUT4

The presence of GLUT1 and GLUT4 transporters wasctied insoleus muscle
homogenates from all studied groups. Representdilge images of GLUT1 and
GLUT4 protein expression are displayed in Fig. 2l.ZAnalysis of GLUT1 expression
revealed no differences between groups (Fig. 42.Regarding the expression of
GLUT4, an inverse correlation was observed betwberanimal’'s age and the level of
expression (Fig. 4.2.2B). Muscles from 4 wks ol idisplayed higher levels of GLUT4
in comparison to those observed in the 10, 22 ghdvks old. A decline in GLUT4
expression was also found between muscles of 104@ndks old rats, whereas no

difference was found between 10 and 22 wks old rats
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Table 4.1. Animal characteristics of body weight, muscle weighd percentage of
muscular water content

Groups Body weight ~ Muscular weight Muscular Water
(@) (N=7) (mg) (N=7) (%) (N=14)
4 wks 83,3+22,0 43,02 £ 2,39 76,6 £2,22
10 wks 304,0+27,3* 152,04 +32,8* 76,6 +2,01
22wks 494,3 £19,99*%#  203,5+27,8* 73,1 +1,39 *#

42 wks 558,0 £43,9 # 213,34 +254 * 73,3 +0,52 *#

Data are mean £ Standard deviation; N represeatauimber of observations per group;
* P <0.05 vs. 4 wks group; # P < 0.05 vs. 10 wksig.
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Fig. 4.2.1Glucose uptake frorsoleus muscle in the absence (unstimulated muscle) and
during muscle contraction (contracted muscle) df},22, 42 wks old rats. Results were
obtained from 5 animals of each group: * P<0.05uwstimulated muscle; # P < 0.05 vs.
10, 22, 42 wks unstimulated and contracted muscle;< 0.05 compared with the 42
wks contracted muscle group.
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4.2.4 Localization of GLUT1 and GLUT4
GLUT1 and GLUT4 immunoreactivity was detected irctems from soleus

muscle from all studied groups (Fig. 4.2.3). Tramsal sections demonstrated that in all
studied groups the GLUT1 signal (red stained) wigbdr in erythrocytes, interstitial
cells and in the perineural layer (arrows) tharhimithe muscle fibers. Unlike western
blotting results, an age-related decrease was wibeegarding GLUT1 presence within
muscle fibers. A dispersed granular distributionthwa predominant location at the
peripheral perinuclear areas, was observed withisae fibers of 4 wks old rats for
GLUT1 (Fig. 4.2.3). However, in older animals (122 and 42 wks) the peripheral
GLUT1 expression was weak. A qualitative differen€&LUT1 immunoreactivity was
observed between animals of 10, 22 and 42 wks,irbudll groups the difference
appeared to be localized within the skeletal musftters. Regarding GLUT4
localization, a scattered granular intrafiber disttion without stromal staining was
detected in all studied groups. The qualitatively@mis was in line with the western blot
results, suggesting an apparent progressive deofineLUT4 expression related to

increasing age (Fig. 4.2.3).
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Fig. 4.2.2GLUT1 (A) and GLUT4 (B) immunoreactive protein aquified by western
blotting in soleus muscle from rats with 4, 10, 22 and 42 wks oldsis were obtained
from 5 animal of each group and are expressedricepéage of the amount of GLUT1
and GLUT4 present in theoleus of 4wks old rats; P < 0.05 vs. 4 wks groups; # P <

0.05 vs. 42 wks group.
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Fig. 4.2.3Representative light micrographs of GLUT1 and GKBUmMmunoreactivity in
slices ofsoleus muscles from rats of 4, 10, 22 and 42 wks old. GLWhd GLUT4 are
stained with fast red. GLUT1 immunoreactivity is macevident in perineural sheaths
and capillaries (arrows) than at the sarcolemmty avinoticeable qualitative age-related
decline between groups. Considering GLUT4 immuncdiiei#y the red stain was spread
within muscle fibers in all groups; additionally @pparent age-related decline was
observed, in particular between rats of 4 wks &edther age groups.

4.2.5 Correlation between GLUTSs expression and glose uptake

No correlation was found between GLUT1 expressiwh glucose uptake either
at the unstimulated or contracted muscle and ageaf®an test: p<0.05). However, a
positive correlation was found between the GLUT#ression and the rate of glucose
uptake in muscles at the unstimulated muscle (650p60.05) or contracted muscle
(r=0.63, p<0.05). In addition, a negative corr@atiwas observed between glucose
uptake in unstimulated and contracted muscle ws.(eg0.76 and r=-0.62 respectively,

p<0.05) and between GLUT4 expression vs. age @3;({<0.05).
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4.3 Third Study
4.3.1 Glucose uptake

Muscle contraction induced an increase in glucgsiake compared with the
uncontracted muscle in groups Control, Wortmannimd ansunin+Wortimannin
conditions (p<0.05). But no differences in the lirsiconditions were observed as
demonstrated in figure 4.3.1. However, highestsrafeglucose uptake were detected in
Insulin condition on the uncontracted muscle cora@do the other uncontracted groups,
(Control, Wortmannin and Wortmannin+insulin) (p<®).0in addition, glucose uptake
after muscle contraction was also higher in Insgiioups comparing to Wortmannin

and Wortmannin+Insulin groups ( p<0.05).

