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Resumo

Esta tese teve como objetivo avaliar o impacto agudo e cronico de diferentes tipos de
exercicio fisico na inflamacdo subclinica, subtipos de mondcitos, subpopulacdes de linfocitos
T e aspectos epigenéticos em células mononucleares do sangue periférico de homens
eutrdficos e obesos. No estudo 1, uma sesséo de exercicio exaustivo induziu um aumento no
fenotipo pré-inflamatério de células mononucleares (PBMCs) estimuladas com
lipopolissacarideos (LPS) devido a um estado de hiperacetilagdo da histona H4 e baixa
atividade da enzima HDAC2 em conjunto a uma elevacdo na frequéncia de mondcitos
CD14+CD16+ e maior producéo de interleucina (IL)-8 e fator de necrose tumoral alfa (TNF-
o) em individuos obesos. No estudo 2, o exercicio intervalado de alta intensidade induziu uma
mobilizacdo similar de células T CD4+CD25+CD39+ (células T reguladoras de memoria,
mTreg) e CD4+CD25-CD39+ (celulas T efetoras de memoria, mTeff) imediatamente ap6s o
exercicio em homens com baixa e alta capacidade cardiorrespiratoria. A redistribuicdo de
células mTeff 1 h apds a sessdo € dependente da capacidade cardiorrespiratoria, uma vez que
homens com alta capacidade cardiorrespiratoria apresentaram uma queda na frequéncia de
mTeff abaixo dos valores basais. O estudo 3 identificou que uma alta capacidade
cardiorrespiratdria é capaz de modular as alteracdes imunes associadas a obesidade como a
frequéncia periférica de células T reguladoras, as frequéncias periféricas de células mTreg,
mTeff e mondcitos CD14+CD16+ e CD14-CD16+. Um desequilibrio entre as concentragdes
de citocinas pré- (IL-6 e TNF-o) e anti-inflamatérias (IL-10 e 1L-33) foi observado em
individuos eutréficos e obesos em relacdo a capacidade cardiorrespiratoria. Em concluséo,
diferentes protocolos de exercicio fisico modulam a resposta inflamatéria atraves de
mecanismos epigenéticos e alteragdes no fendtipo de células imunes. Além disso, altos niveis
de capacidade cardiorrespiratoria apresentam importantes efeitos no controle das alteracdes
celulares e moleculares induzidas pela obesidade.

Palavras-chaves: exercicio fisico, capacidade cardiorrespiratéria, linfécitos T, mondcitos,
imunofenotipagem, inflamacéo, citocinas.



Abstract

This thesis aimed to evaluate the acute and chronic impact of different types of physical
exercise on subclinical inflammation, monocyte subtypes, T cells subpopulations and
epigenetic aspects in peripheral blood mononuclear cells of lean and obese men. In study 1,
one session of strenuous exercise induced an augment in proinflammatory phenotype of
mononuclear cells (PBMCs) stimulated with lipopolysaccharide (LPS) through histone H4
hiperacetylation status and low activity of HDAC2 in association with an elevation in the
frequency of monocyte CD14+CD16+ and higher production of interleukin(IL)-8 and tumor
necrosis factor alpha (TNF-o) in obese individuals. In study 2, the high intensity interval
exercise induced a similar mobilization of T cells CD4+CD25+CD39+ (memory regulatory T
cells, mTreg) and CD4+CD25-CD39+ (memory effector T cells, mTeff) immediately after the
bout in men with low and high cardiorespiratory fitness (CRF). The redistribution of mTeff
cells 1 h after the exercise was dependent of CRF status, since men with higher CRF
presented a decrease in the frequency of mTeff bellow to the baseline values. The study 3
identified that a higher CRF was able to modulate the obesity-associated immune alterations,
such as the peripheral frequency of regulatory T cells, mTreg, mTeff and CD14+CD16+ and
CD14-CD16+ monocytes. An imbalance between the concentrations of pro- (IL-6 and TNF-
a) and anti-inflammatory (IL-10 and IL-33) cytokines was observed in lean and obese
individuals in accordance with their CRF status. In conclusion, different protocols of physical
exercise modulate the inflammatory response through the epigenetic mechanisms and the
immune cell phenotypes. In addition, higher levels of CRF have pivotal effects in the control
of obesity-induced cellular and molecular immunological alterations.

Key-words: physical exercise, cardiorespiratory fitness, T lymphocytes, monocytes,
immunophenotyping, inflammation, cytokines.
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1. APRESENTACAO

A ideia central para compor esta tese de doutorado surgiu a partir dos questionamentos
sobre as inter-relacdes entre a obesidade humana, o condicionamento cardiorrespiratorio,
exercicio fisico e o sistema imunoldgico.

Deste modo, a presente tese esta estruturada da seguinte forma:
1) Capitulo 1:

Introducéo, contendo aspectos relevantes sobre obesidade, condicionamento fisico e

exercicio e a modulacdo da resposta imune, bem como a justificativa para a pesquisa;

2) Capitulo 2:
Artigo original intitulado “Acute Strenuous Exercise Induces an Imbalance on Histone
H4 Acetylation/Histone Deacetylase 2 and Increases the Proinflammatory Profile of PBMC of
Obese Individuals” publicado no periddico Oxidative Medicine and Cellular Longevity, de
fator de impacto 4.936 e classificacdo no extrato A2 para a area de Medicina | do Qualis
CAPES, no ano de 2017.
3) Capitulo 3:

Artigo original intitulado “Physical fitness modulates the expression of CD39 and
CD73 on CD4+ CD25— and CD4+ CD25+ T cells following high intensity interval exercise”
publicado no Journal of Cellular Biochemistry, de fator de impacto 2.959 e classificagdo no
extrato A2 para a area de Medicina | do Qualis CAPES, no ano de 2019.

4) Capitulo 4:

Artigo original intitulado “The impact of cardiorespiratory fitness on the inflammatory
profile of obese men: effects on CD39 and CD73 on CD4+ T cells, regulatory T cells and
monocyte subsets” submetido para a revista Metabolism — Clinical and Experimental, de fator
de impacto 5.963 e classificacdo no extrato Al, em estado atual de avaliagdo por revisores

externos.
5) Capitulo 5:

Este capitulo € composto por uma discussao geral dos dados da tese, com comentarios
dos resultados apresentados separadamente nos manuscritos originais e perspectivas para o

desenvolvimento de estudos futuros, incluindo dados originais ainda ndao publicados.
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As consideraces finais incluem aspectos conclusivos do trabalho de modo a integrar
0s trés artigos que compdem a tese de Doutorado.

Uma vez que os resultados que compde a tese estdo publicados ou submetidos a
periddicos internacionais, os capitulos 2 a 4 serdo apresentados na forma de artigos em lingua

inglesa e com formatacao especifica de acordo com as diretrizes especificas de cada revista.
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2. CAPITULO I
2.1 Introducéo

A obesidade é uma condicdo epidémica global, caracterizada por uma massa corporal
desproporcional para a estatura do individuo, principalmente pelo acimulo excessivo de
tecido adiposo visceral, que € comumente acompanhada por uma condicdo de inflamacéo
subclinica sistémica (1). A obesidade é associada ao desenvolvimento de diabetes tipo 2,
doengas cardiovasculares, alguns tipos de cancer e outras doencas sistémicas (1,2). Em uma
visdo simplista, a expansdo do tecido adiposo é desencadeada por uma série de fatores ou
comportamentos como: balango caldrico positivo devido ao aumento no consumo de
alimentos, sobretudo hipercaldricos e com alta palatabilidade; reducdo no gasto energético e
no tempo dispendido em atividades fisicas diarias, laborais e de lazer em paralelo a um maior
comportamento sedentario; utilizagdo de medicamentos que facilitam o ganho de massa
corporal como reacdo adversa; estresse psicologico e sono inadequado(2). Estes e outros
fatores de ordem socioecondmicos, culturais e mesmo biologicos (como a predisposicédo
genética) estabelecem as bases para a epidemia da obesidade e doencas cronicas (3).

A inflamacdo cronica de baixo grau, uma elevacdo nos niveis sistémicos de
mediadores pré-inflamatérios como a interleucina(lL)-6 e o fator de necrose tumoral-alfa
(TNF-0), é reconhecida como um evento chave para o desenvolvimento de doencas
cardiometabdlicas e estabelecimento da obesidade (1,4). De modo sistémico, a
imunomodulacdo induzida pela obesidade afeta tanto células da imunidade inata quanto da
imunidade adaptativa. Deste modo, destaca-se uma maior frequéncia de mondcitos
intermediarios CD14+CD16+ e ndo-classicos CD14+CD16-, reducdo na frequéncia de células
T auxiliares CD4+ de fen6tipo Th2 em conjunto ao aumento do perfil Th1l/Th17, e menor
frequéncia de linfdcitos T citotéxicos CD8+ e T reguladores (Treg, definidos como
CD4+CD25+FoxP3+) (5,6). A redugdo na frequéncia de células Tregs esta associada a uma
menor atividade imunossupressora e anti-inflamatéria, possibilitando o estabelecimento de
uma inflamacdo cronica (7,8). Coletivamente, as alteragdes imunes na obesidade acarretam
em uma inflamacdo estéril, menor capacidade de imunovigilancia e no combate a diversas

classes de patdgenos, e maior desenvolvimento de doencas inflamatdrias e auto-imunes (9).
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Além de alteragdes fenotipicas em células imunes, a obesidade induz uma série de
disturbios na atividade e funcionamento celular. Uma maior expressdo do fator nuclear
kappaB (NF-xB) é descrito em células mononucleares de individuos obesos, de modo a
aumentar maior expressdo e producdo de TNF-o e I1L-8 por estas células quando estimuladas
(10). Evidéncias recentes apontam para o impacto de fatores ambientais, como sedentarismo e
alimentacdo hipercaldrica, sobre a condigdo de inflamacéo cronica da obesidade através da
modulacdo epigenética (11). As modificacbes pds-transcricionais, como 0 aumento na
acetilacdo de histonas, e o relaxamento do estado condensado da cromatina, impacta em uma
maior fosforilacdo do NF- kB e ao fendtipo M1 de macrofagos (12). No entanto, pouco se
sabe sobre o impacto da obesidade sobre eventos epigenéticos em histonas de células imunes.

De modo similar a obesidade, a inatividade fisica é considerada um importante fator
de risco para o desenvolvimento de diabetes tipo 2, doencas cardiovasculares, e outras
doencas de modo independente ao indice de massa corporal (IMC), importante marcador
clinico da obesidade (13). A inatividade fisica induz uma condigdo de inflamac&o cronica
persistente, como visualizada por uma associacgdo inversa entre a proteina C-Reativa (PCR) e
0 consumo maximo de oxigénio (VOawvax), um classico marcador de condicionamento
cardiorrespiratorio (14). Além disso, individuos fisicamente inativos apresentam maior
frequéncia periférica de linfcitos T de memoria e em exaustdo e uma menor frequéncia de
linfocitos T virgens e Tregs (15,16).

Deste modo, modificacdes no estilo de vida, como a préatica de exercicios fisicos, sdo
estratégias eficientes no tratamento da obesidade. Dentre as principais adaptacdes induzidas
pelo exercicio fisico, destaca-se a melhora na capacidade funcional (capacidade
cardiorrespiratoria e forca muscular), reducdo no tecido adiposo visceral e uma série de
adaptacdes fisiologicas (modificacdes em fungdes neuroldgicas, cardiovasculares e
enddcrinas) em individuos fisicamente ativos (17). Estudos transversais demonstraram que
individuos eutréficos fisicamente ativos apresentam uma melhor resposta imune a patégenos,
sobretudo virais e bacterianos, e menores taxas de infeccGes do que individuos sedentarios
(18). Do mesmo modo, o “perfil imune” de individuos que se exercitam regularmente ¢é
caracterizado, sobretudo, pelo ambiente anti-inflamatorio ou de regulacdo mediada por um
balanco adequado entre fatores pro e anti-inflamatorias, melhor resposta linfoproliferativa,
equilibrio no namero e/ou fungéo de linfocitos T de diferentes fenotipos como T auxiliar do
tipo 1 (Thl), Th2, Thl7 e T regulador (Treg), e aumento na propor¢do de mondcitos do
fenotipo classico (CD14+CD16-) (19,20).



19

Uma vez que cada sessdo de exercicio é importante para a indugdo de adaptacOes
cardiovasculares, neuromusculares e bioquimicas, é de se esperar que a resposta imune a uma
sessdo de exercicio contribua para as adaptacGes de longo prazo identificadas em estudos
transversais envolvendo individuos treinados. Do mesmo modo, uma vez que alteracdes no
padrdo de acetilag@o de histonas estdo relacionadas ao controle da atividade de transcricdo de
genes inflamatorios, é possivel postular que os efeitos de imunoregulacdo do exercicio fisico
possam envolver eventos epigenéticos (21). Os efeitos agudos do exercicio fisico no sistema
imune incluem modificacbes na mobilizacdo e na capacidade funcional de diversos tipos
celulares, incluindo células hematopoiéticas, células de origem miel6ide (mondcitos e células
dendriticas) e células de origem linfoide (sobretudo linfocitos T) (20). Além disso, protocolos
de exercicio de intensidade moderada-alta reduzem a transcricdo de genes pro-inflamatoérios
em células imunes, e os efeitos anti-inflamatorios induzidos pela sessdo de exercicio parecem
ser independentes de modificagdes no tecido adiposo (19).

Por outro lado, a nogdo de que o “exercicio ¢ bom” para o sistema imune parece ser
dependente do tipo, intensidade e duracdo do protocolo. O exercicio exaustivo aumenta a
mobilizacdo de células T CD4+ e CD8+ senescentes (expressando KLRG1+CD57+), reduz a
capacidade linfoproliferativa e a expressdo de marcadores de ativagdo celular (CD25+ e
CD69+) por até 24-h (22,23). De fato, o aumento nas concentracbes de citocinas pro-
inflamatorias ap6s o0 exercicio exaustivo pode estar associado a magnitude do dano tecidual e
a endotoxemia sistémica induzida pela sessdo de exercicio (24).

Desta forma, o exercicio surge como um método de prevencdo e tratamento de baixo
custo econémico para disfungdes imunoldgicas induzidas pela obesidade e outras condi¢Bes
mediadas por disfungdes imunoldgicas. No entanto, diversos estudos mencionados
identificaram os efeitos do exercicio fisico em populacdes ndo-obesas saudaveis. Possiveis
mecanismos intracelulares, como eventos epigenéticos, e a modificacdo de aspectos da
imunidade celular induzidas por diferentes modelos de exercicio fisico permanecem
desconhecidos. Do mesmo modo, h& poucos relatos acerca do impacto do nivel de aptiddo
cardiorrespiratdria, uma variavel extremamente influenciada pelo treinamento fisico cronico,
sobre o sistema imune. Assim, a presente tese apresenta como tematica central o impacto de
diferentes protocolos de exercicio fisico sobre mecanismos de modulacdo do fenotipo de
células imunes em individuos eutroficos e obesos com diferentes niveis de aptiddo

cardiorrespiratoria.
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2.2 Tecido adiposo e inflamagéo cronica
Evidéncias obtidas a partir da década de 1990 demonstraram que o tecido adiposo

exerce importantes fungdes enddcrinas e imunoldgicas em conjunto ao seu papel metabdlico.
Notavelmente, o tecido adiposo possui capacidade de produzir ao menos 75 substancias,
denominadas adipocinas, com acGes inflamatorias e metabolicas (4). Desta forma,
modificagfes no microambiente do tecido adiposo, como o aumento do tamanho e/ou volume
de adipdcitos, na obesidade induzem desregulacBes na resposta imune tanto no tecido quanto
de forma sistémica em uma condicéo conhecida como inflamacao crénica de baixo grau (25).
Apesar de diversas células imunes participarem da regulacdo do estado imunometab6lico no
tecido adiposo, mondcitos/macrdéfagos e linfocitos T apresentam papel fundamental neste
controle.

Em individuos eutréficos, o microambiente do tecido adiposo € caracterizado,
sobretudo, por um acumulo de células imunoreguladoras de carater anti-inflamatério, sendo
identificado uma alta frequéncia de macréfagos de fendtipo alternativamente ativado (M2),
celulas Tregs, linfocitos T CD4+ de padrdo Th2, eosindfilos e linfocitos B reguladores (26).
No entanto, a expansédo patologica do tecido adiposo modifica o balango de células imunes no
tecido para uma predominancia de células com fenotipo pro-inflamatério, sobretudo pelo alto
conteido de macrdfagos de fenotipo cléssico M1 e Linfocitos T CD4 Thl e CD8 tipo 1 (26).

Um ponto chave para os eventos inflamatorios estd relacionado com a reducdo de
fluxo sanguineo devido a hipertrofia e hiperplasia dos adipdcitos, comprimindo 0s vasos
sanguineos e reduzindo a biodisponibilidade de oxigénio e outros nutrientes (27). Sugere-se
que a hipoxia tecidual induz a liberagdo de citocinas inflamatérias, e fatores angiogénicos,
como o Fator de Crescimento do Endotélio Vascular (VEGF), como tentativa de estimular a
revascularizacdo e sinalizar a infiltracdo de macrofagos para a fagocitose de adipdcitos
necrosados através do aumento de quimiocinas, como a interleucina-8 (IL-8) e a proteina
quimioatraente de mondcitos tipo 1 (MCP-1/CCL2). A hipoxia também induz o aumento da
fibrose do tecido adiposo (28).

Cinti et al (29) identificaram aumento da formacéo do fator estimulador de col6nias de
macrofagos (CSF-1) e grande infiltracdo de macrofagos em torno de adip6citos necrosados
pela hipdxia gerada no microambiente do tecido adiposo. Neste estado foi descrito que 0s
macrofagos fagocitam os residuos de gota lipidica, liberando citocinas inflamatorias e
proteinas quimioatraentes, além de formar estruturas em formato de coroa (Crown Like
Struture, CLS), que sdo acumulos de macrofagos em torno de adipécitos necrosados (29).

Paralelamente sdo notados aumentos da expressdo de reguladores quimiotaticos, tanto pelos
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adipdcitos quanto pelas células do estroma vascular, que possuem relacdo com a hipdxia e
promovem a mobilizagdo de mondcitos da circulagdo sanguinea e de linfocitos T de
linfonodos secundarios, como fator induzido por hipoxia-1 (HIF-1), MCP-1 e CXCL5
(chemokine (C-X-C motif) ligand 5) (4). Além disso, hd& um remodelamento do endotélio
vascular, sendo visualizada maior expressdo de moléculas de adesdo no endotélio vascular
como as integrinas, selectinas e VCAM-1 (molécula de adesédo de célula vascular-1 (VCAM-
1) e alteracdes na hemostasia.

As alteragdes no microambiente do tecido adiposo também induzem grande impacto
sobre o fendtipo de linfocitos T residentes e também a sua migracdo para o tecido adiposo.
Neste sentido, Nishimura e colaboradores (2008) demonstram que a migracao de Linfocitos T
CD8+ para o tecido adiposo inflamado de camundongos obesos precede a infiltracdo de
monocitos pré-inflamatorios, estimulando a diferenciacdo para o fendtipo M1 (30). Han e
colaboradores (31) identificaram que o tecido adiposo acumula uma alta quantidade de células
T com fendtipo de memoria com alta capacidade efetora. No tecido adiposo de individuos
obesos, € identificada uma polarizacdo de células T para o perfil Th1/Thl7, que expressam
alta frequéncia de interferon-gama (IFN-y) ¢ IL-17 (32). Por outro lado, o fenotipo anti-
inflamatorio, células CD4+IL-4+ relacionadas ao padrdo Th2, e imunoregulador, células
Tregs, encontram-se reduzidos no tecido adiposo de obesos (33). De fato, hd uma
comunicagdo paracrina entre macréfagos e células T CD4+ através da secrecdo de IL-1 ¢ IL-
17. Os niveis elevados de adipocinas, sobretudo a leptina, estdo relacionados as alteracdes nas
subpopulacBes de células T CD4+. A leptina possui funcdo de maturacdo de células T no
tecido adiposo, aumentando a taxa de proliferacdo celular e a secrecéo de citocinas de padrédo
Th1/Th17, além de reduzir a apoptose de células T através de um padrdo de sinalizacdo
intracelular via mTOR (proteina alvo da rapamicina em mamiferos) (34). A leptina ainda
possui acdo inibitoria sobre a funcdo e de células Tregs, reduzindo a expressdo do FoxP3 e a

secrecdo de citocinas anti-inflamatdrias (35).
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2.3 O impacto da obesidade sobre monacitos periféricos humanos

Uma vez que a obesidade é caracterizada por uma inflamac&o subclinica generalizada,
de modo a influenciar ndo apenas o tecido adiposo mas também diversos outros tecidos
metabolicamente ativos, é razodvel supor que inumeras classes de leucocitos periféricos
também se encontrem alterados. Isto envolve a ativacdo direta de células imunes na
circulagdo, modificacdo em sua atividade e fendtipo, seu recrutamento e também seu
envolvimento em processos inflamatérios dentro de o6rgdos especificos, como figado,
pancreas, musculo e tecido adiposo (36). A leucocitose descrita na obesidade parece ser
influenciada sobretudo por alteragdes em monacitos e linfocitos T, com valores normais de
outros leucacitos (37).

As alteracdes fenotipicas de mondcitos possuem um corpo maior de evidéncias. O
interesse em pesquisas com monocitos na obesidade ocorre devido a descoberta de sua
infiltracdo e maturagdo em macrofagos no tecido adiposo de camundongos e mais tardiamente
em humanos, sugerindo que estas células possuem papel primordial nos eventos inflamatdrios
da obesidade (38). Desta forma, uma alta contagem de mondcitos (13-18%) é reportada em
individuos com sobrepeso-obesidade, correlacionando-se com o IMC (39). A expressdo de
diversos marcadores de superficie celular e também a expressdo de alguns genes envolvidos
na resposta inflamatéria de mondcitos estdo alteradas em individuos obesos. Uma alta
expressao de integrinas, como CD11b, é encontrada em mondcitos CD14+ e correlacionada
com resisténcia insulinica em individuos obesos (40). Além disso, a expressdo de diferentes
receptores do tipo Toll (TLRs) estdo elevadas na superficie celular de monécitos CD14+. Em
uma coorte de 210 adultos, De Loera-Rodriguez e colaboradores (41) demonstraram uma alta
expressao de TLR-4 em mondcitos CD14+ (66% da intensidade média de fluorescéncia) em
obesos comparado a individuos eutréficos (59%) concomitante a altos niveis de IL-6 e TNF-a
e concentraces de A&cidos graxos nao-esterificados, um potente ativador da resposta
inflamatoria medida por TLR. Além disso, outras sub-classes como TLR-2 e -5 também
parecem estar elevados (42-44).

Dentre os possiveis efeitos da obesidade sobre a expressdao de TLR, destaca-se o
impacto da hiperleptinemia, altos niveis de acido graxo livre e de lipopolissaracideo (LPS)
sistémicos como estimulantes do padrdo pré-inflamatério de TLR em mondcitos de
individuos obesos (45). A hiperativacdo de TLRs e outras moléculas co-estimulatorias
modificam marcadores do balanco de mondcitos pro- e anti-inflamatdrios, com redugdo na

expressdo de RNAmensageiro (RNAm) para CD163 e IL-10, dois importantes marcadores da
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atividade anti-inflamatéria de mondcitos (46). Corroborando com isso, mondcitos de
mulheres obesas apresentam uma baixa diferenciacdo para o fenétipo M2 in vitro quando
comparadas a controles eutroficas (47).

Além disso, mondcitos de individuos obesos apresentam grande taxa de producdo de
radicais livres e ativacdo e estresse do reticulo endoplasmatico, sendo também encontrado
grande responsividade a producdo de TNF-a induzido por LPS em cultura de células (36). A
alta producdo de citocinas pré-inflamatorias por mondcitos quando estimulados por
lipopolissacarideo, um ligante classico de TLR-4, foi associada a altos niveis de hemoglobina
glicada e triglicerideos em individuos com sobrepeso (48). Scholtes e colaboradores (44)
identificaram que dentre os fatores de risco para o desenvolvimento de aterosclerose, apenas a
presenca de obesidade correlacionou-se com o aumento da expressao de TLR-2 e TLR-4 apos
estimulacdo com seus ligantes, tripalmitoylcysteinylseryl-(lysy)4 (Pam3CSK4) e LPS,
respectivamente.

Mondcitos sdo considerados uma heterogénea populacdo de células de origem
mieldide que pode ser subdividida de acordo com o padrdo de expressdo de CD14 (um co-
receptor para LPS) e CD16 (um receptor de baixa afinidade FCyIll). Desta forma,
basicamente demonstra-se trés subpopula¢des de mondcitos humanos: CD14+CD16-
(“mondcitos classicos”), CDI14+CD16+ (“mondcitos intermediarios”) ¢ CDI14-CD16+
(“monocitos ndo-classicos™) que apresentam grandes alteragcdes na produgdo de citocinas pro-
e anti-inflamatdrias entre si (49). Em conjunto a maior producdo de citocinas pro-
inflamatorias e atividade do fator de transcricdo NF-kB, mondcitos intermediarios e néo-
classicos apresentam alteraces funcionais como reducdo na capacidade microbicida e menor
processamento e apresentacdo de antigenos.

Uma alta frequéncia de mondcitos CD14+CD16+ é reportada em obesos comparados a
individuos eutréficos, correlacionando-se com disfungdes carotideas, riscos cardiovasculares,
IMC e marcadores insulinémicos (50,51). Uma maior atividade pré-inflamatéria de mondcitos
CD16+ foi associada a distribuicdo de gordura central em individuos obesos em comparacéo a
obesos com distribuicdo de tecido adiposo sistémico (52). Ja células CD14+CD16- possuem
inconsistentes relatos na literatura, enquanto alguns estudos demonstram baixa associagéo
com a obesidade, outros demonstram que criangcas obesas possuem tanto células
CD14+CD16- quanto CD14+CD16+ alteradas (26,50). No entanto, principalmente mondécitos
intermediarios CD14+CD16+ e ndo-classicos CD14-CD16+ apresentam alta expressdo de

receptores de quimiocinas CCR2, CXCR1 e CCRS5, maior produgdo de citocinas pro-
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inflamatorias e uma maior capacidade migratoria em comparagdo a mondcitos CD16+ de
individuos eutroficos (5,53).

2.4 O impacto da obesidade sobre Linfdcitos T periféricos

Quando analisado os tipos de linfocitos, as populacbes de linfocitos T, identificados
pela expressdao de CD3+, apresentam um maior numero de dados na literatura e tem recebido
maior atencdo devido ao seu papel chave nos eventos inflamatérios no tecido adiposo em
comparagio a Linfcitos B CD19+ (37). E relatado que células T contribuem para a
infiltracdo e modificacdo de fenotipo de macrofagos, aléem de participarem do
desenvolvimento de resisténcia insulinica (54). Estudos demonstram um aumento de células
CD3+ em obesos mdrbidos e sua associacdo com desregulacfes no perfil lipidico (55,56).
Enquanto Viardot et al (40) demonstraram um aumento na expressdo de CD25 na superficie
de células T, outros autores ndo identificaram diferencas na expressao de HLA-DR na
superficie de linfocitos de obesos (57). A frequéncia periférica de Linfocitos T CD4+ e CD8+
também parecem estar alteradas, com aumento na frequéncia de Linfdcitos T CD4+ e reducdo
de células T CD8+ (58).

Evidéncias enfatizam o papel de células T auxiliares CD4+ na resposta imune de
individuos obesos, no controle das interacdes entre adipdcitos e células imunes, e na
progressao das doencas associadas a obesidade. A frequéncia de células T CD4+ €
positivamente correlacionada com o indice de massa corporal (IMC) e medidas de
adiposidade central em obesos. O excesso de tecido adiposo parece induzir um padrdo Th17
elevado, onde citocinas como TNF-a, IL-17, IL-21 e IL-6 encontram-se elevadas (32,59).
Recentemente, Ip e colaboradores (60) demonstraram que os fen6tipos Th1/Th17 impactam
diretamente na resisténcia insulinica, sendo identificados niveis elevados de TNF-a e de
citocinas relacionadas ao padrdo Th17 em individuos obesos. A alteracdo no padrdo de
linfocitos auxiliares com predominio do fendtipo Thl e reducdo do tipo 2 (Th2) é uma
caracteristica da obesidade, sendo bem estabelecido no modelo animal onde camundongos
com uma dieta hiperlipidica apresentaram modificagdes no fenétipo para Linfdcitos
CD4+Thl (30,61). Estas alteracdes no fenotipo de celulas T parecem ser influenciadas pela
producdo alterada de adipocinas, uma vez que leptina induz uma polarizacdo para o fenotipo
Th1/Th17 em obesos (62,63).

Estas alteragdes implicam no aumento da inflamacdo generalizada, uma vez que o

padrdo Th1l atua sinergicamente com macrofagos polarizados M1 e resultando em aumento da
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expressdo génica de outras citocinas com atividade inflamatoria como a IL-2, TNF-a e de
proteinas quimiotaticas, além de induzir a ativagdo de mondcitos/macréfagos e de
mecanismos citotoxicos de linfécitos T (64). Analises in vitro demonstraram um aumento
significativo na razdo entre citocinas de padrdo Th1/Th2 em individuos com sobrepeso (40).

A obesidade também altera o repertorio do receptor de célula T (TCR), induz uma
involugdo timica precoce, estando associada a um acumulo de células T CD4+ e CD8+ de
memoria no sangue periférico. Recentemente, Wang e colaboradores (65) identificaram uma
maior expressdo de proteina de morte celular programada (PD-1) e do PD-1ligante (PD-1L)
na superficie de células T de individuos obesos, e uma menor resposta efetora contra tumores
e virus. A salde metabolica de individuos obesos parece impactar diretamente no perfil de
células T, uma vez que individuos obesos metabolicamente ndo saudaveis, com alteracbes no
perfil lipidico e glicémico, apresentaram maior frequéncia de células ativadas CD4+CD278+
(66). De fato, alteracfes metabolicas em células T na obesidade devido ao excesso de acidos
graxos livres saturados e uma saturacdo na capacidade oxidativa contribuem para a
diferenciacéo de linfécitos T CD4+ para um fenotipo de memoria efetora (67).

