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RESUMO

SILVA, Edson da, D.S., Universidade Federal de Vicasayembro de 2013.
Efeitos do diabetes experimental sobre a morfologia fin¢do do ventriculo
esquerdo de ratos Wistar puberes: impacto do treinamea de natacdo.
Orientadora: Izabel Regina dos Santos Costa Maldonamtwrie@tadores: Antonio
José Natali e Leandro Licursi de Oliveira.

A cardiomiopatia diabética est4 associada ndo séacoemodelamento cardiaco e
disfuncdo miocardica, mas também com a ocorréreiafthmacdo de baixo grau e
reducdo dos niveis de adiponectina cardiaca, resuleandignificativa morbidade e
mortalidade em pacientes com Diabetes mellitus tipo 11(DNor outro lado, o
exercicio fisico € uma estratégia importante para o teastgndo diabetes, que pode
reduzir a inflamacéo, atenuar o remodelamento cardideerso e a disfungéo
contratil. O objetivo deste estudo foi investigar a infti@ do treinamento de
natacdo de baixa intensidade no remodelamento estrutasahiveis de citocinas
cardiacas, na inflamacdo e na disfuncdo contrétiladdiamniocitos do ventriculo
esquerdo (VE) de ratos puberes com diabetes expdahmgio tratado. Ratos Wistar
machos, com trinta dias de idade, foram divididos eatrqugrupos (n = 19 por
grupo): controle sedentério (CS), controle exercitadg,(@bético sedentario (DS)
e diabético exercitado (DE). O diabetes foi induzido @streptozotocina (STZ, 60
mg kg' de peso corporal). Animais dos grupos CE e DE fosabmetidos a um
treinamento de natacdo (5 dias/semana , 90 min/dia,cenga de 5 % do peso
corporal) durante 8 semanas. Apés a eutanasia, ooVEerhovido para andlises
molecular, morfoldgica e mecéanica de cardiomiécBe¢cbes do VE foram coradas
com Periodic acid-Schiff (PAS), Sirius Red, reticalide Gomori, tricromico de
Gomori e azul de toluidina/borato de sddio 1%. O W& animais diabéticos
apresentou aumento de colageno intersticial e fibras leesu na matriz
extracelular, acumulo de glicogénio, desorganizagio histoarquitetura do
miocardio, infiltrado inflamatério e necrose. A densieladcapilar foi
significativamente menor nos animais diabéticos. Cardidtagddo VE dos animais
diabéticos apresentaram o tempo para o pico de conteagdtempo para 50% de
relaxamento mais longos do que os animais do grupoot®enimas ndo houve
diferenca na amplitude de contracdo. Os niveis calideolL-10, éxido nitrico,

adiponectina total e adiponectina HMW foram significativai®emenores nos
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animais diabéticos. O exercicio fisico atenuou o nieelfNFo e os parametros
histopatoldgicos avaliados, e aumentou a densidaddarcagp VE de ratos
diabéticos. Em concluséo, o remodelamento estruturdiacar induzido pelo DM1
experimental coexiste com niveis reduzidos de adipowectotal e HMW,
inflamagdo crénica e disfuncdo de contratilidade dos iaraidcitos. Mais
importante ainda, o treinamento de natagéo de baixa intdesid@nuou parte destas
alteracdes patoldgicas, indicando o papel benéficokeieio regular no DM1 néo

tratado.
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ABSTRACT

SILVA, Edson da, D.S., Universidade Federal de Vigd$avember, 2013Effects
of experimental diabetes on the morphology and funatn of the left ventricle of
pubescent rats: impact of swimming training Adviser: Izabel Regina dos Santos
Costa Maldonado. Co-advisers: Anténio José Natali edrealLicursi de Oliveira.
Diabetic cardiomyopathy is associated not only with cardiamodeling and
myocardial dysfunction but also with the occurreatéow-grade inflammation and
reduced cardiac adiponectin resulting in significant nebtyiand mortality in
patients with type 1 diabetes mellitus (T1DM). On thesptiand, physical exercise
is an important strategy for the management of diabeteshwcan reduce
inflammation and attenuate adverse cardiac remodeling@muactile dysfunction.
The aim of this study was to investigate the influencéowfintensity swimming
training on the structural remodeling, cardiac cytokingglammation, and
cardiomyocyte contractile dysfunction of the left ven&i¢LV) in pubescent rats
with unmanaged experimental diabetes. Thirty-day-oidle Wistar rats were
divided into four groupsn( = 19, per group): sedentary control (SC), exercised
control (EC), sedentary diabetic (SD), and exercisethalic (ED). Diabetes was
induced by streptozotocin (STZ, 60 mg'kgody weight). Animals from EC and ED
groups were submitted to a swimming training (5 days/w@@knin/day, load of 5%
body weight) for 8 weeks. After euthanasia LV was reedo for molecular,
morphological, and cardiomyocyte mechanical analyssti@s of LV were stained
with Periodic acid-Schiff (PAS), Sirius Red, Gomerieticulin, Gomori's trichrome,
and toluidine blue/sodium borate 1%. The LV of diabeitimals presented
increased interstitial collagen and reticular fibers the extracellular matrix,
accumulation of glycogen, myocardial histoarchitecturalsojanization,
inflammatory infiltrate and necrosis. The capillary densigswignificantly lower in
diabetic animals. Left ventricular cardiomyocytes frdmbetic animals exhibited
more prolonged time to the peak of contraction and the to half relaxation than
those from control animals, but no difference in chbirsening was observed. The
cardiac levels of interleukin 10, nitric oxide, total aR#MW adiponectin were
significantly decreased in diabetic animals. Exertiaming attenuated the level of
TNF-o and the histopathological parameters assessed, and increased the capillary

density in the LV of diabetic rats. In conclusion, tlediac structural remodeling
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induced by experimental TIDM coexists with reduced I&wé total and HMW
adiponectin, chronic inflammation and cardiomyocytentaactility dysfunction.
More important, low-intensity swimming training attenuatgdrt of these
pathological changes which indicate the beneficial rfole regular exercise in
untreated T1DM.
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INTRODUCAO GERAL

O Diabetes mellitus (DM) é uma desordem metabdlicactaniaada pelo
aumento da glicemia resultante de defeitos na sectegawsulina, agcdo da insulina,
ou em ambos (AMERICAN DIABETES ASSOCIATION, 2013kom alta
prevaléncia em adultos e adolescentes (MA, CHAN, R0DMUmero de criangas,
adolescentes e jovens adultos com DM aumenta a um rlanoaate (STEHNO-
BITTEL, 2012; TRUONG et al., 2012). As doencas cardszulares representam a
principal complicacdo do diabetes e podem ter iniciinféncia (NADEAU et al.,
2011) e influenciar de forma significativa a morbidagereortalidade na fase adulta
(RAJESH et al.,, 2012; GIANNINI et al., 2011; GUO et &Q07; LIBBY et al.,
2005) .

A maioria dos casos de diabetes divide-se em duasgoca®
etiopatogenéticas: Diabetes Mellitus tipo 1 (DM1) e th¢DM2) (AMERICAN
DIABETES ASSOCIATION, 2013). No DM1 a causa é unedicdéncia absoluta da
secrec¢do de insulina, enquanto no DM2 a causa é umiiragao da resisténcia a
acao da insulina e uma resposta secretora inadequadasulina (AMERICAN
DIABETES ASSOCIATION, 2013).

O DM1 é uma doenca que ocorre principalmente poci@eftia de insulina,
a partir da destruicdo das células beta pancreéticasERAM®AN DIABETES
ASSOCIATION, 2013) e as doencas cardiovasculareerpodstar associadas a
resisténcia a insulina nesta forma de diabetes (PEREtRA, 2012; NADEAU et
al., 2010; KILPATRICK et al., 2007; DEFRONZO et dl982). Além disto, o DM1
tem sido relacionado a inflamacdo de baixo grau ecdmsplicacdes micro e
macrovasculares em adultos (LLAURADC) et al., 2012; GANEZ-CLEMENTE
et al., 2007) e criangas (MANGGE et al., 2004).nflamacéo sistémica de baixo
grau pode ser definida como a elevagédo, em duasitaogvezes, das concentragdes
de citocinas que desencadeiam ag¢des pro e antinafifaias (BRUUNSGAARD,
2005).

As vias que levam a disfuncdo cardiaca induzidaDdMre suas alteracdes
histopatolégicas ainda ndo estdo totalmente esclareRBEAU et al., 2010;
SALEM et al., 2009; NEMOTO et al., 2006), em parte,ide\a natureza complexa
e multifatorial do diabetes (LAW et al., 2012). Possiveiteg o papel mais

importante tem sido atribuido a hiperglicemia persist@étitet al., 2012), condi¢éo a



qual aumenta os riscos para o desenvolvimento de iréndiai cardiaca de duas a
cinco vezes (BELL, 1995).

Pessoas com diabetes podem desenvolver uma disfuceddiaca
denominada cardiomiopatia diabética (LAW et al., 2018ja e caracterizada por
dilatacdo e hipertrofia do miocérdio, acompanhada psfurtdo sistélica e/ou
diastolica do ventriculo esquerdo (VE) e a sua preséngadependente da
coexisténcia de doenca cardiaca isquémica ou hipest€h8YAT et al., 2004).
Apesar de a cardiomiopatia diabética ser uma condig#aclisica cronica
(VOULGARI et al., 2010), eventualmente leva a reducaceldsticidade da matriz
extracelular e diminuicdda fungdo contrétil do coragdo (FALCAO-PIRES, LEITE-
MOREIRA, 2012; RAJESH et al.,, 2012; ARAGNO et al., 208EARLS et al.,
2004). A associacdo entre o desenvolvimento da cainlatin diabética e os
elevados niveis de glicose tém efeitos significativos salespresséo, organizacao e
modificagdo de componentes da matriz extracelular rag;@o (LAW et al., 2012).

A matriz extracelular cardiaca é uma rede dindmica lefimidh, constituida
de proteinas estruturais, proteoglicanos, fatores de cesgdntitocinas e enzimas,
essenciais para a organizacdo e estrutura do tecido @#aN, 2012). E composta
por colageno (CAULFIELD, BORG, 1979), sendo colaméhrilar dos tipos | e Ill
localizados no intersticio do miocéardio, e colagenofitdibar dos tipos IV e VI e as
glicoproteinas fibronectina e laminina, predominantes na brem basal dos
cardiomiécitos (BROWER et al., 2006; BISHOP, LAURENIN95; EGHBALI,
WEBER, 1990). Eleva¢gbes no estresse do miocardigaimiam remodelamento
estrutural do coragéo, na tentativa de normalizar @ssstirimposto. Este processo
compreende a hipertrofia de cardiomiécitos com mudamga quantidade e no
fendtipo do colageno, ocorréncia de ligacdes -cruzaftasss-linking entre
moléculas de colageno e remodelamento progressivo dpoc@ntes musculares,
vasculares e da matriz extracelular do coracdo (BRRWIEal.,, 2006). O aumento
das concentracdes intersticiais de colageno e/ou de digiag@izadas resulta em
rigidez do miocérdio e disfuncéo diastélica do ventriesquerdo (BROWER et al.,
2006).

Adicionalmente, no DM a inflamacéo de baixo grau pestar relacionada ao
aumento dos niveis sanguineos de proteinas pro-inflansatéaia como fator de
necrose tumoral alfa (TNE), interleucina-6 (IL-6), proteina C-reactiva (PCR) e a

reducdo dos niveis de proteinas anti-inflamatorias (LLADR/et al., 2012; RYBA
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et al.,, 2011). Um estado inflamatorio cronico ocasialeracdes histopatoldgicas
com lesdo tecidual, disfuncdo endotelial e remodeitoneardiaco, os quais
resultam em deterioracdo da contratilidade miocéardioda efungéo ventricular
esquerda (LLAURADO ET AL., 2012; DUNCAN ET AL., 20p7A reducdo do
transiente de GA (DUNCAN et al., 2007) e a redugdo da sensibilidade dos
miofilamentos contracteis ao €asd0 mecanismos possivelmente envolvidos neste
processo (GOLDHABER et al., 1996).

