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C Grupo controle
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RESUMO

A restricdo proteica materna € um indutor bem conhecido de adaptacgdes fisiologicas
de curto e longo prazo. Estas adaptacdes ndo sdo deterministicas e podem ser
moduladas pelo treinamento fisico (T). Avaliou-se os efeitos de um treinamento
fisico moderado sobre as alteracBes induzidas pela restricdo proteica perinatal na
morfometria do timo e bago de ratos endotoxémicos. Ratos Wistar machos foram
divididos em dois grupos de acordo com a dieta da mde durante a gestagéo e
lactacdo, controle (C, 17% caseina) e subnutridos (dieta baixa em proteina, LP, 8%
caseina). No 63° dia poOs-natal, os animais foram submetidos a treinamento fisico
moderado (8 semanas, 5 d/sem, 60 min.d-1, a 70% do VO2max). ApoOs o periodo de
treinamento fisico, metade de cada grupo recebeu uma injecao de lipopolissacarideo
(LPS) ou soro fisiolégico. A morfologia do timo e baco foi analisada. O nivel de
organizacgao da polpa esplénica branca foi descrito como percentual. Os filhotes LP
mostraram uma contagem celular total reduzida tanto no cértex do timo como na
celularidade do bulbo quando comparados aos filhotes C. A morfologia do timo foi
semelhante entre os grupos, mesmo sob os efeitos de LPS. Os filhotes LP
apresentaram reducdo da area marginal da zona quando comparados ao grupo C.
Na area dos foliculos esplénicos, todos 0s grupos apresentaram aumento em
relagdo ao controle. Essas mudancas nao foram observadas no grupo LP + T. LP
mostrou alta porcentagem de laminas desorganizadas da polpa branca esplénica.
Essas alteragBes foram atenuadas em animais treinados. O treinamento fisico
atenua o efeito da programacao nutricional sobre a morfometria do timo e bagco em
ratos adultos. Nossos resultados suportam a hipotese de que o estimulo ambiental
positivo, como o treinamento fisico moderado, pode modular um organismo

programado pela desnutricdo perinatal.

Palavras-chave: Plasticidade fenotipica. Exercicio fisico. Tecido linfoide. Restricdo
protéica. Ratos.



ABSTRACT

Maternal protein restriction is a well-known inducer of short and long-term
physiological adaptations. These adaptations are not deterministic and can be
modulated by physical training (T). The effects of a moderate physical training on the
low-protein-induced changes on morphometry of thymus and spleen of endotoxemic
rats were evaluated. Male Wistar rats were divided into two groups according to their
mother’s diet during gestation and lactation, control (C, 17% casein) and,
undernourished (Low-protein diet, LP, 8% casein). At the 63" day post-natal, animals
were submitted to moderate physical training (8 wk, 5 d.wk™, 60 min.d*, at 70% of
VO2max) OF not. After physical training period, half of each group received an injection
of either lipopolysaccharide (LPS) or saline. The morphology of the thymus and
spleen was analyzed. The level of organization of the white splenic pulp was
described as percentage.LP pups showed a reduced total cell count in both thymus
cortex and medulla cellularity when compared to C pups. The morphology of the
thymus was similar among groups, even under the effects of LPS. LP pups showed a
reduction of the zone marginal area when compared to C group. In the splenic
follicles area, all groups presented an increase when compared to control. These
changes were not seen in the LP + T group. LP group showed a high percentage of
disorganized slides from splenic white-pulp. Those alterations were attenuated in
trained animals. Physical training attenuates the effect of nutritional programming on
the morphometry of the thymus and spleen in adult rats. Our findings supports the
hypothesis that positive environmental stimulus, such as moderate physical training,

can modulate a programmed organism by perinatal undernutrition.

Key-words: Phenotypic plasticity.Physical exercise.lymphoid tissue. Protein
restriction. Rats.
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1. REVISAO DE LITERATURA

A soma de diversos fatores, tais como rapidoaumento da tecnologia,
globalizacdo, e recentes praticas da industria alimentar tém trabalhado em conjunto
para o aparecimento do fendmeno da transicdo nutricional em todo o
mundo(POPKIN, 2011). Ja no Brasil, a partir da década de 90, todo o pais comecou
a experimentar o processo de transicao nutricional (BATISTA FILHO ; RISSIN,
2003;BATISTA FILHO et al., 2008), que se caracteriza pela saida da prevaléncia da
desnutricdo energético-protéica, expressando-se em uma baixa-estatura, para um
aumento da deficiéncia de micro nutrientes, caracterizando com o aumento da
obesidade(BATISTA FILHO et al., 2008). Quando a desnutricdo acontece em
periodos criticos do desenvolvimento, mesmo com posterior recuperacdo, pode

haver mudancas permanentes na estrutura e fungdo dos tecidos (LUCAS, 1991).

Como consequéncia da desnutricdo, criangas revelam alteracées nas
contagens totais de células do sistema imune (Sl), por exemplo, aumento no total de
linfécitos na circulagdo sanguinea, porém com diminui¢do do total de linfocitos T na
infeccdo aguda (RYTTER et al., 2014).Também em criancas, ha alteracdes
morfolégicas e funcionais nos érgaos linféides em decorréncia da desnutricdo. Em
criancas desnutridas, o timo tende a ser menor que em individuos eutroficos, no
entanto, o tamanho timico tende a ser recuperado assim que houver recuperacao
nutricional(CHEVALIER et al.,, 1995; PRENTICE, 1999; NASSAR et al., 2007;
RYTTER et al.,, 2014). Ainda no timo, a desnutricdo pode causar alteragcdes em
subpopulacdes celulares, com diminuicdo de células T disponiveis nos sistemas
periféricos (SAVINO, 2002; SAVINO et al., 2007; MARIA SUSANA et al., 2014). Tais
alteracdes podem ter consequéncias negativas na competéncia imune dos

individuos expostos a desnutricdo(SAVINO et al., 2007).