A imunossenescéncia identificada em individuos obesos esteve relacionada a menor
expressdo de CD69, CD28 e CD40L em células T CD4+ e CD8+, e uma menor producdo de
INF-y e granzima B por células mononucleares estimuladas com o virus da influenza A
(HIN1) (68,69). Desta forma, a inflamac&o de individuos obesos, caracterizada por um perfil
Th1/Thl7 estd associada a uma menor resposta imune quando estimuladas com agentes
imundgenos, caracterizando-se uma inflamacdo estéril (25). Células mononucleares de
individuos eutroficos incubadas com plasma obtido de paciente em obesidade mérbida
apresentaram maior producao espontanea (ndo estimulada) de IL-1p e IL-8 e menor expressdo
de CD28 (70). De fato, individuos obesos apresentaram alteracdo na resposta imune a
vacinacdo para o virus influenza, como identificado por menor ativacdo de células CD8+
especificas e reducdo na producdo de INF-y (71).

Individuos obesos apresentam reducéo no nimero de células Tregs periféricas (CD4+
CD25+ FoxP3+), além de uma supressdo da atividade anti-inflamatéria de Tregs pela baixa
sintese de citocinas anti-inflamatorias como 1L-10 durante a obesidade (72). Uma correlagéo
inversa entre a frequéncia periférica de células Treg CD4+CD25""CD127"°" e marcadores de
adiposidade corporal, sobretudo IMC e circunferéncia do abdémen, e com a leptina foi
identificada em individuos com sobrepeso-obesidade (IMC> 27.5 kg/m?) (7).
Consistentemente, uma baixa frequéncia periférica de células Treg (identificadas como

CD4+CD25""CD127""FoxP3+) foi observada em criancas obesas com sindrome metabélica
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(73). Além disso, uma baixa capacidade de diferenciacdo de células Tregs foi reportada. Por
outro lado, um estudo reportou aumento na contagem de células Tregs de obesos mdrbidos
acompanhado por um aumento na producdo de citocinas de padrdo Th2 (55). Isto pode estar
relacionado a uma tentativa de imunorregulacdo por parte da imunidade adaptativa em
condigdes de obesidade extrema.

A baixa frequéncia de Treg esta ligada ao desenvolvimento de diversas doengas
inflamatdrias, tais como artrite reumatoide, diabetes mellitus e doenca arterial coronariana
(26). O eixo IL-33/ST2 ¢ crucial para a proliferacdo e diferenciacdo de células Tregs
residentes no tecido adiposo visceral, e 0 aumento da frequéncia destas células localmente
pode controlar a inflamacgdo induzida pela obesidade e melhorar pardmetros metabdlicos
(74,75). Recentemente demonstrou-se que criancas obesas apresentavam baixa expressdo de
CTLA-4 e CD25, duas moléculas essenciais na atividade imunoreguladora, na superficie de
linfocitos (73). A imunoterapia através do anticorpo da proteina citotdxica de linfocitos T-4
associada (CTLA-4lg) foi eficaz na reducdo da resisténcia a insulina, polarizagdo de
macrofagos M1 e na producdo de citocinas pré-inflamatoérias, demonstrando o papel de
células Tregs em suprimir a inflamacdo sistémica e as alteracbes metabdlicas na obesidade
(76). Por outro lado, hiperinsulinemia reduziu a capacidade supressora de células Tregs
através da inibicdo da producdo de IL-10 sem afetar, no entanto, a expressdo de CTLA-4,
TGF-B ou CD39 na superficie destas células (77). Em conjunto, estes dados apontam para o
fato de que ndo apenas a frequéncia periférica de células Tregs estdo alteradas, mas também
suas funcdes supressoras e estas alteracbes podem ser essenciais para o desenvolvimento de

eventos inflamatérios em comorbidades metabdlicas na obesidade.

2.4.1 O papel das ectonucleotidases CD39 e CD73 na inflamacé&o subclinica da obesidade

Genericamente, as enzimas que compde o sistema purinérgico, controlando os niveis
de nucleotideos e nucleosideos extracelulares, sdo denominados como ectonucleotidases.
Diversas ectonucleotidases foram descritas até o presente momento, destacando-se a acdo da
ecto-nucleosideo trifosfato difosfohidrolase (E-NTPDase) e ecto-5’-nucleotidase. As
NTPDases convertem nucleotideos trifosfatados (ATP) e difosfatados (ADP) em adenosina

monofosfato (AMP) como produto final (78).
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Apesar de 8 NTPDase serem identificadas até o momento, a NTPDase 1 (CD39)
apresenta grande destaque na modulacdo da resposta imune. O CD39 foi primeiramente
reconhecido como um marcador de ativacdo de linfocitos B e T, sendo identificada
posteriormente em diversos outros tipos celulares (79). A expressdao de CD39 na superficie
celular de células TCD4+ e CD8+ também estdo relacionadas a uma maior expressdo do fator
de transcricdo NF-xB, demonstrando o seu papel na resposta pro-inflamatéria (80).

A desfosforilacdo de ATP e ADP em AMP é mediada por CD39, enquanto a ecto-5’-
nucleotidase (CD73) converte AMP em adenosina (81). A adenosina induz efeitos inibitorios
e anti-proliferativos através de quatro receptores: Al, A2A, A2B e A3, reduzindo a ativagéo e
células T por células apresentadoras de antigenos (APCs), modificando a diferenciacdo e
producdo de citocinas por linfécitos (82). No entanto, a producdo de adenosina via CD39-
CD73 é inibida por altas concentracdes de ATP e ADP, duas moléculas com maior atividade
pro-inflamatoria, e a superexpressdo de CD39 em células T ativadas com carater pro-
inflamatorio pode estar relacionado a uma ineficiéncia na metabolizac&o destes nucleotideos
(83).

A combinacdo das proteinas de superficies CD4, CD25 e CD39 foi utilizada por
Dwyer e colaboradores (84) para identificar quatro subtipos de células CD4 no sangue
periférico de humanos: CD4+CD25+CD39+ (célula Treg de memoria/ativada; mTreg);
CD4+CD25+CD39- (pro-T auxiliar/ Th); CD4+CD25-CD39+ (células T de memoria efetora;
mTeff) e CD4+CD25-CD39- (célula T virgem efetora; nTeff). Uma alta expressdo de CD39+
em células CD4+CD25- ¢ identificada em tecidos inflamados e no sangue periférico de
pacientes com doencas crbnicas, como artrite reumatoide (80). Além disso, células mTeff
CD4+CD25-CD39+ produzem altas concentracfes de IL-17a e IFN-y, estando associadas aos
padrdes Thl e Th17 (84). Por outro lado, células mTreg CD4+CD25+CD39+ apresentam
grande capacidade imunosupressora através da metabolizacdo do ATP até adenosina através
de CD39 e CD73 (85-87). Interessantemente, pacientes com rejei¢cdo de transplante renal
apresentaram menores frequéncias de células mTreg CD4+CD25+CD39+ e uma alta
frequéncia de células mTeff CD4+CD25-CD39+, indicando que estas subpopulacGes podem
ser utilizadas para a avaliacdo do correto equilibrio entre células imunossupressoras e pro-
inflamatorias (88). Por outro lado, a expressdo de CD73 na superficie células de células T
CD4+CD25+ € reduzida, enquanto altos niveis intracelulares desse marcador séo
identificados. Dados recentes apontam para uma translocacdo de CD73 para a superficie

celular de Treg em situagdes de imunossupressao (85).
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Uma alta expressdo de CD39 e CD73 é identificada em células Tregs FoxP3+, e a
atividade destas ectonucleotidases € sincronizada de acordo com o status de ativagdo celular
(89). Os efeitos inibitorios da adenosina gerada pela acdo de ectonucleotidases em células
Tregs podem ser decorrentes de mecanismos autdcrinos e paracrinos. O aumento da expressdo
de CD39+ em células CD4+CD25"%" permite a migracdo celular para o tecido inflamado,
onde reduz os niveis extracelulares de ATP e a via de morte de células Tregs pelo receptor P2
(90). A adenosina gerada por células Tregs também apresenta alta afinidade a receptores A2A
de células T efetoras, reduzindo a ativacdo do NF-kB ¢ a producdo de citocinas pro-
inflamatorias (91). Além disso, Ohta e colaboradores (92) demonstraram que células Tregs
também sdo capazes de captar a adenosina por receptores A2A, aumentando sua atividade
imunorreguladora e supressora através de maior expressdao de moléculas inibitorias, como o
CTLA-4, e producdo de citocinas anti-inflamatérias. Em humanos, 90% de ceélulas
CDA4+FoxP3+ expressam CD39+, enquanto a expressdo de CD73+ é insignificante. Porém o
CD73+ pode translocar-se do citoplasma para a membrana celular para o aumento da
atividade imunoreguladora (85).

A participacdo do sistema purinérgico na inflamacdo cronica de individuos obesos
vem ganhando destaque recente. Pandolfi et al (93) demonstraram um grande acimulo de
ATP no tecido adiposo visceral de individuos obesos metabolicamente ndo-saudaveis em
comparagdo ao tecido adiposo de individuos obesos metabolicamente saudaveis. Neste
trabalho, uma alta expressdo de CD39+ e CD73+ em células imunes CD45PAN+ de
individuos obesos metabolicamente ndo-saudaveis foi associada a uma maior ativacdo da via
NLRP3-inflamassoma e maior producdo de IL-1B em comparagdo a obesos metabolicamente
saudaveis e eutréficos saudaveis (93). Em um estudo posterior, células CD4+CD39+ foram
associadas ao padrdo Thl1l7 no tecido adiposo de obesos metabolicamente ndo-saudaveis,
apresentando maior expressdo do fator de transcricdo RORC e citocinas IL-17 e IL-23 em
conjunto a menor frequéncia de células CD4+CD39+FoxP3+ e CD4+CD39-Foxp3+ (94).

No entanto, desregulacfes na expressao de CD39 e CD73 também apresentam
importantes efeitos na reducdo da atividade imunosupressora na obesidade. No tecido adiposo
de individuos com sobrepeso, uma menor frequéncia de células CD4+CD39+FoxP3+ foi
associada a maiores niveis de IMC (95). Isto pode indicar que a baixa capacidade
imunossupressora de celulas Tregs estd associada a uma menor expressdao de
ectonucleotidases, sobretudo CD39, e consequentemente uma baixa metabolizacdo do ATP

até adenosina, o principal substrato imunossupressor utilizado por Treg.
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Em particular, a adenosina exerce um importante papel nas propriedades
imunossupressoras de células Tregs, as quais metabolizam ATP e ADP em adenosina no
espaco extracelular, inibindo o sistema imune localmente (87,96). Além disso, as funcGes
efetoras da adenosina através do aumento do AMPciclico estdo associados ao aumento da
expressdo de CD25, antigeno 4 de linfdcito T citotdéxico (CTLA-4) e FOXP3 (97,98). Além
disso, em individuos com diabetes tipo 2, uma alta frequéncia de células CD4+CD39+ foi
positivamente associada aos niveis de hemoglobina glicada e glicose plasmatica de jejum
(99). Por outro lado, uma correlacdo inversa foi encontrada entre a expressdo de CD39 na
superficie de células Tregs e a massa corporal de individuos obesos (100).

Assim, um correto balanco entre CD39 e CD73 na superficie de células CD4+CD25- e
CD4+CD25+ € necessario para o controle da resposta inflamatoria. Guzman-Flores e
colaboradores (101) reportaram que individuos obesos e diabéticos apresentam uma alta
expressdo de CD39+ e uma baixa expressdo de CD73+ em células CD4+CD25™%" quando
comparados a eutroficos, além de uma alta expressdo do receptor de adenosina A2A e de
CD39 na superficie de linfécitos T, B e mondcitos CD14+. No entanto, os individuos obesos
apresentavam uma média de idade avancada em comparacdo aos individuos eutréficos,

impedindo comparagdes diretas entre 0s grupos.

2.5 Alteracdes epigenéticas em histonas de células imunes na obesidade

A epigenética € definida como alteracdes na expressdo de genes que independem de
alteracdes no genoétipo. As bases moleculares da epigenética sdo complexas e envolvem
dentre outros fatores, modificagdes em histonas, metilacdo do acido desoxirribonucleico
(DNA), posicionamento de variantes de histonas, e a regulagdo génica por A&cidos
ribonucleicos (RNA) ndo codificantes, que modificam a conformagdo da cromatina e
governam a expressdo génica (102,103). As modificacBes epigenéticas sao potencialmente
reversiveis, e assim o entendimento destas modificacdes podem proporcionar novos alvos
terapéuticos para o tratamento de diversas doencgas. A metilagdo do DNA é um dos eventos de
modificagdes epigenéticas comumente estudados, estando associado a repressdo da
transcricdo génica (11,103). No entanto, dados emergentes indicam que alteragbes na
estrutura da cromatina decorrentes da interacdo do individuo com o ambiente exercem grande

impacto na regulacdo da transcricdo génica da resposta imune (104).
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Basicamente, a estrutura da cromatina consiste na dupla fita de DNA em espiral que se
enrola em torno de um octamero proteico formado por quatro pares de histonas: H2A, H2B,
H3 e H4 (104). As histonas podem sofrer diversas modificacbes em sua cauda N-terminal,
incluindo acetilacdo, fosforilacdo, metilacdo e ubiquitinacdo, em sitios especificos, como a
lisina 9 na histona H3 (H3K9). A modificacdo na estrutura de histonas, como por exemplo, a
adicdo de um grupo acetil, pode remodelar a cromatina tornando-a mais ou menos compacta
de modo a influenciar o processo de transcricdo génica (103). O estado dinamico de acetilagdo
e desacetilacdo de histonas possui regulacdo enzimatica através da atividade das enzimas
histona acetiltransferases (HAT) e histona desacetilases (HDAC), respectivamente(105).

A HAT catalisa a adicdo do grupo acetil da molécula doadora acetil-coenzima A
(acetil-CoA) e as lisina (K) na causa N-terminal das histonas, neutralizando a carga positiva
das extremidades e enfraquecendo a ligacdo com o DNA (106). Este processo causa 0
relaxamento da estrutura da cromatina, facilitando a acdo de fatores transcricionais e 0
aumento da expressdo génica (105). De fato, a resposta inflamatéria e o aumento na
transcricdo de citocinas pré-inflamatorias, bem como da proliferacdo e maturacdo celular,
estdo relacionados ao aumento da atividade da HAT e de acetilagdo em sitios especificos
(102,107). Por exemplo, as HATs CREB-binding protein CBP e o seu homoélogo p300
induzem modificacdes de acetilagdes em sitios como H3K4 e H3K39 (108).

Neste sentido, a homeostase de mondcitos/macrofagos é regulada por modificacdes
em histonas. A sinalizacdo de TLR induz a acetilacdo de genes de citocinas pro-inflamatorias
(109). A acetilacdo de residuos de lisina na cauda da histona é reconhecido por proteinas
bromodomain and extraterminal (BET), sobretudo pela proteina Brd4, aos quais contribuem
para a transcricdo de genes de citocinas inflamatdrias por formarem um complexo de
transcricdo em conjunto a RNA polimerase Il (102,109). A regido promotora de diversas
citocinas pré-inflamatorias, como IL-2, IL-8 e TNF-a, é rapidamente acetilada por CBP/p300,
levando a uma alta atividade transcricional. A polarizacdo de mondcitos/macrofagos para o
fendtipo pré-inflamatério é mediado por modificagbes na estrutura da cromatina, sendo
identificada uma alta taxa de acetilacdo nas histonas H3 e H4 (12,110). A estimulacdo por
INF-y in vitro em mondcitos induziu uma maior acetilacdo da histona H4 na regido promotora
do gene do TNF-a (110). A acetilacdo de histonas também coordenada a fosforilacdo e maior
atividade do NF-kB para a resposta inflamatoria, facilitando a polariza¢do de macrofagos para
o perfil M1 (111,112). Além disso, outras fungdes imunes, como migracdo celular e
hematopoiese também apresentam alta taxa de acetilacdo em histonas de regiGes promotoras

especificas (107).
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Por outro lado, as HDACs promovem a desacetilacdo de histonas, ligando-se
fortemente ao DNA e tornando a estrutura da cromatina mais compacta, o que contribui para
o silenciamento génico (107). Neste sentido, a acdo anti-inflamatoria de glicorticoides esta
relacionada a uma maior atividade da HDAC2, que retira o grupamento acetil de histonas H3
e H4, promovendo maior repressdo na fosforilagdo do NF-kB e transcrigdo de citocinas pro-
inflamatorias (102).

A obesidade apresenta grande impacto sobre a regulacdo epigenética de genes
inflamatdrios e na atividade funcional de células imunes. Novamente, a metilacdo de DNA € o
evento epigenéticos em leucocitos periféricos com maior corpo de evidéncias. Em um estudo
pioneiro, foi identificada alteracdo nos niveis de metilacdo nos genes UBASH3B e TRIMS3,
envolvidos na regulacdo de funcbes como proliferacdo de células T e diferenciacdo de
macrofagos (113). Por outro lado, a regido promotora do gene do TNF-a em células
mononucleares periféricas encontra-se hipometilada em individuos obesos, sugerindo maior
atividade transcricional desta citocina (114). Além disso, o gene do fator de transcricdo FoxP3
encontra-se hipermetilado em células T de individuos obesos, reduzindo a atividade
imunosupressora de células Tregs (115).

A saude metabolica de individuos obesos também apresenta grande influéncia sobre
caracteristicas epigenéticas de leucdcitos periféricos, sendo identificada uma correlagéo
negativa entre a metilacdo global do DNA de células mononucleares e a severidade da
resisténcia insulinica (116). Neste sentido, niveis elevados de acidos graxos saturados foram
relacionados a uma maior atividade da enzima DNMT3B, responsavel pela desmetilacdo do
DNA, em macréfagos de individuos obesos, resultando em maior polarizacéo para o fen6tipo
M1 (117).

Mondcitos de individuos obesos com diabetes tipo 2 exibem um estado de
hiperacetilacdo na histona H3 nas regides promotoras do TNF-a e da ciclooxigenase (COX),
contribuindo para maior fosforilagdo e atividade do NF-kB nos sitios promotores de genes
inflamatorios (118). Além disso, células mononucleares de individuos obesos apresentam uma
baixa expressdo da enzima HDAC4, o que correlacionou inversamente com 0s niveis
sisttmicos de proteina secretada e regulada pela ativacdo de linfécitos T (RANTES/CCLS5)
(119). De modo interessante, o aumento da atividade da HDAC4 ap6s um periodo de
treinamento fisico inibiu a ativagdo do NF-«kB induzida pelo TNF-a, confirmando o papel
crucial de eventos epigenéticos no desenvolvimento da inflamagdo cronica (119). Adipocinas
exercem grande papel de ativacdo de celulas imunes inatas e adaptativas, estando relacionadas

a uma maior atividade inflamatoria. Neste sentido, a leptina parece exercer um papel
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fundamental na acetilagcdo da histona H4, sugerindo papel crucial em vias de sinalizagdo e
transcrigdo como p42/p44 MAPK, p38 MAPK, JNK1/2, NF-kB, and p300, reconhecidos pela

participacdo na inflamacdao (120).

2.6 Efeitos imunoreguladores agudos do exercicio fisico

O exercicio fisico, a cada sessdo pode exercer grandes efeitos imunomodulatorios.
Estes efeitos sdo dependentes do tipo de exercicio, volume da sessdo, intensidade,
metabolismo energético envolvido, grupos musculares e o nivel de condicionamento fisico do
praticante (20). Além disso, modificacbes neuro-hormonais, cardiovasculares e
neuromusculares apresentam forte influéncia sobre o sistema imune durante e ap6s o
exercicio (121). As primeiras evidéncias obtidas em 1893 indicavam uma grande leucocitose,
caracterizada por uma mobilizacdo de neutréfilos, mondcitos e linfocitos para a corrente
sanguinea, durante uma sessao de exercicio (121).

A leucocitose induzida pelo exercicio é estimulada, sobretudo, por alteracdes
neuroenddcrinas e cardiovasculares, as quais comumente também modula a leucopenia
observada horas apds a sesséo de exercicio (121,122). Uma vez que alteracfes hormonais e na
resposta cardiovascular sao intensidade-dependente, a mobilizacdo celular seguira um padréao
similar. Com o inicio do exercicio, a sinalizacdo neuroendécrina reduz a atividade
parassimpatica em paralelo a um aumento progressivo na liberagdo de adrenalina e
noradrenalina pela medula adrenal através de terminais de nervos simpaticos para a circulacéo
(123). Em conjunto, outros hormdnios, como cortisol e glucagon, também sdo liberados por
seus respectivos orgaos (123). A descarga catecolaminérgica inicial causa modificacGes
fisioldgicas que auxiliam na reacdo ao estresse fisico induzido pelo exercicio, através de
maior liberacdo de substratos energéticos e consequente captacdo, aumento da frequéncia
cardiaca, vasodilatacdo na musculatura ativa e tecido hepatico, e vasoconstricdo de artérias e
veias em 6rgdos ndo-ativos no exercicio (124). A leucocitose € induzida por um aumento no
fluxo sanguineo, mobilizacdo de linfécitos em linfonodos secundarios, hematopoiese e
demarginacdo de leucdcitos da parede endotelial (20,125,126). Como mencionado, a
intensidade do exercicio determinard a magnitude da resposta catecolaminérgica e
leucocitose, exercendo também influéncia sobre a expressdo de moléculas de adesdo e

modificagOes no endotélio vascular.



33

De modo geral, durante e imediatamente apds uma sessdo de exercicio intenso, o
namero de granulécitos, mondcitos e linfocitos no sangue periférico torna-se elevado, assim
como alguns aspectos funcionais da imunovigilancia, como a fagocitose e citotoxicidade
(121). Enquanto o aumento no namero de leucdcitos circulantes é um indicativo de episodios
de infeccdo/inflamacdo, a leucocitose induzida pelo exercicio é conhecida por ser um
fendmeno transitdrio e os valores de células imunes no sangue, em geral, retornam aos valores
basais em um periodo de até 24 h apds o término da sessdo. As células mobilizadas
predominantemente durante o exercicio sdo linfécitos e neutrofilos, com mondcitos
apresentando uma pequena contribuigdo (20,127). Durante os estagios iniciais de recuperacao
apos o exercicio, uma rapida queda na contagem total de linfécitos (denominada linfopenia) é
identificada de modo concomitante a episddios de neutrofilia, isto €, aumento na contagem de
neutrofilos (128). A gueda na contagem de linfocitos esta relacionada a uma teoria da janela
aberta, onde sinais e sintomas clinicos demonstram uma maior pré-disposi¢do a infeccbes
respiratorias (129).

Enquanto o exercicio induz uma leucocitose generalizada, as respostas de subtipos
celulares de mondcitos e linfécitos apresenta grande heterogeneidade. Ha trés principais
eventos que determinam a mobilizacdo preferencial de alguns subtipos de leucdcitos durante o
exercicio agudo. Primeiro, o exercicio mobiliza células que apresentam uma funcgdo efetora
com atividade citotéxica aumentada, e apresenta um fendtipo maduro/diferenciado. Neste
sentido, o exercicio mobiliza células citotoxicas como células Natural Killers (NK) ativadas,
células CD8+ de memdria e células T yd, e monocitos CD16+. Por outro lado, subtipos
celulares com menor perfil efetor ou em estagios anteriores de maturacdo, como células
CD4+, células B e mondcitos classicos (CD16-) sdo redistribuidos em menor escala (130-
132). Porém, tanto células T CD8+ quanto CD4+ apresentam um padrdo de redistribuicao
preferencial para o fendtipo com maior atividade efetora/citotoxicidade, que expressam
KLRG1+/CD28-/CCR7- (133). Em segundo lugar, os subtipos celulares mobilizados durante
0 exercicio tendem a apresentar um fendtipo associado a maior migracdo tecidual. De fato, 0
exercicio mobiliza células T e mondcitos que expressam altos niveis de integrinas e moléculas
de adeséo intracelular, bem como uma variedade de receptores de quimiocinas (CCRS5,
CXCR2, CXCR3) que possuem grande ligacdo ao endotélio ativado e alto potencial
quimiotatico(134-136). Por fim, os subtipos de leucécitos que sdo preferencialmente
mobilizados apresentam altos niveis de receptores fB-adrenérgicos (f2-ARS) e receptores de

glicocorticoides, e assim sdo altamente responsivos a catecolaminas e ao cortisol (122,126).



34

Assim, a descarga catecolaminérgica durante o exercicio mobiliza células imunes efetoras,

enquanto que a redistribuicdo celular pos-exercicio é altamente responsiva a glicocorticoides.

2.6.1 Resposta de monacitos ao exercicio agudo

Em relacdo aos mondcitos, ocorre maior mobilizacdo aguda de mondcitos
CD14+CD16+ e CD14-CD16+, com discreta elevacdo na frequéncia de mondcitos
CD14+CD16- (137). A intensidade do exercicio é determinante para as modificacdes celular e
de atividade funcional destes mondcitos. Embora exercicios de intensidade moderada
(intensidade entre 60 — 75% da capacidade maxima, identificada através da FCMax ou do
VO2Max) e exercicios de alta intensidade (intensidade > 80% da capacidade maxima)
induzam uma mobilizagdo de mondcitos de modo similar, exercicios de alta intensidade ou
intervalado de alta intensidade parecem apresentar maior magnitude de mobilizacdo
(132,138). Sessdes de exercicio extenuante, realizados até a fadiga do individuo, também
apresentam grande potencial de mobilizacdo de mondcitos com fendtipo pro-inflamatério, em
particular CD14+CD16+, devido ao grande dano tecidual induzido pela sessdo de exercicio
(139). Por outro lado, a presenca de obesidade ou sindrome metabdlica ndo parecem estimular
uma mobilizacdo adicional de mondcitos intermediarios e ndo-classicos durante sessdes de
exercicio intervalado de alta intensidade ou exercicios de intensidade moderada (140,141).

No entanto, o exercicio agudo é capaz também de modular a expressao de diversos
tipos de receptores de padrdes moleculares da familia TLR, sobretudo TLR-2 e -4, na
superficie de monocitos (142). Além disso, uma menor producdo de TNF-a por células
mononucleares estimuladas com LPS foi identificado ap6s uma sessdo de exercicio de alta
intensidade (143). Mais uma vez, a interagcdo imunoenddcrina parece mediar os efeitos de
reducdo na expressdo de TLR-4 e producdo de citocinas pré-inflamatérias ap6s o exercicio,
uma vez que o bloqueio de receptores beta-adrenérgicos-2 (B-AR2) na superficie de
mondcitos estimulou uma maior producéo de TNF-a (144). De modo interessante, o bloqueio
seletivo de receptores adrenérgicos parecem modular a resposta inflamatéria de mondcitos de
modo diferencial. Neste sentido, da Silva Rossato et al (145) demonstraram que o bloqueio de
receptores adrenérgicos ol em animais exercitados resultou no aumento da taxa de fagocitose,
producdo de oxido nitrico (NO) e na expressdo de proteina de choque térmico de 70 kda
(HSP70) em mondcitos. Além disso, outros fatores como a presenga de padrdes moleculares
associados ao dano tecidual (DAMPs, danger associated molecular patterns), o contetdo
intracelular e extracelular de HSPs e o contetdo circulante de produtos bacterianos também
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parecem modular a atividade funcional de mondcitos apds o exercicio (144). O exercicio
agudo reduziu a expressdo de CD62L, CXCR2, CD11b e HLA-DR na superficie de
monocitos intermediarios e ndo-classicos (146). Por outro lado, o exercicio agudo estimulou
uma maior expressdo de CCR2 (ligante de quimiocinas como CCL2, CCL7, CCL8) na
superficie de mondcitos CD14+ e a sua atividade quimiotética (134).

O exercicio exaustivo aumenta a expressao de TLR-4 em mondcitos CD14+CD16+ e
CD14-CD16+, e a consequente producdo de citocinas pro-inflamatérias por células
estimuladas (139,143). Nesta modalidade de exercicio, 0 aumento descontrolado de uma série
de fatores, como o dano muscular excessivo, a geracao de espécies reativas de oxigénio e a
endotoxemia sistémica, estdo relacionados a maiores niveis de IL-1B ¢ TNF-a no plasma
(147). Em conjunto ao dano muscular, a translocacdo microbiana, avaliada geralmente atraves
da mensuracdo dos niveis sistémicos de LPS, também esta associada a uma ativacdo de
células imunes inatas (neutrofilos e mondcitos) e maior producdo de citocinas pro-
inflamatorias (148). Neste sentido, um aumento médio de 30 vezes nos niveis de citocinas
inflamatdrias foi identificado em atletas que relataram grande desconforto gastrointestinal e

apresentaram elevados niveis de LPS (121).

2.6.2 Resposta de linfdcitos T ao exercicio agudo

Linfocitos T apresentam grande responsividade ao exercicio agudo. Similar aos outros
leucécitos, o volume, intensidade e magnitude de dano tecidual alteram o padrdo de
mobilizacdo de células T (20). Em relacdo a frequéncia total de linfocitos, células CD8+
apresentam maior magnitude de mobilizacdo e redistribuicdo em resposta a uma sessdo de
exercicio (2 — 3x), enquanto uma elevacdo de menor magnitude é identificada em células
CD4+ (1.5 — 2x) (128). Como j& descrito anteriormente, a mobilizacdo de células CD4+ e
CD8+ durante o exercicio é mediada por mecanismos adrenérgicos, e a grande descarga de
catecolaminas durante a sessao de exercicio é responsavel por ativar células T, de modo a
aumenta a linfopoiese do timo e a mobilizacdo de células T com fenétipo efetor de linfonodos
secundarios (149,150). Além disso, a mobilizacdo de linfdcitos é realizada, a0 menos em
parte, por um aumento na forca de cisalhamento do sangue periférico sobre o endotélio
vascular e 0 aumento do débito cardiaco e pressdo arterial, e apds o término do exercicio, a

resposta classica de linfopenia € visualizada em um periodo de até 6-h ap6s a sessdo (121).
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Enquanto que a viséo inicial de queda na contagem de células T CD4+ e CD8+ esteve
relacionada a uma maior possibilidade de infec¢des de trato respiratdrio, em uma teoria
denominada “Teoria da Janela Aberta”, em conjunto a reducdes nos niveis de imunoglobulina
A (IgA) (151). Por outro lado, teorias e novas evidéncias demonstram que a queda transitoria
na contagem de linfocitos e a modificacdo do fenétipo das células induzidas pelo exercicio
podem estar relacionadas a uma maior atividade funcional. De fato, Kruger e colaboradores
(149), utilizando células fluorescentes marcadas, demonstraram que células T séo
redistribuidas em grande escala para tecidos periféricos, incluindo intestino e pulmdes apos o
exercicio. Acredita-se que a redistribuicdo é acompanhada por um aumento na atividade
funcional de células T em tecidos onde patdgenos sdo comumente identificados. Esta resposta
imune adaptativa ao exercicio mantém a homeostase imunoldgica através de uma maior
atividade reguladora.