Estudos confirmam que a adiponectina desempenhaapel pnportante no
metabolismo de glicose e de lipidios (PEREIRA et 20]12; GAREKANI et a.l,
2011; NUMAO et al., 2008), além de seu impacto relevar@epatogénese do
diabetes, da resisténcia a insulina e da lesdo vasculBliGER, 2013; GU et al.,
2012). A adiponectina é uma proteina plasmética, tselaeprincipalmente pelos
adipécitos (BOBBERT et al., 2011; SUN, CHEN, 2010p@ssui propriedades
antidiabéticas, anti-inflamatoérias, antiapoptéticas, amtigénicas (FORSBLOM et
al.,, 2011; BOBBERT et al., 2011), imunomoduladoraardioprotetoras (JENKE et
al., 2013; LETH et al., 2008). Dentre outras célulagardiomidcitos sdo capazes de
sintetizar adiponectina (PINEIRO et al., 2005; MAIA-FEARNDES et al., 2008), a
qual tem fung¢d@o autdcrina potencializando seu efeitdia@rotetor (HUI et al.,
2012). As vias de sinalizacdo dos efeitos cardiopraet da adiponectina sao
mediadas principalmente pelo aumento de proteina gueksada por adenosina
monofosfato (AMPK), receptor ativado por proliferagrde peroxissoma gama
(PPARy), esfingosina-1 fosfato (S1P) e esfingosina quinase BK{Ep(HUI et al.,
2012).

Existem trés principais isoformas de adiponectina: aipiima de baixo
peso molecular Igw molecular weight LMW), médio peso molecularmiddle
molecular weight MMW) e alto peso molecularhigh-molecular weightHMW)
(HICKMAN, WHITEHEAD, 2012). Acredita-se que a adigmmtina HMW é a
isoforma mais ativa nos tecidos periféricos (GOTO &t 3013; MAIA-
FERNANDES et al., 2008). Ha evidéncias de que a adigtina protege o coragéo
de lesdes isquémicas, cardiomiopatias e disfuncdicis(GOLDSTEIN, SCALIA,
MA, 2009). Além disto, a adiponectina € capaz de iralfiipertrofia patoldgica dos
cardiomidcitos e a fibrose do miocardio (MAIA-FERABEB et al., 2008; HAN et al,
2007), reduzir o stress oxidativo e nitrativo (WANGakt 2013; GOLDSTEIN,
SCALIA, MA, 2009), inibir a expressédo de TNfe de IL-6, e aumentar a expressao
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de IL-10 no coracéo (LO, MITSNEFES, 2012; GOLDSTESCALIA, MA, 2009;
MAIA-FERANDES et al., 2008; HAN et al., 2007).

Por outro lado, o exercicio fisico regular é parte irtgopte no manejo do
DM1, devido aos efeitos benéficos a salde, especitdnzprevencédo de doencas
cardiovasculares (GALASSET, RIDDELL, 2013). Assim,reiramento fisico tem
sido recomendado como estratégia ndo farmacolégicpaiéilreduzir a resisténcia a
insulina, aumentar o metabolismo da glicose e de lipidibBA{K 2013), atenuar as
alteracdes morfoldégicas e a disfuncdo contrati em asingaihumanos com
cardiomiopatia diabética no DM1 (SILVA et al.,, 2013; GHEIN et al, 2012;
LOGANATHAN et al., 2012; RAJESH et al, 2012; SILVA dt,2011; BIDASEE et
al, 2008; SEARLS et al., 2004; DE ANGELIS et al., 200De modo geral,
melhorias na fung@o contratil do miocardio sdo obses/&@ia seres humanos e
animais,in vivo, em coragdes isolados e preparagdes multicelulanesnetidos a
diferentes modelos de exercicio (DI BELLO et al., 1996).

Além disto, a atividade fisica regular esta assocéalbmgevidade e & menor
incidéncia de complicagdes decorrentes do diabetesRDIAY et al, 2012).
Enquanto o treinamento fisico de alta intensidade podeqwer remodelamento
cardiaco patolégico em ratos (BENITO et al., 20blgxercicio aerébico de baixa
intensidade melhora a aptido fisica e a forga, reduefatie risco cardiovascular,
melhora o bem-estar, reduz a necessidade de insuligghera a funcdo autonémica
cardiaca (CHIMEN et al, 2012; YARDLEY et al., 2012; BEGELIS et al., 2000).
A literatura comprovaue o exercicio aerobico de baixa a moderada intefesida
capaz de induzir adaptacdes cardiovasculares benéfioasexemplo, melhora a
funcdo cardiaca, a estrutura do miocardio, reduz asgwearterial, e aumenta a
sensibilidade baro e quimiorreflexa, o ritmo cardietonseco e o débito cardiaco),
em ratoscomdiabetesnduzidopor estreptozotocina, um modelo que imita muito o
DM1 humano (JORGE et al., 2012; LOGANATHAN et al012; MOSTARDA et
al., 2009; LOGANATHAN et al., 2007; DE ANGELIS et a&000). No entanto, 0os
mecanismos subjacentes a histopatologia do DM1 eedagdo com o exercicio
fisico, o remodelamento cardiaco e a disfuncdo cardi@dc sédo claros. Diante disto,
torna-se importante conhecer os ajustes estruturaisfelégitos do miocardio apés
o0 treinamento fisico.

A regulacdo da glicose ou do metabolismo lipidico adiponectina, em

resposta ao treinamento fisico, tém sido investigada (GHRE et al., 2011;

4



ANDO et al.,, 2009) principalmente com andlises dos siwdrculantes de
adiponectina total e HMW (ANDO et al., 2009)t¢ o momento, poucos estudos
examinaram a relacdo de fatores que influenciam odsnéee adiponectina em
criancas e adolescentes com DM1, e os resultadossdestuidos s&o inconsistentes
(KARAMIFAR et al, 2013; MENON, 2012; HABEEB et al.021; MESSAAQUI,
2012; HUERTA, 2006). Estudos recentes exibem reduc@oexpressao de
adiponectina cardiaca em ratos cdiabetesnduzidopor estreptozotocindPEI et
al, 2013), porém, a relacdo entre adiponectina caréfacgatos puberes com DM1 e
os efeitos de um programa de treinamento de natacaa faimevestigada.

Embora os relatos evidenciem de remodelamento cardiiac humanos e
animais adultos, dados semelhantes em ratos pulterasDM1 s&do escassos
(SILVA et al., 2013; LAW et al.,, 2012; BROWER et al.0aB). Criangas e
adolescentes com diabetes tém muitos dos beneficiasscaaiultos adquirem com a
pratica de exercicios, por isto devem praticar exerdisico com seguranca, tanto
para a saude como para o lazer (ROBERTSON et &9)20ma vez que os ratos
sdo considerados um modelo animal valido para a @enpdo do DM e sao
constantemente utilizados para este fim, acreditamos queejosgns podem servir
como modelos para orientar o desenvolvimento de nowadéggas de prevencéo e
tratamento do DM.

Deste modo, o presente estudo foi realizado para \&riéicinfluéncia do
treinamento de natac@o de baixa intensidade sobre auestdais cardiomidcitos, o
remodelamento estruturdb miocardio, niveis de citocinas e de Oxido nitrico, e a
densidade capilar do miocardio, assim como a digfumpntratil de cardiomiocitos

do VE de ratos puberes com diabetes experimental ai&olércom insulina.
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Abstract

Diabetic cardiomyopathy is associated with cardiacaleusemodeling, resulting in
myocardial dysfunction, whereas exercise training (ET) @ useful
nonpharmacological strategy for the therapy of cardseades. This study tested the
effects of low intensity swimming training on the structuemodeling of the left
ventricle (LV) in growing rats with unmanaged experita¢diabetes. Thirty day old
male Wistar rats were divided into four groups (n = Sigjosedentary control (SC),
exercised control (EC), sedentary diabetic (SD), andcesesl diabetic (ED).
Swimming training rats exercised 5 days/week, 90 min/dé, a load of 5% BW
during 8 weeks. Sections of LV were stained with &ci acid Schiff, Sirius Red,
and Gomori’s reticulin. Seven days and 8 weeks dtep®zotocin (STZ) induction
(60 mg kg BW), blood glucose (BG) in the diabetic groups (SB82.40 * 40.48;
ED = 558.00 + 48.89) was greater (p < 0.05) than @ir ttontrols (SC = 88.80 +
21.70; EC = 85.60 + 11.55). Swimming-training reduced @3 mg dL[* in the
diabetics (p > 0.05). The LV of diabetic rats had inseglainterstitial collagen and
reticular fibers on the extracellular matrix and pnésé glycogen accumulation.
More importantly, all these adverse tissue changasced by STZ were attenuated
by ET. Together, these findings support the idealmdreeficial role of exercise in the

LV remodeling in rats with unmanaged type 1 diabete$tose

14



Introduction

Diabetes mellitus (DM) and its long-term complications@rasidered one of
the major health problems worldwide [33]. The numbfechildren, adolescents, and
young adults with DM continue to rise at a dramatic r&#&55]. In patients with
diabetes, cardiovascular complications represent thef chuse of morbidity and
mortality in adults [46], children, and adolescents [20]

The pathways leading to DM-induced cardiac dysfunctiand its
histopathological changes are yet to be fully clarifiezi44,48]. However, this could
be in part due to the complex and multifactorial natirdiabetes [31]. Probably the
most important role has been attributed to persistent rglypemia [33]. This
condition increases the risks for developing heart fai{tiF) from two- to five fold
[8].

Individuals with diabetes can develop cardiac dysfoenctiermed diabetic
cardiomyopathy (DCM) [31]. Diabetic cardiomyopathy haracterized by
myocardial dilatation and hypertrophy, accompanied ysfodic and diastolic left
ventricle (LV) dysfunction, and its presence is indepahd# the coexistence of
ischemic heart disease or hypertension [25]. Althou@iMDnay be subclinical for a
long time [58], eventually, it leads to decreased mytiadelasticity and impaired
heart contractile function [3,18,46,49]. The link betwed@vated glucose levels and
the development of DCM has significant effects on theesgion, organization, and
modification of extracellular matrix (ECM) componentghe heart [31].

The cardiac ECM is a dynamic well-defined network caimgsof structural
proteins, proteoglycans, growth factors/cytokines, angreag that provide essential
cues and scaffolding for tissue organization and stracf31]. It is composed of
collagen [14], with fibrillar collagen types | and localized within the myocardial
interstitium and with nonfibrillar collagen types I\h@& VI, and the glycoproteins
fibronectin and laminin predominating in the cardiomyecpasement membrane
[11,17]. Elevations in myocardial stress initiate streadtuemodeling of the heart in
an attempt to normalize the imposed stress. This pramesprises cardiomyocyte
hypertrophy and changes in the amount of collagen, gallagphenotyping, and
collagen cross-linking with progressive remodeling & thuscular, vascular, and

ECM components of the heart [12]. Increased interktitidlagen concentrations
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and/or cross-linking results in a stiffer myocardium arehtrcular diastolic
dysfunction [12].