4.3.2 GLUT4 localization
GLUT4 immunoreactivity was detected in sectiongrfrapleus muscle from all

studied groups. Due to technical problems, we weod able to demonstrate
immunohistochemistry data from Wortmannin and lmstUortmannin (uncontracted
and contracted) which might be a result of the tiygpiical interference of Wortmannin
with one or more substances used during the immstoaiemistry protocol. In
uncontracted Control, uncontracted Wortmannin amcbaotracted Insulin+Wortmannin
groups, transversal and longitudinal sections, detnated a granular distribution of
GLUT4 into the muscle fiber. Regarding uncontracteslulin group and contracted
Control, contracted Wortmannin and contracted ins¥Wortmannin groups GLUT4
expression was located at the periphery of the fldech clearly confirms the migration
of GLUT4 to the muscle membrane. No qualitativdedénce was observed between

these groups. These results suggest that Insulinh namscle contraction evoked by
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electrical stimulation have a similar effect on th@nslocation of GLUT4 towards the

muscle fiber membrane.

4.3.3 aPKC, phospho- aPKC expression and distribuin

In the present study aPKC was expressed in allestugtoups in cytosolic and in
membrane fractions as demonstrated in figure 4.2u38\4.3.4A respectively. We were
unable to detect imunoreactivity of phospho-aPK@yitosol fraction as depicted in Fig.
4.3.3B even being detected the presence of otliteips as aPKC (Fig 4.3.3B) afid
actin in the same portion (Fig 4.3.3C). In contrggtospho-aPKC was detected and
quantified in membrane fractions of all studiedup®. Representative blot images of
membrane fraction are displayed in Fig. 4.3.4B. I¢sia of phospho-aPKC expression
in the membrane fraction demonstrated a signifieatlifference between treatment
(uncontracted vs. contracted muscles) in Contrdl Afortmannin groups (p<0.05). In
uncontracted groups differences were found in Instreatment comparing with the

Control, Wortmannin and Wortmannin+Insulin groups@.05).
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Fig 4.3.1Glucose uptake froreoleus muscle in uncontracted muscle (Control, Insulin,
Wortmannin, Insulin+Wortmannin) and contracted nhisc(Control, Insulin,
Wortmannin, Insulin+Wortmannin) groups. Results evebtained from 5 animals of
each group: * p<0.05 vs. uncontracted muscles; < 05 vs. uncontracted Control
muscles, Wortmannin and Insulin+Wortmannin groups;p< 0.05 vs. contracted
Wortmannin and Insulin+Wortmannin groups.
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Fig 4.3.2Representative light micrographs of GLUT4 immuratesity in transversal
and longitudinal section afoleus muscle stained with fast red and counterstainet wit
hematoxylin. Letter A and E represents transveimadl longitudinal sections of
uncontracted Control group; letter B and F repressdransversal and longitudinal
sections of contracted Control group; letter C dAdrepresents transversal and
longitudinal sections of uncontracted Insulin grplgtter D and H represents transversal
and longitudinal sections of contracted Insulinup® Comparing to B and F it is
notorious the GLUT4 migration to the peripheralefibareas induced by muscle
contraction (B and F), insulin (C and G) and bdiimsli (D and H)
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Fig. 4.3.3Immunoreactive of aPKC (A), phopho-aPKC (B) ghdctin (C) protein from
cytosolic fraction of all studied groups: unconteatControl (1), contracted Control (2),
uncontracted Insulin (3), contracted Insulin (4)ncontracted Wortmannin (5),
contracted Wortmannin (6), uncontracted Insulin+ivannin (7) and contracted
Insulin+Wortmannin (8). Even detecting the preseat@PKC andB-actin, we were
unable to detect immunoreactivity of phospho-aPKCcytosolic fraction ofsoleus
muscle in three samples of each group.
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Fig 4.3.4aPKC (A) and Phospho- aPKC (B) immunoreactivitptein quantified by
western blotting in membrane fraction from alldiad groups. Data from Phospho-
aPKC (p-aPKC) were obtained from 3 sample from eg@cup and are expressed in
percentage of the amount of p-aPKC present fronutteentracted Control groupp <
0.05 vs. respective uncontracted into the treatrdepk 0.05 vs. uncontracted Control,
Wortmannin, Insulin+Wortmannin.
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5. DISCUSSION

The present work demonstrates that muscle coraradtiggered by electrical
stimulation at frequency of 100Hz induces highéesaf glucose uptake in the isolated
soleus muscles than when the muscle is stimulated at 10He& higher rates of glucose
uptake could be merely explained through physi@logéchanisms associated both with
the higher GLUT4 vesicle translocation to the skmtwna or with the higher number of
activated fibers triggered by stimuli at 100Hz. Hmer, the percentage of damaged
muscles fibers, the expression of caspase-3 andithiéar distribution of GLUT4 in
both stimulation groups, suggest that other meshasirelated to increased sarcolemma
permeability may contribute to explain differenea#sglucose uptake between muscles
stimulated at 100Hz and 10Hz, respectively.