Exercicios de alta intensidade apresentam grande impacto na mobilizacdo e
redistribuicdo de células T durante e apds a sessdo. Apds o exercicio moderado (75% da
capacidade méaxima), uma grande frequéncia de células CD4+ e CD8+ em apoptose foram
identificadas (152,153). Por outro lado, o exercicio de alta intensidade (100% da capacidade
maxima até exaustdo) induziu uma maior capacidade de migracdo de células T CD4+ e
CD8+, porém menor expressdo de ANEXINA V (marcador de apoptose), como identificado
pela expressdo de CX3CRL1 (receptor da quimiocina CX3CL1/fractalkina) nestas celulas
(154). O exercicio de alta intensidade estimula uma maior mobilizacdo de células CD4+ e
CD8+ com fendtipo senescente, identificados como CD28-CD57+KLRG1+, e uma
consequente queda na frequéncia destas células em um periodo de 1 hora apds a sessdo (155).
Por outro lado, linfécitos T virgens apresentam apenas uma pequena mobilizacdo e
redistribuicdo em resposta ao exercicio. Neste contexto, a mobilizacdo de células na medula
Ossea e a apoptose de células T senescentes estimula a producdo/mobilizacdo de novas células
progenitoras para a circulagéo (151).

Uma teoria denominada “exercicio faz espaco imune” aponta que o exercicio fisico
poderia conter a imunossenescéncia precoce de individuos obesos e/ou com baixo nivel de
atividade fisica, através da indugdo de apoptose de linfocitos T de memoria em exaustdo
circulantes e o aumento na frequéncia periférica de linfocitos T virgens (156). Assim, tem
sido proposto que trés processos participam deste efeito: a) as células T de fenotipo de
diferenciacdo em ultimo estagio sdo mobilizadas para o sangue periférico durante o exercicio
em maior proporcdo em relagdo a linfocitos T com outros fendtipos; b) estas células

mobilizadas extravasam do sangue, direcionando-se para tecidos periféricos e/ou inflamados
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(como o tecido muscular ativo durante o exercicio) 1-2 h ap6s a sessdo de exercicio. Aqui, €
proposto que uma série de estimulos pré-apoptoticos (espécies reativas de oxigénio,
glicorticoides, citocinas) podem induzir apoptose dessas células (156). Este pressuposto é
parcialmente suportado por estudos em camundongos que demonstram apoptose de linfdcitos
T em tecidos periféricos horas ap6s o exercicio (149); c) O repertério de células T € capaz de
expandir em resposta ao “espago imunoldgico” que foi criado, devido a redugdo na frequéncia
de células T em exaustdo, uma vez que o feedback negativo que controla o nimero de células
T de memodria e virgens na circulacao esta reduzido (156). Além disso, sugere-se que fatores
sisttmicos liberados pelo exercicio, como a IL-7, podem induzir timopoiese e 0
desenvolvimento extra timico de células T em tecidos como o figado. Contudo, alguns
aspectos dessa teoria ainda sdo alvos de intenso debate. Kruger e colaboradores (153)
demonstraram uma maior taxa de apoptose em células T com alta diferenciacdo (CD28-
CD57+) ap6s uma sessdo de exercicio intervalado de alta intensidade em comparagdo ao
exercicio moderado continuo.

O padrdo de resposta de células T CD4+ em relacdo ao seu fenotipo apresenta
comportamento semelhante. Em uma revisdo sistematica, Zhao e colaboradores (157)
identificaram que o exercicio moderado estimula o perfil Thl pro-inflamatério, como
visualizado pelo aumento de células T CD4+ que expressam IFN-y e a maior expressdo do
fator de transcricdo Thet. Por outro lado, o exercicio de alta intensidade apresenta maior
inducdo de resposta Th2, como visualizado por uma maior expressdo do fator de transcricdo
GATAS3 e na frequéncia de células CD4+IL-4+, relacionada a uma maior atividade humoral e
anti-inflamatoria (158). De fato, a estimulag@o de receptores f2-ARs em células CD4+ leva a
uma inibicdo na secrecdo de citocinas pré-inflamatorias, favorecendo a polarizacao de células
CD4+ para o fenoOtipo Th2 (159). A modulacdo do fenotipo de células T CD4+ serad
dependente da concentracdo de citocinas no ambiente, o estagio de maturacdo de linfocitos T
e da intensidade do estresse induzido pelo exercicio fisico. Apbds uma sessdo de exercicio
realizado a 90% do limiar ventilatério durante 2 horas, Kakanis e colaboradores (160)
identificaram um aumento nos niveis de IL-4 e 1L-10, sem modificacdes nas concentracdes de
TNF-q, IL-2 e IL-17. Os autores concluiram que o exercicio modifica o balango de citocinas
associadas ao padrédo de resposta Th2-T regulatério. Além disso, outras atividades funcionais
de linfocitos T também sdo modificadas em resposta a uma sessao de exercicio. Um estudo de
meta-andlise concluiu que a proliferacdo de linfocitos T é suprimida apds uma sessdo de

exercicio em até 1 h apds a sessdo, sendo independente a intensidade (161).
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Os efeitos anti-inflamatorios do exercicio sdo, pelo menos em parte, atribuidos a
modifica¢fes na composi¢do de subtipos de células T CD4+, sobretudo por uma mobilizacéo
de células Treg em resposta ao exercicio (19). No entanto, os dados obtidos até o momento
sdo conflitantes. Em estudos envolvendo camundongos, o exercicio estimula uma maior
frequéncia de linfécitos Tregs identificados pelos marcadores CD4+CD25""9",
CD4+CD25" " FoxP3+, CD4+FoxP3+ (162-164). Em humanos, 0 exercicio moderado
continuo n&o modificou a frequéncia de linfocitos CD4+CD25+CD127'°" (16), enquanto uma
sessdo de exercicio intervalado de alta intensidade induziu a um aumento na frequéncia de
células Tregs CD4+FoxP3+ e CD4+CD25+CD127"°% (165,166). J& o exercicio maximo,
realizado através de um teste incremental até a exaustdo, aumentou a frequéncia absoluta de
células Tregs e a expressao de FOXP3 e TGF-B em células mononucleares de idosos (167). Por
outro lado, células Tregs apresentam uma resposta bifasica apds o exercicio prolongado e
extenuante, sendo identificado uma queda na frequéncia periférica imediatamente apos
seguido por uma elevacdo acima dos niveis basais no periodo de 24 h ap6s a sessdo (168). A
elevacdo de linfocitos Tregs de memdria, identificados através do fenotipo de células
CD4+CD127"""HLA-DR+CD45RA-, 24-h apds 0 exercicio exaustivo foi relacionado a uma

resposta compensatoria para limitar a resposta inflamatéria induzida pelo dano tecidual (168).

2.6.3 Resposta de citocinas ao exercicio agudo

Os niveis sistémicos de citocinas, bem como a producdo destas glicoproteinas por
células imunes, sdo modulados por uma série de fatores fisioldgicos associados a intensidade
do exercicio, como a descarga adrenérgica, niveis de glicocorticoides, substratos metabdlicos
(glicose, acidos graxos livres, glutamina), estresse oxidativo e outros (169). O tecido musculo
esquelético € uma das principais fontes de producdo de citocinas durante o exercicio.
Ostrowski e colaboradores (170) demonstraram um aumento na expressao de RNAm de IL-6,
mas néo de citocinas pro-inflamatdrias como IL-1p e TNF-a, em tecido muscular de atletas de
alto nivel imediatamente apds e 2 horas apds uma maratona (42km). Os autores também
identificaram uma auséncia na producdo de IL-6, TNF-a e IL-1pB por células mononucleares
apos a maratona. Em individuos saudaveis fisicamente ativos, durante o exercicio moderado
(em intensidade de 65-75%V02Max) e intenso (intensidade de 80-100%V02Max), o NF-xB
é inativado ou apresenta baixa taxa de fosforilagdo, de modo a reduzir a atividade de
transcricdo de genes pro-inflamatorios e a producdo de citocinas (171). Por outro lado, a
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contragdo muscular durante o exercicio fisico ativa uma via intracelular dependente do
aumento das concentragdes intracelulares de célcio, conhecida como a via da calcineurina,
que estimula a transcricdo e producéo de citocinas por este tecido (172).

Assim, as crescentes evidéncias das décadas de 1990 e 2000 demonstraram que 0
tecido muscular € uma importante fonte de producéo de citocinas durante o exercicio e foram
denominadas miocinas (173). A IL-6 foi a miocina com maior caracterizacdo de suas
atividades funcionais até o presente momento. Diversos fatores modulam os niveis da IL-6
apos exercicio, sendo que provas extenuantes, como maratonas, podem induzir um aumento
na ordem de 100 vezes nas concentracdes plasmaticas de IL-6 em individuos saudaveis.
Outros principios da prescricdo do exercicio, como o volume, a intensidade, e a mobilizagéo
de massa muscular também apresentam uma relacdo direta com o aumento de IL-6 pds sessdo
de exercicio (172,174).

Em relacdo a sua atividade funcional, a producdo de miocinas, sobretudo a IL-6,
durante e apds o exercicio suprime a producdo de TNF-o e IL-1B por células mononucleares
periféricas estimuladas por LPS em experimentos in vitro (173). Além disso, o incremento de
IL-6 plasmatico ap0s o exercicio precede e estimula a producdo de diversas citocinas anti-
inflamatorias, sobretudo a citocina antagonista ao receptor da IL-1 (IL-1ra) e a IL-10, além da
forma sollvel de receptores do TNF-a, TNF-R, que atuam através de uma inibicdo
competitiva ao TNF-a (175,176).

Além de seus efeitos imunomodulatorios, a IL-6 e outras miocinas secretadas durante
0 exercicio apresentam importantes atividades metabdlicas em tecidos periféricos, como o
aumento da lipolise no tecido adiposo, o aumento da glicogendlise pelo figado, e 0 aumento
da oxidacdo de acidos graxos e da captacdo de glicose pelo tecido muscular através de um
mecanismo que envolve o sensor energético proteina quinase ativada por AMP (AMPK)
(177). O exercicio de alta intensidade (por exemplo, intensidades acima de 85%V0O2Max
durante 1 h ou mais; exercicio intervalado de alta intensidade, caracterizado por alternancia de
estimulos de alta intensidade com periodos breves de recuperagdo) recrutam maior quantidade
de massa muscular e apresentam maior deplecéo de glicogénio intracelular, o que leva a uma
maior producdo de IL-6 e outras miocinas. A IL-6 também apresentam grande associa¢do com
a elevacdo de glicocorticoides, sobretudo o cortisol, e a secrecdo de hormonios supra-
adrenais, como as catecolaminas, durante o exercicio (174).

Dentre as citocinas anti-inflamatorias influenciadas por protocolos de exercicios de
alta intensidade, a IL-1RA e a IL-10 recebem maior destaque devido aos seus efeitos

imunomodulatorios. A IL-1RA inibe a transducdo do sinal da interacdo da IL-1B e seu
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receptor, reduzindo a ativagcdo do NF-kB e a geragdo de espécies reativas de oxigénio (178).
Ja o aumento da IL-10 sistémica, secretada sobretudo por linfocitos T reguladores em resposta
ao aumento de IL-6 sistémico, reduz uma série de funcdes de células apresentadoras de
antigeno (APC), como a expressdo do MHC e moléculas co-estimulatorias (CD80 e CD86)
(179). Também é capaz de inibir a producdo de citocinas dos padrdes Thl e Thl7, padrdes
caracterizados por estimularem a inflamacéo, além de reduzir a taxa de proliferacdo destas
células (180). Nosso grupo demonstrou que o aumento nos niveis sisttmicos de IL-10
apresentou uma correlacdo negativa com os niveis de CXCL-8 ap0s uma sessdo de exercicio
intervalado de alta intensidade (181). Em conjunto, estes dados demonstram um alto impacto
do exercicio de alta intensidade na indug&o de resposta anti-inflamatoria.

Exercicios de alta intensidade aumentam a producdo de citocinas anti-inflamatorias e
inibem, ao menos temporariamente, uma série de atividades funcionais do sistema imune,
como o reconhecimento de patégenos por TLR-4 e a quimiotaxia de neutrofilos, estimulando
uma resposta de imunidade humoral, com maior protecdo contra helmintos e fungos (182).
Em relacdo a imunidade adaptativa, uma sessdo de exercicio de alta intensidade (>80% da
capacidade maxima) aumenta a expressao de genes relacionados ao padrdo de imunidade anti-
inflamatoria Th2, GATAS, e a expressdo do principal fator de transcricdo de células Tregs, 0
FoxP3, em individuos saudaveis e atletas (183,184). A elevacdo da frequéncia de células T
com fen6tipo Th2 e de células Tregs esta relacionada ao aumento da expressdo e producao de
IL-4 e IL-10 por estas células, modificando o balango entre citocinas pré e anti-inflamatorias
produzidas e secretadas por células da imunidade adaptativa (185). Além disso, sessdes de
exercicio com intensidades acima de 80% da capacidade maxima ou em intensidades
proximas do segundo limiar ventilatério (em torno de 85% da capacidade cardiopulmonar
maxima) reduzem a capacidade de produgdo de TNF-o, IL-6 e IL-1B por mondcitos
estimulados por LPS (138).

Por outro lado, diversos trabalhos demonstraram que o exercicio moderado estimula
uma resposta imune celular mais intensa com producdo de citocinas pro-inflamatérias e
melhor protecdo contra virus e bactérias. Esta teoria é suportada por estudos com
camundongos, onde o exercicio moderado aumentou a resposta pro-inflamatéria e a
imunidade celular contra virus, bactérias e protozoarios (ex., Leishmania sp. e Trypanosoma
cruzi) (186). Em humanos, uma sessdao de exercicio moderado (1 hora, 70%V02Max)
aumentou os niveis séricos de TNF-a e da quimiocina CXCLI16 (183,185). Além disso, este
protocolo de exercicio estimulou a transcricdo génica de diversos fatores relacionados a

resposta pro-inflamatdria em células mononucleares periféricas, como citocinas (IL-1B, TNF-
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a, CXCL-8), TLR2 e TLR-4, e o fator de transcricdo TBX21(T-box expressed in T cells, or
Thet) que controla a expressao de IFN-y e o desenvolvimento inicial para o padrdo Thl.

O aumento de citocinas pro-inflamatérias circulantes também € observado apos
sessOes de exercicios exaustivos ou extenuantes. Nesta modalidade de exercicio, 0 aumento
descontrolado de uma série de fatores, como o dano muscular excessivo, a geragdo de
espécies reativas de oxigénio e a endotoxemia sistémica, estdo relacionados a maiores niveis
de IL-1p e TNF-a no plasma (22,147).

2.7 Adaptacdes cronicas do sistema imune ao exercicio fisico

De modo similar a obesidade, a inatividade fisica é o principal fator de risco para o
desenvolvimento de uma série de doencas cronicas, sobretudo de ordem metabodlica e
cardiovascular, com um importante mecanismo patogénico relacionado a inflamacéo
subclinica (14). De fato, uma recente revisdo de Booth e colaboradores (13) identificou que
niveis reduzidos de atividade fisica estdo associados a um espectro de 38 doencas cronicas. O
mecanismo primario para a ligagdo entre inatividade fisica e inflamag&o esta no fato de que a
reducdo do gasto caldrico diario induz acumulo de tecido adiposo visceral e alteracdes
relacionadas a lipotoxicidade e glicotoxicidade de modo independente ao nivel do IMC (187—
189). O acumulo de adiposidade central em individuos sedentarios é acompanhado por maior
infiltracdo de macrdéfagos M1, maior liberacdo de adipocinas e a geragdo de um ambiente pro-
inflamatorio similar ao encontrado em individuos obesos (190).

No entanto, a associacdo entre a inatividade fisica e a inflamacdo crbnica ocorre
também em vias independentes contetdo de adiposidade visceral. Niveis sistémicos elevados
de PCR, IL-6 e TNF-a sdo associados com comportamento sedentario e baixa capacidade
funcional de modo independente a medidas de adiposidade central (19,191-193).
Recentemente, um estudo preliminar com 15 individuos com diferentes niveis de aptiddo
cardiorrespiratdria (7 individuos com baixo consumo méaximo de oxigénio e 8 individuos com
alto consumo maximo de oxigénio) identificou que aproximadamente 25% das células T
CDA4+ de individuos sedentérios expressavam PD-1, enquanto individuos fisicamente ativos
apresentavam menor frequéncia de expresséo de PD-1 (16% em média) (133).

Evidéncias epidemioldgicas demonstram que niveis elevados de atividade fisica diaria
e de condicionamento fisico estdo associados a menores taxa de infec¢des virais e bacterianas,
além de menor desenvolvimento de doencas cronicas (18). O engajamento em programas de

exercicio sistematico modificam parametros de imunidade celular e humoral, adaptando o
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sistema imune (194). E importante ressaltar que a maior parte das evidéncias demonstrando o
papel do treinamento fisico e da aptid&o fisica sobre o sistema imune foram obtidos a partir de
estudos observacionais de carater transversal. Diversos instrumentos e medidas séo adotados
nestes estudos, destacando-se a avaliacdo de acelerdbmetros, utilizacdo de questionarios,
equacdo para determinacao da capacidade fisica ou gasto caldrico semanal e testes maximos e
subméximos para avalia¢do da forga muscular e da capacidade cardiorrespiratoria.

O VOymax ¢ considerada uma medida “padrdo ouro” para avaliar a aptidao
cardiorrespiratoria, sendo um indicativo da maxima eficiéncia dos sistemas respiratorio,
cardiovascular e neuromuscular e identificado através de um teste cardiopulmonar maximo
envolvendo a analise de troca de gases (oxigénio, O2; dioxido de carbono, CO2) entre o
paciente e 0 meio externo (195,196). O VO,uax também pode ser interpretado através da
equacdo de Fick, onde o VO2 ¢ igual ao débito cardiaco multiplica pela diferenca
arteriovenosa de O2 [(DC) x (DifAo2 — Vo2)] e expresso de forma absoluta atraves de L/min,
ou relativa a massa corporal através de mL/kg/min (197). A capacidade cardiorrespiratoria
apresenta importante associacdo com a qualidade de vida, expectativa de vida e melhores
desfechos metabolicos, sendo determinado por caracteristicas genéticas e pela quantidade de
atividade fisica e gasto cal6rico diario dispendido pelo individuo (196,198).

Duggal e colaboradores (199) identificaram que idosos classificados como “atletas
masters”, que realizavam um alto nivel de exercicio fisico didrio, apresentavam uma
atenuacdo em diversos parametros associados a imunossenescéncia. Desta forma, os autores
descreveram que idosos atletas apresentavam um aumento na frequéncia de linfocitos T
virgens (CD45RA+CCR7+), e reducbes na frequéncia de T CD8+ e CD4+ de memoria
(CD45RA-CCR7+) e memoéria RA (CD45RA+CCR7-) em comparacdo a idosos sedentarios,
além de uma manutencdo na capacidade timica associada a altos niveis de IL-7 sistémico e
um aumento na razdo Thl/Th2 (CDA4+IFN+/CD4+IL-4+) (199). Estes achados sao
semelhantes a dados prévios que identificaram que a capacidade cardiorrespiratoria foi
positivamente associada a uma maior frequéncia de linfécitos T virgens (KLRG1-CD28+), e
negativamente associada a frequéncia de linfocitos T senescentes (KLRG1+CD57+CD28-)
em uma coorte de individuos (15). Estas associacdes permaneceram significativas
independentemente de infec¢bes latentes (CMV, Epstein-barr ou herpes), idade e massa
adiposa (15). Em conjunto, estes dados destacam o impacto do condicionamento fisico sobre
aspectos de imunossenescéncia.

A frequéncia periférica de linfocitos Tregs também é influenciada pela capacidade

cardiorrespiratoria. Handzlik e colaboradores (16) demonstraram que individuos fisicamente
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ativos, com grande gasto calérico semanal, apresentavam maior frequéncia de células Tregs
CD4+CD25+CD127- e maior producdo de IL-10 por células estimuladas com mdultiplos
antigenos (por ex., difteria, tétanos, poliomielite, influenza tipo B) do que individuos
sedentarios. Do mesmo modo, atletas olimpicos com maior VO2Max possuem maior
frequéncia e atividade funcional de células Tregs (avaliada através da secrecdo de TGF-f e
capacidade proliferativa) do que atletas olimpicos com menor capacidade cardiorrespiratdria
(200). Assim, 0 aumento da capacidade cardiorrespiratdria, e nao apenas o exercicio fisico,
apresenta grande influéncia sobre o perfil de células T.

Mondcitos de mulheres idosas fisicamente ativas apresentam menor expressdo de
TLR-4 em comparacéo a idosas sedentérias (201,202). Em individuos obesos, uma maior
capacidade aerdbia foi associada com uma menor producdo de TNF-a ¢ IL-1 por mondcitos
(203). Os autores demonstraram que a capacidade aerobia protegeu contra a dessensibilizacéo
de receptores B-Ar de mondcitos, um evento comum na obesidade (203). Glicocorticoides e
hormbnios catecolaminérgicos, apds interacdo com o seu receptor e ativacdo de segundo
mensageiro via proteina G, inibem a fosforilacdo do NF-kB e a consequente transcrigdo de
genes pro-inflamatérios (145,169). Desta forma, o aumento da capacidade aerdbia reduz o
estado inflamatorio crénico de individuos obesos através de mecanismos neuroenddcrinos.
Até 0 momento, ndo héa dados avaliando o impacto do treinamento fisico a longo prazo ou da
aptiddo cardiorrespiratoria sobre os subtipos de mondécitos. No entanto, uma analise
transversal comparando idosos saudaveis fisicamente ativos e inativos indicou que idosos
sedentarios apresentam duas vezes mais monocitos CD14+CD16+ pré-inflamatérios no
sangue periférico (204,205). Alem disso, 12 semanas de treinamento fisico regular reduziu a
porcentagem de mondcitos pré-inflamatorios e a producdo de TNF-o por células estimuladas
com LPS (204). De modo interessante, individuos treinados apresentam menores niveis
sistémicos de endotoxina em comparacao a individuos sedentarios, o que pode contribuir para
uma menor estimulagdo crénica de TLR-4 de modo a reduzir a polarizagdo de mondcitos
(206).

Diversas das adaptac6es descritas acima foram identificadas em individuos saudaveis
e/ou eutréficos. Em individuos obesos, 10 sessdes de exercicio fisico de intensidade moderada
reduziram a expressdo de CCR2 e CXCR2 em mondcitos, enquanto o treinamento intervalado
de alta intensidade aumentou a expressdo de CCR5 em monacitos, neutrofilos e células T sem
alteracbes no percentual de tecido adiposo corporal (207). O treinamento fisico intenso por
10 semanas também aumentou a expressdo de BDCA-1+ (CD1c) e TLR-7 em células

dendriticas mieldides de individuos obesos (208). A reducdo de citocinas pro-inflamatorias



44

apresenta dados consistentes, demonstrando que o treinamento fisico em longo prazo reduz os
niveis circulantes de leptina e TNF-a sem a necessidade de redugdes no tecido adiposo
(209,210). O treinamento fisico também apresenta grande impacto sobre o perfil de células
progenitoras circulantes de individuos obesos, reduzindo o seu fenotipo pré-inflamatorio e
contribuindo para a resolugéo da inflamacéo tecidual (211).

Em resumo, altos niveis de capacidade cardiorrespiratoria exercem efeitos antagbnicos
ao impacto da obesidade sobre o sistema imunolégico. Individuos obesos metabolicamente
saudaveis, caracterizados por um perfil lipidico/glicémico com valores dentro da faixa de
normalidade, apresentam menores niveis sistémicos de citocinas pré-inflamatdrias do que
eutréficos e obesos metabolicamente ndo saudaveis (212). Neste sentido, o nivel de
capacidade cardiorrespiratoria € considerado um dos principais fatores para o fendtipo
“metabolico saudavel” em obesos (213). No entanto, o possivel impacto do treinamento fisico
e do aumento da capacidade cardiorrespiratoria sobre a imunidade celular em individuos

obesos permanece pouco elucidado.
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3. OBJETIVOS

3.1 Objetivo geral

Avaliar o impacto agudo e cronico de diferentes tipos de exercicio fisico na
inflamacdo subclinica, subtipos de mondcitos, subpopulacdes de linfocitos T e aspectos

epigenéticos em células mononucleares do sangue periférico de homens eutréficos e obesos.

3.2 Objetivos especificos

Artigo 1

e Auvaliar o nivel de acetilacdo de Histona H4 e a atividade da enzima HDAC2 em
células mononucleares periféricas, estimuladas com 10 ng/mL de LPS, de homens
eutréficos e com obesidade submetidos a uma sessdo de exercicio fisico exaustivo.

e Avaliar o nivel sisttmico e a producdo de citocinas IL-6, IL-8 e TNF-a por células
mononucleares periféricas estimuladas com 10 ng/mL de LPS de homens eutréficos e
com obesidade submetidos a uma sessdo de exercicio fisico exaustivo.

e Verificar o impacto de uma sessdo de exercicio exaustivo sobre o perfil de mondécitos
de homens eutroficos e com obesidade.

e Correlacionar o percentual de modificacdes nos niveis de acetilacdo da histona H4
com parametros de composi¢do corporal dos individuos participantes.

e Correlacionar o percentual de modificacdes nos niveis de acetilacdo da histona H4

com os percentuais de modificacfes em parametros inflamatorios.

Para responder a estes objetivos, células mononucleares do sangue periférico de
individuos eutréficos e com obesidade grau 1 foram coletadas antes e apds uma Unica sessdo
de exercicio exaustivo em estepe. Os subtipos de mondcitos foram avaliados através de
citometria de fluxo utilizando os anticorpos monoclonais CD14 e CD16 (CD14+CD16- para
monacitos classicos; CD14+CD16+ para mondcitos ndo cléssicos). As células mononucleares
foram estimuladas in vitro com 10 ng/mL de LPS em condigdes padrfes durante 24 h. O
estado de acetilacdo de histona H4 de células mononucleares foi avaliado através do balango
entre a acetilacdo da histona H4 e a atividade da enzima HDAC?2, enquanto a producdo das
citocinas IL-6, IL-8 e TNF-a foi avaliada por ELISA. Analises adicionais de parametros

sisttmicos (hormonios e analise de dano oxidativo) também foram realizadas.
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Artigo 2

Avaliar o impacto de uma sessdo de exercicio intervalado de alta intensidade sobre
a frequéncia de células T CD4+CD25+ e CD4+CD25- que expressam as
ectonucleotidases CD39 e CD73 em individuos eutrdficos saudaveis.

Comparar o0 impacto da capacidade cardiorrespiratdria sobre a modulacdo da
frequéncia de células T CD4+ de memdria efetora (CD4+CD25-CD39+) e células
T reguladora de memoria (CD4+CD25+CD39+) em resposta a uma sessdo de
exercicio intervalado de alta intensidade.

Comparar 0 impacto da capacidade cardiorrespiratoria sobre a modulacdo da
frequéncia de células T CD4+CD25- e CD4+CD25+ que expressam CD73 em
resposta a uma sessao de exercicio intervalado de alta intensidade.

Correlacionar a capacidade cardiorrespiratoria com a frequéncia de células T
CD4+ de memoria efetora (CD4+CD25-CD39+) e células T reguladora de
memdria (CD4+CD25+CD39+).

Para atingir estes objetivos, células mononucleares do sangue periférico de individuos

eutréficos com alta e baixa capacidade cardiorrespiratoria foram obtidas antes, imediatamente

apos e 1 h ap6s uma sessdo de exercicio intervalado de alta intensidade. A expressdo de
ectonucleotidases CD39 e CD73 em células T CD4+CD25- e CD4+CD25+ do sangue
periférico foi avaliada através de citometria de fluxo.

Artigo 3

Verificar o impacto da capacidade cardiorrespiratdria sobre a frequéncia periférica
de linfécitos T ativados, linfocitos T reguladores, linfécitos T de memdria efetora
e subtipos de mondcitos em individuos eutroficos e obesos.

Analisar o impacto da capacidade cardiorrespiratdria sobre 0s niveis sistémicos de
citocinas pré- e anti-inflamatdrias em individuos eutréficos e obesos.

Verificar o perfil metabolico de individuos eutréficos e obesos com diferentes
niveis de capacidade cardiorrespiratoria.

Analisar o impacto de uma semana de treinamento intervalado de alta intensidade
sobre a frequéncia periférica de linfocitos T reguladores, e a expressdo de CD39 e

CD73 em células T CD4+CD25+ de individuos obesos sedentarios.



66

Para atingir os objetivos, 45 homens eutrdficos e 45 homens obesos realizaram um
teste cardiopulmonar méaximo e foram alocados em grupos de acordo com o seu VO2Max e
composicao corporal. As frequéncias periféricas de células T CD4+ e CD8+ totais, células T
ativadas (CD3+HLA-DR+, CD3+CCR5+ e CD4+CD25+), linfécitos T reguladores
(CD4+CD25high127low), bem como da expressdo de ectonucleotidases CD39 e CD73 em
células T CD4+CD25- e CD4+CD25+ e ainda dos subtipos de mondcitos (CD14+CD16- para
monocitos classicos; CD14+CD16+ para mondcitos intermediarios; CD14+CD16+ para
monacitos nédo classicos) foram determinadas por citometria de fluxo. Os niveis sistémicos de
citocinas pré-inflamatorias (IL-6, TNF-a, leptina) e anti-inflamatérias (IL-10 e IL-33) foram
avaliados através de ELISA. O perfil metabolico foi avaliado através das concentracfes de

triglicerideos, colesterol total, HDL, LDL e glicemia em  jejum.
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This study evaluated the response of global histone H4 acetylation (H4ac), histone deacetylase 2 (HDAC2) activity, as well as the
production of proinflammatory cytokines and monocyte phenotypes of lean and obese males after exercise. Ten lean and ten obese
sedentary men were submitted to one session of strenuous exercise, and peripheral blood mononuclear cells (PBMC) were
stimulated in vitro with lipopolysaccharide (LPS). Global H4ac levels, HDAC2 activity in PBMC, and IL-6, IL-8, and TNF-«
production were analyzed. Monocyte phenotype was determined in accordance with the expression of CD14 and CD16. At rest,
obese individuals presented higher frequency of proinflammatory CD14"CD16" monocytes. LPS induced a significant augment
in global H4ac and in the production of IL-6, IL-8, and TNF-a mainly in obese individuals. After exercise, the increased
production of IL-8 and TNF-a and peripheral frequency of CD14"CD16" were observed in both groups. In addition, exercise
also induced a significant hyperacetylation of histone H4 and decreased HDAC2 activity in both nonstimulated and LPS-
stimulated PBMC of obese individuals. Our data indicate that the obesity impacts on H4ac levels and that strenuous exercise
leads to an enhanced chronic low-grade inflammation profile in obesity via an imbalance on H4ac/HDAC2.