O baco € um orgado linfoide secundério, responsavel pela captacdo de
antigenos, visando a estimulacéo linfocitaria. Além disso, é importante no inicio da
resposta imune inata, e um dos centros do corpo responsaveis pela resposta ao
Lipopolissacarideo (LPS), um acguUcar presente apenas em bactérias gram-
negativas(ALTAMURA et al., 2001; KESTEMAN et al., 2008). Frente a desnutri¢cdo, o
baco apresenta reducdo da zona marginal e redugcdo do numero de foliculos
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linfides(MOITA et al., 2011). Mello e colaboradores (2014) observaram que animais
expostos a desnutricdo proteica apresentavam celularidade esplénica reduzida, com
uma reducdo na contagem de células, particularmente na populacdo de linfocitos.
Observou-se também uma diferenca significativa da espessura da cédpsula do baco
nos animais desnutridos (MELLO et al., 2014)

Quando a desnutricdo ocorre em periodos tidos como criticos do
desenvolvimento, seus efeitos podem se refletir durante a vida adulta dos individuos,
pois promove mudancas estruturais e fisiolégicas que necessitam de adaptacdes
organicas e metabdlicas(WELLS, 2013). No Sl de ratos, insultos nutricionais durante
a gestacédo e a lactacdo induz a alteracdo na estrutura e no desenvolvimento da
resposta imune, além de aumentar a susceptibilidade a infeccdo (FERREIRA-E-
SILVA et al., 2009; JONES et al., 2010; SENNA et al., 2015). A base teérica que
explica a relacao entre o ambiente e o aparecimento de doencas futuras intitula-se
plasticidade fenotipica (WEST-EBERHARD, 2005), onde alteracbes ambientais
podem levar a uma alteragdo do fendtipoexpresso(WEST-EBERHARD, 2003;
KUCHARSKI et al., 2008). No entanto, as alteracbes fenotipicas podem néo ter
caracteristicas deterministicas, sendo assim, alteragdes ambientais podem modular
os efeitos de um insulto durante periodos criticos do desenvolvimento. E nesse
contexto que surge o exercicio fisico como agente ambiental modulador (LEANDRO
et al., 2009; MOITA et al., 2011; LEANDRO et al., 2012; FIDALGO et al., 2013;
SENNA et al., 2015).

O exercicio fisico (EF) é caracterizado por uma atividade fisica realizada de
maneira sistematica, e pode ser caracterizado a partir do consumo maximo de
oxigénio durante sua pratica, podendo ser classificado em leve, moderado e intenso
(LEANDRO et al.,, 2009). O EF é associado a beneficios para a saude dos
individuos, particularmente o de intensidade moderada (50~70% consumo méaximo
de oxigénio) (NIEMAN et al., 1990; MATTHEWS et al., 2002; LEANDRO et al., 2009)

Os primeiros estudos correlacionando a intensidade do exercicio fisico com o
sistema imune observaram a prevalénciade infec¢des do trato respiratorio superior
em atletas (NIEMAN et al., 1990; HEATH et al., 1991; NIEMAN, 1994).Tais estudos
propuseram o modelo da “J curve’(NIEMAN, 1994), sendo esse, proposto para

ilustrar a resposta imunitaria as diferentes intensidades do exercicio .Assumimos,
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entdo, que o EF moderado € o que garante maior protecdo contra infeccbes e
melhor imunocompeténcia(LEANDRO et al., 2002; MATTHEWS et al., 2002; ROSA
;'VAISBERG, 2002).0s mecanismos envolvidos sugerem uma integracao neurologica
e enddécrina com o Sl, onde as células imunes respondem aos horménios secretados
pelo eixo hipotalamo-pituitéria-adrenal durante as diferentes fases do estresse
gerado pelo EF (ROSA; VAISBERG, 2002; ENGELAND et al., 2016). Estudos
anteriores do nosso grupo de pesquisa tém demonstrado que quando a privagéo
nutricional acontece durante os periodos criticos do desenvolvimento, seus efeitos
no Sl podem persistir mesmo apds o desenvolvimento completo do sistema. No
entanto, o EF pode ser capaz de modular tais efeitos(MOITA, et al., 2011; SENNA et
al.,, 2015; SENNA et al.,, 2015) Demonstramos, por exemplo, que o exercicio
treinamento fisico moderado (75% do VO2 max, 5 vezes por semana, durante 8
semanas) atenuou os efeitos de uma dieta perinatal de baixa proteina sobre os
subconjuntos de linfécitos no sangue e a morfologia do bagco(MOITA et al., 2011).
Mais recentemente, foi demonstrado que o treinamento fisico moderado atenuou 0s
efeitos de uma restricdo protéica perinatal sobre a populacdo de linfécitos do baco,
reduzindo a apoptose em prole treinado, apesar da exposicdo aos desafios
nutricionais e imunoldgicas perinatais adversos ao longo da vida (SENNA et al.,
2015).

Mesmo com muitos trabalhos apontando tendéncias de como pode se
comportar os tecidos linféides frente a um estimulo nutricional, pouco se sabe sobre
a morfologia desses tecidos em ratos adultos que foram submetidos a desnutricao
proteica perinatal. Dado o papel central do timo e do bago no desenvolvimento
imunolégico, entender como eles podem ser afetados pela desnutricdo materna na
vida fetal e pds-natal precoce, e o impacto a longo prazo torna-se importante. Logo
apos descoberto tais efeitos, encontrar maneiras de como evitar os efeitos deletérios
desses insultos € um passo importante, a fim de evitar a morbi-mortalidade e os

gastos com saude publica.

