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“Out of the night that covers me,
Black as the pit from pole to pole,
1 thank whatever gods may be
For my unconquerable soul.

In the fell clutch of circumstance
I have not winced nor cried aloud.
Under the bludgeonings of chance
My head is bloody, but unbowed.

Beyond this place of wrath and tears
Looms but the Horror of the shade,
And yet the menace of the years
Finds and shall find me unafraid.

It matters not how strait the gate,

How charged with punishments the scroll,
I am the master of my fate,

I am the captain of my soul.”

Invicuts
William Ernest Henley, 1875.



RESUMO

INTRODUCAO: O exercicio fisico ¢ um importante componente para manutencio da satde,
atuando na prevengdo e no tratamento de diferentes doengas. Os beneficios relacionados ao
exercicio fisico sdo derivados de adaptacdes teciduais de curto e longo prazo, coordenadas por
diferentes mecanismos de comunicagdo celular. Assim, o sistema purinérgico ¢ um mecanismo
de comunicagdo intercelular que participa da regulacdo de respostas inflamatorias,
coagulatdrias, vasculares e cardiacas. Dados prévios sugerem a atuacdo fisiopatolégica e o
potencial terapéutico da sinalizacdo purinérgica em doengas cardiovasculares, metabolicas,
neurologicas e oncologicas. Mesmo a sinalizagao purinérgica sendo um importante modulador
de fun¢des intimamente vinculadas ao exercicio, sua a¢do nas respostas agudas e cronicas ao
exercicio € controversa, principalmente em populagdes com diferentes caracteristicas
antropométricas e metabolicas.

OBJETIVO: 1) Revisar sistematicamente os efeitos de diferentes modalidades de exercicio
fisico, agudo e cronico, na funcionalidade de enzimas purinérgicas de sujeitos saudaveis e nao
saudaveis; 2) Avaliar os efeitos do exercicio aerobico de intensidade moderada, na
funcionalidade de enzimas purinérgicas soluveis e em todo o espectro do metabolismo ATP, no
plasma sanguineo de sujeitos sedentarios eutroficos, sedentdrios com sobrepeso e fisicamente
ativos. Além disso, investigar possiveis relagdes entre marcadores cardiometabolicos,
inflamatorios e parametros purinérgicos.

METODOS: 1) A busca foi realizada em diferentes bancos de dados eletronicos, MEDLINE,
EMBASE, Cochrane Library e Web of Science para identificar ensaios clinicos randomizados,
ensaios clinicos ndo randomizados, ensaios clinicos ndo controlados, estudos quase-
experimentais e pré e pos-intervencdo. Dois revisores independentes realizaram a selecdo dos
estudos, extragdo de dados e andlise da qualidade metodolédgica; 2) Vinte e quatro homens
(n=24), com idades entre 20 e 30 anos, foram divididos em trés grupos: 1) eutréfico sedentario
(NWSED, n=8), 26.37+2.97 anos, indice de massa corporal (IMC) 23.40+2.01 Kg/m? e
consumo de oxigénio de pico (VOzpico) 43.96+£1.09 mL/Kg/min; 2) sobrepeso sedentério
(OWSED, n=8), 25.7542.91 anos, IMC 27.75+1.26 Kg/m?, VOzpico 38.82+2.48 mL/Kg/min;
eutrofico fisicamente ativo (PHACT, n=8), 23.12+3.18 anos, IMC 23.65+1.20 Kg/m?, VOa2pico
50.30+2.34 mL/Kg/min. Os voluntarios participaram do nosso desenho experimental composto
por dois dias; no primeiro dia os participantes realizaram uma entrevista para coleta do historico
clinico, habitos alimentares e rotina de exercicios semanais, posteriormente era realizada a

avaliagdo antropométrica e o teste cardiopulmonar maximo. No segundo dia, sete dias apds a



primeira visita, os participantes eram submetidos a trinta minutos de exercicio em esteira rolante
e intensidade de 70% VOapico. As coletas de sangue eram feitas em jejum ao chegar no
laboratorio, imediatamente apds o fim do exercicio e 1h apds o fim do exercicio. Foram
mensuradas atividade das enzimas purinérgicas, niveis de adenosina 5’-trifosfato (ATP) e seu
metabolitos, interleucina 1P (IL-1p), fator de necrose tumoral a (TNF-a), interleucina 8 (IL-8),
interleucina 10 (IL-10), glicose, colesterol total (CT), triglicerideos, lipoproteina de alta
densidade (HDL) e lipoproteina de baixa densidade (LDL). Todos os resultados estdo
apresentados em média e desvio padrao (DP) e a=5%.