1. Introduction

Obesity is considered an epidemic disease in many devel-
oped and developing countries, where it has become a
major public health problem [1]. In obese people, the
chronic low-grade inflammation is linked to cardiometa-
bolic diseases, such as diabetes and atherosclerosis, and risk
of premature death [2, 3]. Early studies have described that
this proinflammatory condition is associated with high
expression of nuclear factor kappa-B (NF-«B) in peripheral
blood mononuclear cells (PBMCs) [4, 5]. In fact, obesity is
associated with a proinflammatory profile of immune cells,

specially monocytes/macrophages and type 1 T helper
(Thl) cells and an elevation in the adipose tissue expression
and plasma concentrations of several inflammatory media-
tors including tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6) [3, 4, 6].

Emerging evidences indicate that epigenetic events play a
pivotal role in the interplay between genes and environmen-
tal factors that generate the inflammatory pathway in obesity
[7, 8]. Consequently, the epigenetic regulation, in particular,
posttranslation histone modifications have a pivotal role in
inflammation and immune response [7]. Histone acetylation
occurs by histone acetyltransferases (HATSs). Conversely,


https://doi.org/10.1155/2017/1530230

histone deacetylases (HDACs) remove the acetyl groups
from the amino-terminal tail of acetylated histones, counter-
act the effects of HATs, and return histone to its basal state
[9]. Moreover, the acetylation of histone H4 (H4ac) is espe-
cially important for chromatin structure, gene expression,
cell polarization, and cytokine production [10, 11]. In this
regarding, it was demonstrated that the lipopolysaccha-
ride- (LPS-) stimulated monocytes/macrophages M1 polar-
ization and the expression of NF-«B are dependent of global
H4ac status [12-14]. In a genome-wide study, Zhang and
coworkers [12] described that in M1 macrophages, the
H4ac expression was significantly increased after stimulation
with interferon-y (IFN-y), but little was modified by the IL-4
treatment. In addition, it was shown that the activation of
NF-«B and the release of TNF-a and IL-8 by cultured cells
was widely dependent on H4ac, confirming that the acety-
lation levels and enhanced transcriptional activity are able
to modulate the cytokine production during endotoxin
stimulation [13, 15]. The H4ac status is controlled by a
variety of HDAC isoform enzymes that reduces the tran-
scription of inflammatory genes in monocytes [16]. Among
a series of HDAC subtypes, it was shown that the transactiva-
tion of NF-xB and TNF-a expression was downregulated
through the interaction of p65 subunit of NF-xB with
HDACI1 and HDAC2 [17]. Moreover, Ito and coworkers
[18] have described that the HDAC2 reduces the acetylation
of histone H4 at lysines 8 and 12 and the production of IL-1.
However, there is no data about the influence of obesity on
H4ac status and HDAC?2 activity.

Physical exercise is considered a subset of physical
stress, like thermal and traumatic injury [19] that modu-
lates the immune response, being a good experimental
model for understanding the relationship between physical
exercise and pathogenesis of noninfectious systemic dis-
eases [20]. In fact, it is able to modify immune cell distribu-
tion, phenotype [20], and cytokine production [6, 21].
Indeed, Terra and coworkers [22] demonstrated that aero-
bic exercise enhanced the production of IL-12 and TNF-«
when stimulated by LPS or infected with Leishmania major
(an intracellular protozoan), compared with the nonexer-
cised control group [22]. Therefore, physical exercise is able
to modulate the immune response against infectious and
noninfectious stimuli.

Some studies suggest that physical exercise acts as an
epigenetic inductor in peripheral leukocytes [23, 24]. Until
now, the studies have focused primarily on the impact of
acute exercise on methylation changes in PBMCs [24, 25].
Therefore, there is a relative lack of data on the effects
of exercise on histone modifications in immune cells of
obese individuals. Recently, our group has demonstrated that
acute high-intensity interval exercise was able to increase the
global HDAC activity in PBMC of obese men [26]. In this
sense, there is no data on the influence of H4ac and HDAC2
status in PBMC of obese individuals in response to TLR4
agonist under basal and exercised conditions. Here, we eval-
uate the effect of acute strenuous exercise on epigenetic
markers in LPS-stimulated PBMC, the cytokine production,
and in the peripheral frequency of monocyte phenotypes of
lean and obese individuals.

Oxidative Medicine and Cellular Longevity

2. Methods

2.1. Subjects. Twenty physically active men took part in
this study: ten lean (BMI 18.6 to 24.9kg/m®) and ten
obese level 1 (BMI 30.0 to 34.9kg/m?). All participants
were apparently healthy and generally physically active,
but none engaged in physical training (based on an Inter-
national Physical Activity Questionnaire-IPAQ with a
score less than 1500 MET (minute/week)—https://www.
ipaq.ki.se/downloads.htm). Participants were healthy, none
smokers, age ranging from 20 to 40 years, and free of ill-
ness and injury, and they were not engaged in physical
training programs for a period of six months prior to
experimental trials. Exclusion criteria included autoimmune,
cardiac, endocrine or metabolic diseases, acute and chronic
infections, and under current drugs or dietary supplements
with recognized impact on the immune system. After
inclusion in the study, subjects completed a medical ques-
tionnaire and the Physical Activity Readiness Questionnaire.
The Ethics Committee of the UFCSPA approved this study
(protocol number 1.973.432), and all experimental proce-
dures were performed according to the Declaration of
Helsinki. All participants were informed about the study
and signed the informed consent.

2.2. Preliminary Measurements. One week before the
experimental trial, all participants went to the laboratory
to estimate their body composition and cardiorespiratory
fitness. During the trials, the temperature and humidity of
the room were continuously controlled (18 to 24°C and
humidity 50-70%). Prior to the analysis, participants were
asked to fast for 12 h and to have a good night sleep of at least
8h. The participants were strongly encouraged to avoid
moderate to high energy expenditure activities 24 h before
the cardiorespiratory test and the exercise trial. On this
day, a fasting blood sample (4 mL) was collected into tubes
without anticoagulant (BD, EUA), centrifuged (1000g), ali-
quoted, and frozen at —20°C to determine the metabolic
profile (glucose and lipid profile).

A qualified professional performed all anthropometric
evaluations, and all tests were performed three times and
the average was used for analysis. Body mass (kg) and height
(meters) were determined by a semi-analytical scale (Welmy,
Santa Barbara D’Oeste, Brazil), with capacity for 200 kg and a
stadiometer attached (Welmy, Santa Barbara D’Oeste, Brazil)
with an accuracy of 0.1 kg and 0.005 cm, respectively. Waist
(WC, cm), abdomen (AC, cm), and hip (HC, cm) circumfer-
ences were measured through an inelastic measuring tape.
BMI (kg/m?) was defined as body mass (kg) divided by the
square of height (m?).

An incremental exercise test was conducted to determine
VO2 max using the breath-by-breath method and an open-
circuit spirometry system (Quark CPET, COSMED, Rome,
Italy). The progressive exercise test was performed on a
treadmill and lasted for 8 to 12 min according to the recom-
mendations of the American College of Sports Medicine
(ACSM) [27]. The test ended if the participant reached voli-
tional exhaustion, respiratory exchange ratio (RER)>1.15,
or HR>95% of age-predicted maximum. VO2 max was


https://www.ipaq.ki.se/downloads.htm
https://www.ipaq.ki.se/downloads.htm

Oxidative Medicine and Cellular Longevity

determined when a plateau in the VO2 occurred when it is
further increased by exercise intensity.

2.3. Experimental Design and Procedures. After the
preliminary visit, participants arrived at the laboratory at
8:00 to perform a single session of strenuous exercise. One
hour before the exercise, participants consumed a normal
breakfast (average 300 kcal: orange juice, cake, banana, and
yogurt). A 24h diet recall interview was performed by a
nutritionist to record the amount of food and beverage
consumed 24 h before the exercise trial. Energy intake was
determined using a dietary analysis software (DietWin,
Porto Alegre, Brazil).

After that, they remained at rest during 5 minutes and a
resting (rest) blood sample was taken from the antecubital
vein using sterile vacutainer tubes (15mL into K,EDTA
tube) (Becton Dickinson (BD) Juiz de Fora, MG, Brazil).
Then, they were required to perform a strenuous exercise
consisting of stepping up and down from a step. The step
height was individually adjusted to the height of each sub-
ject’s femoral condyles. The stepping rhythm was paced
acoustically at 60 beats per minute with same periods (1s)
for stepping up and down, respectively. When the partici-
pants were not able to maintain the required stepping
rhythm, a 30 s recovery period was given to them. Following,
they were required to recommence another set of the step-
ping cadence until fatigued and subsequently given another
30s recovery period. This sequence was continued until
complete exhaustion when even after a 30s recovery the
subject was not able to continue. Further venous blood
samples (15mL) were taken immediately after exercise.
This protocol is based on the study of Saxton and
coworkers [28]. For each subject, the total number of sets,
stepping repetitions in each set, heart rate response, and
perceived exertion, was recorded.

2.4. Peripheral Blood Mononuclear Cell (PBMC) Isolation
and Stimulation with TLR4 Agonist. PBMC of lean and
obese individuals was isolated from peripheral blood using
Histopaque 1077 (Sigma, USA) as described by Bicalho
et al. [29]. Plasma was collected and frozen at —20°C for
biomarkers analysis as described below. PBMC viability
was determined by trypan blue exclusion and the viability
was always >95%. Then, the cells were washed and sus-
pended in Roswell Park Memorial Institute-1640 medium
(RPMI-1640, Sigma, USA) supplemented with 2 g/L sodium
bicarbonate, 10% fetal bovine serum (FBS, Sigma-Aldrich,
St. Louis, MO), 2% glutamine, and 100 U/mL penicillin—
0.1 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO).
Cells (1x10°/mL) were stimulated with a toll-like receptor
4 agonist (TLR4) at conditions previously established (LPS
10ng/mL, 24h, 5%CO,, 37°C) in 24-well plates in a final
volume of 1 mL [30]. Then, the culture supernatants were
collected, centrifuged (200g, 25°C, 10min), and stored at
—80°C for cytokine quantification, and PBMC were collected,
washed with PBS 1x, and frozen at —80°C in a solution
containing 90% FBS and 10% dimethyl sulfoxide (DMSO)
for epigenetic analysis.

2.5. Cell Staining and Flow Cytometry. The frequency of clas-
sical noninflammatory (CD14"CD16") and nonclassical pro-
inflammatory (CD14'CD16") circulating monocytes was
determined in freshly isolated PBMCs of lean and obese indi-
viduals at rest and after strenuous exercise. Briefly, 2 x 10
cells/mL was stained with monoclonal antibodies conjugated
with specific fluorochromes: anti-human CD14-FITC (clone
61D3; BIOGEMS, USA) and anti-human CD16-PE (clone
B73.1; BIOGEMS, USA). After 15 minutes of incubation,
cells were resuspended in 0.4 mL of PBS-BSA 1% and ana-
lyzed by flow cytometry. Cell phenotype was acquired using
CELLQuest Pro Software (BD Bioscience, USA) on a FACS-
Calibur flow cytometer (BD Bioscience, USA) equipped with
a 15mW argon laser-emitting light at a fixed wavelength
of 488 nm. Fluorescent signals were collected in logarith-
mic mode (six-decade logarithmic amplifier). Monocytes
were identified and gated according to their forward scat-
ter (FSC) and side scatter (SSC) profiles. In monocyte gate,
the percentage of CD14"CD16~ and CD14"CD16" cells
was determined based on fluorescence-1 (FL1-FITC) versus
fluorescence 2 (FL2-PE) dot plots. Single color control tubes
were used in each assay to account for spectral overlap. A
minimal of 30,000 events of gated monocytes was acquired
for analysis.

2.6. Leukocyte Counts and Levels of Metabolic Components.
Total white cell count (WBC) were determined from vacutai-
ner tubes containing EDTA (Becton Dickinson (BD) Juiz de
Fora, MG, Brazil) in an automated analyzed ABX Micros60
(Horiba ABX, Kyoto, Japan). Fasting concentrations of
glucose, total cholesterol, high-density lipoprotein (HDL),
low-density lipoprotein (LDL), and triglycerides were deter-
mined in the serum by standard clinical laboratory methods,
according to the recommendations of the Clinical and Labo-
ratory Standards Institute (CLSI) guidelines in an automated
biochemical machine (BS120, BioClin, Brazil). Circulating
cortisol and leptin levels were determined by enzyme immu-
noassay method (Monobind Inc., USA) following the manu-
facturer’s recommendations. Thiobarbituric acid-reactive
substances (TBARS) are byproducts of lipid peroxidation
and represent markers of oxidative stress. Concentrations
of TBARS in plasma were determined spectrofluometri-
cally following a previously described protocol [31] and
expressed in MDA nmol/mL. Total thiol concentrations were
measured in plasma using 5-5-dithio-bis(2-nitrobenzoic
acid) reagent [32].

Protein carbonyls were determined in plasma samples
using the 2,4-dinitrophenolhydrazine (DNPH) spectropho-
tometric method described by Levine et al. [33]. Briefly, pro-
teins of plasma samples (1 mL) were precipitated with 0.5 mL
10% trichloroacetic acid and centrifuged at 1500g for 5 min,
and the supernatant was discarded. In the following, 0.5 mL
of 10 mM 2.4-dinitrophenylhydrazine (DNPH) in 2M HCI
was added to precipitate protein and incubated at room tem-
perature for 30 min. After incubation, 0.5 mL 10% TCA was
added to the protein precipitate and centrifuged at 1800g
for 5min. The supernatant was discarded, the precipitate
was washed twice with 1 mL ethanol/ethylacetate (1:1), and
the supernatant was centrifuged out in order to remove the



free DNPH. The precipitate was dissolved in 1.5mL pro-
tein dissolving solution (2g SDS and 50mg EDTA in
100mL 80mM phosphate buffer, pH8.0) and incubated
at 37°C for 10 min. The color intensity of the supernatant
was measured using a spectrophotometer at 370 nm. Car-
bonyl content was calculated using the molar extinction
coefficient (21 x10°L-mol™ .cm™), and the results are
expressed as nmol/mg protein.

2.7. Global Histone H4 Acetylation (H4ac) and Histone
Deacetylase 2 (HDAC2) Activity in PBMC. Histone extracts
from PBMCs were prepared using a total histone extraction
kit (EpiGentek) according to the manufacturer’s protocol.
H4ac levels in PBMCs were determined using the Global
Histone H4 Acetylation Assay Kit (Colorimetric Detection,
catalog number P-4009, EpiQuik, USA) according to the
manufacturer’s instructions and expressed as ng/mg protein.
The protein concentration of each sample was measured by
the Coomassie Blue method using bovine serum albumin as
standard. The protein content of HDAC2 was measured
using colorimetric EpiQuick HDAC?2 assay kits (EpiGentek)
according to the manufacturer’s protocol. Results were
calculated using a standard curve and expressed as ng/mg
of protein.

2.8. Cytokines and Leptin Quantification. The concentra-
tions of TNF-a (eBioscience, USA), IL-6 (eBioscience,
USA), and IL-8 (PeproTech, USA) into the supernatants
of LPS-stimulated or nonstimulated cells were quantified
by enzyme-linked immunosorbent assay (ELISA). Serum
levels of leptin were also evaluated using a commercial
kit (PeproTech, USA). The intra-assay coeflicient variation
was always <7.5%.

2.9. Statistical Analysis. The SPSS 20.0 (IBM Inc., USA) soft-
ware was used for statistical analysis. Data are reported as the
mean + Standard deviation (SD). The Shapiro-Wilk test was
used to evaluate the normality of the data. Demographic
and anthropometric characteristics were compared between
groups through an independent Student’s ¢-test. A two-way
analysis of variance was used with group (obese versus lean)
and time (rest and after exercise) as factor with Bonferroni’s
correction to multiple analysis. Correlations were performed
by Pearson’s correlation coefficient. p values <0.05 were
considered statistically significant.

3. Results

3.1. Demographic and Metabolic Characteristics of Subjects
and Nutritional Habits. Participant’s characteristics are out-
lined in Table 1. As expected, obese individuals had higher
body mass (p<0.001), body mass index (p<0.001),
abdominal circumference (p <0.001), waist circumference
(p<0.001), hip circumference (p <0.001), and waist:hip
ratio (p <0.001) than lean individuals. The groups were
homogeneous with respect to age, height, and cardiorespi-
ratory fitness (p >0.05), and no difference was observed
regarding the serum glucose, total cholesterol, HDL, LDL,
and triglycerides levels (p > 0.05).
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TaBLe 1: Demographic and metabolic characteristics of
participants.

Lean (n=10) Obese (n=10)
Age (years) 47.71 £6.96 48.28 £4.19
Height (meters) 1.72+0.07 1.74+0.08
Body mass (kg) 66.67 +9.18 101.47 +16.25*
BMI (kg/m?) 2228 +191 32.98 +2.49*
WC (cm) 70.71 £5.02 99.57 +8.94"
AC (cm) 79.20 +3.37 99.57 +8.94*
HC (cm) 83.62+3.21 103.46 +13.21*
WHR 0.83 £0.04 0.96 £0.02"
VO,peq (MLkg™ .min™") 42.15+5.49 38.47+7.16
Glucose (mg/dL) 75.8+6.70 82.7 +3.09
Total cholesterol (mg/dL) 168.7 £27.90 193.57 +40.10
HDL (mg/dL) 58.23+10.25 52.17 +14.84
LDL (mg/dL) 116.47 £19.74 134.12 +34.27
Triglycerides (mg/dL) 80.76 + 17.64 109.76 £ 41.15

Data presented as mean + SD. AC: abdominal circumference; BMI: body
mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein;
WC: waist circumference; HC: hip circumference; WHR: waist : hip ratio.
*Statistical difference between lean and obese groups (p < 0.05).

TaBLE 2: Reported macronutrient intake in 24 h diet recall between
groups.

Lean Obese

Total energy intake (kcal) 1972.36 +552.99  2524.05+886.01"
Carbohydrates (%) 50.84+9.71 52.85+6.63
Carbohydrates (g) 281.95+61.22 285.37+£91.75
Protein (%) 24.43 +6.87 18.12+4.19*
Protein (g) 162.8 +41.90 145.4 + 38.70*
Lipids (%) 26.73+5.56 30.73 £8.91
Lipids (g) 81.1+30.45 90.36 + 26.72*

Data presented as mean + SD. *Statistical difference between lean and obese
groups (p < 0.05).

As demonstrated in Table 2, obese individuals had
higher total energy intake (p=0.02) and amount of lipids
(%, p=0.025; g, p=0.029) consumed than lean individ-
uals. Moreover, differences were found in the amount of
protein consumed between lean and obese individuals
(%, p=0.036; g, p=0.041).

3.2. Exercise Intensity Markers. The duration of exercise was
approximately 1275+294s in the lean group and 1023
+342 s in the obese group (p = 0.029). The average heart rate
was 165.78 £6.72bpm (88.3+30% of HRMax) in the lean
and 163.29 +3.97 (92.6 + 28% of HRMax) in the obese group
(p>0.05). The average exertion perceived in the lean was
17.66 £0.89 and 18.72+0.26 in the obese group (p > 0.05).
Obese individuals performed significantly lower total num-
ber of repetitions than lean (482 +62.2 versus 572.2 +34.7;
p=0.035).
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TaBLE 3: Systemic biomarkers in lean and obese individuals at rest and after strenuous exercise.
Time point Lean Obese
s s Rest 6.45+ 1.50 6.58 +2.59
WBC (10°/mm~) ) R a
Exercise 8.32+£2.42 8.61+3.21
. Rest 19.61 £4.05 31.02 £4.07°
Cortisol (ug/dL) . a ab
Exercise 2291+4.51 36.66 +2.38%
Leptin (pg/mL) Rest 22.15£7.90 57.58 +14.33"
Exercise 22.97 £8.45 57.08 +11.26"
Rest 1.65+0.52 1.72+0.37
TBARS (nmol/mL) . R a
Exercise 2.45%0.59 2.67+£0.48
Protein carbonyl (nmol/mg protein) Rest 1.25+0.39 1.44+0.43
Exercise 1.67 +0.27° 1.98 +0.36"
Total thiol (#mol/mL) Rest 1.13+0.21 1.18+0.17
Exercise 0.83£0.19° 0.78 +£0.26"
Data presented as mean + SD. “Statistical difference compared to rest values (p < 0.05). "Statistical difference between groups (p < 0.05).
TABLE 4: Peripheral frequency of monocyte subsets in lean and 6000
obese individuals at rest and exercised conditions. g 000 ab
- 5 4 2
<
% CD14*CD16" % CD14*CD16" £s 1000 b
(noninflammatory) (proinflammatory) s g
Rest Exercised Rest Exercised E S 3000
Lean 8231+5.60 80.97+831 11.16+236 12.76+2.21° S %D 2000
Obese 80.81+2.76 77.32+9.01 1555+5.14° 19.92+591*" £Z
Data presented as mean + SD. Values are expressed as the percentage of all E 1000 b
gated CD14+ monocytes. “Statistical difference compared to rest values © 0 = ﬁ 1 -
(p <0.05). “Statistical difference between groups (p < 0.05). .?'2 9 T; 9 T; 2 .T; 9
g 8 £ 5 & 35 £ 3
A 5 M g M g m B
3.3. Systemic Biomarkers in Response to Strenuous Exercise . .
in Lean and Obese Subjects. At rest, in obese individuals, Medium LPS (10 ng/mL) Medium LPS (10 ng/mL)
the cortisol (p=0.02) and leptin (p <0.001) levels were Lean group Obese group

significantly higher compared with those found in lean
individuals. In the lean group, the strenuous exercise
induced a significant increase in WBC count (p=0.01),
cortisol (p=0.002), protein carbonyls (p=0.042), and
TBARS (p=0.034) levels and decreased the content of
total thiols in plasma (p = 0.03). Similarly, obese individuals
presented an elevation in WBC count (p =0.004), cortisol
concentrations (p=0.001), protein carbonyls (p=0.026),
and TBARS response (p = 0.025) and a reduction in total thiol
concentrations (p = 0.032) after strenuous exercise. In addi-
tion, after the exercise, plasmatic levels of cortisol (p = 0.02),
leptin (p <0.001), and protein carbonyls (p=0.042) were
higher in the obese group compared with the lean group
(Table 3).

3.4. Effect of Strenuous Exercise in Classical and Nonclassical
Monocytes Phenotype in Lean and Obese Individuals. The
percentage of noninflammatory CD14"CD16” and proin-
flammatory CD14"CD16" monocytes freshly isolated is pre-
sented in Table 4. At rest, the percentage of proinflammatory
monocytes tended to be higher in obese compared with lean
individuals (p=0.06), but no differences were observed in
noninflammatory monocytes between groups (p > 0.05).
However, the strenuous exercise induced a significant

F1GURE 1: Global histone H4 acetylation levels in nonstimulated and
LPS-stimulated PBMC isolated from lean and obese individuals in
basal and exercised conditions. Data presented as meanz+ SD.
“Statistical difference from basal values (p <0.05). PStatistical
difference compared to lean group (p < 0.05).

increase in nonclassical proinflammatory monocytes in
obese (p=0.016) as well as in lean subjects (p <0.001).
At the end of the exercise, the percentage of CD16" mono-
cytes remained higher in obese compared with lean indi-
viduals (p=0.022). No significant difference was observed
in CD16™ monocytes in both groups (p <0.05).

3.5. Effects of Exercise Stress and Immunological Challenge on
Levels of Histone H4 Acetylation and HDAC2 Activity in
PBMC from Obese Individuals. Figure 1 presents the effects
of strenuous exercise on the levels of global H4ac in PBMC
of lean and obese subjects before and after LPS challenge.
PBMC:s isolated from nonexercised lean and obese individ-
uals presented similar levels of global H4ac when incu-
bated in vitro in the presence of medium (lean 182.17
+152.55ng/mg of protein; obese 336.33+15.84ng/mg of
protein; p > 0.05). However, the stimulation of PBMC with
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FIGUre 2: Global HDAC2 activity in nonstimulated and LPS-
stimulated PBMC obtained from lean and obese individuals in
basal and exercised conditions. Data presented as mean+ SD.
“Statistical difference from basal values (p <0.05). PStatistical
difference compared to the lean group (p < 0.05).

LPS caused a significant hyperacetylation of H4ac in cells
of obese (3382.89+718.21ng/mg of protein) compared
with cells from of individuals (1873.07 +1216.92 ng/mg of
protein) (p=0.015). Moreover, in obese individuals, the
acute strenuous exercise increased the global H4ac in both
nonstimulated (p=0.01) and LPS-stimulated (p=0.04)
PBMC. In contrast, in the lean group, the exercise was
not able to modulate the levels of H4ac in PBMC even after
the challenge with LPS (p > 0.05).

Regarding the histone deacetylases, we evaluated the
effect of strenuous exercise on HDAC2 activity in PBMC of
obese individuals under basal and LPS-stimulated condi-
tions. At baseline, lean individuals had higher activity of
HDAC2 in LPS-stimulated PBMC (554.42 + 116.63 ng/mg
of protein) than obese individuals (320.14 + 136.71 ng/mg of
protein) (p=0.005). At baseline, LPS-stimulated PBMC of
lean presented higher HDAC2 activity (554.42 +116.63 ng/
mg of protein) compared with those cells of obese individuals
(320.14 +136.71 ng/mg of protein) (p = 0.005). No effect of
exercise was observed on HDAC2 activity in both nonstimu-
lated and LPS-stimulated PBMC of the lean group (p > 0.05).
On the other hand, a significant reduction on HDAC2
activity in PBMC was observed after exercise in both nonsti-
mulated (p=0.022) and LPS-stimulated (p =0.030) condi-
tions in obese groups (Figure 2).

3.6. Cytokine Production. The production of IL-6
(Figure 3(a)), IL-8 (Figure 3(b)) and TNF-a (Figure 3(c))
by PBMC isolated from lean and obese subjects, at rest and
exercised conditions, was evaluated after in vitro stimulation
with LPS. At rest, compared with lean, PBMCs of obese indi-
viduals displayed an inflammatory profile in both nonstimu-
lated and LPS-stimulated conditions. In this line, the
production of IL-8 (p=0.024) and TNF-a (p=0.015) by
nonstimulated cultured PBMC, as well as the production of
IL-6 (p < 0.001), IL-8 (p < 0.001), and TNF-a (p < 0.001) by
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LPS-stimulated cells was higher in obese compared with the
lean group. In the lean group, PBMCs isolated from exercised
individuals when cultured in the presence of medium
(control), compared with nonexercised condition, pro-
duced a high amount of TNF-a (p =0.024). In addition,
when cells of exercised lean were stimulated in vitro with
LPS, compared with the basal condition, a significant
increase in IL-8 (p=0.039) and TNF-a (p=0.039) was
observed. In the obese group, a significant increase in
TNF-a (p=0.01) was observed in nonstimulated cells after
exercise compared to the rest condition. Moreover, a signifi-
cant increase in LPS-stimulated condition, relative to IL-8
(p=0.02) and TNF-« (p <0.001) production, after exercise
in obese individuals was observed. In addition, at the end of
the exercise, significant differences between groups (lean
and obese) were found in the levels of IL-8 (p=0.015) and
TNF-a (p<0.001) secreted by nonstimulated PBMC and
IL-6 (p=0.003), IL-8 (p=0.001), and TNF-a (p < 0.001)
released by LPS-stimulated cells.

3.7. Correlations. Values of basal global H4ac in LPS-
stimulated PBMC have a positive correlation with body mass
(r=0.63; p=0.01), BMI (r=0.63; p=0.01), AC (r=0.66;
p=0.01) and WC (r=0.57; p=0.03), and nonclassical
proinflammatory monocytes (r = 0.53; p = 0.05). In addition,
postexercise, the global H4ac was positively correlated with
body mass (r=0.57; p=0.03), BMI (r=0.54; p =0.04), AC
(r=0.55; p=0.04), and WC (r=0.56; p =0.03). Moreover,
when we calculated the delta value (postexercise—basal
values) of epigenetic and cytokine markers (TNF-«) to
verify possible correlations between these variables induced
by acute exercise, a positive correlation was found between
delta value of global H4ac and delta value found for TNF-«
production induced by LPS stimulation (r = 0.75; p = 0.002)
(Table 5).

Regarding basal HDAC2 activity on LPS-stimulated
PBMC, these parameters had negative correlations with body
mass (r=-0.60; p=0.02), BMI (r=-0.70; p<0.001), AC
(r=-0.69; p<0.01), WC (r=-0.79; p<0.01) and non-
classical proinflammatory monocytes (r=-0.63; p=0.01).
The HDAC2 activity in LPS-stimulated PBMC obtained
from exercised individuals also presented negative correla-
tions with body mass (r =-0.70; p <0.01), BMI (r =—-0.84;
p<0.001), AC (r=-0.69; p<0.01), and nonclassical pro-
inflammatory monocytes (r=-0.66; p <0.001) (Table 6).

4. Discussion

To the best of our knowledge, this is the first study describing
the influence of strenuous exercise on the acetylation status
of histone H4 and HDAC?2 activity in PBMC of obese indi-
viduals. Our results showed that, at rest, LPS-stimulated
PBMC of obese individuals presented high H4ac levels and
low HDAC?2 activity compared with lean. In obese men, the
acute strenuous exercise increased the global H4ac and
reduced the HDAC2 activity in both nonstimulated and
LPS-stimulated PBMC. Moreover, the exercise induced a sig-
nificant increase in nonclassical proinflammatory monocytes
and a marked increase in the production of proinflammatory
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FIGURE 3: Production of IL-6 (a), IL-8 (b), and TNF-« (c) by nonstimulated and LPS-stimulated PBMC obtained from lean and obese
individuals in basal and exercised conditions. Data presented as mean + SD. *Statistical difference from basal values (p < 0.05). "Statistical

difference compared to the lean group (p < 0.05).