Tento como base os argumentos supracitados, objetivamos avaliar os efeitos
do exercicio fisico moderado sobre a morfologia do bagco e do timo de ratos que
sofreram desnutrigdo proteica perinatal.
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2. HIPOTESE

O treinamento fisico moderado atenua os efeitos da desnutricdo proteica
perinatal sobre a morfologia do timo e do bagco em ratos Wistar adultos

endotoxémico.
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3. OBJETIVO

Avaliar os efeitos do treinamento fisico moderado sobre a morfologia do baco
e do timo e a celularidade timica de ratos que sofreram desnutricdo protéica

perinatal, submetidos a um desafio endotoxémico
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4. MATERIAL E METODOS

O protocolo experimental foi aprovado pelo Comité de Etica do Centro de
Ciéncias Biolégicas (protocolo n°. 23076,021093 / 2011-99), Universidade Federal
de Pernambuco, Recife, PE, Brasil. Seguiu-se as Diretrizes para o Cuidado e Uso de
Animais de Laboratorio.

4.1 Animais e dieta

Ratas gravidas foram divididas em dois grupos, de acordo com o tipo de dieta
(n =9/ cada): grupo controle(C), com uma dieta de 17% da dieta caseina e grupo
desnutridas (LP) alimentadas com uma dieta de 8% de proteina(REEVES et al.,
1993). (tabela 1)

No dia pos-natal 1, as ninhadas foram reduzidas a 8 filhotes por méae ,
priorizando-se machos na ninhada. A partir do desmame (idade de 25 dias), os
filhotes receberam racdo padréo para roedores Labina® (Purina Brasil), mantido até
ao final dos experimentos. No dia 63 depois do nascimento, os filhotes foram
divididos em quatro grupos de acordo com o treinamento fisico: controle sedentario
(C, n = 16), dieta de baixa proteina e sedentério (LP, n = 16), controle e submetidos
a treinamento (T, n = 16), e dieta de baixa proteina e submetidos a treinamento (LP
+ T, n = 16). Os ratos treinados foram exercitados em esteira ergométrica por um
periodo de 8 semanas (5 dias/semana, 60 min/dia, a 70% VOzmax) (LEANDRO et al.,
2007).

Apds 24 horas da ultima sesséo de exercicio, metade do nimero de ratos em
cada grupo receberam uma injecdo de lipopolissacarido (LPS) (1 mg / mL / kg ; E.
coli sorotipo 0111: B4, Sigma-Aldrich, Sado Paulo, Brasil) ou agua destilada (AD) [1
ml / kg, ip]. Mais quatro outros grupos foram entdo formado: controle, sedentéario e
AD (C, n = 8), controle, sedentéario e LPS (C + LPS, n = 8), Desnutrido, sedentario e
AD (LP, n = 8), desnutrido, sedentario e LPS (LP + LPS, n = 8), treinados e AD (T, n
= 8), treinados e LPS (T + LPS, n = 8), desnutrido, treinados e AD (LP + T, n=8), e
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desnutrido, treinados e LPS (LP + T + LPS, n = 8). Ap0s 24 horas da injecdo de LPS,
os ratos foram decapitados para coleta do timo e do baco.

Tabela 1. Composicéo das dietas experimentais (a base de proteina 17% e 8%).

Ingredientes LP Controle
Proteina,g 79.3 179.3
Mix vitaminico*, g 10.0 10.0
Mix mineral**, g 35.0 35.0
Celulose, g 50.0 50.0
Bitartarato de colina,g 2.5 2.5
D-Metionina, g 3.0 3.0
Oleo de soja, mL 70.0 70.0
Amido de milho, g 750.2 750.2
Sacarose, g 100.0 100.0
TBHT, g 0,014 0,014
Total 1000 g 1000 g

Fonte:Reeves, 1993

*Conteudo da mistura de Vitaminas (mg/kg de dieta): retinol, 12; colecalciferol,
0.125; tiamina, 40; riboflavina, 30; &cido pantoténico, 140; piridoxina, 20; inositol,
300; cianocobalamina, 0.1; menadiona, 80; acido nicotinico, 200; colina, 2720; acido
félico, 10; p-4cidoaminobenzéico, 100; biotina, 0.6.

** Conteldo da mistura mineral (mg/kg de dieta): CaHPO4, 17200; KCI, 4000; NacCl,
4000; MgO, 420; MgS04, 2000; Fe202, 120; FeS0O4:-7H20, 200; elementos tragos,
400 (MnS0O4-H20, 98; CuS04-5H20, 20; ZnS04:7H20, 80; CoS04-7H20, 0.16; KI,
0.32; amido suficiente par 409 [per kg de dieta]).

TBHT — hidroxitoluenobutilado.
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4.2 Protocolo de treinamento fisico moderado

O protocolo de treino fisico foi realizado de acordo com um estudo anterior
(LEANDRO et al.,, 2007) (Tabela 2).Resumidamente, os ratos correram em uma
esteira (EP-131®, o Insight Equipments, SP, Brasil), durante 8 semanas (5
dias/semana, 60 min/dia). O protocolo foi dividido em quatro estagios progressivos
em cada sessao: (I) aguecimento (5 minutos); (ll) intermediario (20 minutos); ()
formacdo (30 minutos), e (IV) desaceleracdo (5 minutos). A porcentagem de
VO2max durante as sessodes de treinamento foi mantido em torno de 65 - 70%; o
exercicio foi classificada como aerébicode intensidade moderada de esforco. O

grupo nao-treinado permaneceu em suas gaiolas.