In addition, this work also shows that age has gatiee impact on muscle
glucose uptake either at basal conditions and whescle contraction was induced by
electrical stimulation. This decline is justifieat, least in part, by an age-related decline
of the GLUT4 expression. In addition, our resulilsoademonstrate that GLUT1
expression does not seem to contribute to the megabrrelation between increasing
age and in muscle glucose uptake.

Finally, it was demonstrated that both muscle @mtion and insulin promote an
enhancement on glucose uptake. However, an adaliteffect of these stimuli on the
enhancement on glucose uptakesoteus muscle was not observed, which supports the
hypothesis for the existence of a common point betwthese two stimuli. Moreover, it
was also observed that both insulin and muscleracindbn promote an increase in aPKC
phosphorylation, the active form of aPKC, withoutsynergetic effect of these two
stimuli on aPKC activity. Accordingly, these findis point out aPKC as a convergence

point between muscle contraction and insulin. Thhese results do not support the
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hypothesis of the existence of two independentvpayk for increase glucose uptake in
skeletal muscle, one triggered by insulin and amotiiiggered by contraction, as
previously suggested by other authors (Douen @198l0; Goodyear and Kahn 1998).
Considering the protocols and objectives of theeghstudies, we will firstly

discuss the option for a low frequency protocoldusethe second and the third studies;
following we will discuss the age influence on stal muscle GLUTs (GLUT1 and
GLUT4) expression and the relationship of thesdaging with glucose uptake; finally
the role of aPKC on insulin- and contraction- ingd@lucose uptake and the possible

role of this protein as a convergence point betvikese stimuli will be discussed.

5.1 Glucose uptake and muscular damage

Early studies demonstrated that the rate of gluopsake in a muscle exposed to
insulin stimulus is dependent on the fiber-type position, with muscles dominantly
composed by type | (slow-twitch), asleus, displaying the highest comparing with
those composed by type Il fibers (Henriksen etl@P0). This relationship is directly
dependent upon the relative abundance of GLUT4gbkigher in slow-twitch muscles
(Henriksen et al. 1990). Considering these findingsich clearly demonstrated the high
capacity ofsoleus muscle to uptake glucose, this muscle was chosetthé present
work.

It has been demonstrated soleus muscle that muscle contraction triggered by
different protocols promotes the translocation oLUF4 with a consequent
enhancement of glucose transport (Lund et al. 188ksen et al. 2001; Sakamoto et al.
2004; Jensen et al. 2008). However, it is importartighlight that none of these studies
concomitantly analysed the effect of the vitro contraction protocol on muscular

integrity. The data presented in this work notidgatemonstrated that the increase in
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glucose uptake rates was coincident with severatphwogical and biochemical
modifications in skeletal muscle fibres.

For instance, the presence of eosinophilic fibedsich are a good marker of
fiber damage (Guo et al. 2006), was observed amlgniiscles submitted to electrical
stimulation, with a higher percentage of affectibéfs in muscles stimulated at 100Hz.
Additionally, the presence of swelled fibers, swgig®y an increased sarcolemma
permeability (Shennan 2008), was also one of trenghs observed, in particular in
muscles stimulated at 100Hz. These results clsadgest that thi vitro stimulation is
harmful to muscles, and the contraction evoked legtecal stimulation at 100Hz is
more deleterious to cell structure and membraneneability than the contraction
evoked by 10Hz stimulation. It appears noteworthyrtention that even thie vitro
incubation itself has slightly harmful effects omsule fibers.