TaBLE 5: Correlation of H4ac status of LPS-stimulated PBMC and
anthropometric, proinflammatory monocyte, and delta (A) value
of TNF-a before and after exercise.

Levels of H4ac in LPS-stimulated PBMC

(ng/mg of protein)

Before After A (after-before)
Body mass (kg) 0.63 (0.01) 0.57 (0.03) N.S.
BMI (kg/m?) 0.63 (0.01)  0.54 (0.04) N.S.
AC (cm) 0.66 (0.01)  0.55 (0.04) N.S.
WC (cm) 0.57 (0.03)  0.56 (0.03) NS.
CD14'CD16" (%)  0.53 (0.05) N.S. NS.
ATNE-a NS. NS. 0.75 (p = 0.002)

Pearson’s Correlation presented as r (p value). p values were considered
significant when <0.05. AC: abdominal circumference; BMI: body mass
index; TNF-a: tumour necrosis factor-alpha; WC: waist circumference;
N.S.: nonsignificant correlation.

TaBLE 6: Correlation of HDAC2 activity of LPS-stimulated PBMC
and anthropometric and monocyte subset before and after exercise.

HDAC2 activity in LPS-stimulated
PBMC (ng/mg of protein)

Before After
Body mass (kg) —-0.60 (0.02) -0.70 (<0.01)
BMI (kg/m?) —0.70 (<0.001) —0.84 (<0.001)
AC (cm) —0.69 (<0.01) ~0.69 (<0.01)
WC (cm) ~0.79 (<0.01) N.S.
CD14"CD16" (%) ~0.63 (0.01) ~0.66 (<0.001)

Pearson’s correlation presented as r (p value). p values were considered
significant when <0.05. AC: abdominal circumference; BMI: body mass
index; WC: waist circumference; N.S.: nonsignificant correlation.



cytokines, IL-8 and TNF-a, especially in obese men. Taken
together, these results suggest that the excess of fat mass
alters the acetylation events and the chromatin remodeling
in PBMCs.

Obese individuals reported higher total energy intake and
lipid consumption when compared to lean subjects. High-fat
diets are reported to induce changes in proinflammatory
gene expression and key genes related to lipid metabolism
in PBMC [34]. The acute and long-term lipid consumption
correlates with the upregulation of genes related to inflam-
mation such as CD16A, MCP-1, IL-6, TNF-a, and p65 in
PBMC and adipose tissue [35]. In fact, obese mice treated
with hypercaloric and high-fat diet had altered cytokine
expression in peritoneal macrophages after LPS stimulation
[36]. Thus, the higher amount of lipid consumption and total
energy intake by obese individuals impacts on proinflamma-
tory status of PBMC. However, we highlight that in our
study, the obese group did not present systemic lipid metab-
olism deregulation, as demonstrated by the absence of
changes in lipid parameters compared to lean.

The epigenetic modulation across altered DNA methyla-
tion and histone modification have been linked to the dys-
function of the immune system in obese individuals [7]. In
our study, the chronic low-grade inflammation observed in
obesity was associated with hyperacetylation of histone H4
in PBMC. Previous studies have also shown that leukocytes
from obese individuals presented a proinflammatory status
[4, 5, 37]. In this sense, Ghanim and coworkers [4] described
that PBMC from obese individuals had deregulated NF-xB
expression and proinflammatory cytokines expression than
matched lean controls. In addition, monocytes of obese indi-
viduals present an M1 phenotype, characterized by the
CD14"CD16" expression, elevated expression of TLR-4 and
TLR-8, and a large amount of TNF-« and IL-6 production,
after PBMC stimulation with nonesterified fatty acids
[38, 39]. Collectively, these data are in accordance with our
results regarding the proinflammatory phenotype of PBMC
of obese men, which produced high amounts of proinflam-
matory IL-6, IL-8, and TNF-a. In this way, we found positive
correlations between basal H4ac levels in LPS-stimulated
PBMCs and anthropometric markers (i.e., BMI, AC, and
WCQC) that confirm the close relationship between obesity
and histone H4 hyperacetylation.

Interesting, both M1 phenotype and enhanced NF-xB
expression are dependent on H4ac levels [12, 13]. In this
sense, previous studies demonstrated that the proinflam-
matory polarization of human monocytes by interferon
gamma or LPS plus TNF-« is regulated by H4ac status
[13, 40]. Moreover, Tsaprouni et al. [15] described that
the enhancement of gene transcription of IL-8 and TNF-
a is widely dependent on histone 3 and 4 acetylation,
which enhances the inflammatory gene transcription after
in vitro LPS stimulation. Indeed, the immunosuppressive
action of glucocorticoids involves deacetylation of histone
H4 in proinflammatory promoter genes via augmentation
of HDAC2 activity [19].

However, our study revealed that the higher levels of
cortisol found in the obese group have no effect in
acetylation-deacetylation events in PBMC of obese
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individuals. In fact, the immunosuppressive action of cortisol
in LPS-stimulated monocytic production of TNF-a was
inhibited in obese subjects [41]. Thus, the impaired cortisol
action on PBMC of obese individuals may contribute to the
enhancement in proinflammatory cytokine production and
histone H4 hyperacetylation in obesity. On the other hand,
in vitro data revealed that leptin increased the activation of
MAPKSs/NF-xB pathway through acetylation of histone
H4 [42]. As the expansion of adipose tissue in obesity is
accompanied by the augmentation of leptin, we hypothe-
sized that leptin may play a key role in H4ac status in
PBMC of the obese.

In the present study, in vitro stimulation with LPS signif-
icantly increased the H4ac levels and decreased HDAC2
activity in PBMCs from both lean and obese individuals. In
fact, H4ac is widely involved in the gene transcription after
LPS stimulation [43]. Mechanistically, the decreased HDAC2
activity may occur through oxidative stress [44] or polarizing
signals like cytokines or endocrine factors [12, 43]. In fact,
HDAC2 depletion can lead to the increase of inflammatory
gene expression via free NF-«B [45]. Thus, the decreased
HDAC2 activity in obesity may be a potential target for phar-
macological or exercise-based therapies.

In this study, obese individuals presented low tolerance to
exercise, demonstrated through short duration of exercise
bout and low number of repetitions before reaching a state
of exhaustion compared to lean individuals. However, simi-
lar HR response and perceived exertion were found at the
end of the exercise between groups. In fact, excess body fat
increases the oxygen cost and cardiorespiratory load during
submaximal or exhaustive exercises [46]. On the other hand,
while the cardiac output and stroke volume in response to
exhaustive exercise seems to be altered in obese individuals,
the oxygen consumption and HR response were not altered
indicating that the ability of the cardiorespiratory system
to transport oxygen to the exercised muscle during stren-
uous exercise was not impaired in obese individuals [47].
Thus, while obesity may have an impact on exercise toler-
ance, the excess of body fat has little impact on cardiovas-
cular response as indicated by similar HR response and
the percentage of HR maximal reached immediately after
strenuous exercise.

Acute strenuous exercise also increased the oxidative
damage markers (TBARS and protein carbonyls) and caused
areduction in total thiols content in both groups. Increases in
ROS production during and after exercise can occur through
different mechanisms, including increased oxidative phos-
phorylation and electron leakage in the electron transport
system, activation of xanthine oxidase pathway, NADPH
oxidase activity in peripheral phagocytes, as well as, impaired
calcium homeostasis, mechanical stress, and ischemia-
reperfusion events [48]. Moreover, TBARS and protein car-
bonyl levels seem to be responsive to maximal intensity exer-
cise and the degree of muscle damage induced by exercise,
but the same result was not observed after a submaximal
intensity exercise [49]. After exercise, obese individuals dis-
played higher concentrations of protein carbonyls compared
to lean. Proteins are major targets for ROS, and an increased
protein oxidation has been previously reported [49]. Obesity
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is associated with higher levels of oxidative stress that causes
oxidative damage to proteins, lipids, and DNA molecule. In
addition, sedentary obese individuals are more susceptible
to oxidative damage due to reduced enzymatic antioxidant
activity [48]. In this way, future studies should be conducted
in order to evaluate the acute effects of strenuous exercise on
antioxidant enzymes (i.e., catalase, superoxide dismutase) of
obese individuals.

This study sheds light on the exercise-induced epigenetic
changes on immune cells. We demonstrated that strenuous
exercise induced an increase in global H4ac and decrease in
HDAC?2 activity in LPS-stimulated PBMC of obese individ-
uals. In our study, the absence of changes in HDAC2 activity
and global H4ac status in both nonstimulated and LPS-
stimulated PBMC of lean individuals after strenuous exercise
corroborates previous reports on epigenetic changes in
PBMC from healthy individuals in response to acute exercise
[50, 51]. On the other hand, the densiometric units from
acetylated histone 4 on lysine 5 (H4K5) were significantly
elevated after a half marathon in both cancer patients and
healthy controls [52]. Interestingly, a single bout of vigorous
exercise enhanced NF-xB DNA-binding activity in PBMC
from healthy individuals [53]. In addition, recently, we dem-
onstrated that a single bout of high-intensity interval exercise
(HIIE) was able to elevate the global activity of HDAC in
PBMC of obese individuals [26] and the systemic levels of
IL-10 and TGF-f, suggesting that HDAC plays an important
role in the immunoregulatory activity of HIIE. Exercise-
induced epigenetic changes in PBMC seems to be exercise-
dependent, since acetylation-deacetylation events or DNA
methylation returned to basal values 24h after HIIE or
moderate-continuous exercise [26, 50], while strenuous exer-
cise was able to maintain higher histone acetylation status
24h after bout [52]. However, most studies did not evaluate
the epigenetic changes 24 h after exercise [25, 51]. Thus, we
believed that the histone modifications in PBMC and the
inflammatory response are dependent of the type and inten-
sity of exercise.

The BMI status is another important key regarding his-
tone modifications in response to exercise. In our study, a
positive correlation was found between postexercise global
H4ac levels and anthropometric markers such as body mass,
BMI, and trunk circumferences related to central adiposity.
In this line, Lavratti et al. [23] demonstrated that a reduction
in global H4ac of phytohemagglutinin-stimulated PBMC of
schizophrenic patients was accompanied by weight loss fol-
lowing 90 days of combined strength plus endurance exercise
training. Thus, the reduction in histone acetylation status
altered the production of IL-6, IFN-y, and TNF-« after mod-
erate exercise training [8, 23].

As expected, we found that strenuous exercise increased
the proinflammatory IL-8 and TNF-« production by PBMC
of obese and lean individuals after in vitro treatment with
LPS. Moreover, in the obese group, the peripheral frequency
of nonclassical proinflammatory monocytes was higher after
exercise compared to the lean group. Interestingly, this
proinflammatory status enhanced by strenuous exercise in
obese men was accompanied by increase acetylation status
of histone H4 in PBMC. Reinforcing this, a strong positive

correlation between delta values of TNF-a and H4ac levels
in PBMC of obese individuals was found. Elevations in the
production of LPS-induced proinflammatory cytokines after
exhaustive exercise were previously reported [21, 54, 55].
Moreover, strenuous exercise induces a significant decrease
in corticosteroid sensitivity in peripheral immune cells [56].
This may indicate that impaired cortisol immunosuppres-
sion action after exercise can contribute to the increase of
H4ac in LPS-stimulated PBMC and the higher cytokine pro-
duction after the bout. In addition, the elevation in protein
carbonyls after exercise in obese individuals may contribute
to H4ac and proinflammatory response. Indeed, previously
in vitro data revealed that the treatment with hydrogen per-
oxide induces IL-8 promoter hyperacetylation and reduces
the HDAC activity in bronchial epithelial cells [57]. Thus,
H4ac status alters the cell phenotype and cytokine produc-
tion pattern of both innate and adaptive immunity [16, 49].

Some studies have demonstrated that an acute bout of
strenuous exercise induced a significant increase in nonclas-
sical monocyte proportion in both healthy [58-60] and obese
individuals [61, 62]. It was postulated that the greater cate-
cholaminergic response, the degree of muscle damage and
oxidative stress response mediates the proinflammatory
monocyte mobilization. In fact, CD14"CD16" monocytes
showed a rapid and transient increase after epinephrine infu-
sion in healthy men [63]. On the other hand, some reports
described that CD16" monocytes are preferentially removed
from the bloodstream in healthy individuals following 1h
of recovery after exercise [60]. Thus, fat mass may impact
on selective CD14"CD16" monocyte tissue mobilization after
strenuous exercise. Contributing to this, leptin promotes the
development and selective mobilization of CD16" monocytes
and the in vitro TNF-a production by stimulated monocytes
[64]. Thus, the histone H4 hyperacetylation status after
strenuous exercise contributes to a polarization to the non-
classical monocyte phenotype in obese individuals.

5. Conclusion

In conclusion, this study provides evidence that a single ses-
sion of strenuous exercise induces an imbalance between
H4ac and HDAC2 activity and increases the proinflamma-
tory response. Collectively, the data suggests an influence of
epigenetic machinery in the immunomodulatory effects pro-
moted by exercise.
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Abstract

Aim: To investigate the impact of physical fitness on the mobilization of
CD47CD25-CD39" and CD4*CD25*CD39* T cells in response to acute exercise.
Methods: Fifteen high physical fitness (25.3 + 1.4 years) and 15 low physical
fitness (26.1 + 1.9 years) men performed a single bout of high-intensity interval
exercise (HIIE, 10 bouts of 60 seconds at 85% HRmax intercepted by 75 seconds of
recovery at 50% HRmax). Blood lymphocytes were isolated before, immediately
after and 1 hour after exercise for assessment of cell surface expression of CD25,
CD39, and CD73 on CD4" T cells. Effector memory T cells (mTeff) were
identified by CD4"CD25"CD39" coexpression, and memory regulatory T cells
(mTReg) were defined as CD4"CD25*CD39" T cells.

Results: Exercise increased CD4" and CD4+CD25" T cell frequencies immediately
after followed by a decrease bellow to baseline values at 1 hour after the bout in both
low and high physical fitness groups. At baseline, the proportions of mTeff were
higher, while mTreg were lower in low physical fitness individuals. The frequency of
mTreg increased immediately after HIIE in both groups, and remained higher 1 hour
after the bout. However, high physical fitness individuals presented higher mTreg
frequency in all periods evaluated. A significantly mobilization of mTeff cells was
identified in both groups immediately after HIIE. High physical fitness individuals
displayed a decrease in mTeff cells bellow to baseline, while the frequency of mTeff
remained higher in low physical fitness group 1 hour after the bout. The peripheral
frequency of CD4"CD25"CD73™ T cells increased in a similar way immediately after
the bout in both groups, returning to the baseline values 1 hour after exercise. No
differences in CD4*CD25-CD73" T cells were observed after HIIE in both groups.
Conclusion: Our results highlight the impact of physical activity status in the
redistribution of CD4™ T cells expressing ectonucleotidases in response to HIIE.
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1 | INTRODUCTION

Acute exercise-induced lymphocytosis and the recruitment of
Iymphocytes to the peripheral blood are markedly dependent
of the exercise mode, volume, and intensity of the session.!
The leukocyte redistribution with a typically drop in
lymphocyte counts below to baseline value is observed after
the acute exercise.® Several subject’s characteristics, such as
physical activity status and gender impact on immune cells
demargination in response to exercise’ In this way,
alterations in peripheral T cell subpopulations in response
to exercise are well established, and characterized by the
redistribution of CD4* and CD8" T cells with senescent/
effector phenotype.* The trafficking pattern of T cells is
largely driven by the increase in cardiac output, shear-stress
and higher catecholamine discharge during exercise.’

Recently, exercise-induced mobilization of immunor-
egulatory cells, mainly regulatory T cells (Treg cells) and
hematopoietic stem cells, was recognized as one of the
main mechanism by which exercise modulates the
immune response and attenuate the inflammatory
response in physically active individuals.®’ In the recent
years, the participation of the purinergic system in the
modulation of immune response has been evidenced. In
this context, T cells metabolize adenosine triphosphate
(ATP) into adenosine to induce immunomodulatory
responses, mainly through the Treg cells.® Ectonucleoside
triphosphate diphosphohydrolase-1 (ENTPD1, CD39) is
an ectoenzyme, expressed in several cells including
leukocytes, that hydrolyzes ATP and adenosine dipho-
sphate (ADP) to adenosine monophosphate (AMP).”*°
Subsequently, ecto-5'-nucleotidase (CD73) converts AMP
to adenosine, which is a well-known immunosuppressive
metabolite."!

It was reported that the expression of CD39 in
combination with CD4 and CD25 surface markers
identifies four distinct T cell populations into the
peripheral blood of humans: CD4"CD25*CD39* (acti-
vated/memory Treg, mTreg); CD4"CD25*CD39~ (pro-T
helper subset; Th); CD4"CD25 CD39" (memory
T effector cell; mTeff) and CD4*CD25"CD39~ T cells
(naive T effector cell, nTeff).!*> These populations are
extensively dynamic and can be tracked during the
inflammatory response.”’®> Moreover, patients with
renal allograft rejection had reduced CD4*CD25*CD39*
mTreg frequency and higher CD4"CD25-CD39" mTeff
cells. In this way, CD39 and CD73 are important
molecules for the management of the duration, magni-
tude, and composition of immune response.'?

Data reporting the impact of acute physical exercise
on the expression of CD39 and CD73 on CD4" T cells
are lacking. Our group and others have reported the
immunomodulatory effects of high intensity interval

exercise (HIIE) in sedentary, obese, type 2 diabetic and
healthy individuals.”***® It was demonstrated that a
single bout of HIIE enhanced the peripheral frequency
of Treg cells and increased the rate of apoptosis of highly
differentiated T cells.” In addition, HIIE was able to
increase the immunomodulatory interleukin-10 (IL-10)
in obese and lean individuals and transforming growth
factor § (TGF-@; in obese), and decrease the concentra-
tions of IL-8 without altering the levels of IL-17a and
TNF-o..">1°

Thus, the exercise-induced immune response may be
influenced by the expression of ectonucleotidases on
T cells. In this way, this study aimed to evaluate the
impact of acute HIIE on the expression of CD39 and
CD73 on CD4* CD25" and CD4" CD25" T cells in
healthy men. Given the well-known impact of high
aerobic fitness status on immunomodulatory effects of
exercise, we also verified the differential mobilization of
CD4* T cells subsets in active vs sedentary individuals.

2 | MATERIALS AND METHODS

21 |

Fifteen high physical fitness (25.3 + 1.4 years) and 15
low physical fitness (26.1 + 1.9 years) healthy men were
recruited from Porto Alegre (Brazil). The criteria for
physically active was the completion of at least 3 hours
of endurance training per week, for a minimum of 3
years and a maximal oxygen consumption (VO,p,ay) of at
least 52 mL/kg/min Individuals who reported less than
100 minutes of physical activity per week, not engaging
in regular exercise training for at least 2 years was
defined as physically inactive/sedentary. Before experi-
mental trials, all individuals completed a medical health
questionnaire, the International Physical Activity Ques-
tionnaire (IPAQ; https://sites.google.com/site/theipaq/)
and the Physical Activity Readiness Questionnarie
(PAR-Q).

This study was approved by the UFCSPA Research
Ethics Committee (protocol 1.973.432). All participants
gave their written informed consent and the study was
carried out in accordance with the Declaration of Helsinki
2013. Participants were nonsmokers, had normocaloric diet
and not taking any medications or supplements known to
affect metabolic or immune systems. Exclusion criteria
included excessive alcohol intake (>10 drinks/week),
autoimmune, cardiac, endocrine or metabolic diseases,
acute and chronic infections that would impact study
outcomes. All participants refrained any form of exercise
within 48 hours of each laboratory visit and were asking to
refrain alcohol and caffeine beverages 12 hours prior the
lab visits.

Participants
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Participants attended at the laboratory on three different
days, with an interval of 7 days, after an overnight fast.
During visit 1, participants completed a medical ques-
tionnaire, the IPAQ, and were screening to ensure that
they met the study inclusion/exclusion criteria. Eligible
participants returned for a second visit to complete a body
composition evaluation and an incremental cardiopul-
monary exercise testing (CPX). All experimental trials
were completed between 08:00 and 10:00 am During the
trials, the temperature and humidity of the room were
continuously controlled (18-24°C and humidity 50-70%).

A qualified professional performed all anthropometric
evaluations, and all tests were performed three times and
the average was used for analysis. Body mass (kg) and
height (m) were determined by a semianalytical scale
(Welmy, Santa Barbara D’Oeste, Brazil), with capacity for
200kg and a stadiometer attached (Welmy) with an
accuracy of 0.1kg and 0.005cm, respectively. Waist
circumference (WC, cm) circumference was measured
through an inelastic measuring tape.

The CPX was performed on electric treadmill
(Centurion 300; Micromed, Brasilia, Brazil) using a ramp
protocol.'® Exercise test started at 4.5 km/hour and no
slope for all study participants. Then, the load (speed and
slope) was individually increased for each participant
considering their physical condition and tolerance. The
load test was designed to obtain VOjpe.x Within 8 to
12 minutes, followed by 1 minute of active recovery
(speed and slope similar to the initial test data) and
5 minutes of passive recovery. Both the speed and incline
of the treadmill gradually increased up to the maximum
limit of the participant. The test was terminated after
verification of the following circumstances: (a) request of
the participant due to extreme tiredness and/or percep-
tion of the intense sensation of dyspnea; (b) attained the
maximum heart rate (HR) predicted by age (HRmax) was
>85%; (c) peak respiratory exchange ratio RER > 1.1; (d)
VO, plateau was reached even with increasing work-
load." Ventilatory and metabolic parameters were
collected by respiration using Metalyzer 3B (Cortex,
Leipzig, Germany) and were analyzed after the mean of
the data in eight respiratory cycles. The CPX system was
calibrated before each test with respect to both airflow
and O, and CO, analyzers. The average of the last
30 seconds of the test was used to determine the VO,pe,k.

Preliminary trials

2.3 | Main trial

Exercise trial was undertaken in the morning at least
7 days after preliminary measurements. Participants
performed a warm-up (5 minutes) at a workload eliciting

oo R

40% HRmax. HIIE consisted in 10 bouts of 60 seconds
(85-90%PMax) alternated with 75seconds of recovery
(50% Pmax) in a motorized treadmill.'” Ratings of
perceived exertion (RPE) were monitored using Borg
scale and HR was monitored by telemetry (Polar,
Kempele, Finland) after each interval bout during HIIE.

2.4 | Blood sampling and PBMC
isolation

Blood samples (approximately 10 mL) were collected from
the antecubital vein in pre, immediately, and after HIIE.
Human peripheral blood mononuclear cells (PBMCs)
were isolated from peripheral blood from participants
using histopaque gradient solution, Histopaque 1077
(Sigma-Aldrich, St Louis, MO) as described before.?
PBMC viability was determined by trypan blue exclusion
and the viability was always more than 95%. Then, the
cells were washed and suspended in Roswell Park
Memorial Institute-1640 medium (Sigma-Aldrich) supple-
mented with 2 g/L sodium bicarbonate, 10% fetal bovine
serum (FBS; Sigma-Aldrich), 2% glutamine, and 100 U/mL
penicillin -0.1 mg/mL streptomycin (Sigma-Aldrich).

2.5 | Cell staining and flow cytometry

Cells were stained for 30 minutes at 4°C with mono-
clonal antibodies (5uL) conjugated with specific fluor-
ochromes: anti-human CD4 PercP-Cy5.5 (clone SK3),
anti-human CD25 FITC (clone M-A251), anti-human
CD39 PE (clone TU66), anti-human CD73 PE (clone
AD2) (all from BD Bioscience, San Jose, CA) followed by
wash with phosphate-buffered saline (PBS) (1%, pH 7.4)
for 5minutes (300g). Then, cells were suspended in
0.4 mL of PBS-bovine serum albumin (Sigma-Aldrich)
1% and analyzed by flow cytometry. Cell phenotype was
acquired using CELLQuest Pro Software (BD
Bioscience) on a FACSCalibur flow cytometer (Becton-
Dickinson, Rutherford, NJ) equipped with a 15mW
argon laser-emitting light at a fixed wavelength of
488 nm. Fluorescent signals were collected in logarith-
mic mode (six-decade logarithmic amplifier). Lympho-
cytes were identified and gated according to each
forward scatter (FSC) and side scatter (SSC) profiles.
In lymphocyte gate, the peripheral frequency of CD4™,
CD4*CD25%, CD4"CD257CD39", CD4*CD25*CD39*,
CD4*CD25°CD73*, and CD4"CD25"CD73" T cells
were evaluated. In accordance with Dwyer et al'? we
defined CD4"CD25°CD39* as mTeff cells and
CD4*CD25"CD39% as mTreg cells. CD39 and CD73
density expression was also assessed as mean fluores-
cence intensity (MFI) on CD47CD25~ and CD4*CD25*
T cell subpopulations. Single color control tubes were
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used in each assay to account for spectral overlap. A
minimal of 30 000 events were acquired for analysis.

2.6 |

Data were analyzed using SPSS 20.0 (SPSS Inc, IBM,
Chicago, IL). After the normality test by Shapiro-Wilk, all
values were presented as mean + standard deviation (SD).
Participant’s characteristics and baseline frequencies of
CD4+ subsets were compared through unpaired the
Student ¢ test. Two-way repeated measurement analysis of
variance, taking time and group as factors, were performed
followed by Bonferroni’s post hoc for multiple comparisons.
Correlations were checked by the Pearson correlation
coeficient. A P <0.05 was adopted in all analysis.

Statistical analysis

3 | RESULTS
3.1 | Subjects characteristics and
exercise responses

Table 1 shows the demographic characteristics of the low
physical fitness and high physical fitness participants. There
were no differences in age, height, body mass, body mass
index, or WC between the groups (P > 0.05). HR at rest was

TABLE 1 Participant’s characteristics and acute exercise

response
Low physical High physical
fitness fitness
Age,y 253+14 26.1+1.9
Height, m 1.75+£0.03 1.76 +0.02
Body mass, kg 70.8 + 3.68 71.3 +£2.20
BMI, kg/m? 235+1.5 23.7+13
WC, cm 77.23 £5.74 76.87 £ 8.57
HR at rest, bpm 68.21 + 8.21 59.09 + 5.72*
VOsmax, L/min 2.93+0.41 3.87£0.38*
VO, max, mL/kg/min 41.29 +2.74 55.82 +3.19*
HRmax, bpm 183 +8.92 182 +6.78
Exercise response
Heart rate, bpm 143.29 +5.91 155.32 + 3.20*
Relative HR, % 78.30 +2.91 85.34 + 3.28*
from max
PSE 15.21+0.81 14.59+1.23
Speed during 10.89 +1.44 15.24 +1.82*

bouts, km/h

Abbreviations: BMI, body mass index; HR, heart rate; PSE, perceived
subjective exertion; VO,pmay, maximal oxygen consumption; WC, waist
circumference.

Data are presented as mean + standard deviation.

"Denotes statistical difference compared with sedentary group (P < 0.05).

lower in high physical fitness group (P = 0.034). In response
to CPX, high physical fitness participants presented higher
absolute VO, (P=0.021), relative VO,p.c (P=0.01),
despite no differences in HRmax (P> 0.05). Acute HIIE
lasted approximately 30 minutes in both groups. The
average HR during HIIE was 155.32 + 3.20 bpm (85.34%
of HRmax) for high physical fitness group and 143.29 + 5.91
(78.30% of HRmax) for low physical fitness group
(P =0.042). The average RPE in high physical fitness group
was 14.59 +1.23, and 15.21 +0.81 for low physical fitness
group (P > 0.05). Moreover, participants with high physical
fitness running at higher speed during interval bouts than
low physical fitness subjects (P = 0.031 for speed bout).

3.2 | Aerobic fitness correlates with
baseline CD4YCD25-CD39" and
CD4*CD25*CD39™ T cells

The VO,.x values positively correlated with the baseline
frequencies of mTreg cells (CD4*CD25*CD39") (r=0.69;
P <0.001) (Figure 1A). Moreover, a negative correlation
between VO, and mTeff cells (CD4*CD25 CD39")
(r=-0.59; P<0.001) was identified (Figure 1B). No
significant correlations were identified between the values
of VO, and the proportions of CD4*CD25YCD73",
CD4*CD25-CD73" and CD4*CD25" T cells (P> 0.05).

3.3 | The impact of physical fitness
status on mobilization of CD4" and CD4%
CD25" T cells after HIIE

The acute response of CD4" and CD4* CD25" T cells to
HIIE are presented in Table 2. Acute HIIE induced a
significantly increase in CD4" T cell frequency immedi-
ately after the bout (P = 0.01 for both groups), decreasing
bellow to baseline values after 1hour in both groups
(P=0.025 for high physical fitness group; P =0.038 for
low physical fitness group). The expression of CD25 on
cell surface of CD4* T cells increased immediately after
the bout in both groups (P=0.01). A significantly
decrease in CD4" CD25% T cell proportions bellow to
baseline was observed 1 hour after HIIE in low physical
fitness group (P =0.38), without difference in high
physical fitness group (P > 0.05).

3.4 | The impact of physical activity
status on mobilization of
CD4"CD25°CD39*" and CD4*CD25"CD39*
T cells after HITE

The acute response of mTreg (CD4"CD25*CD39%,
Figure 2A) and mTeff (CD4*CD25 CD39*, Figure 2B)
cells were presented in Figure 2. The baseline proportions
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FIGURE 1 Correlations between the VO,,,,., values and
baseline proportions of mTreg (CD4"CD25*CD39") (A) and mTeff
(CD47CD257CD39™) T cells (B) in young men. Correlation
analyses were performed through the coeficient of the Pearson
correlation (P < 0.05)

of mTreg (P =0.042) and mTeff (P =0.034) were different
between the groups. Acute HIIE increased the peripheral
frequencies of mTreg and mTeff cells in both low physical
fitness (P = 0.038; P = 0.042, respectively) and high physical
fitness group (P =0.03; P=0.027, respectively) immedi-
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FIGURE 2 The acute response of mTreg (CD4*CD25"CD39%; A)
and mTeff (CD4"CD25"CD39™"; B) cells to a single bout of HIIE in low
physical fitness and high fitness and men. *Denotes statistical difference
compared with sedentary group (P < 0.05). "Denotes statistical
difference compare to before HIIE (P < 0.05). HIIE, high-intensity
interval exercise

ately after bout. The frequency of mTreg remained higher
1hour after HIIE in high physical fitness (P=0.04) and
low physical fitness (P =0.045) individuals. However, the
frequency of mTeff decreased bellow to baseline in high
physical fitness individuals (P =0.042) 1 hour after HIIE,

TABLE 2 The acute response of CD4* and CD4* CD25" T cells to a single bout of HIIE in low and high physical fitness individuals

Before
CD4 + T cells (%)
Low physical fitness 44.28 + 3.51
High physical fitness 45.64 +3.78
CD4 + CD25 + T cells (%)
Low physical fitness 6.12 + 2.85
High physical fitness 7.34 +2.81

Abbreviation: HIIE, high-intensity interval exercise.
Data are expressed as mean + standard deviation.
“Denotes statistical differences compared with before HIIE (P < 0.05).