Exercise training is of particular interest in both the pn&ga and treatment
of DCM in type 1 DM [35]. Thus, exercise training hagbsuggested to be a useful
nonpharmacological strategy to attenuate morphologicahggdsa and contractile
dysfunction in both animals and human with DM [10,15426, Furthermore, regular
physical activity is associated with greater longevity doder frequency and
severity of diabetes complications [59]. While long-tantensive exercise training
is suggested to promote adverse remodeling (i.eqdi) in a rat model [9], low-
intensity aerobic exercises improves physical fitnessd strength, reduces
cardiovascular risk factors, improves well-being, redunsalin requirements, and
improves cardiac autonomic function [15,16,59]. Indded- to moderate-intensity
aerobic exercise has been shown to induce benetiai@iovascular adaptations
(e.g., improves cardiac function, myocardial strustureduces blood pressure;
increases baro- and chemoreflex sensitivity, intrinserthete, and cardiac output)
in STZ-induced diabetic rats, a model that imitates médrty@ human type 1 DM
[16,29,34,35,41] Nevertheless, the mechanisms underlying the histomahabf
type 1 DM and their relationship to physical exercregocardial interstitial fibrosis,
and cardiac functional impairment are unclear. Althougports show evidence of
cardiac remodeling in adult humans and animals, simdsas th growing rats with
type 1 DM are lacking [12,31]. Children and adolessemth diabetes should have
many of the same health and leisure benefits as aaldtsshould be allowed to
practice physical exercise with safety [47]. Sinces ere considered a valid animal
model for understanding the DM and are consistentlyl Uee this purpose, we
believe that young rats could serve as models fadegthe development of novel
strategies for prevention and management of DM. &ibeg, the present study was
undertaken to verify the effects of low-intensity swimmirgjning on the structural

remodeling of the LV of growing rats with unmanagederkpental diabetes.

Materials and Methods

Animals and experimental groups
Male Wistar rats weighing 87.40 + 13.03 g, 30 days woiere obtained from

the animal facility at the Federal University of Vigosaa®Bl, and were randomly
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divided into four groupsn(= 5, per group): sedentary control (SC), exercisedrabn
(EC), sedentary diabetic (SD), and exercised dialefly. Rats were maintained on
12-h dark/light cycle at 22°C, housed in groups of,faed fed standard commercial
rodent chow and wated libitum All procedures followed the Guidelines for Ethical
Care of Experimental Animals and were approved ey Bthics Committee on
Animal Experimentation (CEUA) from the Federal Universif Vigosa (protocol
numberid6/2011).

Diabetes induction

Severe diabetes was induced in the animals by intrapeaitdnjection of
streptozotocin (STZ; Sigma-Aldrich, St. Louis, MO) dis®d in 0.1 M citrate buffer
solution (0.1 M, pH 4.5) at the dose of 60 mg'kgody weight (BW) [28].
Equivalent volume (1 mL kY of vehicle was injected into the rats assigned to the
control groups. Animals were fasted overnight 12 h prior to STZ administration.
Water and food were available immediately after dosingvelbpment of diabetes
was determined by observing hyperglycemia (> 300 hi}) §51] as measured by an
Accu-Chek Advantage glucometer (Boehringer Mannheim pQmaition,
Indianapolis, IN). Body weights and blood glucosesls were recorded once a week
throughout the study. All animals were euthanatized &svatter diabetes induction

by intraperitoneal injection of sodium pentobarbital (120kgg).

Exercise protocol

After sevendays of diabetes induction and confirmation of consistent
hyperglycemia, animals from the exercised groups #B® EC) were submitted to a
swimming training program (adapted from Gomes et al,)[212]8 weeks. Rats were
placed in water tank with 65 cm high by 75 cm in diamdited with warm water
(28°C to 30°C) at a depth of 45 cm and forced to swimimals were then dried
and returned to the home cageaining intensity varied by changing a load that was
placed around the animal’s chest from 0% to 5% d8Ws Briefly, in the first week,
animals exercised in the water for 10 to 50 min, wibhload, while duration was
increased by 10 min each/day. In the second weekatsn@mained exercising with
no load and with the duration incremented by 10 min/dey & maximum of 90 min
of continuous swimming. From the fourth week, animalsabegwimming with a

load until the end of the training program (8 weekd)e Toad was progressively
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increased by 1% of the animal's BW from the fourth weeksuch that at the eighth
week, animals swam with a total load of 5% of their Biring the swimming
sessions, animals from the sedentary group (SD and v&€¢ placed in a

polypropylene box containing warm water (28°C to 30°@hw depth of 10 cm.

Electrocardiogram

Animals were anesthetized in an induction chamber @4thisoflurane and
100% oxygen at a constant flow of 1 L/min. Once uncionsg; they were placed on
a platform in dorsal recumbency, with the four limbsedix Isoflurane was
maintained at a concentration sufficient for restrain (0.5%.086), and animals
were able to maintain spontaneous respiration duringléetr@ecardiogram (ECG).
A trichotomy of approximately 1 cmwas performed in the forelimbs and left
hindlimb for electrode insertiorDerivation 1l of the ECG was recordeagking the
data acquisition system Powerl®abAD Instruments, S&o Paulo, Brazil), and data
analysis was done with the program LabCharfRADInstruments LabChart 7, S&o
Paulo, Brazil).

Electrocardiograms were performed at the end of theererpnts by an
experienced fellow blind to the study groups and treatsndResting heart rate (HR)
was derived from the ECG, following established guidel|2é%

Histological processing and histochemistry

Following euthanasia, the heart was excised, washedsaiite solution, and
fixed by immersion in 4% paraformaldehyde in 0.1 M sadphosphate buffer, pH
7.2-7.4, for 24 h. The LV was dissected and weighgzhrséely. Left ventricle
fragments were obtained through thegentator method to define isotropic and
uniform random sections (IUR) required in the stereickgstudy [38]. These
fragments were dehydrated in ethanol, cleared in xgiod, embedded in paraffin.
Blocks were cut into fum sections and mounted on histological slides. The LV
sections were stained by Periodic acid-Schiff (PAS)dlycogen, Sirius Red (for
total collagen), and Gomori's reticulin (for silver impgmation of reticular fibers,
which mainly consist of collagen type lll) to evalu#tte series of histopathological
changes in the diabetic myocardiubigital images were captured using a light
microscope hod Primo Stay Carl ZeissAG, OberkochenGermany connected to
a digital cameraAxioCamERCc5s Carl ZeissAG).
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Analysis of myocardial collagen content

To quantify interstitial fibrosis, LV was evaluated irstblogical sections 5
pm thick stained with Sirius Red dye (Sirius Red F3BpbMoChemical Co., Union,
NJ, USA), which marks collagen fibers types | anddtl further observation under a
polarizing microscope [30]. The distribution of totallagen content was analyzed
using the image analysis software Image Pro-PIu8 @dia Cybernetics, Silver
Spring, MD, USA) based on the birefringence propsrtf the collagen fibrils under
polarized light. In this analysis, 12 microscopic feefdom five rats per group were
investigated (magnification x200) randomly. A 208-pa@rt was superimposed on
each image, and the total of 2,496 points was assifgmeglach rat. The area was
determined by adding up these points, then dividingeheltr by the total points for
the cross-section. Results were expressed as medh S&nples were observed
under an OlympudX53 microscope equipped with BP-73 digital cameraand
imaging systemellSensOlympusCorporation, Tokyo, Japan).

Periodic acid-Schiff and Gomori’s reticulin staining

A qualitative analysis based on the intensity of the staireagtion with the
ventricular muscle was performed using PAS stain @adhori’s reticulin stain. In
this analysis, 12 microscopic fields from five rats geoup were investigated
(magnification x1,000) randomly. Tissue sectiond. dfwere stained with PAS for
detection of polysaccharides [53], and amylase-treatetiose served as negative
controls. Other sections of LV were stained by Gorsoréticulin. The level of
polysaccharides/collagen staining received a score thadvéfom 1 cross (+),
representing weak reaction for polysaccharides/cetidters, to 4 crosses (++++),
representing the strongest staining for polysaccharidésgenl (adapted from
Spillman et al. [53]).

Statistical analysis

Results were expressed as mean = SD. The Kolmogaromn®v test for
normality was initially performedStatistical differences were evaluated by two-way
ANOVA or unpairedt-test when appropriate, and the post hoc Tukey test was
applied for multiple comparisons. The analysis was$opered using the Sigma Stat

software, version 3.0, and statistical significance wasieléfas < 0.05.
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Results

The animals of the groups SD and ED developed thecteghdayperglycemia
of severe diabetes compared with control groups. Initi@h the baseline, there
were no differences in blood glucose levels betweaapeatic (SDvs ED) and control
rats (SCvs EC) (Table 1). Blood glucose increased throughoutetigeriment in
both SD and ED rats. Seven days after the applicati@Tdfand at the end of the
study, the glycemic levels for the diabetic groups ($10 BD) were significantly
greater compared with their controls (Table 1). Swimntiagning reduced BG level
by 23 mg/dL in the diabetic groups, but this did neicrestatistical difference.

The analyses of the baseline body weights were notelitfeamong the four
groups (Table 1). Diabetic rats had lower BW gain caegbavith normal rats (SC
and EC) p < 0.05). Similarly, the LV weighted significantly lessthre diabetic rats
(SD and ED).

Table 1. Biometrical and functional parameters

Parameters SCnh=5) EC h=05) SD =5) ED (h=5)
Baseline BW, g 90.40 + 3.29 93.60 +17.64 78.00%8 87.60 £6.43
Final BW, g 353.60 £63.01 345.60 £ 63.56 174.8D#49* 175.00+43.89 T
WG, g 263.20 £63.03  252.00 £ 76.80 96.80 + 40.68 *87.40 + 43.07 t
VW, mg 364.20+40.90 354.60+104.84 231.60+88.2 198.00 +47.94%
VW/BW, mg/g 1.03+£0.27 1.03£0.34 1.32 £0.15* 13+0.30 T
Baseline BG, mg/dL 66.20 +£9.04 65.40 £ 5.50 7342.10 73.80 +11.13

BG Post-STZ mg/dL 72.40 £6.02 63.40 £9.02 41388.98* 480.60+68.34
Final BG, mg/dL 88.80 +21.70 85.60 + 11.55 581.40#48 *  558.00+ 48.89 t

Resting HR, bmp 352.58 +17.07 300.50 + 47.60* 25@.2.83 * 266.34+ 31.29

Data are presented as mean = 8Iyumber of animals; SC, sedentary controls; EC,
exercised controls; SD, sedentary diabetics; ED, exetcthabetics; BG, blood
glucose; BW, body weight; VW, ventricular weight; WG, weigfatin; HR, heart
rate. *, different from SC; 1, different from EQy € 0.05).
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As expected, STZ-induced diabetes resulted in decde@&sting HR in SD
animals compared with SC (Table 1). Resting HR diddifter between ED and EC
rats. The swimming training program was capable aiced) the resting HR for the
EC group when baseline and end-study comparisonsmede.

Diabetes was associated with interstitial fibrosis by tbeumulation of
myocardial collagen (Fig. 2 and 3). Collagen content sigsificantly greater in SD
rats compared with SC (7.41 £ 2.08% 3.04+0.26%, respectively < 0.05) and in
ED compared with EC rats (4.29 + 0.86 2.82+0.38, respectively < 0.047) (Fig.
1 and 2). Interestingly, the exercise training redum#thgen accumulation in the LV
of diabetic animals (SD/s ED, p < 0.05). However, this was not true in the
nondiabetic animals (Fig. 1, 2 and 3).
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Figure 1. Exercise prevented the accumulation of myocardialageh. Left

ventricular total collagen content expressed as me8b in all four experimental
groups. Statistics: *, significant difference from sedsntantrol (SC); T, significant
difference from exercised control (EC); #, significarffedence from sedentary

diabetic (SD). LV: left ventricle; magnification, x200.
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Figure 2. Representative image of the myocardium stained withsSiReed, observed
under a polarizing microscope. (A) Sedentary contB) exercised control, (C)
sedentary diabetic, and (D) exercised diabetic groupows = collagen fibers.
Arrows pinpoint areas filled with collagen. Observe itiezease of collagen fibers in
panel C and its less collagen formation in panel Ditiose submitted to 8 weeks of

swimming training. Asterisks = interstitial fibrosis; mageefiion, x200; bar: 15 pm.
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Figure 3. Diabetes-induced cardiac fibrosis. The red color iolu$ Red staining
under light microscopy indicates total collagen depasit{) Sedentary control, (B)
exercised control, (C) sedentary diabetic, and (Djcesed diabetic groups. Arrows
= collagen fibers. Observe the increased amount tdgem fibers in panel C and its
reduction (near normality) in panel D. Asterisks =eistitial fibrosis; magnification,
x400; bar: 30 pm.