Tabela 2. . Protocolo de treinamento fisico moderado em esteira para ratos Wistar
adultos.
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Semuanes Vielooutade (kmih) Inclimagdo {7} Duragdo (mn)
03 i 5
1* Semana [ Adaptacio) i ) 3
0,5 i 5
03 L] 5
o4 1] 5
I* Semana 0.5 & 2
06 L] 30
04 L] 5
03 [ 5
I* Semana 0.6 L 1
0,8 1] 1
0% L] 3a
0,5 L] 5
0,5 1] 5
4® Semana 0.8 L 10
0% L] 10
Ll L] 3
0,5 L] 5
0,5 5 5
5 Semana 0.8 i 10
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Fonte: Leandro, 2007

4.3 Remocao do timo e baco e processo histolégico

Passados 24 horas apo0s a injecdo de LPS ou AD, o timo e o bago foram
removidos, dissecados e postos para a rotina histoldgica, de acordo com a técnica
descrita para a fixacdo, a inclusdo, microtomia e coloracdo(RIEDER; SCHMIDT,
1987).

Os tecidos foram fixados em formaldeido na solugdo tampéo fosfato, e
inclusos em parafina e posteriormente cortados em microtomo (micrétomo Leica RM
2125RT, Houston, EUA) em pecas de 5mm.Posteriormente fixados em laminas

histologicas com albumina. As Iaminas foram lavadas e coloridas em concentracdes
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crescentes de etanol e solugbes xyleno, seguidas de coloragdo com hematoxilina-
eosina. Os cortes histolégicos foram analisados no microscépio Nikon, Eclipse 80i.

O timo foi fotografado com um aumento de 400x, diferenciando a medula (Fig
1A) e ocortex (Fig 1B)paraposterior analise da celularidade. Foram realizadas 30
fotografias em cada zona do timo, por lamina. Para a contagem, foi utilizado um

macro no programalmageJ1.37v® (Nationallnstitutesof Health, Bethesda, EUA).

Figura 1: Fotografia do timo para contagem de células. A figura 1A mostra a medula e a 1B mostra o cértex
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Para a analise da morfometria, o timo foi fotografado com um aumento de 40x
(Figura 2).Foram feitas de 8 a 10 fotos por lamina. Realizou-se a diferenciacao entre
zona medular (M), cortical (S) e tecido nado linféide (N). Para esta analise, foi
utilizado o programa ImageJ.

Na andlisemorfométrica do baco (figura 3), o tecido foi fotografado com um
aumento de 40x. Foram feitas 8 a 10 fotos. Realizou-se a diferenciacdo entre
foliculos Esplénicos (F), e delimitacdo externa da zona marginal (Z). Para esta
analise, foi utilizado o programa ImageJ. Também foi realizada a contagem total de

foliculos esplénicos.

Figura 2 - Fotografia do timo para analise morfométrica. Aimagem mostra a zona medular (M), a zona do
cortex (O) e o tecido nao linféide (N). Foi utilizado para analise o programa ImagelJ.
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Figura 3: Fotografia do bago para andlise morfométrica. Na imagem é possivel observar o foliculo esplénico (F)
e a zona marginal(Z). Foi utilizado para analise o programa ImageJ

O baco também foi classificado em grau de organizacdo estrutural da polpa
branca. O tecido foi analisado tal como descrito por estudos prévios(SANTANA et
al., 2008). A andlise foi realizada por dois investigadores treinados. Resumidamente,
a organizacao polpa branca do bago foi classificada como 1- bem organizado - com
bainha peri-arteriolar de linfocitos, centro germinativo, zona do manto e da zona
marginal bem distintos(Figura 4A), 2 - moderadamente desorganizado - quando a
polpa branca era evidente, mas a sua regides foram mal individualizada ou
indistintos(Figura 4B) e 3- altamente desorganizada - quando a estrutura folicular foi
mal distinta da polpa vermelha e areas de células T (Figura 4C).

Figura 4: Fotografia do baco mostrando diferentes niveis de organizagao da poupa branca. (A) Bem
organizada (B) moderadamente organizada e (C) Poupa branca altamente desorganizada.

4.4 Andlise estatistica

Os resultados sé@o apresentados como medias + erro padrédo da média (SEM).
Para a andlise estatistica, os dados foram analisados por meio do teste ANOVAtwo-
way, foi utilizado o teste post hoc de Bonferroni. A significancia foi estabelecido em p
<0,05. Percentagens também foram utilizadas para expressar os resultados. O
programa estatistico utilizado foi o GraphPad Prisma 6 (GraphPad Software, Inc., La
Jolla, EUA).
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Abstract

Background/Aims. Maternal protein restriction is a well-known inducer of short and
long-term physiological adaptations. These adaptations are not deterministic and can
be modulated by physical training (T). The effects of a moderate physical training on
the low-protein-induced changes on morphometry of thymus and spleen of

endotoxemic rats were evaluated.

Methods. Male Wistar rats were divided into two groups according to their mother’s
diet during gestation and lactation, control (C, 17% casein) and, undernourished
(Low-protein diet, LP, 8% casein). At the 63" day post-natal, animals were submitted
to moderate physical training (8 wk, 5 d.wk™*, 60 min.d?, at 70% of VO,may) Or not.
After physical training period, half of each group received an injection of either
lipopolysaccharide (LPS) or saline. The morphology of the thymus and spleen was
analyzed. The level of organization of the white splenic pulp was described as

percentage.