RESULTADOS: 1) Dos 203 artigos identificados pela estratégia de busca, doze foram incluidos
nesta revisdo sistematica, respeitando os critérios de inclusdo e exclusdo. Oito estudos
reportaram que o exercicio agudo, em sujeitos saudaveis e ndo saudaveis, elevou a atividade
e/ou expressao das nucleotidases. Quatro estudos demonstraram uma diminui¢do na atividade
das nucleotidases em plaquetas e linfocitos de paciente com sindrome metabdlica, doenga renal
cronica e hipertensao, apos diferentes protocolos de exercicio cronico; 2) Imediatamente apds
o protocolo de exercicio, os participantes apresentaram um aumento na hidrdlise de ATP, ADP,
AMP e p-Nph-5’-TMP, enquanto somente a hidrolise de AMP permaneceu aumentada 1h ap6s
o exercicio. Os niveis plasmaticos de ATP e ADP diminuiram imediatamente e apds lh de
exercicio de forma similar em todos os grupos. Por outro lado, os niveis plasmaticos de
adenosina e inosina aumentaram apos o exercicio, porém somente a adenosina permaneceu
elevada 1h apds o exercicio. Em relacdo aos marcadores inflamatérios, o nosso protocolo de
exercicio aumentou significativamente os niveis de TNF-a e IL-8 apos o exercicio, contudo
apenas o TNF-a continuou elevado apds lh. Nossas andlises indicaram correlagdes
significativas entre a atividade da 5’-nucleotidase, niveis de adenosina, VOapico, triglicerideos,
e os niveis de TNF-a e IL-8.

CONCLUSOES: Os resultados obtidos com essa tese de doutorado indicam que a sinalizagio
purinérgica participa, pelo menos parcialmente, nas respostas inflamatdrias, tromboticas e
cardiovasculares desencadeadas pelo exercicio fisico moderado e de alta intensidade. Em
relacdo especificamente aos exercicios de intensidade moderada, as respostas das nucleotidases
soluveis sdo similares entre individuos com diferentes caracteristicas antropométricas e

capacidade cardiorrespiratoria.

Palavras-chaves: Exercicio; ATP; Adenosina; NTPDases; 5’-nucleotidase; Inflamagao.



ABSTRACT

INTRODUCTION: Physical exercise is an important element for health maintaining, acting in
the prevention and treatment of several diseases. The health benefits related to exercise are
derived from short- and long-term tissue adaptations regulated by pathways of cell signaling.
Thus, purinergic signaling is an extracellular communication system, that modulated
inflammation, coagulation and cardiovascular activity. Previous data showed the significant
pathophysiology role and therapeutic potential of purinergic signaling. Therefore, even though
purinergic signaling is an important modulator of functions closely linked to exercise, its role
in acute and chronic responses to exercise is controversial, especially in relation to populations
with different anthropometric and metabolic characteristics.

OBIJECTIVE: 1) The objective of this study was to systematically review the effects of different
modalities of acute and chronic exercise in the functionality of purinergic enzymes in healthy
and unhealthy subjects; 2) To evaluate the effects of acute moderate-intensity aerobic exercise,
in the functionality of soluble purinergic enzymes and the whole spectrum of ATP metabolism,
in the blood plasma of normal weight sedentary, overweight sedentary and physically active
individuals. Moreover, assess possible relationships between cardiometabolic, inflammatory
markers and purinergic parameters.