Qualitative analysis of the myocardium using PAS anan@ads reticulin
staining is summarized in Table 2. The sarcoplasm addmysium of the LV of
diabetic sedentary rats had a more prominent stainingolgsacharides than the
exercised diabetic (Fig. 4). Animals from the ED groupvwatd a PAS-positive
reaction partially reduced in sarcoplasms and in endamycompared with the EC
group. Moreover, the accumulation of PAS-positive makevas not observed in

amylase-treated sections (negative controls: Fig. 4E and F
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Table 2. Qualitative analysis of the LV of rats by Periodic aSichiff (PAS) and

Gomori’s reticulin histochemical techniques

Histochemistry techniques SC (h=5) EC(n=5) SD(Nn=5) ED(n=5)

PAS-sarcoplasm + + e+ F++
PAS-endomysium + + 4+ ++
Gomori’s reticulin + + +++ ++

PAS staining and Gomori’'s reticulin staining score: (+) kvegaction with the
staining technique, (++) moderate reaction with the stgiteénhnique, (+++) strong
reaction with the staining technique, (++++) intense treacwith the staining
technique. (A) Sedentary control, (B) exercised conf{), sedentary diabetic, and

(D) exercised diabetic groups.

The silver impregnation of reticular fibers by Gomoritgticulin technique

demonstrated the fine structure of myocardial collagelbserved as delicate
meshworks of fine fibrils stained black by the silver iegmation. This technique
demonstrated that there were differences among therdsnof reticular fibers in
diabetic animals (Fig. 5C and D) compared with nondiab@ig. 5A and B).

Animals from the SD group (Fig. 5C) had greater silirapregnation reaction
compared with animals from the SC group (Fig. 5A).iirty, the ED animals (Fig.
5D) presented a more intense reaction than those iBGhgroup. When comparing
the diabetic groups, it appears that exercise training @wpabde of reducing the

occurrence of reticular fibers in these animals.
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Figure 4. Periodic acid-Schiff (PAS) staining for polysaccharid€gualitative
analysis shows glycogen accumulation and PAS-positiveirsgan cardiomyocytes
after 8 weeks of exercise training. (A) Sedentary r@dn(B) exercised control, (C)
sedentary diabetic, and (D) exercised diabetic groupghé groups in panel E
(sedentary diabetic) and panel F (exercised diabettd,the absence of glycogen in
the sarcoplasm in amylase-treated sections (negativeots)ntArrows indicate
intracellular glycogen, and asterisks indicate the PAStpe endomysium.
Magnification, x1,000; bar: 20 pm.
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Figure 5. Silver-impregnated section of myocardium subjectedh® Gomori's
reticulin technique. (A) Sedentary control, (B) exercismhtrol, (C) sedentary
diabetic, and (D) exercised diabetic groups. Arrows ticukar fibers consisting
mainly of collagen type Ill. Observe the increaseeticular fibers in panel C and its
reduction in panel D. Note in panel C the reticularerfdb associated with
cardiomyocyte degeneration and possibly a processeobvery from injury.

Asterisks = thick collagen fibers;agnification, x1,000; bar: 20 pum.

Discussion

The present study evaluated the effects of low-intenaityjsing training on
the structural remodeling of the LV in growing rats withtreated experimental
diabetes. Our data showed that the STZ dosage useceth@€M as indicated by
morphological changes such as increased interstiik@gen, increased fine reticular
fiber, and the accumulation of glycogen in the LV's ecétlular collagen matrix.

Interestingly, part of the adverse cardiac remodeling ateenuated in response to
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chronic exercise, as observed by reduced collagpasit®on and the accumulation
of glycogen.

We found increased LV collagen deposition on STZ-iedudiabetic rats,
which is in agreement with previous studies [2,4,233]. Our results showed that
the degree of total collagen deposition in SD rats wasfgigntly more intense, and
consequently, fibrosis was more evident compared wiimal rats. These data
substantiates a histomorphological remodeling processhvidiable to endanger the
heart function. In fact, collagen deposition leads tstifer myocardium, and
consequently, diastolic dysfunction is observed [13}erEthough this was not
directly evaluated in this study, based on collagenrigs] it is possible that diabetic
animals have developed diastolic dysfunction as ebddny Loganathan et al. [35].

Additionally, the degree of interstitial fibrosis in EDtgawas reduced
compared with the SD group. Cardiac fibrosis is charizet@ by the proliferation of
cardiac fibroblasts and the excessive accumulation ofbmatoteins, mainly
collagen types | and lll, in the extracellular space,4860]. This occurs due to
imbalanced ECM metabolism, characterized by increasdidgen synthesis and
decreased collagen degradation [56]. Moreover, gbgcadroteins can undergo a
series of chemical rearrangements to form complexpoomds and cross-links
known as advanced glycation end products (AGEs). [#0¢ accumulation of AGE
in collagen was associated with reduced collagen temawreased cross-linking of
collagen, and stiffness of arteries and myocardium. [4#Qjrthermore collagen
glycation increases the formation and migration of ntyoblasts in the heart, a
critical event during fibrosis development in diabe&3]

Our study demonstrated LV fibrosis in growing diabetts, and similar
changes were demonstrated by others either in youdigadmit rodents [31] or in
humans [60]. Interstitial and perivascular fibrosis Hasen described in the
myocardium of animals and patients with DM [27]. Myatal fibrosis is the major
hypothesis for the pathogenesis of DCM [2,6]. Thus, gitelonged hyperglycemia,
the ECM of the cardiac interstitium can be profoundlycée in diabetes [31,60],
which may manifest as increased cross-linking of collaged alteration of its
functional properties [60]. Currently, the understandinghe effects of type 1 DM
on the morphological characteristics in the myocardafrpediatric populations is

vague, although there are evidences that short-tebes in the otherwise-healthy
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child and adolescent can produce myocardial dysfumt¢hiat may be a threat to the
development of severe cardiomyopathy at adulthood [7].

Our qualitative analysis of PAS staining demonstrated eater tissue
distribution of polysaccharides in the LV myocardiumdidibetics compared with
control animals. The accumulation of PAS-positiveariat was also observed in the
sarcoplasm of cardiomyocyte of the SD rats, which isoimcordance with previous
studies [13,36,43].

The effects of diabetes on myocardial glycogen mditabare directly related
to decreased glucose transport, which might result in isedeanyocardial glycogen
[43]. However, the excess of glycogen brings aboutdiaa structural and
physiological impairments, including changes in pHpido imbalances, and
stimulations of pathways leading to hypertrophic signalig].[It is known that
energy metabolism is rapidly shifted in the diabetic matsim, resulting in
augmented fatty acid and decreased glucose consunjptiprmhe switch of cardiac
energy substrate utilization from carbohydrate to $ipishcreases intracellular
glycogen, probably through increased glycogen syigl@smpaired glycogenolysis
or a combination of both [24]. Therefore, the greatasmnsity in the PAS-positive
reaction observed in the LV of sedentary diabetic rathenpresent study may be
related to glycogen stored and spared in the myocardi@in I|h addition, a higher
reaction found in the endomysium by PAS staining mayetsted to morphological
changes involved in the mechanisms of type Il amEktiv collagen deposition,
both positive to PAS technique [13,19].

Although exercise seemed to improve accumulation gtoglen in our
trained animals, diabetes played its role. This was dstraied by a slightly greater
reaction of PAS-positive material in the sarcoplasm of theroesed diabetic rats
when compared with the nondiabetic animals. Thesdtsekighlight the benefits
that the exercise training exerted on these animals Ibyalpa recovering the
polysaccharides tissue distribution. According to Castelial. [13], this recovery
might be attributed to an improved metabdaiiatus provided by physical exercise,
which apparently reduces the necessity for glycogeduyztion.

In this study, histochemistry by Gomori’s reticulin stainstgpwed reticular
fibers surrounding the cardiomyocytes, including #rdomysium with a more
intense stain reaction in the diabetics groups. Our bcdl and histochemical

analyses confirm the remodeling of the interstitial matemonstrated by increased
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total collagen deposition in the ECM of diabetic animaloregal previously [31].
This adaptation was reduced by exercise training (EMals) and was unchanged
in nondiabetic animals (SC and EC). However, the redlndf reticular fiber in ED
animals is partially different from previous reports [1Bastellar and colleagues
[13] found only a slight increased stain reaction teesiimpregnation in sedentary
diabetic rats compared with exercised diabetic and dordromals. These
controversial results could be attributed to differsniceexercise training protocols
or even to age differences among these studies. Irstindy, the duration of the
training sessions was 30 min longer, and the animale wérdays younger than
those of Castellar’s protocol [13]. A higher reactioriief endomysium by Gomori's
reticulin staining in our study also may be involved in thechanisms of type Ill
collagen deposition, corroborating with our data of P&&nsg [13]. Though the
interactions of ECM components with silver may not bec#g, they can
nevertheless provide important insights into the mechanismshe chemical
reactions involved in ECM remodeling [57]. However, thegse mechanism for the
protection associated with decreased reticular fiber krcese in our study is
unknown.

Fasting plasma glucose at rest was not affected bgwiireming program in
the current study. These results are consistent with o#perts [34,35,50]. It is
likely that there has been an improvement in glucosekeptaED animals. Glucose
uptake into cardiomyocyte occurs through GLUT1 and ®4Uransporters [1].
Studies have demonstrated that AMP-activated protein kinslg€’K) promotes
GLUTA4 redistribution to the sarcolemmal membrane, immg\glucose capitation
[1]. Moreover, it is possible that there has been areas in glucagon secretion in
ED animals, and its counterregulatory action has deelmaintain hyperglycemia
[50]. Thus, a possible improvement of glucose uptaky have been able to prevent
the morphological changes demonstrated in diabetic #itHawever, studies have
demonstrated that exercise was able to improve gluoesabolism in diabetic rats
with the reduction of blood glucose levels [5,23].agreement with Chimen et al.
[15], there is poor evidence for a beneficial effecpbysical activity on glycemic
control. Nevertheless, there are evidences to recawhrpéysical activity in the
management of type 1 DM [15], although the duration emensity of exercise,

especially for the young, needs further clarification.
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In the current study, we found that diabetes in ratdtezbin decreased HR at
rest. It was surprising that we found no statisticaledéhces in the HR between
exercised and sedentary diabetic animals. Bradycaedidoben reported previously
in adult rats [16,52] and adolescent [37] with type MI.O'hus, the decreased HR
observed in our study might be associated with autamdgsfunction. Bradycardia
is a very early indication of DCM [52]. Furthermoreardiovascular autonomic
neuropathy in diabetes commonly leads to abnormalitiétRircontrol and vascular
dynamics [39]. Additionally, in rats, degenerative ap@sin autonomic neurons can
be observed from 3 days to several weeks after S&ztion [16].