Results.LP pups showed a reduced total cell count in both thymus cortex and
medulla cellularity when compared to C pups. The morphology of the thymus was
similar among groups, even under the effects of LPS. LP pups showed a reduction of
the zone marginal area when compared to C group. In the splenic follicles area, all
groups presented an increase when compared to control. These changes were not
seen in the LP + T group. LP group showed a high percentage of disorganized slides

from splenic white-pulp. Those alterations were attenuated in trained animals.

Conclusions. Physical training attenuates the effect of nutritional programming on
the morphometry of the thymus and spleen in adult rats. Our findings supports the
hypothesis that positive environmental stimulus, such as moderate physical training,

can modulate a programmed organism by perinatal undernutrition.

Key-words: Phenotypic plasticity, physical exercise, lymphoid tissue, protein

restriction, rats
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5.1 Introduction

Low-protein restriction during perinatal life is recognized to have long-term
effects upon tissue morphology and function of the immune system (CROMI et al.,
2009; STARR et al., 2014). Previous studies have reported that neonatal malnutrition
(multideficient diet with 7% of protein) induced decrease in vitro nitric oxide release
by alveolar macrophage of adult rats when compared to their control whose mothers
fed a normal diet (23% of protein) (FERREIRA et al., 2009). In litters with 16 pups,
there was a reduction in absolute and relative numbers of spleniclymphocyte
subpopulations (CORTES-BARBERENA et al., 2008). Recently, it was demonstrated
that perinatal low-protein diet (8% casein) is related to neutrofilia and lymphopenia,
reduction in the number and size of the splenic follicles (47.4%) and a lower area of
marginal zone in response to lipopolysaccharide (LPS). Furthermore, perinatal low-
protein diet is associated to deficits in cell-mediated immunity, suppression of
antibody responsesto vaccination and involution of lymphoidtissues such as the
thymus and spleen (MCDADE et al., 2001).

The thymus is histologically most consistent of the lymphoid tissues, where the
epithelial cells form an open framework containing predominantly T lymphocytes,
smaller populations of B lymphocytes and plasma cells and scattered populations of
other cells such as neuroendocrine cells (PEARSE, 2006). It is divided into a
morphologically distinct cortex and medulla separated by a vascular corticomedullary
zone (PEARSE, 2006).The rodent thymus develops from developing hematopoetic
tissues (gestational day 11-12 in the mouse), and then, thymus becomes a
lymphoepithelial organ (PEARSE, 2006). The spleen is a secondary lymphoid organ
consisting of three main compartments: the red pulp, where red blood cells are
captured and recycled; the marginal zone containing marginal zone B cells and
phagocytes positioned along the marginal sinus, and the white pulp composed of
nodules containing lymphoid follicles (rich in B-lymphocytes) (MEBIUS e KRAAL,
2005). In humans, intrauterine growth restriction (IUGR) is associated with a
disproportionately small thymus and the thymic involution may be part of the fetal
neuroendocrine response to intrauterine starvation (CROMI et al., 2009). Previous
studies have shown that both thymus and spleen are vulnerable to the effects of
maternal undernutrition(FERNANDEZ et al., 1985; MARIN et al., 1995;CROMI et al.,
2009). However, less is known about the morphology of these tissues in adult rats
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that were submitted to perinatal malnutrition.Given the central role of the thymus and
spleen in immune development, understanding whether and how they can be
affected by maternal malnutrition in early fetal and postnatal life, and the long-term
impact of this, is important.

Physical exercise is a well-known inductor of positive organic adaptations,
especially for the immune system (LEANDRO, C. G. et al.,, 2007). Experimental
studies in animals suggest that moderate physical training, especially when
performed before tumorigenesis, can retard, delay, or prevent the incidence,
progression, or spread of experimental tumors (BACUAU et al., 2000). Our previous
studies have verified that moderate physical training exercise (75% VOz,max, 5 times
week, during 8 weeks) attenuated the long-last effects of a perinatal low-protein diet
on the blood lymphocyte subsets and the morphology of the spleen (MOITA, L. et al.,
2011). More recently, we demonstrated that moderate physical training attenuated
the effects of a perinatal protein restriction on the population of splenic lymphocytes
by reducing apoptosis in trained offspring, despite exposure to adverse perinatal

nutritional and immunologic challenges throughout life (SENNA, S. M. et al., 2015).

In order to test the hypothesis that physical training attenuates the effects of a
perinatal low-protein diet on the histology of the thymus and spleen, the aim of the
present study was to verify the effects of a moderate physical training on the
morphometry of the spleen of endotoxemic rats submitted to a low protein diet during
gestation and lactation. The endotoxic model used in the present study was the
administration of bacterial lipopolysaccharide (LPS) (ROELFSEMA et al., 2001).

5.2 Material and Methods

The experimental protocol was approved by the Ethics Committee of the
Biological Sciences Center (protocol no. 23076.021093/2011-99), Federal University
of Pernambuco, Recife, PE, Brazil, and followed the Guidelines for the Care and Use
of Laboratory Animals.