Immediately after 1h after
48.96 + 2.87* 41.29 + 3.52*
49.57 + 3.64* 40.29 + 3.95*
8.85 +2.74* 4.87 +2.19*%
9.93 +1.73* 7.67 +4.86
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without differences in low physical fitness individuals
compared with baseline values (P> 0.05).

3.5 | The impact of physical activity
status on mobilization of
CD4*tCD25-CD73* and CD4*CD25tCD73%
T cells

The acute response of CD4*CD25*CD73™" (Figure 3A) and
CD4"CD25"CD73" T cells (Figure 3B) are presented in
Figure 3. At baseline no significant differences between
groups were observed in CD73 expression on CD4+*CD25~
and CD4"CD25" T cells. Acute HIIE increased the
peripheral frequency of CD4*CD25*CD73% T cells im-
mediately after bout in both groups (P=0.02 for high
physical fitness group; P =0.038 for low physical fitness
group), returning to baseline values 1 hour after exercise
(P> 0.05). No significantly differences were observed in
CD73 expression on CD4*CD25~ T cells immediately and
1 hour after HIIE in both groups (P> 0.05).
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FIGURE 3 The acute response of CD4*CD257CD73* (A) and
CD4*CD25-CD73* (B) T cells to a single bout of HIIE in low
physical fitness and high fitness and men. ®Statistical difference
compare to before HIIE (P < 0.05). HIIE, high-intensity interval
exercise

3.6 | The impact of physical activity
status on MFI of CD39 and CD73 in
CD47CD25~ and CD4*CD25" T cells
after HIIE

We assessed the expression of CD39 (Figure 4A) and CD73
(Figure 4B) on cell surface of CD4*CD25~ and CD4"CD25"*
T cells in response to HIIE. At baseline the MFI of CD39 on
CD4*CD25™ T cells was higher in high physical fitness group
compared with low physical fitness group (P = 0.038). In low
physical fitness group, acute HIIE increased the expression of
CD39 on CD47CD25~ (P=0.021) and CD4"CD25" T cells
(P =0.03) immediately after bout, remaining higher 1 hour
after HIIE on CD4'CD25~ (P=0.042) and CD4*CD25*
T cells (P=0.035). High physical fitness group displayed
significant increase in CD39 expression on CD4*CD25~

(P=0.025) and CD4"CD25% T cells (P=0.039).
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FIGURE 4 The expression of CD39 (A) and CD73 (B) on
CD4*CD25~ and CD4*CD25™ T cells in response to a single bout of
HIIE in low physical fitness and high fitness and men. *Denotes
statistical difference compared with sedentary group (P < 0.05).
"Denotes statistical difference compare to before HIIE (P < 0.05).
HIIE, high-intensity interval exercise; PF, physical fitness
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Furthermore, CD39 MFI remained higher on CD4"CD25"%
(P=0.033) T cells while the expression of CD39 on
CD47CD25~ T cells returned to baseline (P> 0.05) after
1 hour of the bout. The expression of CD39 on CD4*CD25"
T cells was higher in high physical fitness group compared
with low physical fitness group immediately after (P = 0.03)
and 1 hour after (P = 0.025) bout. No significant differences
were identified in CD73 MFI on CD4*CD25™ T cells in
response to HIIE (P> 0.05). The expression of CD73 on
CD4*CD25" T cells increased immediately after bout in both
groups (P=0.01 for both), remaining higher 1hour after
HIIE (P = 0.042 for low physical fitness group; P =0.023 for
high physical fitness group).

4 | DISCUSSION

Acute exercise induces several phenotypic changes in T cells
influencing the immunosurveillance.? Here, we showed for
the first time that a single HIIE mobilizes circulating
CD4*CD25*CD39" mTreg, CD4*CD25-CD39" mTeff and
CD4*CD25*CD73" T cells in individuals with different
levels of physical fitness. One hour after the bout, mTeff
decreased bellow to the baseline in high physical fitness
group, while mTreg remained higher in both groups. The
frequencies of CD4"CD25"CD73"* T cells returned to the
baseline values after HIIE. Collectively, our findings denote
that exercise exerts great impact on CD47CD25 /" T cells
expressing ectonucleotidases CD39 and CD73, despite the
impact of fitness capacity on mTeff redistribution after
exercise. Moreover, HIIE increased the expression of
ectonucleotidases CD39 on CD4*CD25~ and CD4"CD25*
T cells and CD73 on CD4"CD25" T cells surface in both
groups.

Firstly, we identified that VO,,,, positively correlated
with CD4"CD25"CD39" mTreg cells, and inversely corre-
lated with CD4*CD25~CD39" mTeff cells. Despite these new
findings, the relationship of aerobic fitness with T cell
markers is not surprise. Spielmann et al** showed that
aerobic fitness was associated with lower accumulation of
senescent T cells at rest in the peripheral blood of healthy
men. Upon antigen presentation, activated and senescent T
cells presented upregulation of CD39 expression to induce
lymphocyte proliferation and cytokine production.'® Higher
frequencies of CD4"CD25 CD39" T cells are found in
inflamed tissues, that is, renal allograft and knee joint,
producing higher levels of interferony and IL-17a.*'?
Previous data indicate that chronic inflammatory conditions,
such as obesity and kidney disease, are characterized by
peripheral increased in the proportion of mTeff cells.'***
Interestingly, we identified higher expression of CD39 and
CD73 in CD4"CD25" compared with CD4*CD25™ T cells,
highlighting the differential role of ectonucleotidases in

ey KRR

CD4™ T cells subsets. Thus, the negative correlation between
VO,max and CD4*CD257CD39" T cells may indicate the
proinflammatory status of these cells in low aerobic fitness
individuals.

On the contrary, the positive correlation between VO,
and mTreg cells highlights the impact of aerobic fitness
status on immunoregulatory cells. Previous observational
studies identified higher proportions of CD4"CD25*CD127~
Treg cells in endurance trained athletes compared with
sedentary individuals, demonstrating the role of aerobic
fitness on Treg cells.**** Thus, the analysis of the CD39
expression in CD4" T cells adds new knowledge on the
impact of physical fitness status on the immune system. It
has been reported that CD4*CD25*CD39* T cells have a
regulatory phenotype, so subjects with higher VO,,.x may
have higher percentages of Treg cells with this phenotype.

High-intensity exercise has a profound impact on the
mobilization and redistribution of T cells during and after
exercise than moderate-intensity exercises.” Here, we showed
that a single bout of HITE mobilized CD4" T cells expressing
CD25, CD39, and CD73 molecules on cell surface. It was
observed that the expression level (MFI) of CD39 and CD73
on CD4*CD25" T cells were higher immediately and 1 hour
after HIIE in both groups. In relation to CD47CD25™ T cells,
only CD39 had their expression increased after the bout.

Activated CD4" T cells, evaluated through the expres-
sion of CD25, occurred immediately after HIIE in both
sedentary and physically active groups. Mobilization of
CD4*CD25" T cells is mediated through sympathetic
nervous response, increasing the trafficking of activated
CD4* T cells in peripheral blood in response to stress
situations.®® Some data indicate that the surface expression
of CD25 transiently increases after high-intensity exer-
cise.””?® In contrast, no changes in CD4"CD25" T cell
frequency were observed after a single HIIE in sedentary
individuals.'® These different findings may be explained by
exercise mode (treadmill vs cycle ergometer) and the initial
physical fitness from our subjects (low physical fitness
individuals: 41.29 mL/kg/min; higher physical fitness
individuals: 55.82 mL/kg/min) compared with those who
participated in the formed study (33.6 mL/kg/min).'®

We also showed for the first time the modulation of
CD39 expression on CD4*CD25~ and CD4*CD25™ T cells
in response to acute HIIE. A significantly mobilization of
CD4*CD257CD39" mTeff and CD4"CD25*CD39" mTreg
cells was observed immediately after HIIE in both sedentary
and physically active individuals. The increase of ectonu-
cleotidase enzymes in PBMC positively correlated with
lower inflammatory markers such as IL-6 and C reactive
protein after 30 weeks of exercise training (endurance plus
strength exercises) in metabolic syndrome patients.” In
response to acute exercise, Moritz et al** demonstrated
higher activity of ectonucleotide pyrophosphatase/
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phosphodiesterase and lower levels of ATP/ADP in the
peripheral blood after moderate exercise in young men,
suggesting an augment in CD39 activity. However, vigorous
exercise did not impact the expression of CD39 in T cells of
sedentary and active individuals.® It is necessary to
emphasize that some methodological points, mainly the
lack of CD4* phenotyping in previous studies, impairs the
directly comparison with our findings.

CD39 is a rate-limiting enzyme that hydrolyzes ATP or
ADP to AMP. Furthermore, CD39 is upregulated in
CD4*CD25™ T cells during acute and chronic inflammation,
stimulating the production of higher levels of IL-17a and
interferony.>? In fact, the increased CD4"CD25 CD39*
mTeff cells after HIIE is consistent with previous studies who
observed acute mobilization of effector memory T cells with
a highly differentiated and inflammatory phenotype after
exercise.>> Moreover, Kruger et al” showed that the increase
of effector differentiated T cells in the circulation was higher
compared with low differentiated T cells. It is supposed that
HIIE induces higher mobilization of mTeff cells from
secondary lymphoid organs through repeated sympathetic
stimulation during the bout.*?

Interestingly, in our study, only high physical fitness
group presented a redistribution of CD4*CD25" T cells and
CD4*"CD25~CD39" mTeff cells bellow to the baseline values
1 hour after the bout. The CD39 MFI on CD4*CD25™ T cells
also returned to the baseline values 1 hour after HIIE in high
physical fitness group, remaining higher in low physical
fitness group. Previously, Simpson et al’ pointed out that
effector T cells mobilized during exercise tend to present a
phenotype associated with tissue migration. Moreover, it was
demonstrated that acute HIIE increases apoptosis markers
on highly differentiated T cells.” Thus, in our study the
decrease of circulating CD4*CD25~CD39" mTeff cells can be
due to apoptosis or redistribution to peripheral tissues.
Similarly to us, Minuzzi et al*> showed lower frequencies of
CD4*CD27 CD45ra KLRG1*  (effector memory) and
CD4*KLRGI*T cells 1hour after exercise in masters
athletes.

In this way, the decrease in CD4*CD25-CD39* mTeff
cells frequency may also be related to the anti-inflam-
matory effects of exercise in high physical fitness
individuals. Interestingly, high-intensity exercise de-
creases the expression of interferon y in CD4" T cells
until 1hour after session.>® The fact of this pattern of
decreasing mTeff after exercise was not observed in low
physical fitness group indicate that sedentary subjects
may experience some degree of acute inflammation in
response to HIIE. A recent study described that the
higher physical fitness may be required to the high-
intensity exercise induces anti-inflammatory mediators.*”

Acute HIIE also induced a significantly increase in
CD4*CD25*CD39" mTreg cells immediately and 1 hour

after bout in both low physical fitness and high physical
fitness individuals. Acute mobilization of Treg cells is
controversial in the literature, but there are some data
indicating that high-intensity is necessary to increase the
number of Treg cells after exercise. In this way, our results
are in line with previous data who reported the better effects
of HIIE on Treg mobilization after bout.”*® Although these
studies did not evaluate mTreg cells, the response of these
cells seems to be also dependent of the exercise mode and
intensity. Strenuous exercise, consisting in 4 day of 30 km of
endurance exercise, did not alter CD4*"CD45RAFoxP3"eh
mTreg cells in elderly individuals.”” However, a marathon
running impacted on CD4*CD127 HLA DR*CD45RO™
mTreg after 1day of the bout.® Collectively, these results
may indicate that very exhaustive, like ultra-marathon and
marathon, induces a late increase in mTreg cells. On the
contrary, well tolerated exercises (ie, HIIE) increase mTreg
cells immediately after the bout. The mobilization of mTreg
cells is a crucial for homeostasis of the immune system,
while its deficiency may contribute to the autoimmune
diseases, and higher amounts Treg cells can cause severe
immunosuppression.

Physical inactivity lifestyle and obesity are associated
with a proinflammatory condition and blunted Treg
frequency.* On the contrary, the mobilization of mTreg
cells by HIIE indicates an increased anti-inflammatory
effect of this exercise mode. In fact, we previously
demonstrated that HIIE increased the systemic levels of
IL-10, an immunoregulatory cytokine secreted mainly by
Treg cells, in both lean and obese sedentary individuals'’.
Thus, higher CD4*CD25"CD39" mTreg cells until 1 hour
after HIIE may explain the higher IL-10 levels reported in
previous studies involving this type of exercise.

Recently, it was described that repeated adrenergic
stimulation via P2-adrenergic receptor increases the
mobilization and the suppressive capacity of Treg cells.*
In fact, CD4*CD25*CD39" mTreg have higher immuno-
suppressive function through the conversion of ATP to
adenosine by CD39 and CD73 ectoenzymes. Moritz et al*
showed higher adenosine concentrations and increased
ectonucleotidase activities after a single bout of exercise.
Thus, the increase in systemic purinergic metabolism
observed after exercise in healthy individuals may be
involved in the anti-inflammatory effects of exercise
through the activation of CD4*CD257CD39* T cells. In
this sense, increased ATP degradation and adenosine
consumption by mTreg cells expressing CD39 were
related to kidney transplantation tolerance, highlighting
the immunosuppressive capacity of mTreg cells.*!

We also report for the first time the impact of acute HITE
on CD4"CD25 CD73" and CD4*CD25"CD73" T cells. Our
results demonstrated a significantly mobilization of
CD4*CD25"CD73" T cells in response to HIIE, returning
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to the baseline values 1 hour after bout in both groups. No
changes in CD4"CD25"CD73"% T cells in response to HIIE
were observed. CD73 is a key molecule to induce
immunoregulatory functions in T cells through the conver-
tion of AMP into adenosine.® Of note, the CD73-derived
adenosine produced by Treg downregulates the nuclear
factor-xB activation in Teff cells, reducing the production of
proinflammatory cytokines and chemokines.**

The expression of CD73 on CD4"CD25™ T cells increase
during acute inflammation through the stimulation of
proinflammatory cytokines.* The lack of increase in the
number of CD4*CD25-CD73* T cells after the bout may be
related to the control of inflammatory mediators after HIIE.
Moreover, the expression of CD73 on the cell surface of
CD4*CD25% T cells is negligible, but abundant in the
cytoplasm of cells.** In this way, acute exercise may stimulate
the translocation of CD73 to cell surface on CD4*CD25*
T cells. In fact, we observed an increase in CD73 MFI
immediately and 1hour after HIIE in both groups. In
addition, CD73 expression on mTreg cells is induced upon
activation.* Collectively, our data demonstrate that HIIE has
a prominent impact on both CD39 and CD73 expression
(MFI) on CD47CD25" T cells. The increase in CD39 and
CD?73 expression on CD4"CD25™ T cells are necessary to the
induction of immunosuppressive functions of Treg cells and
to suppress IL-17 cytokine production.*** However, we
failed to analyze the coexpression of both ectonucleotidases
due to technical reasons.

5 | CONCLUSION

In conclusion, we provide first evidence that acute HIIE
elicit a significant mobilization of CD4™ T cells expres-
sing CD39 and CD73. The increase in ectonucleotidases
expression on CD4" T cells may explain, at least in part,
some immunoregulatory and immunosuppressive effects
of HIIE. Furthermore, high physical fitness individuals
presented a differential redistribution of mTreg and
mTeff cells compared with low physical fitness subjects
in response to HIIE. Differences in the mobilization of
CD4"CD25~ and CD4*CD25* T cells that express CD39
may be related to the immune adaptations due to a long-
term physical training routine in physically active
individuals.
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Abstract

Background/Aim Chronic inflammation and accumulation of senescent T cells underlies
many of unhealthy markers associated with obesity and low cardiorespiratory fitness (CRF).
Although exercise training induces anti-inflammatory effects without changes in fat mass, the
role of CRF on cellular immunity of obese subjects is unknown. This study aimed to verify
the peripheral frequency of CD4*CD25"""CD127'°" Treg cells, CD39 and CD73 on CD4+ T
cells, monocyte subsets and the systemic levels of cytokines in lean and obese men with
different levels of CRF.

Methods Blood samples were obtained from 45 lean and 45 obese men who were assigned
into six groups according to body mass index (BMI) and CRF (low, moderate or high peak of
oxygen consumption, VOapeak). Moreover, seven obese men with low VOapeqk performed one
week of High Intensity Interval Training (HIIT, 3 sessions/week) and blood samples were
collected before and 24 h after the last session. In blood samples were analyzed the frequency
of monocyte subsets, CD4+, CD8+, HLA-DR+ and CCR5+ T cells, and subpopulations of
CD4+ T cells (Treg cells, CD4+CD25""CD127"°%; mTeff, CD4+CD25-CD39+; mTreg,
CD4+CD25+CD39+). The systemic levels of interleukin (IL)-6, 1L-10, IL-17a, IL-33, leptin
and tumor necrosis factor alpha (TNF-a)) were also evaluated.

Results Higher CRF status modulates the obesity-associated alterations in Treg cells, the
frequency of CD4+CD25-CD39+ and CD4+CD25+CD39+ T cells and the percentage of
intermediate and non-classical monocytes. In general, we observed an imbalance between
proinflammatory-immunoregulatory cytokines according to CRF, with an augment in 1L-6
and TNF-a and a decrease in I1L-10 and IL-33 concentrations in obese individuals with low
VOypeak. HIIT increased the proportions of circulating mTreg and Treg cells in sedentary

obese individuals.
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Conclusions CRF has immunoregulatory properties in lean and obese men, contributing to
the maintenance of lower inflammatory mediators levels.
Key words: VO2peak; exercise; obesity; T cells; Treg cells; CD39; CD73; monocyte subsets;

inflammation.
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1. INTRODUCTION

Obesity is a global public health concern and is recognized as one of the main risk for
the development of cardiometabolic diseases, certain types of cancer and premature death (2).
The chronic low-grade inflammation, a 2-3 fold elevation in systemic inflammatory
mediators, are linked to obesity due to the pathological expansion of the adipose tissue and
immunometabolic disturbances (4). Increased plasma levels of tumor necrosis alpha (TNF-a)
and interleukin-6 (IL-6) are related to the higher frequencies of intermediate (CD14+CD16+)
and non-classical monocytes (CD14-CD16+), which contribute to the insulin resistance in the
peripheral circulation of obese individuals (5,214).

In recent years, the impact of obesity on the adaptive immune response has been better
investigated. Obesity accelerates the thymic involution, inducing an early accumulation of
exhausted memory T cells and an imbalance of T helper type 1 (Th1) and Th2 cells (59,215).
Moreover, the proportion of regulatory T (Treg) cells is reduced into adipose tissue as well as
in the peripheral circulation of obese compared to lean individuals (7,77). Treg cells are a
subset of CD4+ T cells whose main function is to suppress the immune response and to
maintain the self-tolerance (216). The phenotype of Treg cells are defined by the intracellular
expression of transcription factor Foxp3 (Forkhead box protein P3), which is the master
regulator for their development and function (217), and high expression of IL-2 receptor-o
chain (CD25) (218). The expression of CD127 on the cell surface of CD4+CD25"%" T cells
inversely correlates with FoxP3, and the frequency of CD4+CD25""CD127"" was accepted
for identification of circulating Treg cells in humans (219). Moreover, a healthy immune
balance is maintained by Treg cells through the suppression of the function and activity of
many immune effector cells, including CD8+ T cells, NK cells, dendritic and
monocytes/macrophages, and the secretion of immunoregulatory cytokines, such as I1L-10 and

TGF-B (218).
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The purinergic system influences many activities and functions of immune cells, such
as cell-to-cell interactions, activation and proliferation of T lymphocytes, cytokine and
chemokine secretion, surface antigen shedding and intracellular pathogen removal (81). The
hydrolyses of ATP and ADP (adenosine diphosphate) into AMP (adenosine monophosphate)
is mediated by the cell surface-located enzyme ectonucleoside triphosphate
diphosphohydrolase-1 (CD39), whereas ecto-5-nucleotidase (CD73) further converts AMP to
adenosine which are carried by specific receptors on the cell surface of several T cells subsets
(87). Moreover, in humans the co-expression of CD39 and CD25 on CD4+ T cells surface has
been used to identify distinct T cell populations: CD4+CD25-CD39+ (memory T effector
cell, mTeff) and CD4+CD25+CD39+ (activated/memory Treg, mTreg) (84). In obesity, the
imbalance between CD39 and CD73 in T cells was related to unhealthy metabolic markers
(100,101).

A sedentary lifestyle contributes to a chronic low-grade inflammation, as viewed by
high levels of inflammatory cytokines and the accumulation of memory T cells in peripheral
blood of inactive individuals(15,203). Conversely, the frequency of memory CD4+ and CD8+
T cells inversely correlate with cardiorespiratory fitness (CRF), which is mainly indicative of
an active lifestyle, in 102 men (aging between 18 to 61 years) [19]. The peak of oxygen
consumption (VOazpeax) IS @ gold standard measure of CRF that is modulated with the degree
of physical inactivity/activity and is associated with risk of morbidity, mortality and quality of
life in obese individuals (196).

The CRF also impacts on the frequency of Treg cells and the production of IL-10 in
healthy individuals (16). In a cohort of 245 elite Olympic athletes, it was showed that the
VOqpeak Strongly correlates with the frequency of Treg cells (200). So far, no study was
carried out to evaluate the impact of CRF in the peripheral frequency of T cell phenotypes in

obese individuals with different VOgpeak Values. Therefore, this study was conducted to
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evaluate cytokine concentrations, the frequency of CD4*CD25""CD127'°" Treg cells, the
frequencies of CD39 and CD73 on CD4+CD25- and CD4+CD25+ T cells, and the expression
of HLA-DR and CCR5 on T cells, and frequencies of monocyte subsets of lean and obese

individuals with different levels of CRF.
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2. METHODS
2.1 Ethics Statement

This cross sectional study was approved by the Ethic’s Research Committee of the
UFCSPA (63282416.6.0000.5345) and all experimental procedures were performed according
to the declaration of Helsinki. All participants were informed about the study and signed the
informed consent.
2.2 Participants and groups design

The sample size was calculated in G Power (version 3.1.3, Germany) that indicated
that a total of 90 men would be enough to detect differences in T cell phenotypes with a
power of 85% and 5% significance level. Initially, men were assigned into two experimental
groups according to their body mass index (BMI): lean group (n=45) and obese group (n=45).
The individuals were healthy, age ranging from 20 to 40 years, and free of illness and injury.
All participants were nonsmokers, reported weight stable (+ 2 kg for > 3 months), had
normocaloric diet and not taking any medications or supplements known to affect metabolic
or immune systems in the last 6 months. Normocaloric diet was defined as the intake of the
90-100% of energy expenditure of each participant, and verified through a 24 h diet recall
(data not show). The 24 h diet recall interview was performed by a nutritionist to record the
amount of food and beverage consumed during 24 h before the main trial. Exclusion criteria
included excessive alcohol intake (>10 drinks/week), autoimmune or cardiac diseases, or type
1 and type 2 diabetes, acute and chronic infections. Individuals who presented very low
VO2peak (<25.30 mL.kg.min) or high values of VOapeak (>58.8 mL.kg.min) were also excluded.

After inclusion in the study, subjects completed a medical questionnaire, a
comprehensive behavior survey/questionnaire and the International Physical Activity

Questionnaire-IPAQ (https://sites.google.com/site/theipaq/). Participants who were regular

exercisers were recruited mainly from runners associations and sports clubs. Forty
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participants were non-exercisers (15 lean and 20 obese individuals); 30 who moderately
trained, i.e. who practiced 2-3 times/week collective sports or running (less than 5
km/training) (20 lean and 15 obese individuals); and 20 who intensely trained, i.e. who
practiced 4-5 times/week collective sports or running (more than 6 km/training) (10 lean and
10 obese individuals).

All volunteers were categorized into six groups according to their CRF status/self-
reported physical activity behavior and BMI. This CRF classification criteria used took into
account the age of the participants and was based on Herdy and Caixeta [23], which
determined the Brazilian cardiorespiratory fitness based on VOpeak.

2.3 Study design

This study was divided into two parts. The first experimental trial was designed in a
cross-sectional form to evaluate the impact of CRF on the subsets of monocyte and phenotype
of T cells (mainly the expression of CD39 and CD73 on CD4+ T cells and Treg cells) and the
systemic cytokine levels in obese and lean individuals. After, a pilot experiment trial was
conducted with 7 obese sedentary men with low VOqpea With to verify the effect of one week
of high intensity interval training (HIIT) on the peripheral frequency of Treg cells, and the
expression CD39 and CD73 on CD4+CD25+ T cells in seven sedentary obese men. Figure 1

shows the experimental design of our study.
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Experiment 1

--------- ! T -) x
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45 obese men
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Blood collection Blood collection

Figure 1. Experimental design of the study.

In experiment 1, a fasting blood sample was collected from 45 lean and 45 obese men to
evaluate the monocyte subsets, T cell phenotypes and systemic cytokine levels. After, all
individuals underwent to a cardiopulmonary exercise testing to identify their CRF. In
experiment two, 7 sedentary obese men were submitted to one week of High Intensity Interval
Training (HIIT, 3 sessions/week) with blood collection before and 24 h after the last session
to evaluate the peripheral frequency of Treg cells and the frequencies of CD39 and CD73 on
CD4+CD25+ T cells.
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2.4 Preliminary measurements

One week before the Experiment 1, subjects reported to the Cellular and Molecular
Immunology Lab (UFCSPA, Porto Alegre/Brazil), after an overnight fast, to blood collection
and anthropometric evaluations.

A fasting blood sample (4 mL) was collected into tubes without anticoagulant (BD,
EUA), centrifuged (1500g), serum was aliquoted, and frozen at —20°C to determine the
metabolic profile (glucose and lipid profile). All evaluations were performed three times and
the average was used for analysis. Body mass (kg) and height (meters) were determined by a
semi-analytical scale with a stadiometer attached (Welmy, Santa Barbara D’Oeste, Brazil).
Waist (WC, cm), abdomen (AC, cm), and hip (HC, cm) circumferences were measured
through an inelastic measuring tape. BMI (kg/m?) was defined as body mass (kg) divided by
the square of height (m?). Body fat percent was determined by the Jackson & Pollock formula
and later converted to fat percentage (221).

2.5 Experiment 1

After the preliminary visit, all subjects arrived at the Cellular and Molecular
Immunology Laboratory (UFCSPA, Porto Alegre/Brazil) at the day of testing in the fasted
state. VVolunteers were asked to refrain from strenuous physical activity, caffeine and alcohol
consumption for 48 h before test. The participants remained at rest during 5 minutes and a rest
blood sample was taken from the antecubital vein using sterile vacutainer tubes (15 mL into
K3EDTA tube) (Becton Dickinson (BD) Juiz de Fora, MG, Brazil).

The cardiopulmonary exercise testing (CPX) was performed on an electric treadmill
(Centurion 300, Micromed, Brazil) using a ramp protocol as described before (214).The
laboratory temperature control (18-22 °C) and relative humidity (40-60 %) was continuously
monitored. Briefly, exercise test started at 4.5 km/h and no slope for all study participants.

Then, the load (speed and slope) was individually increased for each participant considering
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their physical condition and tolerance. The test was terminated after verification of at least
two of the following circumstances: a) request of the participant due to extreme tiredness
and/or perception of the intense dyspnea; b) reached the maximum heart rate (HR) predicted
by age (HRmax) was > 85%; c) peak respiratory exchange ratio RER> 1.1; d) VO2 plateau was
reached even with increasing workload (196).

Ventilatory and metabolic parameters were collected by respiration using Metalyzer
3B (Cortex, Germany) and were analyzed after the mean of the data in 8 respiratory cycles.
The CPX system was calibrated before each test concerning both airflow and O, and CO,
analyzers. The average of the last test 30 s was used to determine the VOgpeak.

2.6 One week of HIIT

To verify the impact of a short-term exercise training on the frequency of
CD4+CD25+ T cells expressing CD39 or CD73 and also on CD4+CD25""CD127"" T cells,
seven obese 7 individuals (BMI 33.24 + 2.94 kg/m2; low VOgpea 34.54 + 3.27 ml.kg.min)
performed a one week of HIIT in electrical treadmill. Blood samples were collected before the
first exercise session and 24 h after the last session. High intensity interval exercise (HIIE)
was based on our previous study taken into account the HRmax achieved in CPX (181).
Briefly, after an initial warm-up (5 min, 50% of HRmax) 10 bouts of 60 s (85-90%HRwax)
alternated with 75 s of recovery (50%HRwmax) were performed followed by 5 min of cool-
down (50%HRwMmax). The participants performed 3 sessions of HIIE with 48 h of recovery
between sessions.