Conversely, studies have reported that exercise traipiegents cardiac
autonomic nervous dysfunction in diabetics [15,59 aeverses bradycardia [16].
Diabetic rats were exercised at a low intensity duringegks, and there was a
significant decrease in resting and post-stress test HR [3@wever, further
investigation is needed to clarify the causes of okt heart rate in young rats with
type 1 DM.

Conclusion

We concluded that low-intensity swimming training attendiateal collagen
deposition on the ECM and the accumulation of glycogehenLV of growing rats
with untreated severe experimental diabetes. Our resysost the idea that this
type of regular physical activity plays a beneficie in the adverse remodeling of
the myocardium in rats with type 1 DM. Further studiesufing on the metabolic

disorders associated with diabetes in the youth arereequ
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Abstract

Diabetic cardiomyopathy is associated not only with cardiamodeling and
myocardial dysfunction but also with the occurreatéw-grade inflammation and
reduced cardiac adiponectin resulting in significant mdaigpidnd mortality in
patients with type 1 diabetes mellitus (T1DM). On thesptiand, physical exercise
is an important strategy for the management of diabeteshwcan reduce
inflammation and attenuate adverse cardiac remodeling@muactile dysfunction.
The aim of this study was to investigate the influencéowfintensity swimming
training in cardiac cytokines, inflammation, structural moeleling, and
cardiomyocyte contractile dysfunction in growing rats wititreated experimental
T1DM. Thirty-day-old male Wistar rats were divided intuif groups it = 14, per
group): sedentary control (SC), exercised control (E€Jentary diabetic (SD), and
exercised diabetic (ED). Diabetes was induced by strefiton (STZ, 60 mg Kg
body weight). Animals from EC and ED groups were suiechito a swimming
training (5 days/week, 90 min/day, load of 5% body WwBidor 8 weeks. After
euthanasia, the left ventricle (LV) was removed for mwaler, morphological, and
cardiomyocyte mechanical analysis. Diabetic animalsegnted cardiac remodeling
with myocardial histoarchitectural disorganization, diis, inflammatory infiltrate
and necrosis. The capillary density was significantly loinediabetic animals. Left
ventricular cardiomyocytes from diabetic animals et more prolonged time to
the peak of contraction and the time to half relaxaticantthose from control
animals, but no difference in cell shortening was obserVed. cardiac levels of
interleukin 10, nitric oxide, total and HMW adiponectvare significantly decreased
in diabetic animals. Exercise training reduced the levelNF-&, increased capillary
density and attenuated the histopathological parameteessass in the LV of
diabetic rats. In conclusion, the adverse cardiac straicteamodeling induced by
experimental TLDM coexists with reduced levels of total &MW adiponectin,
chronic inflammation and cardiomyocyte contractility dysftion. More important,
low-intensity swimming training attenuated part of these pagfical changes which

indicate the beneficial role for regular exercise wated TLDM.
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Introduction

Diabetes mellitus (DM) is a group of metabolic diseasesracterized by
hyperglycemia resulting from defects in insulin secretimsulin action, or both
(American Diabetes Association, 2013) with high premak in both adults and
adolescent populations (Ma and Chan, 2009). Cardiolarsdisease (CVD) is one
of the major complications of diabetes that commencehildhood (Nadeau et al.,
2011) and greatly impacts mortality and morbidity (Gualet2007; Rajesh et al.,
2012).

Type 1 DM (T1DM) is primarily a disease of insulin fdé&ncy from
pancreatic beta-cell destruction (American Diabetesoéiaion, 2013) and CVD
may be linked to insulin resistance in this form of diabéBefronzo et al., 1982;
Pereira et al., 2012). Moreover, DM has been relatddw-grade inflammation and
micro- and macrovascular complications in adults (@@zzClemente et al., 2007;
Llaurado et al., 2012) and children with TL.DM (Manggeale 2004).

Low-grade inflammation has been associated with acre@ase pro-
inflammatory circulating proteins, such tumor necros&tdr-alpha (TNFe),
interleukin (IL-6), C-reactive protein (CPR) and withreduction in the anti-
inflammatory proteins such as IL-10 (Ryba et al., 2Ql&aurado et al., 2012). A
chronic inflammation status leads to histopathologicainges with tissue injury,
endothelial dysfunction, and cardiac remodeling reswltin deterioration of
myocardial contractility and left ventricular functighlauradd et al., 2012). The
suggested mechanisms are through the reduction Gftasient (Duncan et al.,
2007) and reduction of Gasensitivity of the contractile myofilaments (Goldhaber
al., 1996).

Adiponectin also majorly impacts the pathogenesis nsulin resistance,
diabetes and vascular injury (Gu and Li, 2012; Fer@2@t3), and plays an important
role in glucose and lipid metabolism (Numao et al.,8&0Barekani et al., 2011;
Pereira et al., 2012). Adiponectin is a plasma proteimiy secreted by adipocytes
(Bobbert et al.,, 2011) with anti-diabetic, anti-imflmmatory, antiatherogenic
properties (Garekani et al., 2011; Forsblom et al., 208byeover, cardiomyocytes
are also capable of synthesizing adiponectin (Pifi¢igd. .£2005; Maia-Fernandes et
al., 2008). Studies suggest that, adiponectin, in paatictie high-molecular weight
(HMW) adiponectin isoform (Leth et al., 2008; Numao ket 2008), is a potent

immunomodulatory and cardioprotective molecule (Essicél., 2011; Jenke et al.,
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2013). In fact, this protein protects the heart fromasai injury, cardiomyopathy
and systolic dysfunction (Goldstein et al, 2009), iitkib pathological
cardiomyocyte hypertrophy and myocardial fibrosis (Haal.e 2007; Maia-Ferandes
et al., 2008), reduces oxidative and nitrative stres$d@n et al., 2009; Wang et
al., 2013), reduces TNé&-and IL-6, and increases expression of IL-10 in the heart
(Han et al., 2007; Maia-Ferandes et al., 2008; Goldsteah, 2009).

Adiponectin improves cardiomyocyte contractile functiandb/db diabetic
obese possibly by alleviating endoplasmic reticultress (Dong and Ren, 2009). In
addition, in diabetes, endothelial nitric oxide syntha&(sS) protein expression is
progressively reduced in myocardium and nitric oxid®©)Nontent is decreased
(Wang et al., 2011; Wang et al., 2013, Nagareddy ,e2@05).

Regular physical exercise is an important strategy formhaagement of
T1DM, due the beneficial health effects, especially ioaabcular disease prevention
(Galassetti and Riddell, 2013). Aerobic exercisening can reduce inflammation
and cardiovascular risks (Rosa et al., 2010; Galassatt Riddell, 2013), reduces
insulin resistance, improves glucose and lipid metabo(lshan, 2013), attenuates
morphological changes (Silva et al.,, 2013) and conteaati)sfunction in both
animals and human with DM (Bidasee et al., 2008; Chiatexl., 2012; Rajesh et al.,
2012).

The regulation of glucose or lipid metabolism by adimbine through
exercise training have been investigated (Ando et al.9;2G@renaki et al., 2011),
however, inconsistent findings have emerged, mainly tat ¢rculating and HMW
adiponectin levels (Ando et al., 2009).

So far, few studies have examined the relationshipaotofs influencing
adiponectin levels in children and adolescents with tydeM, and the results of
those studies are very inconsistent (Huerta, 2006; Hadteslh 2012; Menon, 2012;
Karamifar et al., 2013). In addition, recent studiesnsdt reduction in the cardiac
adiponectin expression in STZ-induced diabetic rats éPal., 2013). However, the
relationship between cardiac adiponectin in growing réats W1DM and the effects
of a low-intensity swimming training has not been investidatet.

Therefore, we hypothesized that low-intensity swimming trgimwan reduce
the effects of STZ-induced diabetes on the cardiac fagtofgy, cytokines, NO,

capillary density as well as on the cardiomyocyte caotiteadysfunction.
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Materials and Methods

Animals and experimental groups

Male Wistar rats weighing 90.0 + 5.0 g, 30 days oldrexobtained from the
animal facility at the Federal University of Vicosa, Blkaand were randomly
divided into four groupsn( = 14, per group): sedentary control (SC), exercised
control (EC), sedentary diabetic (SD), and exercisébetic (ED). Rats were
maintained on 12-h dark/light cycle at 22°C, humidity at/@%, housed in groups
of five, and fed standard commercial rodent chow aratemwad libitum All
procedures followed the Guidelines for Ethical Care xpefimental Animals and
were approved by the Ethics Committee on Animal Erpantation (CEUA) from
the Federal University of Vigosa (protocol number20a/1).

Diabetes induction

Severe diabetes was induced in the animals by intrapeaitonjection of
streptozotocin (STZ; Sigma-Aldrich, St. Louis, MO) dis®d in 0.1 M citrate buffer
solution (0.1 M, pH 4.5) at the dose of 60 md kpdy weight (BW) (Howarth et al.,
2010). Equivalent volume (1 mL Ry of vehicle was injected into the rats assigned
to the control groups. Animals were fasted overnight far H prior to STZ
administration. Water and food were available immediasdigr dosing. Diabetes
was determined seven days after STZ injection. Glye€m 300 mg/dL) (Siu et al.,
2006) was dosed using the Accu-Chek Advantage glumym@oehringer
Mannheim Corporation, Indianapolis, IN) after a fastipgriod of 12-hours
overnight. Body weights and blood glucose levels weeordeed once a week
throughout the study. All animals were euthanatized &svatter diabetes induction

by intraperitoneal injection of sodium pentobarbital (120kgg).

Exercise protocol

After sevendays of diabetes induction and confirmation of consisten
hyperglycemia, animals from the exercised groups #B® EC) were submitted to a
swimming training program (adapted from Gomes et al. 6@ 8 weeks. Rats
were placed in water tank measuring 65 cm in height7®&ndm in diameter, filled
with warm water (28°C to 30°C) at a depth of 45 cm famded to swim. Animals

were then dried and returned to the home cage. Traimi@gsity varied by changing
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a load that was placed around the animal’s chest @%io 5% of its BW. Briefly,
in the first week, animals exercised in the waterlfdto 50 min, with no load, while
duration was increased by 10 min each/day. In thensea@ek, animals remained
exercising with no load and with the duration incremeéritg 10 min/day until a
maximum of 90 min of continuous swimming. From thertb week, animals began
swimming with a load until the end of the training pragrég8 weeks). The load was
progressively increased by 1% of the animal's BW friiva fourth week on, such
that at the eighth week, animals swam with a total load¥ebbtheir BW. During
the swimming sessions, animals from the sedentary gi®Dpand SC) were placed
in a polypropylene box containing warm water (28°C to 30/&@h a depth of 10

cm.

Electrocardiogram

Four animals per group randomly selected were anestdein an induction
chamber flushed with 2% isoflurane and 100% oxyafea constant flow of 1 L min
! Once unconscious, they were placed on a platfordwisal recumbency, with the
four limbs fixed. Isoflurane was maintained at a cotregion sufficient for restrain
(0.5% to 1.0%), and animals were able to maintain sp@oatus breathing during the
electrocardiogram (ECG). A trichotomy of approximatelym® avas performed in
the forelimbs and left hindlimb for electrode insertiorriation Il of the ECG was
recorded using the data acquisition system Powér(ab Instruments, Sdo Paulo,
Brazil), and data analysis was done with the prograbChart Pré (ADInstruments
LabChart 7, Séo Paulo, Brazil).

Electrocardiograms were performed at the end of theererpnts by an
experienced fellow blind to the study groups and treatsndResting heart rate (HR)
was derived from the ECG, following established guidelift¢sffernan and Jae,
2007).