It is widely accepted that the loss of cellular nbeame integrity promotes efflux
of intracellular substances such as creatine kires#® acid lactic dehydrogenase
(Fredsted et al. 2005; Fredsted et al. 2007). dteeldet al. (2007) demonstrated that
inappropriatein vitro electrical stimulation protocol promotes loss kélstal muscle
cell integrity inducing an efflux of acid lactic lgdrogenase (LDH). Accordingly, if
LDH leaks out of the fiber by modification of merabe permeability, it might be
expected that substances with lower molecular wéagiated in the incubation medium,
such as glucose, might also passively cross thebrssra according to its gradient and
enter into the fibers without the interference loé tGLUT4 carrier. The similarity of
GLUT4 distribution at the periphery of fibers inthol00Hz and 10Hz stimulated
muscles and the percentage of damage fibers, supiperassumption that other
mechanisms apart from GLUT4 (a non-physiologicaiyjhih have contributed to the

enhanced rate of glucose uptake observed in mustiteslated at 100Hz.
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The arguments supporting this non-physiological meésm are strengthened by
the results of cleaved caspase-3 assays. Elecwsimaulation acutely induces an
increased expression of cleaved (activated) caspaae it was previously demonstrated
(Biral et al. 2000). Our study also showed that nvaefrequency of 100Hz is applied,
the presence of cleaved caspase-3 is observethosthalf of muscle fibers, suggesting
a reasonable catabolic state in muscles stimuktddOHz. Although the activation of
caspase-3 might be closely associated with theqrhenon of apoptosis (Fuentes-Prior
and Salvesen 2004; Chung and Ng 2006) it is impottrefer that it may also be the
consequence of an abnormal concentration 6f ®ihin muscle fibers. Compared to
fast twitch fibers (which contract at high frequesg, slow twitch muscle fibers, like
those present isoleus, are characterized by lower quantity of sarcoplasmticulum
(SR)—C&+ pumps and lower levels of calcium buffering proggisuch as parvalbumin,
which reduce the ability of these muscle fiberseeestablish Cd homeostasis during
high-frequency induced contractions (Berchtold et2800; Bassel-Duby and Olson
2006). Therefore, it seems possible that'@aerload in the fiber also explains the loss
of muscle integrity and the release of intracetlgleoteins, in accordance with previous
reports (Fredsted et al. 2005; Fredsted et al. 200@Icium overload also activates
phospholipase A(PLA2) which metabolizes membrane phospholipids to adacic
acid and lysophospholipid, thereby promoting theslmf membrane integrity and
function (Cummings et al. 2000).

As to our experimental protocol we should reca# fact that stimulation at
10Hz lasted 30 minutes while at 100Hz lasted orlyniinutes. This protocol was
chosen in accordance with other research groupgimgpion this topic (Dolan et al.
1995; Hayashi et al. 1999; Wright et al. 2004; Wtigt al. 2005). The difference in the

duration of the stimulation period reinforces oansiderations about the harmful effects
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of high frequency stimulation of slow-twitch museleTripling the duration of
physiological stimulation (stimulation at 10Hz, seabove) did not bring about a
reasonable “structural failure” like that observed muscles stimulated at 100Hz.
Moreover, in this first study the option to use ttemmplete and therefore intasileus
instead of small splits of this muscle, as usedother glucose transport studies
(Henriksen et al. 1990; Aslesen et al. 2001) wasseh because cutting the muscle for
this procedure will certainly damage many musdbers. Additionally, the split muscle
procedure is recommended for easy comparisons etless with different sizes and
fiber-types (Henriksen and Holloszy 1991), whichswent the case in our experimental
design. In fact, in all groups of the first studhe tusedsoleus muscle, did not show
significant difference of weight between groups. ¥&mnot exclude the possibility of
limited substrate diffusion into different zonestloé muscle, especially for the centre of
the muscles as suggested by the morphological siealf incubated muscles. However,
if such occurred in our muscles, the existence abratrol group (unstimulated muscle)
in the experimental design allowed neglecting tlisdition.

Considering the results of the first study whicharly demonstrate that the
vitro muscle contraction at 10Hz induced increase icaga uptake with only a slight
injury to soleus fibers, while stimulation at higher frequencie®@Hz) is harmful to
these muscle fibers the 10Hz frequency was theepexf protocol to induce muscle

contraction for the next studies.

5.2 The influence of age on glucose uptake
Regarding the effect of age on glucose uptake,gatine correlation between
insulin stimulus and age have been well documebtedtudies developed during the

last decades (Fink et al. 1983; Gulve et al. 198&n 2000; Nair 2005; Watters 2005;
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Qiang et al. 2007), showing the occurrence of@edese in muscular glucose transport
during growth and development. In hindlimb perfusistudies, muscle glucose
transport, either in the presence of insulin oit$nabsence, rapidly decreases over the
first weeks of life (Goodman et al. 1983; vy et #989; Gulve et al. 1993). Our results
at basal conditions (unstimulated muscles) gluoagsieke are consistent with these
findings since in contrast to the group aged 4 veksjgnificant reduction of glucose
uptake was observed in older animals. In addiitomas also demonstrated that, like the
effect mediated by insulin, the contraction-stinbedh glucose uptake is affected by
growth as evidenced by its reduction in juvenilé {ks) and adult rats (22 wks and 42
wks) compared to rats in early development (4 wk3. dMoreover, age seems to have
an influence on muscle contraction-induced gluagstake since a difference between
juvenile (10 wks) and an old adult (42 wks) rat vwasserved. In our opinion, this
difference might be better explained by the growpngcess itself rather than the aging
procesger se since no difference was observed between adutigy¢22 wks) and adult
old (42 wks) rats.