2.7 Lipid and glycemic evaluation

Fasting concentrations of glucose, total cholesterol, high-density lipoprotein (HDL),

low-density lipoprotein (LDL), and triglycerides were determined in the serum by standard

clinical laboratory methods, according to the recommendations of the Clinical and Laboratory
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Standards Institute (CLSI) guidelines in an automated biochemical machine (BS120, BioClin,
Brazil).
2.8 Peripheral blood mononuclear cells (PBMC) isolation

PBMC of lean and obese individuals were isolated from the peripheral blood using
Histopaque 1077 (Sigma-Aldrich, St. Louis, MO) as described before (214). Plasma was
collected and frozen at -20°C for cytokines analysis as described below. PBMC viability was
determined by trypan blue exclusion and the viability was always >95%. Then, the cells were
washed and suspended in Roswell Park Memorial Institute-1640 medium (RPMI-1640,
Sigma-Aldrich) supplemented with 2 g/L sodium bicarbonate, 10% fetal bovine serum (FBS,
Sigma-Aldrich), 2% glutamine, and 100 U/mL penicillin—0.1 mg/mL streptomycin (Sigma-
Aldrich).
2.9 Cell staining and flow cytometry

The peripheral frequencies of T cells and monocyte subsets were determined in freshly
isolated PBMCs of lean and obese individuals at rest. The same procedures were made before
and 24 h after the short-term HIIT in sedentary obese individuals. Briefly, 2x10° PBMCs/mL
washed in flow cytometry buffer [Phosphate-buffered saline (PBS) containing 1% FBS] and
0.01% sodium azide) and treated with Fc Block solution for 20 min. Cells were stained for 30
min at 4°C with monoclonal antibodies conjugated with specific fluorochromes: anti-human
CD14 FITC (BIOGEMS, EUA), anti-human CD3/CD8 FITC/PE cocktail, anti-human CD4
FITC, anti-human CD25 PE, anti-human CD127 PerCP-Cyanine5.5 (all from Ebioscience,
USA); anti-human HLA-DR PE, anti-human CD195 (CCRS5) FITC, anti-human CD4 PerCP-
Cy5.5, anti-human CD16 PE, anti-human CD25 FITC, anti-human CD39 PE, anti-human
CD73 PE (all from BD Bioscience, USA). After 15 min of incubation, cells were suspended
in 0.4 mL bovine serum albumin (BSA) 1% in PBS and analyzed by flow cytometry. Cell

phenotype was acquired using CELLQuest Pro Software (BD Bioscience, USA) on a
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FACSCalibur flow cytometer (BD Bioscience, USA). Lymphocytes and monocytes were
identified and gated according to each forward scatter (FSC) and side scatter (SSC) profiles.
In lymphocyte gate, the peripheral frequency of CD3'CD4", CD3'CD8", CD3"HLA-DR",
CD3'CCR5*, CD4*CD25", CD4"CD25'CD39", CD4*CD25'CD73", CD4*CD25""CD127""
were evaluated. In monocyte gate, the peripheral frequencies of CD14+CD16- (classical),
CD14+CD16+ (intermediate) and CD14-CD16+ (non-classical) monocytes were analyzed.
Single color control tubes were used in each assay to account for spectral overlap. A minimal
of 30.000 events per tube was acquired for analysis.
2.10 Cytokines and leptin analysis

The plasma concentrations of leptin, IL-33, IL-17a (all from PeproTech, USA), and
TNF-0, IL-6 and IL-10 (all from eBioscience, USA), were quantified by enzyme-linked
immunosorbent assay (ELISA) in microplate reader (EzReader, EUA). The detection limits of
each cytokine was: TNF-a, 4 — 500 pg/mL, IL-6, 2 - 200 pg/mL; IL-10, 2 - 300 pg/mL,; IL-
17a, 6 - 1000 pg/mL; IL-33, 32 - 4000 pg/mL; leptin, 6 - 400 pg/mL.
2.11 Statistical analysis

Normality of data was checked by Kolmogorov-Smirnov, and the values were
presented as mean * standard deviation (SD). Anthropometric characteristics, CRF,
biochemical analysis and immune variables were compared between groups through a one-
way ANOVA followed by Bonferroni’s post-hoc for multiple comparisons. The short-term
immune response to HIIT in obese sedentary individuals was evaluated by paired Student t-
test. P values < 0.05 were considered statistically significant. The SPSS 20.0 (IBM Inc., EUA)

software was used in all analysis.
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3. RESULTS
3.1 Anthropometric characteristics, CRF status and biochemical data of the participants

Initially, 160 individuals were recruited for this study. 70 individuals were excluded
by the following reasons: 20 obese and 10 lean individuals reported a hypocaloric diet; 15
lean individuals had CRF higher than 58.8 mL.kg.min and 10 obese men had very low
VOzpeak (25.30 mL.kg.min); 15 obese individuals presented fasting glucose levels higher than
130 mg/dL.

Table 1 shows the anthropometric characteristics and biochemical data of lean and
obese individuals with different CRF status. All individuals of lean groups (low, moderate
and high VOgpeak) presented lower body mass, BMI, WC, AC, HC, WHR and body fat
(p<0.001 for all parameters) than obese individuals, independently of their CRF. VOzpeax and
fitness status (METSs) were different between all groups (p<0.01), except in lean moderate
VOgpeak VS. 0Obese moderate VOazpeak comparison (p>0.05). To confirm the differences of
VOzpeak among groups, we relativize the absolute VOqpeax Values to free fat mass (FFM), once
that adipose tissue has minimal impact on energy expenditure during a graded test. In this
way, the differences between groups remained after FFM-relatived data (p<0.01).

The biochemical data demonstrated that obese individuals with low VOapeqk had higher
fasting glucose than lean individuals with low, moderate or high VO2pea (p<0.001 for all) and
obese individuals with high VOgpeak (p=0.03). Also, obese individuals with low VOgpea had
higher triglycerides (p=0.006) and total cholesterol (p=0.03) and lower HDL (p<0.001) than
lean individuals with high VOqpeqk. Differences were also found in total cholesterol (p=0.05)
and HDL (p=0.01) in obese low VOgpes VS. 0bese high VOzpeak. On the other hand, lean
individuals with high VOapeax had higher HDL levels than lean subjects with low (p=0.02) and

moderate (p=0.04) VO_pea.



Table 1. Anthropometric characteristics and biochemical data of lean and obese individuals with different CRF status

Lean Obese

Low VOypeax Mod VOypeax High VOopeax Low VO,peax Mod VOypeax High VOopea
VOspea (ML.kg.min) 37.8+1.40¢ 446+22° 54.4 +4.1 33.6 + 4.2 2bce 424 +2.13¢%0¢ 49.9 +2.62P¢
VO speak (ML.KgFFM.min) 48.0 £3.0°¢ 55.8+3.0° 62.1+4.6 44.3 + 6.0520¢® 51.1+4.1°%¢d¢e 57.3+5.2%b¢
METs (min/week) 759.1 + 127.2°¢ 1828.3+319.2°¢ 3617 + 753 539.1 + 278.1 2bce 1267.1 + 478.12¢%-2 2812 + 8123b¢
Age (y) 342+34 333+26 345+28 333+24 349+56 336+3.0
Height (m) 1.76 £ 0.05 1.75 +£0.05 1.75+0.05 1.73+0.05 1.74 £0.04 1.76 £0.04
Body mass (kg) 722494 728+6.8 72.8+4.0 98.0 + 6.920¢ 99.2 +5.8%b¢ 95.8 + 6.9%P¢
BMI (kg/m?) 23327 23515 23.7+13 32,6 +2.2%0¢ 32.7+1.58%b¢ 31.9+1.42b¢
Fat mass (%) 20.8+3.5 209+3.1 18.7+2.3 34.5+3,0%0¢ 347 +3.1%b¢ 32.0 +4.0%0¢
WC (cm) 815+7.3 80.8+4.6 78.0+5.0 97.9 +5.6%0¢ 100.6 + 2.92b¢ 96.8 +2.43b¢
AC (cm) 83.8+7.4 80479 76.6 £3.4 103.6 + 7.73P¢ 104.9 +3.82P¢ 101.0 £ 2.52b¢
Glucose (mg/dL) 90.2+8.6 86.3+20.3 88.1+16.6 120.7 +£10.9 @bce 947 £24.6 86.6 +19.7
Tryglicerides (mg/dL) 146.2 +49.6 145.0 +49.5 115.66 + 48.2 1822 +59.7°¢ 148.2 +45.2 126.2 +41.0
TC (mg/dL) 173.0 +£37.7 164.4 + 44.3 150.1 +43.1 203.7 + 46.8 °° 185.0 +34.5 151.3 +69.2
HDL (mg/dL) 433+65 435+12.1 54.4 +11.2%P 36.7£9.0%¢ 471+65 520+118
LDL (mg/dL) 116.7 £ 23.7 98.1+15.6 945+216 128.0 +33.9 115.8 +33.3 109.3 +53.9

Data are expressed as mean + standard deviation. BMI, body mass. index; FM, fat mass; WC, waist circumference; AC, abdominal circumference; FFM, Free Fat mass;
VO,peax, Peak of Oxygen consumption; METSs, metabolic equivalents; TC, total cholesterol; HDL, High density lipoprotein; LDL, low density lipoprotein; Mod, moderate.

# Denotes significant difference compared to lean low VO pey (p<0.05).
® Denotes significant difference compared to lean mod VO opea (p<0.05).
¢ Denotes significant difference compared to lean high VOpeq (p<0.05).
Y Denotes significant difference compared to obese low VO ,pesy (p<0.05).

¢ Denotes significant difference compared to obese high VO,peq (p<0.05).
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3.2 Cytokine and leptin plasma levels

The systemic levels of inflammatory (IL-6, IL-17a and TNF-a), immunoregulatory
(IL-10 and IL-33) cytokines and leptin are presented in Table 2. As expected, leptin levels
were higher in all obese groups compared to lean groups (p<0.001 for all), independently of
the CRF status. Obese individuals with low VO,peak presented higher IL-6 levels compared to
lean with moderate (p=0.003) and high (p=0.006) VOapeak (p=0.003), and obese with high
VOzpeak (p=0.021). Furthermore, obese individuals with low VOzpes presented higher TNF-a.
and lower IL-10 and IL-33 levels than lean individuals with low (p=0.01; p<0.001; p=0.02,
respectively), moderate (p<0.001; p<0.001; p<0.001, respectively) or high VOapeax (p<0.001;
p<0.001; p<0.001 respectively), and obese with moderate (p=0.01; p<0.001; p=0.002,
respectively) and high VOgpes (p<0.001; p=0.01; p<0.001, respectively). Higher levels of
TNF-a and lower 1L-10 and IL-33 concentrations were also found in lean with low VO2peax
compared to lean with moderate (p=0.05; p<0.001; p=0.007, respectively) and high CRF
(p=0.01; p=0.01; p<0.001, respectively). Similarly, obese individuals with moderate and high
VOapeak had lower 1L-10 and IL-33 and higher TNF-o compared to lean participants with high
CRF (p<0.001 for all); and obese group with moderate VOgpea had low IL-10 levels than the
lean group with moderate VOzpeak (p=0.02). Finally, lean individuals with high VOgpeak had

higher IL-10 and IL-33 than lean with moderate CRF (p=0.002; p<0.001, respectively).



Table 2. Systemic levels of cytokines and leptin of lean and obese individuals with different of CRF status
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Lean Obese

Low VOpea Mod VOgzpeax ~ High VOspear Low VO,pea Mod VOspeax  High VOspeax
IL-6 (pg/mL) 49+1.0 38+14 41£29 7.6 £4.4>°° 58+2.4 43+14
IL-10 (pg/mL) 17.4 +3.8°¢ 25.9+4.0° 32.7+175 104 +35%"%¢  205+29"%% 227+372°¢
IL-17a (pg/mL) 146+2.3 13.9+4.6 133+ 1.7 15.7+2.9 142+2.0 148+4.3
IL-33 (pg/mL) 179.7£16.5°°  2222+349°  2753+57.4  143.2+215*"%° 188.9+244°%% 2145+195°
Leptin (pg/mL) 15.8 +3.2 13.9+25 12017 524+145%"°  461+123%"° 440x76%"°
TNF-a (pg/mL) 22.9+5.9°¢ 140+1.3 95+2.1 38.3+17.4>>¢¢ 21.2+5.4%¢ 20.7+38°

Data are expressed as mean + standard deviation.

IL, interleukin; TNF, tumor necrosis factor-alpha; VO,peax, peak of oxygen consumption; Mod, moderate.
# Denotes significant difference compared to lean low VOpeq (p<0.05).

b Denotes significant difference compared to lean mod VO pe, (p<0.05).

¢ Denotes significant difference compared to lean high VOopes (p<0.05).

4 Denotes significant difference compared to obese low VO peq (p<0.05).

¢ Denotes significant difference compared to obese high VO.pea (p<0.05).

3.3 Impact of CRF on CD4+ and CD8+ T cell subsets

Obese individuals with low VOypea had lower CD3+CD8+ T cells than lean low

(p=0.01), moderate (p=0.05) and high VOgzpeak (p=0.001) groups (Table 3). However, no
differences were found in CD3+CD8+ T cells in both obese moderate VOzpeak and obese high
VOzpeak groups compared to lean individuals, independently of the CRF status (p>0.05). No
differences were identified in peripheral frequency of CD3+CD4+ (p>0.05) and CD3+CCR5+
T cells (p>0.05) among groups. A difference was found in CD4:CD8 ratio between lean high
VOspeak and obese low VOzpeak (p=0.028). The peripheral frequency of CD3+HLA-DR+ T
cells was higher in lean low VOgpeqk than those found in lean high VOgzpeqx (p<0.001) and
obese high VOgpeak (p=0.03) groups. Obese low VO2Peak group had higher frequency of

CD3+HLA-DR+ T cells than lean with low (p<0.001), moderate (p<0.001) or high VO peax
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(p<0.001), and obese with moderate (p<0.001) and high VOgpeak (p<0.001) groups. Finally,

lean high VOape had lower CD3+HLA-DR+ T cells than obese moderate VOgpeax (p=0.001).

Table 3. Peripheral frequency of CD4+ and CD8+ T cells and activation immune markers in CD3+ T cells of

lean and obese individuals with different levels of CRF

Lean

Obese

Low VOZPeak Mod VOZPeak High VOZPeak Low VOZPeak

Mod VOZPeak

High VOZPeak

CD3+CD4+ (%) 453+56 436+117 405+5.2 414+73
CD3+CD8+ (%) 24.1+4.0 232+5.2 254+56 18.0 + 5.8%°°
CD4:CD8 ratio 1.9+0.4 1.9+06 1.6+0.3 25+1.1°
CD3+HLA-DR+ (%)  11.9+57%° 7.8+33 35+15 19.3 +6.3%0¢
CD3+CCR5+ (%) 7.9+4.1 6.7+4.1 10.6 £5.3 10.6 +4.8

420+45
216+3.1
1.9+0.2

10.4+4.2%¢

10.0+7.9

40.4+73
22.1+50
18403
6.6+1.8°

9.6+6.0

Data are expressed as mean + standard deviation.

VOopeax, Peak of oxygen consumption; Mod, moderate.

# Denotes significant difference compared to lean low VOpeq (p<0.05).

> Denotes significant difference compared to lean mod VO jpes (p<0.05).
¢ Denotes significant difference compared to lean high VOopes (p<0.05).
d Denotes significant difference compared to obese low VO peq (p<0.05).

¢ Denotes significant difference compared to obese high VOpea (p<0.05).
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3.4 Impact of CRF on CD4+CD25+ and the frequencies of CD39 and CD73 on
CD4+CD25 T cells

Figure 2 shows the peripheral frequency of CD4+CD25+ T cells (Fig.2A),
CD4+CD25-CD39+ mTeff (Fig.2B), CD4+CD25-CD73+ T cells (Fig.2C) in lean and obese
individuals with different levels of CRF. Obese individuals with low VOgpe had higher
proportions of mTeff cells than lean with moderate (p=0.02) or high VOzpeak (p<0.001), and
obese with high VOgzpeak (p<0.001). Moreover, obese with moderate VO2Peak presented
lower frequency of mTeff cells in relation to obese with low VOzpeak (p=0.05) and higher

frequency in relation to lean with high VOzpeak (p=0.045) (Fig.2B).
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Figure 2. Peripheral frequency of CD4+CD25+ (1A) and CD4+CD25-CD39+ (1B) and
CD4+CD25-CD73+ T cells (1C) of lean and obese individuals with different levels of CRF.
Data are expressed as mean + standard deviation

® Denotes significant difference compared to lean mod VOopeax (p<0.05)

¢ Denotes significant difference compared to lean high VOopeax (p<0.05)

9 Denotes significant difference compared to obese low VOapeax (p<0.05)

3.5 Impact of CRF on CD4+CD25""CD127"" Treg cells and the frequencies of CD39
and CD73 on CD4+CD25+ T cells

Figure 3 shows the frequency of CD4+CD25""CD127'" Treg cells (Fig.3A) mTreg
CD4+CD25+CD39+ (Fig.3B) and CD4+CD25+CD73+ (Fig.3C) cells. Lean low VOgpeak
presented reduced frequencies of Treg cells and CD4+CD25+CD39+ mTreg cells than lean
high VOapeak (p<0.001 for both) and obese high VOgpeak (p=0.04 for Treg; p=0.01 for mTreg).
Lower frequencies of mTreg cells were also identified in lean low VOgpea cOmpared to lean
and obese groups with moderate VOopeak (p=0.01; p=0.03, respectively). Moreover, obese low
VO,peax had lower frequencies of Treg than lean low VOgpeax (p=0.02); lower Treg and mTreg
proportions than lean moderate (p<0.001; p=0.02, respectively) and high VOgpeak (p<0.001;
p<0.001, respectively), and lower frequency of Treg cells than obese high VOzpeak (p<0.001).
Obese individuals with moderate VO,peax presented lower proportions of Treg and mTreg
cells than lean high VOzpeax (p<0.001; p=0.03, respectively) and obese high VOzpeak (p=0.03;
p=0.04, respectively). Furthermore, lean group with moderate VOgpeak presented higher
frequency of Treg cells than obese moderate VO,peax (p=0.04), but lower proportions of Treg
and mTreg cells than lean High VOgpeak (p=0.04; p=0.01, respectively). Finally, obese with
high VOpeak presented higher frequency of CD4+CD25+CD73+ T cells (p=0.04 for all) than

lean low VOopeqk and obese with moderate VOopeak.
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Figure 3. Peripheral frequency of CD4+CD25""CD127°" (3A) CD4+CD25+CD39+ (3B)
and CD4+CD25+CD73+ (3C) T cells of lean and obese individuals with different levels of
CRF.

Data are expressed as mean + standard deviation

% Denotes significant difference compared to lean low VOpeax (p<0.05)

® Denotes significant difference compared to lean mod VOapeax (p<0.05)

¢ Denotes significant difference compared to lean high VOapeax (p<0.05)

Y Denotes significant difference compared to obese low VOapeax (p<0.05)

® Denotes significant difference compared to obese high VOapeax (p<0.05)

3.6 Effect of CRF on frequency of monocyte subsets

Figure 4 shows the peripheral frequency of classical monocytes (CD14+CD16-;
Fig.4A), intermediate monocytes (CD14+CD16+; Fig. 4B), and non-classical monocytes
(CD14-CD16+; Fig.4C) in the studied subjects. Obese individuals with low VOgpex had
higher CD14+CD16+ intermediate and CD14-CD16+ monocytes than lean individuals with
low, moderate or high VOpeak and obese individuals with moderate or high VOzpeax (p<0.001
for all). Moreover, obese individuals with moderate VOgpeak had higher CD14+CD16+ and
CD14-CD16+ monocytes than lean with moderate and high VOgjpe, and increased
proportions of CD14+CD16+ than obese with high VOzpea (p<0.01 for all) (Fig 4B). In
obese individuals who presented high VOgpeax, the peripheral frequency of CD14+CD16+
monocytes was higher than those found in lean individuals with moderate and high VO peax
(p=0.02 for both). Finally, lean individuals with low VOapek presented higher non-classical
CD14-CD16+ monocytes than lean individuals with moderate and high VOgzpea (p<0.035),

and CD14+CD16+ monocytes than lean high VOapeak (p<0.034).
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Figure 4. Peripheral frequency of CD14+CD16- (4A), CD14+CD16+ (4B) and CD14-CD16+
(4C) monocytes of lean and obese individuals with different levels of CRF.

Data are expressed as mean + standard deviation

% Denotes significant difference compared to lean low VOapeax (p<0.05)

" Denotes significant difference compared to lean mod VOapeax (p<0.05)

¢ Denotes significant difference compared to lean high VOapeax (p<0.05)

9 Denotes significant difference compared to obese low VOapeax (p<0.05)

® Denotes significant difference compared to obese high VOapeax (p<0.05)

3.7 Impact of HIIT on frequency of CD4 subsets and Treg cell

We attempt to test whether one week of HIIT could impact on peripheral frequency of
Treg cells (CD4+CD25""CD1271°"), mTreg (CD4+CD25+CD39+) and CD4+CD25+CD73+
T cells in a group of obese sedentary individuals. After one week of HIIT, an increase in
VOqpeak Was found (34.54 + 3.27 to 35.89 = 2.71 mL.kg.min, p=0.038). Short-term HIT
increased mTreg (CD4+CD25+CD39+) (p=0.038) (Fig 5A) and Treg cells

(CD4+CD25""CD127"") (p=0.04) (Fig. 5C) (Fig 5B).
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Figure 5. Peripheral frequency of CD4+CD25+CD39+ (5A), CD4+CD25+CD73+ (5B) and
CD4+CD25""CD127% (5C) T cells of sedentary obese individuals (n=7) in response to one
week of High Intensity Interval Training.

Data are expressed as mean = standard deviation.

Before-after comparison through Paired Student t-test (p<0.05).
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4. DISCUSSION

Here, we showed for the first time that CRF status modulates the peripheral frequency
of Treg cells, mTreg cells and mTeff cells, and the percentage of intermediate and non-
classical monocytes in lean and obese individuals with moderate and high VOgpea. The CRF
also affected the systemic levels of IL-6, TNF-o, IL-10 and IL-33 in lean and obese
individuals. On the other hand, our data showed that obese individuals with low VOgpes had
higher frequencies of intermediate and non-classical monocytes as well as higher levels of IL-
6 and TNF-a than lean individuals. Moreover, we showed that those obese subjects with low
CRF displayed higher frequencies of CD3+HLA-DR+ and mTeff cells, and lower percentages
of CD8+ T cells, Treg cells and mTreg cells compared to lean individuals. Furthermore, the
systemic levels of IL-10 and IL-33 were reduced in obese individuals. Reinforcing the
influence of CRF in the immunoregulatory activity of physical exercise, we showed for the
first time that one week of HIIT was able to increase the peripheral number of mTreg and
Treg cells in obese sedentary individuals.

We focused on CD4+ T cell subpopulations due to their role in coordinating the
adaptive immune response, analyzing the expression of ectonucleotidases CD39 and CD73,
which plays a pivotal role in the inflammatory and immune response (81). Here, we showed
higher frequencies of mTeff CD4+CD25-CD39+ in sedentary obese individuals (Ilow VO2peak)
compared to lean individuals independently of the degree of CRF. On the other hand, a
progressive decrease in mTeff cells was observed in both obese with moderate and high
VOzpeak groups. In addition, we observed that low CRF increases CD3+HLA-DR+ T cell
frequency in lean and obese subjects. The higher activation markers and mTeff cells in obese
individuals may be linked with the higher leptin concentrations, an adipokine with strong
effects on T cell activation to a proinflammatory response (222). Using different T cell

markers, a cohort of obese sedentary children presented higher mTeff cells and lower T naive
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cells than lean and overweight individuals (223). However, CRF was associated with lower
proportions of senescent T cells and higher frequencies of naive T cells independently of BMI
and percentage body fat (15).

High expression of CD39 in T lymphocytes was previously identified in type 2
diabetes and correlated with fasting glucose (99). The CD39 is recognized as a marker of cell
activation, and its expression in CD4+CD25- T cells is linked to higher production of pro-
inflammatory IL-17a and interferon-gamma by lymphocytes (84,224). Moreover, Guzman-
Flores et al (101) identified higher expression of CD39 and lower expression of CD73 on
CD4+ and CD4+CD25+ T cells. However, in this study both diabetic and non-diabetic obese
patients were older than lean controls, and age may be a potential confounder of T cell
phenotype. Thus, while an excess of fat mass and low physical fitness was able to increase the
frequency of mTeff cells (CD4'CD25 CD39") and markers of activation, the increment in
CRF could attenuate the impact of obesity on inflammation.

Obese individuals with high VOzpeak had higher frequencies of CD4+CD25+CD73+ T
cells than individuals with low VOapes. The surface expression of CD73 on CD4+CD25"%" s
negligible, but abundant in the cytoplasm of these cells and may translocate to the cell surface
in response to specific stimuli, converting AMP to adenosine which contribute to
immunosuppressive action of Tregs (81). Thus, the increase of CD73 expression on
CD4+CD25+ T cells from obese with higher VOpeak may be related to increasing Treg cells
frequency.

In fact, we identified higher frequencies of Treg cells and mTreg CD4+CD25+CD39+
in lean and obese individuals with moderate and higher VOzpeak. Weinhold and co-workers
(200) showed that Olympic elite athletes with high CRF had higher Treg cells compared to

athletes with low CRF. Moreover, healthy individuals with higher levels of weekly physical
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activity presented higher frequencies of Treg cells and IL-10 production than sedentary
subjects (16).

Immunoregulatory IL-10 and IL-33 plasma levels were elevated in moderate and high
CRF individuals. IL-33 is a member of IL-1 family that induces the Th2 and anti-
inflammatory cytokines production. In healthy lean adipose tissue, I1L-33 orchestrate the
development and maintenance of Tregs through ST2 axis (74,75). In obese mice treated with
high fat diet, the decreased frequency of Treg cells and CD4+Foxp3+IL-10+ cells was
abolished by the treatment with IL-33, reverting visceral adipose tissue inflammation and
insulin resistance (77). In this way, exercise emerges as a low-cost alternative to improve
obesity-related inflammatory disorders through increases in IL-10 and IL-33 concentrations.

Furthermore, it was demonstrated that regular exercise increases Foxp3 expression on
CD4+CD25+ T cells (225,226). Here, a one week HIIT was able to increase the peripheral
frequency of Treg and mTreg cells in obese individuals. Moreover, we previously showed that
interval exercise was more effective to enhance the systemic levels of IL-10, an
immunoregulatory cytokine secreted mainly by Treg cells, than the moderate exercise in
obese individuals (181). Mechanistically, a recent study demonstrated that the adrenergic
stimulation induced by exercise enhances the immunosuppressive function of Treg cells in
mice (163). In this way, the catecholamine discharge during repeated bouts of HIIT may
contribute to the increase of Treg cells and their immunosuppressive actions.

Higher frequencies of mTreg were identified in both lean and obese individuals with
moderate and high CRF. The CD39 expression on CD4+Foxp3+ cells was inversely
correlated with BMI and waist: hip ratio in both non-diabetic and type 2 diabetes patients
(100). The increase in mTreg frequency was related to abrogation of proinflammatory ATP-
dependent effects such as cellular toxicity (96,180). In patients following kidney

transplantation, the stable frequencies of CD4+CD25+CD39+ cells were associated with low
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risk of renal allograft rejection, highlighting its immunosuppression action (88). In this way,
some of the immunoregulatory effects of regular exercise may be attributed to the
enhancement in the proportions of mTreg CD4+CD25+CD39+ cells.

Interestingly, obese individuals with low CRF had lower frequency of CD8+ T cells
than lean with low, moderate or high VOzpeax. In addition, obese individuals with low VOpeak
had a CD4:CD8 ratio of 2.56 + 1.17. Cytotoxic CD8+ T cells infiltrate inflamed adipose
tissue to promote recruitment, differentiation and activation of proinflammatory M1
macrophages, reducing the percent of CD8+ T cells in the circulation from sedentary obese
individuals (30). On the other, Kawanishi et al. (227) demonstrated that in obese mice the
exercise training reduces the frequencies of CD8+ T cells and macrophages in adipose tissue.
Increases in CRF reduce the CD8+ T cell migration to adipose tissue, and maintaining the
frequency of circulating CD8+ T cell at stable values.

Both physical inactivity and visceral fat accumulation lead to a chronic low grade
inflammation state (14). Conversely, we showed that the combination of low CRF and obesity
amplifies the inflammatory state as visualized by the higher TNF-a concentrations and lower
levels of 1L-10 and IL-33 in obese and lean individuals with low VOgzpeak. On the other hand,
obese individuals with moderate and high VOgpeax presented lower levels of proinflammatory
mediators (TNF-a and IL-6) and increased IL-10 and IL-33 levels than low fit individuals. In
overweight-obese subjects, Hong et al. (203) demonstrated that a better CRF predicted lower
TNF-0 and IL-1fB plasma levels by a mechanism dependent of B-adrenergic receptor
sensitivity in monocytes from obese individuals. In fact, exercise-induced adrenergic
stimulation reduces the monocyte intracellular TNF-a production during acute bouts (203).
Moreover, obese mice who trained aerobically improved the lymphatic dysfunction and

attenuated the TNF-a levels without changes in adipose mass (228).
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In this way, lean and obese individuals with higher cardiorespiratory fitness presented
lower frequency of intermediate (CD14+CD16+) and non-classical (CD14-CD16+)
monocytes. Intermediate and non-classical monocytes have phenotypic alterations such as the
higher proinflammatory cytokine production, less antimicrobial activity, and higher antigen
processing and presentation (229). It was demonstrated that elderly individuals submitted to
12 week resistance training had lower proportions of intermediate monocytes and diminished
lipopolysaccharide-stimulated TNF-o production without changes in fat mass (205). Exercise
training reduced the number of haematopoietic stem and progenitor cells (HSPC) expressing
the chemokine receptor CCR2 and the Toll-Like Receptor-4 (TLR-4) in previous sedentary
lean and obese individuals (211). Both CCR2 and TLR-4 are elevated in intermediate and
non-classical monocyte subsets, and the reduction of these markers in HSPCs through
exercise may indicate attenuation in the inflammatory monocytes profile.

5. CONCLUSION

In conclusion, obesity and low CRF exerts a negative impact on several markers of
immune response. Our data provide novel insights about CRF status on the immune system,
highlighting that physical exercise modulate several aspects of chronic inflammation, most
notably monocyte subsets, regulatory cells, expression of CD39 and CD73 and systemic
cytokine levels.

Competing of interests

The authors state no conflict of interest.

Fundings

We are grateful to the Brazilian agencies Coordenacdo de Aperfeicoamento de Pessoal de
Nivel Superior (CAPES) —Finance Code 001, CAPES (CAPES-PNPD - 23038007200/11-08)
and Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq) for financial

support. PDL, AP and PRTR also thank CNPq for fellowships.


https://microbeonline.com/lipopolysaccharide-lps-of-gram-negative-bacteria-characteristics-and-functions/

125

REFERENCES

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

Heymsfield SB, Wadden TA. Mechanisms, Pathophysiology, and Management of
Obesity. N Engl J Med 2017;376:254—66. doi:10.1056/NEJMra1514009.

Tchernof A, Despres J-P. Pathophysiology of Human Visceral Obesity: An Update.
Physiol Rev 2013;93:359-404. doi:10.1152/physrev.00033.2011.

Devévre EF, Renovato-Martins M, Clément K, Sautes-Fridman C, Cremer I, Poitou C.
Profiling of the Three Circulating Monocyte Subpopulations in Human Obesity. J
Immunol 2015. doi:10.4049/jimmunol.1402655.