Histological processing and histochemistry

Following euthanasia, the heart of five animals per gramdomly selected
was excised, washed with saline solution, dissectedvaighed separately. The LV
was dissected and weighed separately. Half of the £30& was rapidly frozen in
liquid nitrogen and stored at -80° C for subseques&ysand the other half of the

LV was fixedby immersion in 4% paraformaldehyde in 0.1 M sodium phosphate buffer,
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pH 7.2-7.4, for 24 h. Left ventricle fragments webgammed through therientator
method to define isotropic and uniform random sectidbiR) required in the
stereological study (Mandarim-de-Lacerda et al.,, 2003hese fragments were
dehydrated in ethanol, cleared in xylol, and embedded paraffin or
glycolmethacrylate resin (Historesin® — Leica). Blocksrevcut into Gum or 2 pm
sections and mounted on histological slides. The LMa@estvere stained by Sirius
red (for total collagen), Gomori's trichrome (for naicirculation), and toluidine
blue/sodium borate 1% to evaluate the series of hi#tofmaical changes in the
diabetic myocardium. Digital images were captured usinight microscope (mod.
Primo Star, Carl Zeiss AG, Oberkochen, Germany) eotad to a digital camera
(AxioCam ERCc5s, Carl Zeiss AG).

Analysis of myocardial microcirculation

To quantify intramyocardial capillaries, LV was evaluatedhistological
sections 5 um thick stained with Gomori's trichrombe Histribution of capillary
density was analyzed using the image analysis saftimaage Pro-Plus 4°5§Media
Cybernetics, Silver Spring, MD, USA). In this analydig, microscopic fields from
five rats per group were randomly investigated (magrniicax400). A 208-point
grid was superimposed on each image, and the to2M486 points were assigned
for each rat. The area was determined by adding wge theints, then dividing the
result by the total points for the cross-section. Resudie vexpressed as mean *
SEM.

Sirius red and toluidine blue/sodium borate staining

Pathological analysis of the left ventricle was perfed using toluidine
blue/sodium borate 1%nd Sirius red stain. In this analysis, 12 microscdiglds
from five rats per group were randomly investigated gimf&cation x400). Tissue
sections of LV were stained with Sirius red for detectbrrollagen accumulation,
perivascular fibrosis and interstitial fibrosis, anduidine blue for general

pathological alterations.

ELISA-based cytokine detection assay
The levels of Interleukin 10 (IL-10), Tumor Necrosiactor alpha (TNFe),

adiponectin and High molecular weight (HMW) adiponectinav@easured from the
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LV homogenate by ELISA. Cytokines IL-10, TNFand adiponectin were assayed
using Uscn life science Inc. (Wuhan in China) kitsl drigh molecular weight
(HMW) adiponectin from BioVendor Co. (Heidelberg, r®an). The ELISA
procedure was performed according to the manufatsupeotocol. The cytokine
concentrations were determined with reference to a stéwdave for serial two-fold

dilutions of the rat recombinant cytokines.

NO Production

NO production was quantified by the standard Grieastion (Sambroo&nd
Russell, 2001). Briefly, 50 ul of supernatants frora k&ft ventricle homogenates
were incubated with an equal volume of Griess reagé¥it gailfanilamide, 0.1%
naphthalene diamine dihydrochloride, and 2.5% phosphacid) at room
temperature, for 10 minutes. The absorbance was ureghsat 550 nm in a
microplate scanning spectrophotometer (Power Wave X;TBloInstruments, Inc.,
Winooski, VT). The conversion of absorbance into mmanéar concentrations of NO

was deduced from a standard curve using a knowreotration of sodium nitrite.

Cardiomyocyte isolation

Nine animals from each group were used to cardiomyocyigractile
function measurement. Two days after the last trainingi@®esthe rats were
weighed and euthanizday cervical dislocation under resting conditions, amelirt
hearts were quickly removed. Left ventricular myocytese enzymatically isolated
as previously described (Natali et al., 2002). Briefhe hearts were mounted on a
Langendorff system and perfused for ~5 min with aified Hepes—Tyrode solution
of the following composition (in mM): 130 NaCl, 1.43 MigC5.4 KCI, 0.75 CaG)
5.0 Hepes, 10.0 glucose, 20.0 taurine, and 10.0 ceegtid 7.3 at 37 °C. The
perfusion solution was changed for the calcium-gekition with EGTA (0.1 mM)
for 6 min. Afterwards, the hearts were perfused for2lb min with a solution
containing 1 mg mt collagenase type Il (Worthington, USA). The digestedrhe
was then removed from the cannula, and the ventnedgs removed and weighed.
The left ventricle was separated, weighed, and cut small pieces. The left
ventricle fragments were placed into small conical flagiis collagenase-containing
solution supplemented with 1% bovine serum albumin. Hile were dispersed by

agitating the flasks at 37 °C for periods of 5 mineithsingle cells were separated

45



from the non-dispersed tissue by filtration. The resgltcell suspension was
centrifuged and resuspended in Hepes—Tyrode solulon:-dispersed tissue was
subjected to further enzyme treatment. The isolated eadle stored at 5 °C until
use. Only calcium-tolerant, quiescent, rod-shapedi@aryocytes showing clear
cross-striations were studied. The isolated cardiontgsoyere used within 2—3 h of

isolation.

Measurements of cell contractility

Cell contractility was evaluated as previously descriffeRdman-Campos et
al., 2009). Briefly, isolated cells were placed in anchar with a glass coverslip base
mounted on the stage of an inverted microscope (NikdipdeeTS100, USA). The
chamber was perfused with Hepes—Tyrode solution atQ7Steady-state 1 Hz
contractions were elicited via platinum bath electrodegocer, Field Stimulator,
lonoptix, USA) with 5 ms duration voltage pulses andirgtensity of 20 V. Cells
were visualized on a PC monitor with a NTSC camerao@dyn, lonoptix, USA) in
partial scanning mode. This image was used to measilrghortening (our index of
contractility) in response to electrical stimulation usingdeo motion edge detector
(lonWizard, lonoptix, USA). The cell image was sample@44 Hz. Cell shortening
was calculated from the output of the edge detector uamdgonWizard A/D
converter (lonoptix, Milton, MA, USA). Cell shortenirigxpressed as a percentage
of resting cell length), time to peak shortening and timenalf relaxation were

calculated.

Statistical analysis

Results were expressed as mean + SEM. The Kolmogamurnov test for
normality was initially performed. Statistical significancéetiences were evaluated
by ANOVA one way on Ranks followed by the Dunn's t@sto-way ANOVA or
unpairedt-test was used when appropriate, and the post hoc Tagewas applied
for multiple comparisons. The analysis was perforegidg the Sigma Stat software,

version 3.0, and statistical significance was defingul<6.05.

Results
The animals from SD and ED groups presented the tegdayperglycemia

found in severe diabetes. At the baseline, there wedifferences in blood glucose
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(BG) levels between diabetic (S ED) and control rats (S@s EC) (Table 1).
Blood glucose increased throughout the experimenbth BD and ED rats. Seven
days after the application of STZ and at the enchefstudy, the glycemic levels for
the diabetic groups (SD and ED) were significantly gmeéTable 1). Swimming
training reduced the BG level by 34 mgtin the diabetic groups, however this was
not statistically different (p = 0.16).

Mean body weight at baseline was similar across all pgo{fable 1).
Diabetic rats had lower BW gain compared with normal (8 and EC). Similarly,
the LV weighted significantly less in the diabetic rats (@il ED). Streptozotocin
induced diabetes increased the index of LV hypertrgpNy/BW ratio) observed in
SDvs SC and ED vs. EC rats (Table 1). The index of hypehy did not differ
between ED and SD rats (Table 1).

Table 1.Biometrical and functional parameters

Parameters SC EC SD ED
Baseline BW, g 90.80 + 3.37 89.40 +5.01 86.20675. 91.20 +6.87
Final BW, g 320.60+26.05 334.60+13.57 164.6089* 170.60+5.18
WG, g 229.80+25.42 24520+13.17  75.20 +7.69* 9.40 +4.76
VW, mg 339.20+17.45 379.20+19.09 211.80 + 6.67%222.40 + 4.04
VW/BW, mg g* 1.06 +0.30 1.13+0.63 1.29 + 0.51* 1.30+0.35

Baseline BG, mg dt 73.20 +5.35 68.20 +5.47 74.20 £+ 4.33 73.60 + 8.54
BG Post-STZ, mg dl!  72.60 +3.31 65.40 £2.48  429.20 + 33.65* 461.1807
Final BG, mg d* 98.20 + 7.93 89.80+2.71  567.80+19.78* 533.00266

Resting HR, bmp 356.40+7.39 300.50 +20.44* 2829.39* 274.35+20.53

Data are presented as mean * SEM (Resting HR, four Bnjpea group, other
parameters n = 14 animals per group); SC, sedentaryyotnEC, exercised
controls; SD, sedentary diabetics; ED, exercised diahe®iG, blood glucose; BW,
body weight; VW, ventricular weight; WG, weight gain; HR, heate. *, different
from SC; T, different from ECp(< 0.05).
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Diabetes caused a decreased resting HR invSDSC rats (p < 0.05).
However, resting HR did not differ between animals #varcised (Table 1). The
swimming training program reduced the resting HR for the @Gup when
compared to SC measurements.

As shown in Fig. 1, total adiponectin tissue levels wageificantly lower in
the diabetic rats (SD 3.13 + 0.13 and ED 3.41 + Oc®8ppared with controls (SC
492 £ 0.25 and EC 5.64 = 0.26). Similarly, the HM&diponectin level was
significantly lower in the SOys SC (1.78 + 0.01 and 3.01 + 0.02, respectively) and
ED vs EC (2.19 = 0.01 and 3.41 % 0.02, respectively) r&®imming training
program promoted a non-significant increasing trend i@ kwels of HMW
adiponectin in the EC (p = 0.06) and ED (p = 0.07) atsm

Tissue levels of IL-10 were significantly lower in thialeketic rats (SD 0.21 +
0.01 and ED 0.41 = 0.15) compared with controls (S@ &0.06 and EC 1.43 +
0.32). Diabetes increased TNFlevels in the LV of diabetic rats (SD and ED)
compared with control rats (SC am, respectively) Exercise promoted a non-
significant increasing trend in the IL-10 levels in both grocgntrol (p = 0.08) or
diabetic animals (p = 0.09) (Figure 1C), and reduchidF-& levels in the diabetic
group (Fig. 1d).
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Figure 1. ELISA assay expression of cytokines in the LV oftooinand diabetic
rats. Graphs show the quantitative levels of (a) totapaadctin, (b) HMW
adiponectin, (c) IL-10, and (d) TNé-of the indicated sample groups. Quantitative
data are displayed as mean + SEM-(5 animals per group). *Significant difference
from sedentary control (SCJSignificant difference from exercised control (EC).
*Significant difference from sedentary diabetic (SP¥(0.05).

Capillary density analysis of the LV showed that diabetimals presented a
lower total capillary density compared SC animals (Fard2and 2e, p < 0.05).
Capillary density of the LV was greater in the ED & groups compared to SD
and SC, respectively, and BB.SD (Fig. 2e). Diabetes was associated with reduced
levels of myocardial nitric oxide (Fig. 2f, p < 0.0&9mpared with the control groups
SC and EC. Interestingly, the exercise training incet&@ levels in the LV of EC
rats compared with sedentary control (%CEC; 210.03 + 19.8v¥s.291.34 + 13.41,
respectively). Swimming training increased NO level by 3h%he diabetic group
(SD vs ED), but this did not reach statistical difference=(j9.11). In addition, a
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gualitative analysis of the LV revealed greater amouhtsoflagen fibers around

blood vessels characterizing perivascular fibrosiSh animals, however this was
found to a lesser degree in ED animals (Fig. 3).
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Figure 2. Blood vessels and NO in the LV of control and diabsits. Histological
sections of myocardium subjected to the Gomori's toofe technique. (a)
Sedentary control, (b) exercised control, (c) sedgntigabetic, and (d) exercised
diabetic groups. Arrows = capillaries. Note the incredseel of capillary density in
panel B and its reduction in panels ¢ and d. The aradhn panels ¢ and d

indicates cardiomyocyte with vacuolar sarcoplasm (megibn x400, bar = 30
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pm). Graphs show capillary density in panel e and thettgatve levels of LV NO
in panel f. Data are displayed as mean £ SBM § animals per group). *Significant
difference from sedentary contrdiSignificant difference from exercised control.
*Significant difference from sedentary diabepc<(0.05).