The exact mechanism leading to the age-relatecedserin the ability to uptake
glucose is still lacking. Regarding the age assgediainsulin resistance, several
mechanisms have been proposed such as fatty agaitypincrease in muscle atrophy
and a decrease of GLUT1 and/or GLUT4 expressiorufiod et al. 1995; Nair 2005;
Qiang et al. 2007). Lipid toxicity does not seeminfiluence muscle glucose uptake
induced by contraction (Wheatley et al. 2004) akeletal muscle of the juvenile and
adult animals did not show any atrophy processesme difference of intact muscle
weight was observed in rats 22 and 42 wks old. dfoeg, the most likely explanation
for the age related decline on glucose transpartdst on a reduction of GLUT4 and/or

GLUT1 expression.
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GLUT4 is expressed exclusively in skeletal muscid & fat cells, being the
main targets for glucose uptake in these tissuagléGDeniau et al. 1994). Moreover, it
is also known that insulin and exercise are thennséimuli inducing an increase in the
rate of glucose uptake in skeletal muscle (Sadtnel Kahn 2001; Santos et al. 2008). In
healthy adult animals, a positive correlation wasnid, for both stimuli, between the
total amount of intracellular GLUT4 and musculailigbto uptake glucose (Henriksen
et al. 1990; Lund et al. 1995). Therefore, charigegSLUT4 expression were explored
in several studies analysing the age-related clsamgmmsulin resistance. These studies
showed that the decrease of muscular GLUT4 cordeobunts for the decrease in
glucose uptake observed during the growth phasdvéGet al. 1993), which is in
accordance with our results on muscular glucosaekepand GLUT4 expression in the
childhood group and adult old group. A decline ibU34 expression with increasing
age is not a consensual issue (Santalucia et @2; Bulve et al. 1993; Houmard et al.
1995), being the different methodologies used eemg@l reason to explain these
divergent results. When membrane fractions were& @semodels, no correlation was
found between GLUT4 expression and increasing agent@lucia et al. 1992),
contrasting with studies in which the GLUT4 expresswas quantified in whole
homogenized tissues (Gulve et al. 1993; Houmaraletl995). In agreement with
previous results (Gaster et al. 2000c) our imuriobieemistry analysis aleus muscle
suggests a decrease of muscular GLUT4 expressittnage, showed by the granular
pattern in the central areas of fibers, resemiBhtyT4 vesicles, which in adult animals
are mainly located in the subsarcolemmal zone tedne nuclei. This observation is
also supported by western blotting analyses ofGh&JT4 expression in animals of

different ages. In addition, a significant corredatcould be drawn between the age-
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related changes of GLUT4 expression and glucosgkaph the contracted muscles and
the unstimulated muscles, supporting the involveréthis protein on glucose uptake.

GLUT1 has an ubiquitous distribution and it wasgesjed that it may give an
important contribution to glucose uptake in skdletascle, being the main transporter
in the basal state (unstimulated) (Guillet-Deniduak 1994; Marshall et al. 1999;
Ciaraldi et al. 2005). Considering this informatiothe GLUT1 expression and
localization was also investigated in the curreatlg in an attempt to explain variations
on glucose uptake under unstimulated conditionsiedk expression of GLUT1 in the
total muscle was found in all groups under invedian, without significant differences
between them. However, our morphological resultggest that variations in GLUT1
content in the muscle fibers may occur with ageiAg.careful analysis of the
immunohistochemical results demonstrated that then LUT1 immunoreactivity is
located outside the muscle fibers, suggesting ¢batamination with interstitial cells,
which contain high amounts of GLUT1, masked thesjimkity to detect small variations
of GLUT1 expression within muscle fibers in westblot.

In order to discriminate the localization of GLUT the muscle fibers, highly
sensitive immunohistochemistry protocols were usedluding the presence of this
protein inside the sarcoplamma of adult animalss{&aet al. 2000a; Gaster et al.
2000b). According to these studies, the presen€ afT1 can only be observed within
muscle fibers in animals during growth and develeptmphases, suggesting that its
presence is confined to this stage in order to renam insulin independent glucose
transport to sustain the high energetic demandsctaizing this stage of life (Gaster et
al. 2000a; Gaster et al. 2000b). Our morphologrieallts confirm these observations
showing the presence of GLUTL1 in the muscle fidarshe childhood group, which

supports the results of unstimulated muscles gkiagstake, but the signal almost
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disappeared with increasing age. Unlike GLUT4, woredation was found between

GLUT1 expression and age or glucose uptake undstinnulated conditions or after

muscle contraction. Therefore, the results obtawéd the present study support the
hypothesis that the main responsible for unstinedlajiucose uptake in mature skeletal
muscle fibers is GLUT4 (Handberg et al. 1992; Samnta et al. 1992; Martineau et al.