5.2.1 Animals and Diet

Male pups Wistar rats (Rattusnorvegicus) were obtained from the Department
of Nutrition, Federal University of Pernambuco. On postnatal day 1 (P1), litters were

reduced to 8 pups per mother, ensuring only males per litter when possible. During
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the suckling period, male pups were randomly distributed into two nutritional groups
according to their mother’s diet during gestation and lactation: a well-nourished group
(C, n=32) and a low-protein group (LP, n=32). At weaning (P25), male offspring (2 —
3 from each mother) remained in the experiment and received standard chow for
rodents Labina® (Purina Brazil) until the end of the experiment, when they were
killed by decapitation. Female pups were used in another experiment. At the P63,
animals were divided into four groups according to physical training: control (C,
n=16), low-protein diet (LP, n=16), control and submitted to training (T, n=16), and
low-protein diet and submitted to training (LP+T, n=16). Trained rats run in a treadmill
over a period of 8 weeks (5 days.wk-1, 60 min.day-1, at 70% VO2max) (LEANDRO,
CAROL GOIS et al., 2007). After 24 h of the last exercise session, half of the number
of rats in each group received an injection of either lipopolysaccharide (LPS)
(Img/mL/kg i.p.; E. coli serotype 0111:B4, Sigma-Aldrich, Sdo Paulo, Brazil) or
distilled water (1ml/kg, i.p.). Four more groups were then formed: control (C, n = 8),
control toxemic (C + LPS, n = 8), low-protein (LP, n = 8), low-protein toxemic (LP +
LPS, n = 8), trained (T, n = 8), trained toxemic (T + LPS, n = 8), low-protein and
trained (LP + T, n = 8), and low-protein and trained and toxemic (LP + T + LPS, n =
8). After 24h of the injection of LPS, rats were decapitated and the thymus and
spleen were collected.

5.2.2 Protocol of Moderate Physical Training Protocol

The protocol of physical training was performed according to previous study
(LEANDRO, CAROL GOIS et al., 2007). Briefly, rats ran in a treadmill (EP-131®,
Insight Equipments, SP, Brazil) during 8 weeks (5 days.wk-1, 60 min.day-1). The
protocol was divided into four progressive stages in each session: (i) warm-up (5
minutes); (i) intermediary (20 minutes); (iii) training (30 minutes), and (iv) cool-down
(5 minutes) periods. The percentage of VO,nax during the sessions of training was
kept around 65 — 70%; the exercise was classified as aerobic with moderate intensity
of effort (LEANDRO, C. G. et al., 2007). The non-trained group remained in their

cages. The animals were not submitted to any kind of reinforcement during exercise.
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5.2.3 Thymus and spleen histologic preparation

The tissues were removed, dissected, and carefully cut in longitudinal pieces.
After dissection, tissues were cut (Microtome Leica, RM 2125RT, Houston, TX, USA)
in coronal sections (5 mm thick), placed on slides coated with 3-
triethoxysilylpropylamine (Sigma, St. Louis, MO, USA), and fixed with 1%
formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, at 37°C overnight. Slides
were washed in a graded series of xylene and ethanol. The slides were stained with
hematoxylin—eosin for 15 s, dehydrated with increasing concentrations of ethanol and
xylene, and mounted. Tissues areas and staining intensities of individual histologic
areas were analyzed with an Olympus BX41 (Olympus Optical Co. Ltd., Tokyo,
Japan; 400x). Histologic slides were analyzed using computerized image analysis
ImageJ 1.37v® software (National Institutes of Health, Bethesda, MD, USA). At least

six cuts were analyzed from each animal per group.

5.2.4 Size of the marginal zone and the lymphoid follicles

For morphometric analysis, the spleens were analyzed (8-12 microscope
fields of each type; magnification 40x, 10x in a continuous fashion). Only appropriate
areas fulfilling the morphologic criteria were analyzed and no other selection was
done. The area of the whole section was first determined by projection of the slide on
to the screen of an optic microscope (Olympus Optical Co. Ltd., Tokyo, Japan; 100x)
equipped with micro-camera Motic®. After having drawn the borders of each section,
the area of the section and the white pulp area were expressed in pixels units. The
area of the marginal zone was evaluated by subtracting the projected external and
internal limit (mantle zone of the follicle). The area of marginal zone and lymphoid
follicle were analyzed using computerized image analysis ImageJ 1.37v® software
(National Institutes of Health, Bethesda, MD, USA). At least six slices were analyzed

from each animal per group.

The spleen was also classified in terms of degree of white pulp structural
organization. The tissue was analyzed as described by precious study (SANTANA et
al., 2008). Briefly, the splenic white pulp organization was classified as: 1- well
organized — with distinct peri-arteriolar lymphocyte sheath, germinal center, mantle
zone and marginal zone; 2 - moderately disorganized — when the white pulp was
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evident, but its regions were poorly individualized or indistinct; 3- highly disorganized

— when the follicular structure was barely distinct from the red pulp and T-cell areas
(Fig 3C).

5.3 Statistical Analysis

Data are presented as means + standard error of the mean (SEM). For
statistical analysis, data were analyzed by two-way repeated- measures ANOVA,
with maternal diet (C, LP) and physical training (T, T + LP) as factors. Bonferroni’s
post hoc test was used. Significance was set at p<0.05. Percentages were also used
for express the results. The statistical program used was GraphPadPrisma 6
(GraphPad Software, Inc., La Jolla, USA).

5.4 Results

LP pups showed a reduced total cell count in both thymus cortex and medulla
cellularity when compared to C pups (Fig 1). In the LP + T gropus, the count of cells
was recovered in both tissue (Figure 4A and 4B).
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Figure 1. Count of cells in the thymus cortex [A] and medulla [B]: control (C), control toxemic
(C+LPS), undernourished (LP), undernourished toxemic (LP+LPS), control and submitted to physical
training (T), control and submitted to physical training and toxemic (T+LPS), undernourished and
submitted to physical training (LP+T), and undernourished and submitted to physical training and
toxemic (LP+T+LPS). The analyses were performed twenty-four hours after the injection of either LPS
or saline (h = 8 for each group). Data are presented as means + S.E.M. Two-way ANOVA and

Bonferroni’'spost hoc test for statistical analysis.