Figure 3. Diabetes-induced cardiac fibrosis. The red coloSwoius red staining

under light microscopy indicates total collagen depasit{@) Sedentary control, (b)
exercised control, (c) sedentary diabetic, and (d) eseddiabetic groups. Arrows =
collagen fibers. Note the increased amount of collafeers in panel ¢ and its
reduction in panel d. *Perivascular fibrosis (magificn x400; bar: 30 pum).

In SC and EC rats, cardiomyocytes were well organizath myofibrils
symmetrically disposed (Figs. 4 a and b). Pathologibaracteristics from LV of
diabetes were observed. Diabetic LV myocardium detnatesl collagen
accumulation, perivascular fibrosis and intramyocardiddrosis (Fig. 3 c),
architectural disorganization along with degeneratiwh @rophy of cardiomyocytes

(Fig. 4 c), and evidence of inflammatory-cell infiltrat®{ishowed in the figure). In
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addition, cardiomyocytes from DM rats presented irragblgpertrophy, vacuolar
sarcoplasm, reduction of myofibrils, contraction baedrosis, and nuclei with

irregular shape (Figures 4 c). Pathological charatezifrom LV of diabetes were

attenuated by swimming training program (Figs. 3 d ady 4

Figure 4. Histological sections stained with toluidine blue/sodium teord%
showing pathological characteristics from the LV of éiss. (a) Sedentary control,
(b) exercised control, (c) sedentary diabetic, and gxbrcised diabetic groups
(magnification x400, bar = 30 um). Asterisks = cardjonytes, arrows =
cardiomyocytes nucleus, arrowheaglacuoles, and star = contraction band necrosis.
Note that pathological characteristics from the LV of diebevere attenuated by
swimming training in panel d (magnification x400, bar u30).

Cardiomyocytes contractility

The analysis of cell contractility showed marked charigabe mechanical
properties of isolated cardiomyocytes from diabetic alsin{&igure 5). In LV
cardiomyocytes of animals in the SD group had a signifipesiongation of the time

to peak of contraction compared to the SC group (30€.28.26 msvs.231.25 £

52



7.30 ms, respectively, p<0.05). The swimming trainiind) bt reduce the time to
peak contraction in diabetic animals (SD, 300.93 + 1586/s. ED, 290.65 + 4.8
ms, p >0.05). The effect of swimming program was alst detected regarding the
time to peak contraction in LV cardiomyocytes of con@malmals (EC 227.35 +
10.93 msvs. SC, 231.25 + 7.30 ms, p > 0.05). In addition, &DSC groups (3.05 +
0.24 and 2.23 + 0.20, respectively), and ¥DEC groups (2.52 £ 0.22 and 2.60 *
0.21, respectively) did not exhibit statistically significadifferences in cell
shortening. Time to half relaxation was greater in thec8MDpared to SC group (SD,
174.26 £ 12.65 mys. SC, 146.46+10.06 ms, p < 0.05). The swimming training
program did not affect the time to half relaxation ofdeamyocytes in diabetic
animals (SD, 174.26 + 12.65 ms.ED, 209.78 + 13.37 ms, p < 0.05). And the same
occurred in the control animals (SC, 146.46+£10.06/snEC, 139.12+ 12.22 ms, p <
0.05).

53



[ Sedentary

4
- BB Exercised
2 3. T
2
o T
e 2
=
s '
£
(7]
0 . y
a Contol Diabetic
a00- (| Seder?tary
- Bl Exercised
%] *
€ w0, =
-
ﬂ —_——
Q
0 200-
8
g 1004
=
0 ¥ T
b Contol Diabetic
. 280- [ Sedentary t
7] M Exercised
. *
g £ m
D 150 T
o
~ 100-
8
Q@ 504
E
= gl
c Contol Diabetic

Figure 5. Graphs showing the contractility parameters of the IsSdlated
cardiomyocytes from control and diabetic rats. (a) Calirteiming expressed as a
percentage of resting cell length, (b) time to peak, ahdirhe to half relaxation.
Data are represented as mean * SEM of 46-68 cells im gawp; % r.c.l.,
percentage of resting cell length. *Significant differericem sedentary control.
'Significant difference from exercised contrgp & 0.05); Kruskal-Wallis test
followed by Dunn test.
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Discussion

In the present study we evaluated the effects of low-sitterswimming
training on the cardiac structural remodeling, cardigokines and cardiomyocyte
contractile function in growing rats with untreated ekpental TLDM. The results
showed that STZ-induced diabetes promoted marked ndiatamorphological
reorganization and cardiomyocyte contractile functrmpairment. The left ventricle
of diabetic rats demonstrated pathological charactezistich as histoarchitectural
disorganization, collagen accumulation, fibrosis, pedu blood vessels,
cardiomyocyte with inflammatory infiltrate, necrosis andegular hypertrophy.
Total adiponectin, HMW adiponectin, IL-10, and NO tistaels were significantly
lower in diabetes, but LV TNk- levels were increased. However, our exercise
training protocol inducedtrendtowardsenhanced IL-10 levelsttenuated the TNF-
a level and the pathological characteristics of the LV ibeties.

Animals with T1DM presented a marked reduction of tatiponectin and
HMW adiponectin levels in the LV. As far as we knowistiis the first study
investigating the levels of cardiac adiponectin in growiag with diabetes. As of
the three major isoforms of adiponectin, low molecwaight (LMW), middle
molecular weight (MMW), and high molecular weight (HMWdiponectin
(Hickman and Whitehead, 2012), the HMW is thought toheemajor active isoform
in peripheral tissues (Maia-Fernandez et al., 2008 @bal., 2013). Consistent with
previous studies on adult animals, the total and HMW adigiin levels were
inversely associated with TLDM (Pei et al., 2013; Wenagl., 2013). Study by Pei et
al., (2013) demonstrated that cardiac adiponectin levelsluglig decreased
throughout T1DM development in adult mice, which was @ased with decreased
adenosine monophosphate-activated protein kinase (AMRiOsphorylation in
diabetic hearts. Wang et al. (2011) showed decreasd@cadiponectin levels and
increased inflammatory cytokines TNfFand IL-6 in diabetic rats. This runs parallel
with our results that showed that T1DM rats exhibiteduced cardiac adiponectin
levels and local inflammatory response as compared tiwghcontrol. In contrast
with our findings, studies performed by Guo et al.0@20demonstrated that cardiac
adiponectin levels were unchanged in diabetic adult taus, the adiponectin
receptor 1 (AdipoR1) was up-regulated in the heaBTZ-induced diabetes (Guo et

al., 2007). Furthermore, increased AdipoR1 expressiaccardiomyocyte may be a
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compensatory mechanism responsible for the cardiapinageeffect of adiponectin
in TIDM (Ma et al., 2011; Wang et al., 2013). Despite thcrease in AdipoR1
expression, studies showed increased cardiac inflamynagsponse and decreased
GLUT4 protein expression associated with a reducti@ndiac adiponectin
expression (Sakr et al., 2013). Decreased expres#ioGLUT4 indicates that
glucose metabolism was reduced in diabetic rat he@u® (et al., 2007). In our
study, the inflammatory status and a possible dysfunofi@mergy metabolism may
be contributed to the deterioration in morphology aaddiac function in STZ-
diabetic rats which is in agreement with others (Guo e2@07; Wang et al., 2011).

In response to swimming training, total and HMW adiptinegere similarly
unchanged in both, diabetic and control groups. Thaggest that even if low-
intensity aerobic exercise affects the metabolism, fgbthe production and
secretion of total and HMW adiponectin are not locallieced in the heart of
growing rats. Thus, the effect of exercise training orp@actin remains to be
elucidated.

In the present study we observed that TLDM caused waiscollar damage
and reduced NO levels in the left ventricle. Interesginglwimming training
increased capillary density. The attenuation of micoodation impairment in the
ED rats was evidenced by increased capillary density reduced perivascular
fibrosis. These results are exciting as adiponectinasvk to exert protective effects
through its vasodilator, anti-apoptotic, anti-inflammatamyti-atherogenic and anti-
oxidative activities in both cardiac and vascular cellsi @ al., 2011; Hickman and
Whitehead, 2012). Our findings demonstrate a reduceditgeos myocardial
capillaries in TLDM rats which is in concert with pigys reports (Lee et al., 2011,
Cosyns et al., 2008). Additionally, a recent study usiiadpetic rats showed that the
microvascular arrangement was very disordered and tineaces of cardiac
microvascular walls were highly irregular, with numeroesaginations and
invaginations (Yin et al., 2012). In the current studypM affected cardiac levels of
NO as shown previously (Wang et al., 2011; Nagareeidgl., 2005). Evidences
suggest that in T1DM, the impairment of endothelial fiomctnay involve reactive
oxygen species such as superoxide that readily radctN@ to form peroxynitrate,
which results in decreased NO bioavailability (Heidgs@ur, 2010). Wang and
colleagues (2011) demonstrated that STZ-induced diabatedisplayed reduced

cardiac endothelial nitric oxide synthase (eNOS) actiwatichich decrease cardiac
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NO content (Fuchsjager-Mayrl et al., 2002). This resals associated with reduced
cardiac adiponectin and increased inflammatory cytokines.

We speculated that the reduced levels of both caediggonectin and NO in
the current study could be associated with the mechani$nisftoventricular
microcirculation impairment in T1DM rats because hypemtya and oxidative
stress in diabetes can initiate a cardiac structural refimagelthat leads to
deterioration of arteries, capillaries and venules. Gn dther hand, adiponectin
exerts the protective effects by directly acting onoghelial cells, smooth muscle
cells and macrophages (Ohashi et al., 2012) and tsolates AMPK activation in
endothelial cells, leading to activation of eNOS (Maia-Fedles et al., 2008; Ohashi
et al., 2012).