METHODS: 1) The MEDLINE, EMBASE, Cochrane Library and Web of Science databases
were searched to identify, randomized clinical trials, non-randomized clinical trials,
uncontrolled clinical trials, quasi-experimental, pre- and post-interventional studies that
evaluated the acute or chronic effects of exercise on nucleotidases in humans. Two independent
reviewers performed the study selection, data extraction and assessment of risk of bias; 2)
Twenty-four male volunteers (n=24), age between 20 and 30 years, were divided into three
groups: 1) normal weight sedentary (NWSED, n=8), 25.75+2.91 years, body mass index (BMI)
23.40+2.01 Kg/m? and peak oxygen uptake (VO2peak) 43.96+1.09 mL/Kg/min; 2) overweight
sedentary (OWSED, n=8), 25.75+2.91 years, BMI 27.75+1.26 Kg/m? and VO2peak 38.82+2.48
mL/Kg/min; 3) normal weight physically active (PHACT, n=8), 23.12+3.18 years, BMI
23.65+1.20 Kg/m? and VOopeak 50.30+2.34 mL/Kg/min. The volunteers participated of our
experimental design composed for two days. On the first day (day 1) the participants realized
an interview for the collection of clinical data, eating habits, and weekly exercise routine after
that was performed the anthropometric evaluation and cardiopulmonary exercise test. On the

second day (day 2), seven days after the first visit, the participants were submitted to thirty



minutes of moderate-intensity exercise on the treadmill at 70% of VOzpeak. Blood samples
were taken at baseline, after 8h of fasting, immediately post-exercise and 1h after exercise.
Were assessed the activity of purinergic enzymes, ATP levels and metabolites, interleukin 13
(IL-1pB), tumor necrosis factor (TNF-a), interleukin 8 (IL-8), interleukin 10 (IL-10), glucose,
cholesterol, triglycerides, high-density lipoprotein (HDL) and low-density lipoprotein (LDL).
Results are expressed as mean + standard deviation (SD) and a=5%.

RESULTS: 1) Eight studies reported that acute exercise, in healthy and unhealthy subjects,
elevated the activities or expression of nucleotidases. Four studies evaluated the effects of
chronic training on nucleotidase activities in the platelets and lymphocytes of patients with
metabolic syndrome, chronic kidney disease and hypertension and found a decrease in
nucleotidase activities in these conditions; 2) Immediately post-exercise, all subjects showed
increases in ATP, ADP, AMP and p-Nph-5’-TMP hydrolysis, while AMP hydrolysis remained
increased at 1h after exercise. The plasma levels of ATP and ADP decreased at post- and 1h
post-exercise in all groups. However, adenosine and inosine levels increased at post-exercise,
but only adenosine remained augmented at 1h after exercise in all groups. With regard to
inflammatory responses, the exercise protocol increased TNF-o and IL-8 concentrations in all
subjects, but only TNF-a remained elevated at 1h after exercise. Our analysis demonstrated
significant correlations between the activity of 5°’-NT, adenosine levels, VOzpeak, triglyceride,
TNF-a and IL-8 levels.

CONCLUSIONS: The results obtained with this doctoral thesis showed that purinergic
signaling participates, at least partially, for inflammatory, thrombotic and cardiovascular
responses triggered by moderate- and high-intensity exercise. Related to moderate-intensity
aerobic exercise, the nucleotidase response are similar between individuals with distinct

anthropometric characteristics and cardiorespiratory fitness.

Keywords: Exercise; ATP; Adenosine; NTPDases; 5’-nucleotidase; Inflammation.
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1 APRESENTACAO

A presente tese de doutorado foi instigada a partir de questionamentos sobre diferentes
aspectos das adaptacdes celulares e moleculares promovidas pelo exercicio fisico. Assim sendo,
o foco desse trabalho foi esclarecer e desenvolver novos conhecimentos sobre a relagdo entre o
exercicio fisico e a sinalizagdo purinérgica, em individuos com diferentes caracteristicas
bioldgicas e capacidade cardiorrespiratoria. Esse tema ¢ de eminente importincia pois a
sinalizagdo purinérgica ¢ reguladora de diversas atividades bioquimicas e fisiologicas
intimamente ligadas ao exercicio fisico, assim como: ritmo cardiaco, funcdo vascular,
inflamacao e coagulagdo.

Posto isto, esta tese esta estruturada da seguinte forma:

1) Introducdo: uma breve revisdo bibliografica sobre os temas abordados na tese e justificativa
para a realizag¢do da pesquisa.

2) Capitulo I (artigo 1 — revisdo sistematica): Effects of physical exercise on the functionality
of human nucleotidases: A systematic review, submetido a revista Purinergic Signalling.