1999; Gaster et al. 2000a; Gaster et al. 2000kherahan GLUT1, as previously

suggested (Marette et al. 1992; Marshall et al919%araldi et al. 2005).

It has been suggested that the increased rate slenglucose uptake observed
in vitro in childhood rats at unstimulated basal state aftet muscle contraction might
be explained by the small muscle size at this dg¢enijksen and Holloszy 1991).
According to this proposal, in smaller musclesg ltkose of 4 wks old rats, the central
areas of the muscles might have a better contahtimterstitial glucose than the central
areas of larger muscles. Therefore, to reduce amssilple overestimated result of
glucose uptake promoted by the difference of diffasdistances, muscles of older
animal (10, 22 and 42 wks) were split in order malgse samples with similar volume
(same wet weight).

In summary, thesoleus muscles evidenced an age-related reduction oktskel
muscle GLUT4 expression that paralleled its ability uptake glucose at the
unstimulated state and after muscle contractioraddition, it was demonstrated with
the second study that the GLUT1 expression was lpnaonfined to muscle fibers in
muscles in growth and development, which might gbuate in part to the increased
rates of glucose transport observed during this@lod life. Although other mechanisms
may contribute, our findings clearly indicate tivatoleus muscle of rats the age-related
decline in glucose uptake is directly dependenthan level of GLUT4 expressed by

muscle fibers. Since any modification on glucosdak@ and GLUT4 expression



between 10 and 22 wks was observed, in the thidlysive chosesoleus muscle of rats

between these ages.

5.3 The role of aPKC on glucose uptake

The regulation of glucose transport is complex eagliresmultiple signalling
molecules which result on GLUT4 vesicle translamatihrough the plasma membrane
of the skeletal muscle. As in the first and in #ezond studies of this work, the third
study also demonstrated an increase in glucos&eipiggered by muscle contraction in
absence of insulin. This result is consistent tevimus findings (Lund et al. 1995;
Aslesen et al. 2001; Sakamoto et al. 2004; Jensah 2008). It was also observed a
similar increase in glucose uptake rates on musllshave been activated by insulin as
depicted in figure 4.3.1. As expected, these erdraeats were directly related to
redistribution on GLUT4 from the cytoplasm to the&isole membrane, observed in the
present work at immunohistochemistry analysis. MNalitative difference was observed
between insulin and contraction regarding GLUTAglacation.

Moreover, a great number of studies reported argiste effect of muscle
contraction- and of insulin-induced glucose uptakggered by multiple signalling
cascades (Wallberg-Henriksson et al. 1988; Richteal. 1989; Cartee and Holloszy
1990; Douen et al. 1990; Helmrich et al. 1991; Dadaal. 1993). These results initially
suggested the existence of a pool completely diffefrom the molecules triggered by
these two stimuli: insulin and muscle contractiblowever, it is important to highlight
that none of these studies analysed glucose uptaka both stimuliif vitro muscle
contraction and insulin stimuli) were applied imsitaneously. Therefore, since several
authors suggest the existence of a completelyrdiftepathway, it could be expected an

additive effect of muscle contraction when musclasvalready being stimulated by
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insulin. Contrary to this idea, the data of thesprg work did not observe any
cumulative effect of these stimuli on the ratesghfcose uptake isoleus muscle. In
agreement to the glucose uptake result, the immstoainemistry data did not detect
any difference on GLUT4 localization between musoclhich has been activated by
insulin and by muscle contraction. Furthermoresyiergetic effect of these two stimuli
was observed on GLUT4 translocation. This resu#tady contradicts the earliest
concept of different routes to induce glucose uptimkskeletal muscle. The absence of
an additive effect glucose uptake might be bettgstifjed by the existence of
convergence points between these two stimuli. Toereone or more substances
activated either by insulin and muscle contractwould limit the maximal glucose
uptake and consequently the ability to further ewckanent of glucose when these
stimuli act simultaneously.

It is important to emphasize that the hypothesismfadditive effect between
these stimuli came from studies which stimulageléus muscle with a high frequency
of stimulation (Douen et al. 1990; Hansen et ab4)9 Thus, we can not discard the
possibility of an over estimated result of glucageake on these studies triggered by an
artificial entrance of glucose to the fiber frorman-physiological mechanism (loss of
membrane integrity) as it was demonstrated in ast tudy of this. Therefore, the
difference in the applied protocol could be the eptil reason to explain the
disagreement on the results of the third study thedpreviously reports (Douen et al.
1990; Hansen et al. 1998) regarding the additiviecefof insulin and muscle
contraction.