The morphology of the thymus was similar among groups, even under the
effects of LPS. On the other hand, in the spleen morphometric analysis, LP pups
showed a reduction of the zone marginal area when compared to C group. The LP +
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T group showed an increase when compared to the LP group (Figure 2A). In
response to LPS, stimulation, only C and LP showed an increase when compared to
their baseline values (Figure 2A). In the splenic follicles area, all groups presented an
increase when compared to control (Figure 2B). In response to LPS, only the control

group showed an increase of the splenic follicle area (Figure 2B).
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Figure 2. Area of the splenic marginal zone [A] and follicular [B]: control (C), control toxemic (C+LPS),
undernourished (LP), undernourished toxemic (LP+LPS), control and submitted to physical training
(T), control and submitted to physical training and toxemic (T+LPS), undernourished and submitted to
physical training (LP+T), and undernourished and submitted to physical training and toxemic
(LP+T+LPS). The analyses were performed twenty-four hours after the injection of either LPS or
saline (n = 8 for each group). Data are presented as means + S.E.M. * P < 0.05 LPS vs the respective

baseline values. Two-way ANOVA and Bonferroni’'spost hoc test for statistical analysis.

At baseline values, all groups showed a good percentage of well-organized
slides (type 1) of the spleen, except the LP group (table 1). After LPS stimulation,
there was an increase in the percentage classified as Type Il. LP and LP + LPS
showed a high percentage of slides moderately disorganized and highly disorganized
(tablel).

Tabel: Percentage of white splenic organization. Control (C), control toxemic (C+LPS),
undernourished (LP), undernourished toxemic (LP+LPS), control and submitted to physical training
(T), control and submitted to physical training and toxemic (T+LPS), undernourished and submitted to
physical training (LP+T), and undernourished and submitted to physical training and toxemic
(LP+T+LPS). The analyses were performed twenty-four hours after the injection of either LPS or

saline (n = 8 for each group).
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Level of organization

Groups Type 1 (%) Type 2 (%) Type 3 (%)
C 62.5 00 375
C+LPS 6.6 73.3 13.3
LP 00 43.75 56.25
LP +LPS 00 375 62.5

T 25 56.25 20

T+ LPS 31.25 43.75 25
LP+T 12.5 62.5 25
LP+T+LPS 26.6 53.3 13.3

5.5 Discussion

The human thymus is a primary lymphoid organ where bone marrow-derived
precursors undergo differentiation and selection, ultimately leading to the migration of
positively selected thymocytes to the periphery (SAVINO et al., 2002). In the present
study, there was an expected reduction in the total cell count in both thymus cortex
and medulla cellularity. Data from both animal studies and observational research in
humans suggest poor thymus development may lie on the causal pathway between
maternal nutrition and the high susceptibility to infection later in life (SAVINO, W.,
2002; MOORE et al., 2009;MOORE et al., 2014). Studies using rodent models show
maternal protein restriction during pregnancy and lactation, followed by catch-up
growth, is associated with shortened cell-immunity capacity and high risk of mortality
and morbidity (FERNANDEZ et al., 1985; PEARSE, 2006; STARR et al., 2014). It is
proposed that these effects are mediated through differential thymus growth.
Previous human study have observed that a small thymus at birth and at 6 months of
age is a strong and independent risk factor for infection-related mortality up to 24 and
36 months of age (GARLY et al., 2008). Given the central role of the thymus in the
establishment of T-cell mediated immunity, the early life development of the thymic
micro-environment is therefore critical for the establishment of a normal peripheral T-

lymphocyte immune system.

In the present study, it was demonstrated that moderate physical training was

able to restore the cellularity of thymus cortex and medulla. Previous study verified
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that regular physical exercise (70% VO2amax, 1 hour/day, 5 days/week, 8 weeks)
recovered the count of circulating lymphocytes and reduced the rate of splenic
lymphocytes apoptosis in endotoxemic LP offspring rats submitted to a maternal low-
protein diet (SENNA, S. M. et al., 2015). The present study confirmed the hypothesis
that moderate physical training attenuates the maternal low-protein diet-induced
thymus cellularity changes by a mechanism that may include adaptation to repeated
bouts of light-to-moderate exercise associated to adaptive endocrine response to the
proliferative activity of lymplocytes from thymus(SHIMIZU et al., 2008). In fact,
moderate physical exercise increased the percentage of TCD4 lymphocytes in blood
and thymus and attenuated the rate of lymphocytes apoptosis in the thymus of adult
rats submitted to acute restraint stress (LEANDRO et al., 2006). The mechanism was
associated to the adaptive response of corticosterone concentration to moderate
physical training (LEANDRO et al., 2006). Our previous study showed that LP + T
offspring normalized the corticosterona concentration after LPS injection (MOITA, L.
et al., 2011). Thus, it is possible to consider that physical training can be an important
environmental stimulus that induces positive adaptations on immune and endocrine
systems even though the system was programmed to develop growth restriction of

tissues.