3) Capitulo II (artigo 2 — artigo original): Exercise promotes purinergic and inflammatory
responses in sedentary, overweight and physically active subjects, aceito para publicacio
na revista Experimental Physiology.

4) Conclusdes: aspectos finais da tese, apanhado geral de resultados e contribui¢do do
trabalho para o desenvolvimento de novos conhecimentos na 4area de ciéncias do
movimento humano e satde.

5) Perspectivas futuras: trabalhos subsequentes para o desenvolvimento do tema.

O documento estd de acordo com o regimento interno do Programa de Pés-Graduacao
em Ciéncias do Movimento Humano, a partir da resolugdo 10/2014 do Comité de Etica em
Pesquisa (CEPE)/UFRGS. O projeto foi aprovado pelo CEPE/UFRGS (CAAE
79422417.2.0000.5347), com o titulo “Efeitos do exercicio aerdbico agudo e cronico nas
nucleotidases soluveis e associadas a microvesiculas no sangue de individuos adultos
sedentarios e fisicamente ativos”. Todos os participantes assinaram o termo de consentimento

livre e esclarecido para participagdo no estudo (TCLE).
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2 INTRODUCAO

O conceito sobre um sistema de comunicagado extracelular envolvendo nucleotideos ¢
nucleosideos comegou a ser moldado a partir de 1929, quando foi publicado o primeiro trabalho
demonstrando principalmente a acdo da adenosina (ADO) sobre o sistema cardiovascular,
provocando bradicardia, vasodilatacdo corondria e diminuicdo da pressdo arterial (PA)
(DRURY; SZENT-GYORGY]I, 1929). Apesar disso, somente em 1972 que nucleotideos e
nucleosideos, como adenosina 5’-trifosfato (ATP) e ADO, respectivamente, foram sugeridos
como moléculas biossinalizadoras (BURNSTOCK, 1972).

Atualmente a sinalizagdo purinérgica é considerada um elegante e complexo mecanismo
de comunicacdo intercelular, influenciando aspectos relacionados a saude e doenga,
identificado em diferentes tipos celulares, incluindo, cardiomidcitos, plaquetas, linfocitos,
endotélio, neurdonios e astrocitos (BURNSTOCK, 2017, HECHLER; GACHET, 2015;
KOHLER et al., 2007; LEDDEROSE et al., 2016). No entanto, até o inicio da década de 90, a
concepcdo sobre sinalizacdo purinérgica ndo era efetivamente aceita pela comunidade
cientifica. Assim, somente apos a completa caracterizagdo dos receptores purinérgicos, € suas
respectivas subdivisdes, que os potenciais bioquimicos, fisiologicos, fisiopatologicos e
terapéuticos aplicados ao sistema purinérgico foram explorados, com o crescente numero de
trabalhos publicados (BURNSTOCK, 2017; RALEVIC; BURNSTOCK, 1998).

Assim como outros sistemas de comunicagdo celular, o sistema purinérgico ¢ composto
moléculas biossinalizadoras, enzimas reguladoras e receptores especificos. Nesse sentido, além
do ATP e ADO, outros nucleotideos e nucleosideos podem exercer a funcdo de
biossinalizadores extracelulares, como adenosina 5’-difosfato (ADP), inosina (INO), guanosina
5’-trifosfato (GTP) e guanosina (GUO) (YEGUTKIN, 2008). Para que desencadeiem seus
efeitos, essas moléculas precisam ligar-se a receptores purinérgicos, os quais sdo divididos
amplamente em P1 e P2. Os nucleotideos exercem seus efeitos via receptores P2, ja os
nucleosideos, como ADO e INO, ligam-se especificamente aos receptores P1, subdivididos em
A1, Aza, A e Az, todos esses receptores metabotropicos, ligados a proteinas G. Em
contrapartida, os receptores P2, ativados por ATP e ADP, sdo primariamente divididos em P2X
e P2Y. Os receptores P2X s3o ionotropicos, de agdo rapida, e subdividem-se em P2X;.7;
adicionalmente, os receptores P2Y sdo divididos em P2Y, P2Y>, P2Y4, P2Ys¢, P2Y11, P2Y 12,
P2Y13 e P2Y 14, todos metabotrépicos, ligados as proteinas G (HECHLER; GACHET, 2015;
RALEVIC; DUNN, 2015).
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Estimulos mecanicos, hipoxia e alteragcdes na pressao hidrostatica contribuem para a
liberagdo dessas moléculas sinalizadoras para o ambiente extracelular, possibilitando que elas
se liguem a receptores e sejam subsequentemente degradadas por acdo de enzimas especificas
descritas abaixo. O ATP pode ser liberado via necrose ou apoptose, mecanismos de lise celular,
sinalizando dano ou morte celular, sendo essencial para o desenvolvimento da resposta
inflamatéria (FAAS; SAEZ; DE VOS, 2017). Outros mecanismos relevantes para liberagio de
nucleotideos e nucleosideos sdo através de canais ionotropicos voltagem e mecano-depedentes,
difusdo facilitada, exocitose e canais de conexina e panexina (mecanismos nao dependentes de
lise celular) (YEGUTKIN, 2008; LOHMAN; ISAKSON, 2014). Adicionalmente, os canais de
conexina e panexina destacam-se por contribuirem para liberagdo de outras moléculas
sinalizadoras, como o glutamato, glutationa, nicotinamida adenina dinucleotideo (NAD") e
prostaglandina E2 (CHEUNG; CHEVER; ROUACH, 2014).