Dorneles GP, Boeira MCR, Schipper LL, Silva IRV, Elsner VR, Dal Lago P, et al.
Acute Strenuous Exercise Induces an Imbalance on Histone H4 Acetylation/Histone
Deacetylase 2 and Increases the Proinflammatory Profile of PBMC of Obese
Individuals. Oxid Med Cell Longev 2017;2017. doi:10.1155/2017/1530230.

Bharath LP, Ip BC, Nikolajczyk BS. Adaptive immunity and metabolic health:
Harmony becomes dissonant in obesity and aging. Compr Physiol 2017.
doi:10.1002/cphy.c160042.

Yang H, Youm Y-H, Vandanmagsar B, Ravussin A, Gimble JM, Greenway F, et al.
Obesity increases the production of proinflammatory mediators from adipose tissue T
cells and compromises TCR repertoire diversity: implications for systemic
inflammation and insulin resistance. J Immunol 2010. doi:10.4049/jimmunol.1000021.
Han JM, Wu D, Denroche HC, Yao Y, Verchere CB, Levings MK. IL-33 Reverses an
Obesity-Induced Deficit in Visceral Adipose Tissue ST2+ T Regulatory Cells and
Ameliorates Adipose Tissue Inflammation and Insulin Resistance. J Immunol 2015.
doi:10.4049/jimmunol.1500020.

Wagner NM, Brandhorst G, Czepluch F, Lankeit M, Eberle C, Herzberg S, et al.
Circulating regulatory T cells are reduced in obesity and may identify subjects at
increased metabolic and cardiovascular risk. Obesity 2013. doi:10.1002/oby.20087.
Vignali DAA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev
Immunol 2008. doi:10.1038/nri2343.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T Cells and Immune
Tolerance. Cell 2008. doi:10.1016/j.cell.2008.05.0009.

Ohkura N, Kitagawa Y, Sakaguchi S. Development and Maintenance of Regulatory T
cells. Immunity 2013. doi:10.1016/j.immuni.2013.03.002.

Liu W, Putnam AL, Xu-yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expression
inversely correlates with FoxP3 and suppressive function of human CD4 * T reg cells. J
Exp Med 2006. doi:10.1084/jem.20060772.

Antonioli L, Pacher P, Vizi ES, Hask6 G. CD39 and CD73 in immunity and
inflammation. Trends Mol Med 2013. doi:10.1016/j.molmed.2013.03.005.

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine
generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates
immune suppression. J Exp Med 2007. doi:10.1084/jem.20062512.

Dwyer KM, Hanidziar D, Putheti P, Hill PA, Pommey S, McRae JL, et al. Expression
of CD39 by human peripheral blood CD4+CD25+T cells denotes a regulatory memory
phenotype. Am J Transplant 2010. doi:10.1111/j.1600-6143.2010.03291.x.
Guzman-Flores JM, Cortez-Espinosa N, Cortés-Garcia JD, Vargas-Morales JM,
Catafio-Cafiizalez YG, Rodriguez-Rivera JG, et al. Expression of CD73 and A2A
receptors in cells from subjects with obesity and type 2 diabetes mellitus.
Immunobiology 2015. doi:10.1016/j.imbi0.2015.02.007.

Cortez-Espinosa N, Cortés-Garcia JD, Martinez-Leija E, Rodriguez-Rivera JG,
Barajas-Lopez C, Gonzélez-Amaro R, et al. CD39 expression on Treg and Th17 cells is



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

126

associated with metabolic factors in patients with type 2 diabetes. Hum Immunol 2015.
d0i:10.1016/j.humimm.2015.09.007.

Hong S, Dimitrov S, Pruitt C, Shaikh F, Beg N. Benefit of physical fitness against
inflammation in obesity: Role of beta adrenergic receptors. Brain Behav Immun 2014,
d0i:10.1016/j.bbi.2013.12.009.

Spielmann G, McFarlin BK, O’Connor DP, Smith PJW, Pircher H, Simpson RJ.
Aerobic fitness is associated with lower proportions of senescent blood T-cells in man.
Brain Behav Immun 2011. doi:10.1016/j.bbi.2011.07.226.

Balady GJ, Arena R, Sietsema K, Myers J, Coke L, Fletcher GF, et al. Clinician ’ s
Guide to Cardiopulmonary Exercise Testing in Adults A Scientific Statement From the
American Heart Association 2010:191-225. doi:10.1161/CIR.0b013e3181e52e69.
Handzlik MK, Shaw AJ, Dungey M, Bishop NC, Gleeson M. The influence of exercise
training status on antigen-stimulated IL-10 production in whole blood culture and
numbers of circulating regulatory T cells. Eur J Appl Physiol 2013;113:1839-48.
doi:10.1007/s00421-013-2614-y.

Weinhold M, Shimabukuro-Vornhagen A, Franke A, Theurich S, Wahl P, Hallek M, et
al. Physical exercise modulates the homeostasis of human regulatory T cells. J Allergy
Clin Immunol 2016;137:1607-1610.e3. doi:10.1016/j.jaci.2015.10.035.

Herdy AH, Caixeta A. Brazilian Cardiorespiratory Fitness Classification Based on
Maximum  Oxygen  Consumption.  Arq Bras  Cardiol  2016:389-95.
doi:10.5935/abc.20160070.

Jackson AS, Pollock ML. Generalized equations for predicting body density of men. Br
J Nutr 1978. doi:10.1079/BJN19780152.

Dorneles GP, Haddad DO, Fagundes VO, Vargas BK, Kloecker A, Roméo PRT, et al.
High intensity interval exercise decreases IL-8 and enhances the immunomodulatory
cytokine interleukin-10 in lean and overweight-obese individuals. Cytokine 2016.
d0i:10.1016/j.cyt0.2015.10.003.

Saucillo DC, Gerriets VA, Sheng J, Rathmell JC, Maclver NJ. Leptin Metabolically
Licenses T Cells for Activation To Link Nutrition and Immunity. J Immunol 2014.
doi:10.4049/jimmunol.1301158.

Spielmann G, Johnston CA, O’Connor DP, Foreyt JP, Simpson RJ. Excess body mass
is associated with T cell differentiation indicative of immune ageing in children. Clin
Exp Immunol 2014;176:246-54. doi:10.1111/cei.12267.

Garcia-Hernandez MH, Portales-Cervantes L, Cortez-Espinosa N, Vargas-Morales JM,
Fritche Salazar JF, Rivera-Lépez E, et al. Expression and function of P2X7 receptor
and CD39/Entpdl in patients with type 2 diabetes and their association with
biochemical parameters. Cell Immunol 2011;269:135-43.
doi:10.1016/j.cellimm.2011.03.022.

Pulte ED, Broekman MJ, Olson KE, Drosopoulos JHF, Kizer JR, Islam N, et al.
CD39/NTPDase-1 activity and expression in normal leukocytes. Thromb Res
2007;121:309-17. doi:10.1016/j.thromres.2007.04.008.

Kolodin D, Van Panhuys N, Li C, Magnuson AM, Cipolletta D, Miller CM, et al.
Antigen- and cytokine-driven accumulation of regulatory t cells in visceral adipose
tissue of lean mice. Cell Metab 2015. doi:10.1016/j.cmet.2015.03.005.

Vasanthakumar A, Moro K, Xin A, Liao Y, Gloury R, Kawamoto S, et al. The
transcriptional regulators IRF4, BATF and IL-33 orchestrate development and
maintenance of adipose tissue-resident regulatory T cells. Nat Immunol 2015.
d0i:10.1038/ni.3085.

Yeh S-H, Lai H-L, Hsiao C-Y, Lin L-W, Chuang Y-K, Yang Y-Y, et al. Moderate
Physical Activity of Music Aerobic Exercise Increases Lymphocyte Counts, Specific



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

127

Subsets, and Differentiation. J Phys Act Heal 2014. doi:10.1123/jpah.2012-0508.

Yeh SH, Chuang H, Lin LW, Hsiao CY, Wang PW, Yang KD. Tai Chi Chuan exercise
decreases AL1C levels along with increase of regulatory T-cells and decrease of
cytotoxic T-cell population in type 2 diabetic patients. Diabetes Care 2007;30:716-8.
d0i:10.2337/dc06-1507.

Dugger KJ, Chrisman T, Sayner SL, Chastain P, Watson K, Estes R. Beta-2 adrenergic
receptors increase TREG cell suppression in an OVA-induced allergic asthma mouse
model when mice are moderate aerobically exercised. BMC Immunol 2018;19:1-13.
doi:10.1186/s12865-018-0244-1.

Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, Giometto R, et
al. Expression of ectonucleotidase CD39 by Foxp3+Treg cells: Hydrolysis of
extracellular ATP and immune suppression. Blood 2007. doi:10.1182/blood-2006-12-
064527.

Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, O’Farrelly C, et al.
CD39+Foxp3+ regulatory T Cells suppress pathogenic Th17 cells and are impaired in
multiple sclerosis. J Immunol 2009. doi:10.4049/jimmunol.0901881.

McRae JL, Chia JS, Pommey SA, Dwyer KM. Evaluation of CD4 * CD25 '~ CD39 *
T-cell populations in peripheral blood of patients following kidney transplantation and
during acute allograft rejection. Nephrology 2017;22:505-12. doi:10.1111/nep.12894.
Nishimura S, Manabe |, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+
effector T cells contribute to macrophage recruitment and adipose tissue inflammation
in obesity. Nat Med 2009. doi:10.1038/nm.1964.

Kawanishi N, Mizokami T, Yano H, Suzuki K. Exercise attenuates M1 macrophages
and CD8+ T cells in the adipose tissue of obese mice. Med Sci Sports Exerc 2013.
doi:10.1249/MSS.0b013e31828ff9c6.

Pedersen BK. The Physiology of Optimizing Health with a Focus on Exercise as
Medicine 2019:1-21. doi:10.1146/annurev-physiol-020518.

Hespe GE, Kataru RP, Savetsky IL, Garcia Nores GD, Torrisi JS, Nitti MD, et al.
Exercise training improves obesity-related lymphatic dysfunction. J Physiol 2016.
doi:10.1113/JP271757.

Ziegler-Heitbrock L. The CD14+ CD16+ blood monocytes: their role in infection and
inflammation. J Leukoc Biol 2006. doi:10.1189/jIb.0806510.

Markofski MM, Flynn MG, Carrillo AE, Armstrong CLH, Campbell WW, Sedlock
DA. Resistance exercise training-induced decrease in circulating inflammatory
CD14+CD16+ monocyte percentage without weight loss in older adults. Eur J Appl
Physiol 2014. doi:10.1007/s00421-014-2902-1.

Niemiro GM, Allen JM, Mailing LJ, Khan NA, Holscher HD, Woods JA, et al. Effects
of endurance exercise training on inflammatory circulating progenitor cell content in
lean and obese adults. J Physiol 2018;0:1-12. doi:10.1113/JP276023.



128

7. CAPITULO V

7.1 Visao geral

O impacto da obesidade sobre o sistema imune possui grande interesse clinico, uma
vez que a inflamacdo crénica é um elo fundamental entre a obesidade e o desenvolvimento de
doencas cardiometabolicas e certos tipos de cancer (1). Por outro lado, dados emergentes
demonstram o beneficio do exercicio fisico e do condicionamento cardiorrespiratorio sobre a
imunidade celular e no tratamento da inflamacéo cronica (2—-4). De fato, efeitos antagdnicos
da obesidade e do condicionamento cardiorrespiratoria sdo identificados em aspectos
moleculares e celulares do sistema imune (5-7). Os estudos provenientes desta tese de
doutorado foram elaborados com o objetivo de avaliar o impacto agudo de diferentes tipos de
exercicio fisico bem como o do exercicio fisico crébnico em mecanismos da resposta

inflamatodria e imunidade celular de individuos eutréficos e obesos.

7.2 Estudo |
O estudo | nesta tese, inserido no capitulo 1, teve como objetivo principal avaliar o

efeito agudo de um exercicio exaustivo sobre marcadores epigenéticos em células
mononucleares periféricas humanas estimuladas com LPS, a producdo de citocinas pro-
inflamatdrias e a frequéncia periférica de subtipos de mondcitos em homens eutroficos e
obesos. Os achados do estudo indicaram que a estimulacdo com LPS sobre células
mononucleares de individuos obesos induziu um estado de hiperacetilagdo da histona H4 e
uma baixa atividade da enzima HDAC2 em comparacdo a células mononucleares de
individuos eutréficos. De modo interessante, este estado hiperacetilado de histona H4 da
célula mononuclear foi acompanhado por uma maior frequéncia periférica de mondcitos pro-
inflamatorios e maior producéo de IL-6, IL-8 e TNF-a, confirmando as relagdes entre eventos
epigenéticos e o estado inflamatério crénico de individuos obesos. O exercicio exaustivo
aumentou o estado hiperacetilado de PBMCs e reduziu a atividade da HDAC2 tanto em
condicdes de ndo estimulacdo quanto de estimulacdo com LPS em individuos obesos. Estas
modificacOes epigenéticas observadas ap6s o exercicio foram acompanhadas por um aumento
nas concentracgdes de IL-8 e TNF-a e na frequéncia de mondcitos CD14+CD16+.

O sistema imunoldgico apresenta grande plasticidade e as células imunes séo
altamente moduladas de acordo com os sinais e mediadores recebidos do meio em que se
encontram. Um sistema fisiolégico ndo saudavel, como identificado na obesidade e na

inatividade fisica, induzem modificagdes epigenéticas que possibilitam o aumento da
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transcricdo de genes pré-inflamatdrios (8,9). Fatores sistémicos liberados pelo tecido adiposo,
como a leptina, aumentam a ativacdo de vias de sinalizacdo inflamatérias MAPKs/NF-xB
através da acetilacdo de histona H4 (10). Por outro lado, a acdo imunossupressora de
glicocorticoides esta relacionada a uma maior atividade da enzima HDAC?2 (11), confirmando
que mediadores do meio extracelular influenciam modificagdes epigenéticas em células
imunes.

O exercicio fisico é considerado um subtipo de estresse fisico, como estresse térmico e
traumatico, que modula induz diversas alteracdes nos sistemas cardiovascular, neuromuscular,
enddcrino e imunoldgico (12). Exercicios extremos e com grande dano tecidual estdo
relacionados a uma resposta inflamatoéria exacerbada (13). Assim, uma sessdo de exercicio
exaustivo, realizado através de um protocolo de exercicio em degrau até a fadiga, amplificou
a resposta inflamatoria de individuos obesos através de um estado de hiperacetilacdo da
histona H4 e redugdo da atividade da enzima HDAC2 em células mononucleares de
individuos obesos. De modo interessante, esta modulacao epigenética ndo foi identificada em
individuos eutroficos.

Uma sessdo de exercicio vigoroso aumentou a forforilagdo do NF-kB em PBMCs de
individuos saudaveis (14). Assim, o aumento da resposta inflamatdria, identificado pelo
aumento na producdo de TNF-o e IL-8 e no aumento da frequéncia de mondcitos
CD14+CD16+, ap6s uma sessdo de exercicio exaustivo estd relacionado a um estado de
menor repressao na transcricdo génica induzido por eventos de acetilacdo de histonas. Por
outro lado, um estudo conduzido por Lavratti e colaboradores (15) identificou uma reducao
no estado global de acetilagdo na histona H4 em conjunto a uma redugéo na produgéo de IL-6
e INF-y por células mononucleares estimuladas com fitohemaglutinina. Assim, o estado da
cromatina parece influenciar a resposta inflamatéria durante o exercicio. Nosso grupo
identificou que uma sessao de exercicio intervalado de alta intensidade aumentou a atividade
da HDAC global em células mononucleares de individuos obesos em conjunto a elevacGes
nas concentracgdes sistémicas de IL-10 e TGF-p (16).

7.3 Estudo 11

O estudo Il nesta tese, inserido no capitulo Ill, teve como objetivo investigar o
impacto da capacidade cardiorrespiratoria sobre a mobilizacdo de células T CD4+CD25-
CD39+ mTeff e CD4+CD25+CD39+ mTreg em resposta a uma sessdo de exercicio

intervalado de alta intensidade. Neste capitulo, nossos resultados principais indicaram que a
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capacidade cardiorrespiratoria apresentava correlacdo positiva com a frequéncia periférica de
mTreg e uma correlacdo negativa com a frequéncia periférica de mTeff. O exercicio
intervalado de alta intensidade induziu uma grande mobilizacdo de células mTeff e mTreg
imediatamente apds a sessdo em ambos 0s grupos. Enquanto a frequéncia periférica de mTreg
permaneceu elevada 1 h apo6s a sessdo em ambos 0s grupos; uma reducdo na frequéncia de
mTeff foi observada no grupo com alta capacidade cardiorrespiratoria 1 h apds a sessao,
permanecendo alta no grupo de baixa capacidade cardiorrespiratoria. Estes dados indicam a
redistribuicdo de subtipos de células T CD4+ apds o exercicio dependente, a0 menos em
parte, da capacidade cardiorrespiratdria.

A linfocitose e linfopenia séo resposta imunes no padrdo de distribuigdo celular bem
estabelecidos no exercicio agudo (17). Teorias recentes indicam que estes processos possuem
finalidade de redistribuir células T para sitios inflamados ou que possuem maior potencial de
infecgdo (5). Enquanto dados prévios confirmavam a redistribuicdo de linfocitos T com
fendtipo efetor, e uma elevacdo na frequéncia periférica de linfocitos Tregs em resposta ao
exercicio intervalado (18), a expressdo das ectonucleotidases CD39 e CD73 em células T
CD4+ durante sessfes de exercicio agudo ainda era pouco estudado. A mobilizacdo de células
T CD4+CD25+CD39+ mTreg em conjunto a maior expressdo de CD73 em células T
CD4+CD25+ em resposta ao exercicio intervalado confirma o potencial anti-inflamatério
desta modalidade de exercicio. De fato, uma maior frequéncia de célula mTreg na circulacéo
no periodo de até 1-h apds a sessdo esta relacionado a maior atividade imunossupressora e
menor secrecdo de citocinas pro-inflamatorias (19,20). De fato, Gleeson e colaboradores (4)
acreditavam que o aumento de células Tregs induzida pelo exercicio seria um dos
mecanismos pelos quais a inflamacéo crénica seria controlada; nossos dados confirmam a
hiptese dos autores sobre o impacto do exercicio na imunoregulacdo. Além disso, tanto
individuos sedentarios quanto individuos fisicamente ativos apresentam o mesmo padrdo de
mobilizag&o de células mTregs.

Por outro lado, nossos dados indicam que a redistribuicdo de células mTeff apds o
exercicio € dependente do condicionamento cardiorrespiratério. As células T CD4+CD25-
CD39+ apresentam um perfil pro-inflamatorio, de secrecdo de citocinas Th1/Thl7, e que
migram para tecidos inflamados em resposta ao aumento nos niveis de ATP e outros
nucleotideos (21,22). Assim, a manutencdo de células mTeff na circulagdo de individuos
sedentarios apds uma sessdo de exercicio intervalado de alta intensidade, pode indicar que
estes sujeitos apresentam algum nivel de inflamag&o sistémica apesar 0 aumento concomitante

de células mTreg.
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7.4 Estudo 111

O estudo final desta tese (estudo Ill), inserido no capitulo 1V, avaliou a frequéncia
periférica de células Tregs CD4+CD25""CD127'°" a expressdo de CD39 e CD73 em células
T CDA4+, subtipos de mondcitos e 0s niveis sistémicos de citocinas em homens eutroficos e
obesos com diferentes niveis de capacidade cardiorrespiratoria. Os principais achados deste
estudo indicaram que uma maior capacidade cardiorrespiratoria em individuos obesos
modulou as alteracdes na frequéncia de células Tregs, mTeff CD4+CD25-CD39+ e mTreg
CD4+CD25+CD39+ e o percentual de mondcitos intermediarios e nao-classicos induzidas
pelo excesso de tecido adiposo na obesidade. Além disso, um desequilibrio nas concentracoes
de citocinas pro- e anti-inflamatérias foi identificada em relacdo a capacidade
cardiorrespiratdria, sobretudo por um aumento nos niveis de IL-6 e TNF-a e niveis reduzidos
de IL-10 e IL-33, em individuos obesos e eutroficos com baixo VOopico.

De fato, a capacidade cardiorrespiratoria apresenta importante impacto em aspectos
metabolicas e também nos niveis sistémicos de citocinas tanto em individuos eutrdficos
guanto em obesos (23,24). Nosso estudo adicionou novos achados sobre o impacto da baixa
capacidade cardiorrespiratoria na imunidade celular. Os exatos mecanismos pelos quais a
baixa capacidade cardiorrespiratéria induzem um estado inflamatério crénico permanecem a
ser elucidados, no entanto algumas hip6teses podem ser levantadas: a) aspectos metabdlicos,
como elevacgdes em acidos graxos livres, glicose e mediadores lipidicos, servem de substratos
energéticos para a modulacdo da resposta inflamatéria. O estado dislipidémico e
hiperglicémico em individuos com baixa capacidade cardiorrespiratoria ativa células imunes,
como monocitos, estando relacionado a maior producdo de TNF-a (25,26); b) alteragdes
hormonais como o estado hiperinsulinémico e modificagbes nas concentracdes de
catecolaminas podem modificar o estado de ativacdo imune, como dessensibilizacdo de
receptores B-adrenérgicos em células imunes, em individuos sedentarios esta associado a uma
maior ativacdo de mondcitos pré-inflamatérios e um padrédo Thl de resposta imune (27,28); ¢)
individuos sedentarios apresentam maiores niveis de endotoxemia sistémica, que podem
ativar de modo crénico receptores TLR e a cascata inflamatdria em mondcitos de modo a
aumentar as citocinas pro-inflamatérias (29); d) individuos sedentarios possuem menores
niveis sisttmicos de HSP-72 kda em conjunto a um desequilibrio no estado redox, o que pode

contribuir para a inflamagao subclinica (30,31).
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Além destes fatores acima mencionados, a inatividade fisica, e baixos niveis de
condicionamento cardiorrespiratorio, induz um acimulo ectépico de adiposidade visceral, ao
qual é responsavel por maior acumulo de macr6fagos M1 e secrecdo de citocinas pro-
inflamatorias (7,32). Nossos dados indicam que uma maior capacidade cardiorrespiratoria
reduz esta associacdo entre adiposidade central-inflamacdo. No entanto, nds reconhecemos
que a falta de avaliacdo de medidas diretas de adiposidade visceral, ndo apenas medidas de
perimetria, em nosso estudo representa uma limitagdo metodoldgica. Por outro lado, a
capacidade de secrecdo de miocinas pelo mdsculo também parece exercer importante
influéncia sobre o sistema imunoldgico. Neste sentido, Duggal e colaboradores (33)
identificaram que idosos atletas apresentavam menor frequéncia periférica de células T de
memoria efetora e maior capacidade timica em conjunto a niveis elevados de IL-7 e IL-15,
duas citocinas/miocinas com importantes fungdes na regulacdo da geracdo e maturacdo de
células T.

Por fim, desequilibrios no sistema purinérgico podem representar um importante
aspecto na ativacdo crénica do sistema imune na obesidade e na inatividade fisica. Estudos
anteriores destacaram que leucdcitos residentes no tecido adiposo de individuos obesos
apresentam uma baixa eficiéncia na hidrélise de nucleotideos em conjunto a um acimulo
exagerado de ATP extracelular (34). Estas alteracbes foram correlacionadas a uma maior
frequéncia de células T CD4+CD39+, CD3+FoxP3-CD39+ e um padrdo Thl7 no tecido
adiposo inflamado (35). Nossos dados obtidos no estudo I11 foram os primeiros a enfatizarem
que uma maior capacidade cardiorrespiratéria reduz a frequéncia de células T CD4+CD25-
CD39+, relacionadas ao padrdo Th1/Th17, em conjunto a uma maior frequéncia de células T
CD4+CD25+CD39+, de maior atividade imunoreguladora. Deste modo, a modulacdo do
sistema purinérgico pode sofrer grande influéncia tanto do nivel de condicionamento fisico
quanto da inatividade fisica, reduzindo o impacto da obesidade.

Por fim, nossos dados do estudo Il indicaram que o condicionamento
cardiorrespiratorio exerce papel importante na geracdo de uma resposta imunoreguladora.
Tanto em individuos obesos quanto eutroficos, uma frequéncia elevada de células Tregs e
CD4+CD25+CD39+ mTregs e baixa frequéncia de células CD4+CD25-CD39+ mTeff, alem
de aumento nos niveis sistémicos de IL-10 e IL-33 em conjunto a concentra¢Ges reduzidas de

TNF-a foram identificadas em uma relacéo dependente do grau de classificacdo do VO2Max,
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ou seja, quanto maior a capacidade cardiorrespiratoria maior a frequéncia das células Treg e
mTregs.

Individuos com alta capacidade aerobia possuem maior frequéncia periférica de
células Tregs e maior producéo de I1L-10 do que individuos sedentarios (36). Além disso, uma
maior frequéncia e atividade imunossupressora de células Tregs foi identificada em atletas
olimpicos com alto VOyvax €m comparacdo a atletas olimpicos com menor capacidade
cardiorrespiratoria (3). No entanto, estes estudos ndo avaliaram o impacto antagbnico da
obesidade e do nivel de condicionamento cardiorrespiratorio na imunoregulacdo de células
Tregs. Assim, nosso estudo foi o primeiro a identificar o papel protetivo do exercicio fisico
sobre células imunoreguladoras em individuos obesos. Do mesmo modo, uma relagdo entre a
capacidade cardiorrespiratéria e a frequéncia de células mTeff em individuos eutréficos e
obesos foi identificada, confirmando os achados prévios de Spielmann e colaboradores (2)
que avaliaram diferentes fendtipos de células T, através da expressdo de CD28 e outros
marcadores de senescéncia celular, em individuos eutr6ficos saudaveis. Dados prévios
demonstraram que uma maior frequéncia de células mTreg e baixa frequéncia de células
mTeff em pacientes com doenca renal crénica se relacionavam a menor taxa de rejeicdo ao
transplante renal, enfatizando a importancia da imunoregulacdo mediada por estas células
(19).

7.5 Perspectivas Futuras

Como perspectivas futuras, estudos longitudinais sdo necessérios para identificar o
impacto de diferentes modelos de treinamento fisico sobre o fendtipo de mondcitos e células
T, bem como sobre as atividades funcionais como reconhecimento e apresentacdo de
antigeno, producdo de citocinas, fagocitose, citotoxicidade e proliferacdo celular. Uma vez
que a inflamacéo cronica na obesidade exerce um papel fundamental no desenvolvimento de
certos tipos de cancer e respostas diminuidas contra patdgenos, a investigacdo do efeito do
exercicio fisico sobre marcadores de ativacdo celular (ex., CD28) e de inibicdo celular (ex.,
PD-1 e CTLA-4) torna-se necessario.

Apesar de os artigos | e 11 apresentarem aspectos celulares e moleculares da resposta
imune ao exercicio, eventos epigenéticos e expressdo de ectonucleotidases em células T,
respectivamente, ndo foi possivel nesta tese avaliar os dois eventos de modo simultaneo ou no
mesmo protocolo de exercicio. No entanto, os resultados obtidos possibilitam a geragdo de

uma hipotese sobre o envolvimento epigenéticos na modulacdo da resposta inflamatoria
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através da modificacdo do fenotipo de células e da expressdo de ectonucleotidases. Assim,
futuros estudos devem ser realizados para avaliar a expressdo de ectonucleotidases e
mecanismos epigenéticos na resposta imune a diferentes modelos de exercicio fisico.

Dados prévios do nosso laboratorio, ndo inclusos nesta tese, demonstram que a
incubacédo de células mononucleares com o plasma obtido apds o exercicio intervalado reduz
a producdo de TNF-a. Por outro lado, a incubagdo do soro obtido apds uma sessdo de
exercicio exaustivo com células mononucleares estimula uma maior resposta inflamatdria.
Estes dados podem indicar que solutos liberados durante o exercicio modulam o estado

inflamatodrio de células imunes.
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8. CONCLUSOES

Considerando as complexas relagdes entre a obesidade e o sistema imune, e 0
potencial impacto do exercicio fisico no controle da resposta inflamatdria, as principais
conclusdes desta tese de doutorado séo:

Em individuos obesos, um aumento na acetilagdo da histona H4 e reducdo na atividade
da enzima HDAC2 em células mononucleares estimuladas com LPS é identificada em
conjunto a uma maior producdo de citocinas IL-6, IL-8 e TNF-a ¢ a um perfil de monocitos
pré inflamatorios CD14+CD16+;

Uma sessdo de exercicio exaustivo aumentou o estado inflamatério de células
mononucleares através de um estado de hiperacetilacdo da histona H4 em condigdes de nédo
estimulacdo e estimulacdo com LPS;

A capacidade cardiorrespiratoria apresenta correlacdo positiva com a frequéncia
periférica de células mTreg CD4+CD25+CD39+ e negativa com células mTeff CD4+CD25-
CD39+;

Uma sessdo de exercicio intervalado aumenta a frequéncia periférica de células mTreg
de modo independente ao nivel de condicionamento fisico;

O padrao de redistribuicdo de células mTeff apds o exercicio é dependente ao nivel de
condicionamento fisico;

Um maior nivel de VO2Pico estd associado ao aumento da frequéncia periférica de
células Tregs, células mTreg e a uma menor frequéncia de células mTeff e de mondcitos
intermediarios e ndo classicos em individuos eutréficos e obesos;

Um maior nivel de VO2Pico esta associado a reducdo da condicdo de inflamacéo
cronica de baixo grau, avaliado pelos niveis de IL-6, TNF-a, IL-10 e IL-33, em individuos
obesos;

Uma semana de exercicio intervalado de alta intensidade elevou a frequéncia

periférica de células Treg e mTreg em individuos obesos sedentarios.
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Anexo Il — Normas de formatacéo para as revistas cientificas

Seguindo as recomendac@es da coordenacdo do PPG-Ciéncias da Saude, optou-se por
inserir apenas o link para as normas online de cada revista.

Artigo |
Revista Oxidative Medicine and Cellular Longevity

https://www.hindawi.com/journals/omcl/gquidelines/

Artigo 11
Revista Journal of Cellular Biochemistry

https://onlinelibrary.wiley.com/page/journal/10974644/homepage/forauthors.html

Artigo 111
Revista Metabolism — Clinical & Experimental

https://www.elsevier.com/journals/metabolism/0026-0495/quide-for-authors



https://www.hindawi.com/journals/omcl/guidelines/
https://onlinelibrary.wiley.com/page/journal/10974644/homepage/forauthors.html
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