Since PI3K has been well depicted as an essemtitdip on insulin cascade and
the inhibition of this protein represents a modaehtimic insulin resistance am vitro

studies (Saltiel and Kahn 2001; Sigal et al. 20@fferent laboratories observed the
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effect of a selective PI3K inhibitor, Wortmannim muscle contraction-induced glucose
uptake (Goodyear et al. 1995; Lee et al. 1995; &éapgwski et al. 1996; Whitehead et
al. 2000; Wright et al. 2006). As a result, the oniéy of them did not observe any
impairment on muscle contraction-induced glucostake in presence of Wortmannin
(Goodyear et al. 1995; Lee et al. 1995; Whiteheiadl.e2000; Wright et al. 2006).
However, Wojtaszewski et al. (1996) demonstratedt thigh concentration of
Wortmmanin blocks the effect of muscle contractoinduce an increase in the rates of
glucose uptake by the muscle. Nevertheless, it al&s observed a diminution on the
capability of muscle to contract in response teteieal stimulation which might explain
the difference between these studies. In agreemigmtGoodyear et al. (1995), Lee et
al. (1995) Whitehead et al. (2000) and Wright e{2006), the present study also did not
report an impairment on contraction induced gluagstake in presence of Wortmannin.
In addition, we observed that muscle contractioleraiate the inhibitory effect of
Wortmannin on insulin-induced glucose uptake asntep previously (Lee et al. 1995).
Alltogether, the results suggest that PI3K is natoavergence point between muscle
contraction and insulin cascades. However, thidiriig did not point out the existence of
a common swift between these stimuli, instead sstggthat it is one of downstream
regulators of PI3K on insulin cascade as aPKC a1 60.

Several recent studies well establish that AS160beaactivated by other stimuli
apart from insulin, such as: muscle contractiorivo (Deshmukh et al. 2006in vitro
(Bruss et al. 2005pnd in sito (Kramer et al. 2006) by AMPK pharmacological
activators as AICAR (Treebak et al. 2006); and bg increase in sarcoplasmatic
calcium, triggered by Kdepolarization (Thong et al. 2007). These resuéarly point
out the role of AS160 as a potential connectionwbeh the mechanisms which

contraction-induced enhance on glucose uptakevédes AMPK and increase in
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sarcoplasmatic calcium) and as being a convergpoi# in skeletal muscle between
the cascade induced by muscle contraction andimgad induce GLUT4 translocation
to the plasma membrane.

Regarding PKC, early data demonstrated that PK@rhecmore active during
contracted skeletal muscle of rat suggesting thett gffect occurs with the translocation
of PKC to a membrane-enriched fraction from a aytiodraction (Cleland et al. 1989).
However, the last study did not designate which Ag&@orm was more active after
contraction. Moreover, using a more refined metthaglg it was also suggested that the
presence of the specific aPKC isoform in muscle brame fractions was confined to
skeletal muscle which received a glucose uptakeustis, insulin or muscle contraction
(Perrini et al. 2004). In contrast to these restifis present study observed the presence
of aPKC in membrane fraction in all groups, evethimmuscles that were not submitted
to any type of stimulus (insulin or muscle conti@at). This result is in agreement to
data reported by Beeson et al. (2003). Moreoveouinstudy the presence of aPKC was
also detected in the cythosol of all the studiedugs, which is in accordance with
previous results (Perrini et al. 2004; Rose €2604).

In this decade several studies repoiitedivo that aPKC become more active
after exercise (Beeson et al. 2003; Nielsen e2@)3; Perrini et al. 2004; Richter et al.
2004; Rose et al. 2004). Using a similar exercisghodology, bicycle exercise, four
studies reported an increase on aPKC activity wdemparing the contracted with the
resting leg (Beeson et al. 2003; Nielsen et al32&ichter et al. 2004; Rose et al. 2004).
In agreement to these studies, Perrini et al. (R@#ected an increase in aPKC-
phosphorylation (p-aPKC) expression in membranetifras of skeletal muscle from
subjects after muscle contraction. Using a wedbdostting technique these authors also

suggested a translocation of p-aPKC activated bgcteucontraction. Additionally, a
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weak signal of p-aPKC was detected in cytosolicticam the in rested leg muscle
(Perrini et al. 2004). This result suggested thatihcrease in the concentration of p-
aPKC in membrane fraction is a valid toll to analys modification on aPKC activity
induced by muscle contraction in skeletal musciecdntrast, Rose et al (2004) did not
observe modification on p-aPKC expression triggdngeéxercise either in membrane or
in cytosolic fraction despite modification in aPKCtivity being found between controls
and exercised muscle. Our results are in agreemigimtPerrini et al’'s (2005) findings
since no expression of p-aPKC was detected in olftoBaction and the increase on p-
aPKC expression was found in the sarcolemma ofracietd muscles. Furthermore, the
present data also demonstrated an increase in @-aRPknembrane fraction adoleus
muscle after insulin stimulus and no cumulativeeefffof muscle contraction and insulin
stimuli on p-aPKC translocation. Moreover, it wanbnstrated that this increase of p-
aPKC expression induced by muscle contraction wasimilar magnitude to insulin
stimulus. Therefore, these results clearly point @BKC as a potential convergence
point between pathways triggered by muscle contmacand by insulin and also
suggested aPKC as a rate limited protein on théhamésm through these stimuli which
induce an increase in glucose uptake in skeletathau