As enzimas purinérgicas, genericamente denominadas como nucleotidases, sdo
responsaveis por modular a magnitude e a duracdo das respostas purinérgicas, através da
regulagdo dos niveis extracelulares de nucleotideos e nucleosideos (SCHETINGER et al.,
2008). As nucleotidases podem ser encontradas em diferentes formas, principalmente ligadas a
membrana plasmatica de diferentes células com seu sitio catalitico voltado para o ambiente
extracelular, nomeadas nessa forma como ectonucleotidases. Adicionalmente, as nucleotidases
sdo encontradas em forma soltivel nos fluidos bioldgicos, principalmente na corrente sanguinea,
contribuindo fortemente para o metabolismo nucleotideos e nucleosideos no sangue
(YEGUTKIN, 2014; OSES et al., 2004). Por ultimo, dados recentes da literatura demonstram
a presen¢a de diferentes ectonucleotidases acopladas a membrana de microvesiculas e
exossomos (SMYTH et al., 2013; JIANG et al., 2014).

As nucleotidases com maior notoriedade na regulagao das respostas purinérgicas sao as
familias das nucleosideo trifosfato  difosfoidrolases  (NTPDases), nucleotideo
pirofosfatases/fosfodiesterases (NPPs), 5’-nucleotidase (5°-NT) e a adenosina deaminase
(ADA), as quais podem ser ligadas @ membrana ou soliveis, como comentado anteriormente
(YEGUTKIN, 2014). Assim, considerando toda a complexa rede de enzimas purinérgicas, ¢
essencial destacar as vias de sintese, degradacdo e ressintese de ATP coexistindo
simultaneamente (Figura 1), modulando inflamagdo, coagulagdo e atividade vascular
(YEGUTKIN, 2002).

A familia das NTPDases (Figura 1A) hidrolisa nucleotideos tri- e difosfatados
(especialmente ATP e ADP), formando como produtos nucleotideos monofosfatados, como a