Aligned with previous studies (MOITA, L. et al., 2011), we verified that maternal
low-protein diet was also able to induce a reduction of the zone marginal and an
increase the follicular area. Only C and LP groups were responsive to the LPS
stimulation. Maternal nutritional deficits have been demonstrated to induce high rate
of apoptosis in endotoxemic rats (LANGLEY-EVANS e CARRINGTON, 2006; ORTIZ
et al.,, 2009;SENNA, S. M. et al., 2015). On the other hand, maternal malnutrition can
be associated to a longer period of permanence of B-cells in the follicular
compartment by a mechanism that includes down-regulation of the migration of B-
cells from the marginal zone to follicular zone (MEBIUS e KRAAL, 2005). The
concentration of plasma corticosterona can be suggested as a hormonal mechanism
once these animals are the most susceptible to glucocorticoids-induced apoptosis
(MOITA, L. et al., 2011). It was interesting to note that there was no response to LPS
stimulation in T and LP + T groups. This finding is aligned with previous studies
(MOITA, L. et al., 2011; SENNA, S. M. et al., 2015). Moderate physical training is a

well-known inducer of neuro-endocrine adaptations, such as reduced adrenal
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sensitivity to ACTH and an increased ACTH/cortisol ratio during post-exercise
recovery (DUCLOS et al., 2003). This can be an adaptive mechanism that protects
the glucocorticoids-sensitive tissues against one increased secretion of these

hormones.

The level of organization of the white-pulp splenic area was different among
groups. LP pups showed a high percentage of disorganization regardless the LPS
stimulation. Malnutrition in early life can affect the embryogenesis of lymphoid organs
and result in an expansion of leukocytes causing changes of the splenic
microanatomy (LANGLEY-EVANS e CARRINGTON, 2006). This finding, together
with the morphological analysis of distinct areas of the lymphoid tissue, indicates that
structural disorganization is present in the white pulp of malnourished pups. We also
observed that disorganization of the splenic lymphoid tissue was more frequent in
animals submitted to toxemic stimulation. A variety of changes, including the loss of
cell populations and the impairment of cell migration to the different splenic
compartments may explain this level of disorganization (MOITA, L. et al., 2011).
However, the loss of the architectural structure was attenuated in pups submitted to a
moderate physical training. At least 75% of the white-splenic area in LP + T group
was into Type 1 and 2 level of organization. The physiological response to exercise is
a system-wide action coordinated by the integration between the immune and the
neuroendocrine systems. In addition, physical exercise is the only physiological
stress where the neuroendocrine and immune systems contribute to accommodating
the increase in physiological demands (FRAGALA et al., 2011). Such adaptations
reduce the magnitude of actual environmental demand or minimize the long-last
effect of a programming challenge (induced by maternal undernutrition) to within
homeostatic limits (LEANDRO, C. G. et al., 2012; SENNA, S. M. et al., 2015).

In conclusion, we demonstrated the maternal protein restriction changed the
morphology of thymus and spleen by reducing the architecture of these organs.
Because of the plasticity of the immune system to environmental demand, these
change can be considered reversible once physical training attenuates the effect of
nutritional programming on the morphometry of the thymus and spleen in adult rats.
The mechanism, at least in part, can be related to the endocrine adaptation to

repeated bouts of exercise. Aligned with previous studies, our findings supports the
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hypothesis that positive environmental stimulus, such as moderate physical training,

can modulate a programmed organism by perinatal undernutrition.
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6. CONSIDERACOES FINAIS

A desnutricdo proteica durante periodos criticos do desenvolvimento dos
organismos, como gestacédo e lactacdo, induz a mudancas nos 6rgaos linféides. Tais
mudancas levar a alteragdes morfolégicas durante a vida adulta dos organismos
vivos, com consequente alteracdo na resposta imune desses individuos. Nossos
achados revelam que o exercicio fisico de intensidade moderada é capaz exercer
uma funcdo moduladora dos efeitos deletérios tardios causados pela desnutricdo
perinatal.

O timo é um o6rgdao linfoide primério, onde os precursores celulares vindo da
medula éssea sofrem selecdo e maturacdo, sendo responsavel por suprir a
demanda periférica de células T. O presente trabalho mostrou que a celularidade
timica foi reduzida no grupo LP, quando comparado ao grupo C. Alguns trabalhos
sugerem que a desnutricdo cause efeitos deletérios no timo, levando a diminuicdo
da sua celularidade.Tais efeitos podem ser custosos para 0s organismos, causando

incidéncia de infecc¢des, sendo correlacionado, inclusive com a mortalidade infantil.

O bacgo é o orgdo linféide secundario responsavel pela filtracdo do sangue e
retencdo de antigenos para a estimulacao linfocitaria. Neste trabalho, mostrou ser
sensivel a desnutricdo proteica perinatal, apresentando uma reducédo da é&rea da
zona marginal, quando comparado ao grupo controle, também com aumento da area
folicular no grupo LP. Outro efeito deletério da desnutricdo durante periodos tidos
como criticos, foi ao aumento da desorganizacdo da poupa branca em filhotes
desnutridos.

O exercicio fisico é o Unico estresse fisiolégico em que os sistemas
imunoldgico e neuroenddcrino contribuem juntos para acomodar o aumento das
exigéncias fisiolégicas. O nosso estudo ajudou a firmar o EF moderado como
modulador dos efeitos deletérios de insultos nutricionais durante o inicio da vida,
sendo capaz de melhorar os efeitos da dieta LP no inicio da vida diante da
celularidade do cortex e medula timico, da area da zona marginal esplénica.
Ajudando inclusive a melhorar indicadores da organizagcdo da poupa branca do
baco.
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Sendo assim, o Exercicio fisico moderado foi capaz de atenuar os efeitos da
desnutricdo proteica em periodos criticos do desenvolvimento, surgindo como um
agente natural, de baixo custo, poucos riscos e com outros beneficios associados,
com a capacidade de melhorar os efeitos da desnutricdo perinatal. S&o necesséarios
outros estudos com modelos humanos a fim de validar esses efeitos benéficos do
EF. Se confirmados os beneficios, a sociedade podera dispor de um forte artificio
contra efeitos negativos causados pela ma alimentacdo durante determinados

periodos.
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