The exact mechanism through which muscle contnadictivates aPKC is not
completely identified. When activated by insulii®k&C activation is a product of the
generation of phospholipids ashosphatidylinositol trisphosphate, PIP3, which is
dependent on PI3K activity (Beeson et al. 20@iminished IRS-1/PI3K induced a
decrease on aPKC activity in skeletal muscle dunsglin resistance and DMT2 in
monkeys, humans and rodents (Farese 2002; Farede28105A; Farese et al. 2005B;
Farese et al. 200.7Besides which, Beeson et al. (2003) demonstithattcaPKC activity

is defective in humans DMT2 and the inhibitory etfen this protein can be attenuated
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by exercise without modification on PI3K activity. addition, it was demonstrated that
phosphatidic acid increases aPKC activityitro via phospholipase-D production in a
mechanism independent of PI3K (Chen et al. 2002preldver, the increase on
phosphatidic acid concentration was also previodsiynonstrateéh hindlimb muscles
of rodents after nerve electrical stimulation (@l et al. 1989). The referred results
suggest that the activation of aPKC induced by meusentraction does not seem to be
mediated by PI3K instead dependent on phosphaitic bicthe present study no change
was observed on the ability of muscle contractionattivate aPKC in presence of
Wortmannin. In addition, the present work demonsttathat Wortmannin inhibited
insulin-induced aPKC activity confirming the rolé BISK on this process. In fact,
despite not being statistically significant a temdeon p-aPKC expression was verified
between uncontracted and contracted muscles omsodin plus Wortmannin group,
suggesting that the inhibitory effect of Wortmanmin insulin-activated aPKC was
attenuated by muscle contraction. Thus, in agreemih previous studies (Chen et al.
2002; Beeson et al. 2003) our results suggestadPti3& activation is unnecessary to
the mechanism whose contraction induces aPKC gctas well as in contraction-
induced glucose uptake since the effect of contmactvas not impaired with PI3K
inhibition by Wortmannin.

In summary, the results of this work clearly denimated that the rates of
glucose uptake in the skeletal muscle in resporiseuscle contraction and insulin
stimuli is directly related to the increase in aPpl@sphorylation in membrane fraction
of soleus muscle from Wistars rats. On balance, as AS16RCaseems to be a common
terminal switches that leads to GLUT4 translocatiomd enhance of glucose uptake
triggered by insulin and muscle contraction. Initidd, these results suggest the role of

aPKC as a rate limiting protein on glucose uptake@ss. Keeping this idea in mind the

12¢



initial concept of two independent pathways forstéwo stimuli should be modified,
the enhancement on glucose uptake induced by musecigaction might be better
explained by the effect of contraction stimulus molecules which mediate insulin
cascade. Therefore, this dissertation does notostiige concept of the existence of two
independent pathways to increase glucose uptakkeiletal muscle induced by insulin

and by contraction.
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CHAPTER 6

FINAL CONCLUSIONS
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FINAL CONCLUSIONS

Based in the general conclusions of each of theiefupresented in this

dissertation, it seems possible to emphasize fl@nviog major conclusions:

a)

b)

d)

The rates of glucose uptake bgleus muscle increase with enhance of the
frequency of stimulation. However, in slow-twitchustles the increased
intramuscular glucose concentration triggered legteical stimulation at 100Hz
might not only be explained by glucose uptake pr@eidhrough GLUT4 but
also by the artificial enhancement of muscle memé@ermeability;

The expression of GLUT4 isoleus muscle decreases during the life span which
contributes to a decrease in the ability of thissobel to uptake glucose at the
unstimulated state and after muscle contraction;

GLUTL1 expression into muscle fibers is mainly doefl to muscles in growth
and development, which might contribute in paréxplain the increased rates of
glucose transport observed during this phase;

Muscle contraction enhances glucose uptake in alasimate of insulin
independently of PI3K. There is no additive effaxft insulin and muscle
contraction on inducing an enhancement on glucptake;

Phospho-aPKC translocates to the plasma membraae adtivated by insulin
and by muscle contraction and seems to be assoaiate the ability of these

stimuli to increase glucose uptakesoheus muscle.

In summary, this dissertation presents evidencgpating the concept that

aPKC is a convergence point between the pathwaygeted by muscle contraction and



by insulin to activate GLUT4 translocation and twrease glucose uptake soleus
muscle of adult Wistars rats. These findings sugghe non existence of two
independent cascades triggered by insulin and byraction to increase glucose uptake

in skeletal muscle.
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