adenosina 5’-monofosfato (AMP). Atualmente, oito membros das NTPDases foram
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identificados em mamiferos (NTPDasel-8) as quais sdo expressas em quase todos os tecidos
humanos (ROBSON; SEVIGNY; ZIMMERMANN, 2006). Similarmente, a familia das NPPs
(Figura 1B) é composta por sete enzimas (NPP1-7), no entanto somente as NPP1, 2, 3 ¢ 4
possuem relevancia para a sinalizacdo purinérgica (LOPEZ et al., 2020). Em relacdo aos
substratos, as NPPs sdo versateis, hidrolisam ligagdes pirofosfato inorganico (PPi) e
fosfodiéster; diferentemente das NTPDases, as NPPs degradam ATP diretamente a AMP e PPi
(ATP — AMP + PPi); ADP a AMP e fosfato inorganico (Pi) (ADP — AMP + Pi); adenosina
3’,5’-monofosfato ciclico (AMPc) a AMP; NAD" a AMP e nicotinamida mononucleotideo
(BAGATINI et al., 2018). Adicionalmente, a enzima 5’-NT (Figura 1A e B) possui sete
subtipos caracterizados, cinco localizam-se no citosol, uma na matriz mitocondrial € uma em
forma de ecto-enzima, associada a membrana plasmatica, denominada ecto-5’-nucleotidase ou
CD73 (E-5’-NT/CD73). Assim como a ecto-nucleosideo trifosfato difosfohidrolases 1 ou CD39
(E-NTDPasel1/CD39), a E-5’-NT/CD73 pode ser clivada da membrana plasmatica e liberada
na corrente sanguinea ou em outros fluidos bioldgicos (SCHNEIDER et al., 2019). Nesse
sentido, a principal funcdo da 5’-NT ¢ a formagdo de ADO via hidrolise de AMP, que pode
exercer suas fungdes via receptores P1 ou ser captada para o interior das células por meio de
transportadores de nucleosideos (NT) (YEGUTKIN, 2008). Parte da cascata de sinaliza¢ao
purinérgica encerra-se pela acdo da ADA, que converte irreversivelmente a ADO em INO.
Semelhante as NTPDases, a ADA estd virtualmente presente em todos tecidos humanos e
possui duas isoformas, ADA1 e ADA2, porém somente a ADA1 ¢ relevante ao sistema
purinérgico, presente solivel no sangue e ligada a membrana plasmatica acoplada a CD26 ou

em receptores P1 (KUTRYB-ZAJAC et al., 2020).
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B
ATP
ADP EXTRACELULAR
AMP PPi Pi 2'-Desoxiadenosina
ADO ATP AMP 4 ADO 4 INO
E-5-NT/CD73 ADA / CD26 MP
INTRACELULAR

Figura 1. Resumo do metabolismo extracelular de nucleotideos e nucleosideos, baseado em enzimas purinérgicas
acopladas a membrana plasmatica (MP). A liberacdo de nucleotideos e nucleosideos ocorre através de lise celular
ou mecanismos ndo dependentes de lise celular. (A) Via para a hidrélise de ATP — ADO envolvendo E-
NTPDasel/CD39, E-5’-NT/CD73 e ADA/CD26. (B) Via para hidrdlise de ATP — ADO envolvendo E-NPP, E-5’-
NT/CD73 e ADA/CD26. Ambas as representagdes vao até a recaptagdo de ADO e INO por transportadores de
nucleosideos (NT), entrando na rota de salvacdo de purinas. Os meios aqui apresentados para o metabolismo de

nucleotideos e nucleosideos coexistem simultaneamente.

As NTPDases e a 5’-NT sdo fundamentais para a modulagdo da inflamagao, coagulagdo,
atividade vascular e cardiaca; esses processos modulatérios ocorrem primariamente pelo
controle dos niveis extracelulares de ATP, ADP, AMP ¢ ADO (SCHETINGER et al., 2007).
Consequentemente, no decorrer de um processo inflamatério, os niveis de ATP e ADO sao
precisamente controlados por essas enzimas, o “perfeito” equilibrio entre os niveis dessas
moléculas permite que a inflamagdo transcorra normalmente para sua conclusao (Figura 2A e
B). Assim, quando liberado para ambiente extracelular, o ATP possui carater pro-inflamatorio,
promovendo a quimiotaxia de células imunes, producdo de radicais livres por neutréfilos,
liberagdo de citocinas pré-inflamatorias e induzindo apoptose (FAAS; SAEZ; DE VOS, 2017).
Em contraste, a ADO promove agdes anti-inflamatorias contrarias ao ATP: inibe a adesdo em
células endoteliais, liberagdo de superdxido por neutrofilos e fator de necrose tumoral a (TNF-

a), e estimula a liberagdo de interleucina 10 (IL-10) (LEDDEROSE et al., 2016).
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A ATIVACAO E AMPLIFICACAO DA B INIBICAO E/OU RESOLUCAO DA
INFLAMACAO INFLAMACAO

E-NTPDase1 E-5-NT E-NTPDase1 E-5'-NT
CD39 CD73 CD39 CD73

Figura 2. Regulagdo da inflamagdo via ATP e ADO. (A) Durante a inflamacéo altos niveis de ATP sao liberados

no sitio inflamatdrio, aumentando o recrutamento de células inflamatdrias e a secre¢do de citocinas pro-
inflamatorias que inibem a atividade da E-NTPDase1/CD39 e E-5’-NT/CD73. (B) O fim do processo inflamatério
¢ induzido pelo aumento dos niveis extracelulares de ADO, que ocorre pela desfosforilagdo do ATP pela E-
NTPDasel/CD39 e E-5’-NT/CD73. A inibi¢ao dos transportadores de nucleosideos (NT) também ¢ necessaria
para que os niveis de ADO permanegam elevados, promovendo agdes anti-inflamatorias para resolu¢ao ou inibigao

da inflamagao.