In the present study, the exercise program attenuatatdicagtly reduction
in capillary density and perivascular fibrosis in diabetts. These are exercise
benefits to the myocardium inasmuch as the capillary ortwparticipates in
maintaining the supply of oxygen and energy substancésetteart. However, in
our study, these changes were independent of adiponsatigesting that exercise
plays an effective role in restoring the capillary neth@ imyocardium of rats with
T1DM via both, the adiponectin-dependent and indepénuigthways. In addition,
exercise training was capable of stimulating angiogenesi€ iarimals compared to
SC animals. These findings are in agreement with thegerted by Ellison et al.
(2012) who demonstrated that exercise training inducesilaas@modeling of the
cardiac muscle by increasing of capillary density. Eisertraining can also decrease
oxidative stress and improve anti-oxidative capacity hef vascular wall, thus it
appears to be beneficial in prevention and improvemeint microvascular
dysfunction in T1DM (Heidarianpour et al., 2010). Abmaiities in the
endothelium/NO pathway have been reported in humanr@nthbmodels of TILDM
in both micro and macro vessels (Khan, 2000; Fuchsjitayrl et al., 2002).
However, the mechanisms underlying the morphological functional changes of
blood vessels are complex and only partially uriderks

We observed here increased ThFand decreased IL-10 levels in the left
ventricle of diabetic rats. In addition, cardiac collagecumulation (total collagen),
local inflammation, degeneration and atrophy of cargmegtes, necrosis and
myocardial fibrosis were also increased in thesenals. Interestingly, our exercise

training program attenuated the TNFsroduction and left ventricular pathological

57



remodeling in diabetic animalQur findings are consistent with previous reports in
which intramyocardial inflammation was evidenced byreased levels of cardiac
TNF-o (Westermann et al., 2007; Guo et al., 2007; Rajesh,e2@l2; Wen et al.,
2013; Huang et al., 2013) and decreased levelsrdfacalL-10 (Huang et al., 2013;
Ares-Carrasco et al., 2009). TNFis one of the major mediators of inflammation
(Ryba et al.,, 2011) and endogenous TdNPBtays a central role in initiating and
sustaining the inflammatory response (Kaur et al., 26f6;et al., 2011). Cardiac
over-expression of TNk-has been related to multiple detrimental effects on the
heart, including cardiomyocyte hypertrophy, myocardiahtractile dysfunction,
fibrosis, apoptosis, pathologic heart remodeling andatoh of adiponectin, which
leads to heart failure in TIDM (Hui et al., 2011; Rajestal., 2012; Nunes et al.,
2012; Wen et al., 2013). A recent study revealed intoaargial inflammation in
unmanaged diabetic rats seven weeks after STZ inje@savidenced by enhanced
activity and expression of nuclear factor kappa B (@¥5; thus leading to increased
levels of cardiac pro-inflammatory cytokines (TNFIL-1p), enhanced expressions
of cell adhesion molecules (ICAM-1, VCAM-1), and igated invading
immunocompetent cells, such as macrophages (CD684) egits T lymphocytes
(CD3+ cells), and cardiac collagen accumulation (Wen al., 2013). The
consequence of these abnormal structural alteratiosisietic rats lead to impaired
cardiac performance, i.e. increased left ventriculanedisions, reduced ejection
fraction and fractional shortening (Wen et al., 20IBhe highest VW/BW of
hypertrophy of diabetic rats in this study reflectsititmeeased dimensions of the LV.
The increase in pro-inflammatory cytokines in diabetegldcalso have
influenced the levels of cardiac adiponectin and corkeatysfunction in the present
study. Inflammatory cytokines can attenuate cardiomyocwtgractility directly
through the immediate reduction of the?Caansient, via alterations in sarcoplasmic
reticulum function and indirectly through attenuation mfofilament calcium
sensitivity, through nitric oxide-dependent attenuatidian et al., 2004; Duncan et
al., 2007; Wen et al.,, 2013). Sustained expression of-dNan also lead to
decreased sarcoplasmic reticulunf'CATPases (SERCA2) expression, which is
essential for the re-uptake of calcium in an energyeddent manner after
excitation-contraction of the cardiomyocyte (Nian et &004). However, the

relationship of these molecular changes with myocastraictural remodeling and
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the cellular inflammatory mechanisms in diabetic cardigmagloy requires further
investigation.

We also foundhat TNFe production was attenuated in the exercised diabetic
animals demonstrating a potential cardioprotective effeciged by exercise
training against future cardiovascular injuries. Evidsnsupport the idea that regular
exercise may suppress proinflammatory cytokines ®NERP, and IL-6 levels and
also increases anti-inflammatory cytokines such asOlLH1-4, TGF{ (Plaisance et
al., 2006; Bruunsgaard et al., 2005; Hopps et al., 2011

In the present study T1DM prolonged the time required deak cell
contraction and the time to half relaxation of left vientiar cardiomyocytes, which
is in concert with recent studies conducted in our kafooy (Silva et al., 2011).
Cardiomyocytes of diabetic animals may reduce theesgwn of proteins such as
CaMKIl, NCX, RyR2, SERCA2 and phospholamban (PLB)ese changes lead to a
delay the availability of G for cell contraction and affect the cardiac function of
diabetic rats (Bidasee et al. 2003; Bidasee et al. 2Bidésee et al. 2008, Stolen et
al. 2009, Choi et al., 2002). In addition, cardiomges relaxation depends on the
removal of C4' from the cytosol: to the sarcoplasmic reticulum (SR) biRGA2
and PLB; to the extracellular medium by NCX and saroatal C&" ATPase; and to
the mitochondria by transport of mitochondrial ?CgBers, 2008). In diabetic
cardiomyopathy both expression and function of thedlalar structures are reduced,
and hence the rate of €aemoval from the cytosol is diminished (Rajesh et al.,
2012; Bidasse et al., 2008; Choi et al., 2002). Tategether, these changes
contributes to slow down cell relaxation (Loganathan.e28D9).

In our study, left ventricular myocyte shortening was rsred by T1DM.
Previous studies show inconsistent results since unctiafitmvarth et al., 2002;
Howarth 2010) and reduced cardiomyocyte shorteningg&ihal., 2011; Choi et al.,
2002) are demonstrated in diabetic rats. Decreaseditiggnsof contractile
myofilaments to C& and reduced intracellular concentration of ‘Care probable
mechanisms involved in the reduction cell shortenirgrgit al., 2008).

The swimming training employed here did not affect ttentractile
properties assessed in the present study (cell shortemmegictipeak and time to half
relaxation) in either control of diabetic rats. Howey@revious studies have shown
that exercise training can restore the contractile functicraafiomyocytes isolated
from diabetic animals (Loganathan et al. 2007; Shaa @08B; Stolen et al., 2009).
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Adaptations to regular exercise can accelerate the aligjlati cytosolic C&* and
increase the rate of ATP hydrolysis, increase the expressid/or the activity of
RyR2 and sensitivity of contractile myofilaments t¢*Ua diabetic animals (Shao et
al., 2009). Moreover, the swimming program applied tyaSet al, (2011) reduced
the relaxation time of cardiomyocytes of diabetic animalsis effect has been
attributed to the ability of regular exercise to increisespeed of removal of €a
from cytosol via increased expression of SERCA2 ahB [Bers et al., 2008),
normalization of NCX expression and function, redutctio the phosphorylation of
CaMKIl and restoration of the density of transverse tebyStolen et al., 2009).
Previous studies have demonstrated that cardiac myaojoe@ded shortening may
be affected or not by exercise training (Silva et al. 120latali et al., 2002; Howarth
et al., 2010). It is worthy to note that, in vivo, cardimmytes are connected to each
other in an arrangement intimately associated to extréaethatrix and are subject
to varying mechanical loads along cardiac tissue.abt, fforce development in
mechanically loaded cardiomyocytes from trained rassgsificantly greater than in
those from sedentary rats (Natali et al., 2002). Prgbabme of the beneficial
effects of exercise on myocardial function may be ditker to direct effects on
cardiac muscle and/or secondary effects includingrawgd glucose metabolism
and/or alterations in collagen content of the heart @&mdassociated effects on
compliance (Searls et al., 2004; Silva et al., 201l¥aSit al., 2013). Moreover, the
absence of effects of exercise training protocols ormiaaryocyte contractile
function may be due to insufficient intensity and/oradiom of exercise.

In this study, exercise training had no significant @feon body mass in
either diabetic or control rats, a result that is coestswith previous studies
(Howarth et al., 2010; Silva et al., 2013; Silva et al.,130Pathological cardiac
hypertrophy induced by experimental diabetes has beated in previous studies.
In addition, the apparent absence of an effect of eem@n body mass in either
control or diabetic rats probably is due to anabohd &atabolic effects of the
exercise regime on muscle protein and fat metabolisspentively.

Physical exercise is an important factor to improve thianca between
glycemic control, inflammation, and cardiovasculak ris TIDM (Rosa et al.,
2010). However, we observed that after a 12-hour oyetrifast blood glucose was
not altered by exercise in either diabetic or control rEfese results are consistent

with other reports (Silva et al., 2011; Silva et al., 2013 possible that there has
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been an increase in glucose uptake through GLUT1 andT&Lliransporters via
activation of AMPK in ED animals and its counterregulataction of glucagon has
helped in the maintenance of hyperglycemia (An and iBobs, 2006). Studies have
demonstrated that exercise was able to improve glutesabolism in diabetic rats
with the reduction of blood glucose levels (Aronstml., 1997; Gomes et al., 2009).
However, it is not clear whether the apparent absenan adffect of exercise on
blood glucose level in diabetic rats may be due to thatidm and intensity of
exercise protocol, the type and severity of diabeteke animal model or the age of
the animals.

In this study T1DM reduced the resting HR in growings,réut no statistical
difference between exercised and sedentary diabeiicatnwas found. Previous
studies reported a reduced HR in adult (De Angelis e@00; Smirnova et al.,
2006), adolescent (Lucini et a., 2012) and growing vate T1DM (Silva et al.,
2013), possibly due to autonomic dysfunction. In fécadycardia is a very early
indication of diabetic cardiomyopathy (Smirnova et, ak006). Moreover,
cardiovascular autonomic neuropathy in diabetes comneatis to abnormalities in
HR control and vascular dynamics (Maser at al., 2088yitionally, degenerative
changes in autonomic neurons have been observed liree days to several weeks
after STZ injection in rats (De Angelis et al., 2000). the other hand, exercise
training can prevent cardiac autonomic nervous dysiomah diabetes (Chimen et
al., 2012; Yardley et al., 2012) and reverse bradyaardihese animals (De Angelis
et al., 2000).

Conclusion

In summary, our results demonstrate that left ventri€lgrowing rats with
STZ-induced diabetes displays decreased level of @oidl HMW adiponectin,
inflammatory response along with pathological structeeatodeling. Low-intensity
swimming training promoted a non-significant increasingdranthe levels of IL-
10, attenuates TNE-and pathological remodeling, and increases capillary density in
the left ventricle of these animals. These positive clangeexist with
cardiomyocyte contractile dysfunction and reduced HMIlp@nectin. These results
provide insight into the beneficial effects of exercise te myocardial

complications caused by T1DM.
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CONCLUSOES GERAIS

— Os efeitos cronicos do diabetes induzido por STZ eocomo miocardio do
VE de ratos Wistar puberes e promovem cardiomiopat@bética,

comprovada por alteracdes morfoldgicas e morfométricas

— O VE de animais diabéticos apresentou remodelamentatugsair com
aumento de colageno total e de fibras reticulares naizmextracelular,
acumulo de glicogénio, desorganizagdo da histoatqratedo miocardio,

infiltrado inflamatdrio e necrose de cardiomiécitos.

— Os niveis cardiacos de adiponectina total, adiponectina HMAAWO e Oxido

nitrico foram significativamente menores nos animais iz

— O exercicio fisico ndo alterou de forma significativa deis cardiacos de
adiponectina total, adiponectina HMW e IL-10 no VE desaliabéticos e

nao diabéticos.

— O diabetes ocasionou resposta inflamatéria local com ratonges niveis de
TNF-a no VE.

— O programa de natagdo de baixa intensidade atenuepnaigdo de colageno
total, o acumulo de glicogénio, os niveis de TiNFe as alteracbes

histopatoldgicas avaliadas no miocardio do VE dos asidiabéticos.

— O percentual de capilares foi significativamente menoWBodos animais

diabéticos.

— O programa de natacdo induziu aumento no percentuaagdiares no
miocérdio dos animais diabéticos e ndo diabéticos e aames niveis de

6xido nitrico no VE dos animais nao diabéticos.

— Os cardiomidcitos isolados do VE dos animais diabgtiapresentaram
prolongamento do tempo para o pico de contragéo terdpo para 50% de

relaxamento, mas ndo houve diferengca na amplitudemteacao.

— O programa de natagdo aplicado ndo alterou a ampldedeontracéo, o
tempo para o pico de contragdo e o tempo para 50%laeamento celular
em cardiomidcitos isolados do VE de ratos diabétiau@oediabéticos.
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