A sinalizagdo purinérgica possui papel central na regulagdo da atividade cardiovascular
e seu potencial terapéutico adquire gradual importancia clinica (BIRKENFELD et al., 2019).
Primeiramente, a E-NTPDasel/CD39 ¢ a principal ectonucleotidase presente no endotélio,
controlando os niveis de ATP e ADP, apresentando papel central na tromborregulacao,
juntamente com a ecto-nucleosideo trifosfato difosfohidrolases 2 (E-NTPDase2/CD39L1).
Nesse sentido, ¢ amplamente descrito o papel pro-coagulatorio do ADP, promovendo o
recrutamento plaquetario via receptores P2Y; e P2Y 2, sendo um elemento chave em toda
cascata de coagulacdo (DEAGLIO; ROBSON, 2011). Assim, para manter um rigoroso controle
da coagulacdo, os niveis de ATP e ADP sdo regulados por NTPDases ¢ NPPs, promovendo a

formag¢do de AMP e consequentemente ADO pela agdo da 5°-NT. Por sua vez, a ADO ¢ um
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dos mais potentes inibidores da atividade plaquetaria, exercendo esses efeitos ao ligar-se nos
receptores Aca € Az (ATKINSON et al., 2000).

Conforme supracitado, NTPDases e 5°-NT possuem fungdo central na saude
cardiovascular e sdo sugeridas como cardioprotetoras. A E-NTPDasel/CD39 inibe a ativagao
plaquetaria, tendo potencial terapéutico em pacientes que sofreram acidente vascular cerebral
(AVC), doenga arterial coronariana (DAC) e doenga vascular periférica (DVP). Além disso, as
NTPDases participam do controle da transdug@o da sinalizagao cardiaca, tendo em vista que o
ATP e a norepinefrina (NE) sdo secretados simultaneamente por nervos adrenérgicos. Em altas
concentragdes o ATP ativa receptores P2X, facilitando a liberag¢do de NE via feedback positivo;
contrariamente, em baixas concentragdes, o0 ATP ativa receptores P2Y inibindo a secrecdo de
NE por feedback negativo. As NTPDases realizam o controle desse sistema, metabolizando o
ATP liberado e, como resultado, regulando seus niveis (MARCUS et al., 2005; MATHIEU,
2012). Complementando as ag¢des das NTPDases, a 5°’-NT ¢ a principal responsavel pela
formag¢do de ADO no sistema cardiovascular, exercendo um potente efeito vasodilatador
corondrio e angiogénico (BURNSTOCK, 2017). Em condi¢cdes normais ou de injuria
moderada, a ADO produzida via 5’NT, participa da regulagdo da atividade cardiaca para
garantir o fornecimento adequado de oxigénio (O) e substratos energéticos (HEADRICK et
al., 2011). Paralelamente, em situagdes de injuria isquémica avancada, a atividade da E-5’-
NT/CD73 no tecido cardiaco ¢ aumentada, promovendo maior formagao de ADO e ativagdo de
receptores Az, COMo uma estratégia para atenuagao da lesao miocéardica (ECLKE et al., 2007).
Por fim, estados metabolicos de hipercolesterolemia e hiperglicemia promovem uma regulagao
positiva na atividade de E-NTPDases e E-5’-NT/CD73 plaquetéria, sugerindo uma possivel
atividade enzimatica compensatdria para modular estados pro-inflamatdrios e pro-tromboticos
encontradas nessas circunstancias (DUARTE et al., 2007; LUNKES et al., 2008).

Embora a sinalizacdo purinérgica esteja intimamente ligada a diferentes aspectos do
exercicio fisico, como inflamagdo, coagulagdo e atividade cardiovascular, a associagao entre os
dois € incerta. Apesar dos esfor¢os recentes, dados da literatura indicando uma via de adaptagao
ao exercicio fisico, agudo e cronico, em diferentes populagdes envolvendo mecanismos
purinérgicos, especialmente enzimas e/ou receptores, ainda sdo escassos. Os primeiros
trabalhos envolvendo metabolismo extracelular e sanguineo de purinas com o exercicio fisico
iniciam na década de 50, mas somente em 1969 foi detectado o aumento nos niveis plasmaticos
de ATP, em individuos adultos sauddveis do sexo masculino, ap6s o exercicio de forca
(FORRESTER; LIND, 1969; GREANEY; WENNER; FARQUHAR, 2015). Na década de 90

as relacdes entre exercicio, nucleotidases e saude cardiovascular comegaram ser investigadas;
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Lanfort et al. (1996) demonstraram que diferentes modalidades de treinamento (aerobico e
anaerdbico) aplicadas por 6 semanas aumentam a atividade da enzima E-5’-NT/CD73 no
ventriculo cardiaco esquerdo de ratos, sugerindo um aumento na producao de ADO. No mesmo
sentido, objetivando mostrar os beneficios cardiovasculares do exercicio associados a
mecanismos purinérgicos, Roque ef al. (2011) evidenciaram que o treinamento moderado por
10 semanas em ratos, promoveu um aumento na atividade das NTPDases, NPPs e 5’-NT no
soro e no sarcolema derivado do ventriculo esquerdo; além disso, foi observado um aumento
na expressao da E-NTPDasel/CD39 e E-5’-NT/CD73, em conjunto com um aumento do fluxo
sanguineo coronario e capilarizagdo miocardica.

Previamente nosso grupo de pesquisa explorou os efeitos do exercicio agudo moderado,
em esteira rolante, no comportamento de nucleotidases soliveis no soro de individuos
sedentarios sauddveis do sexo masculino. Os dados demostraram que imediatamente apds o
protocolo de exercicio, ocorreu um aumento na atividade das NTPDases (aumento na hidrolise
de ATP e ADP), 5’-nucleotidase (aumento na hidrélise de AMP) e NPPs (aumento na hidrolise
de p-nitrofenil 5’-timinidina monofosfato/p-Nph-5’-TMP), juntamente com niveis diminuidos
de ATP e ADP, e elevacdo da ADO e INO. Esses resultados sugerem que as nucleotidases
podem agir na tentativa de suprimir respostas inflamatérias e tromboticas desencadeadas pelo
exercicio, regulando os niveis de nucleotideos e nucleosideos (MORITZ et al., 2017).

Multiplas vias bioquimicas e fisioldgicas estdo envolvidas nas adaptagdes de curto e
longo prazo desencadeadas pelo exercicio fisico e como efeito seus beneficios para saude
(HEINONEN et al., 2014). A sinalizagdo purinérgica, mesmo modulando importantes aspectos
associados ao exercicio, e sendo altamente relevante em temas como ciéncias cardiovasculares,
neurociéncias e oncologia (SCHETINGER et al.,2007; BURNSTOCK et al., 2017), permanece
preterida pelas ciéncias do exercicio. Portanto, novos conhecimentos sobre as adaptagdes
moleculares e bioquimicas ao exercicio em diferentes populacdes € essencial para o
aprimoramento de condutas ndo farmacologicas na prevengado e tratamento de doengas. Diante
disso, o presente trabalho objetiva explorar os efeitos do exercicio agudo de intensidade
moderada, em individuos com diferentes caracteristicas metabolicas, na funcionalidade de
enzimas purinérgicas ¢ em seus produtos metabolicos, sugerindo um possivel meio de

adaptacdo ao exercicio ligado ao sistema purinérgico.
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3 PROCEDIMENTOS METOLOGICOS

3.1 PROBLEMA DE PESQUISA
Quais os efeitos do exercicio aerdbico de intensidade moderada nos parametros
funcionais de enzimas purinérgicas, no plasma sanguineo de individuos sedentarios eutréficos,

sedentarios com sobrepeso e fisicamente ativos?

3.2 OBJETIVOS

3.2.1 Objetivo geral
Avaliar os efeitos do exercicio aerobico de intensidade moderada, na funcionalidade de
enzimas purinérgicas soluveis do plasma sanguineo de individuos sedentdrios eutréficos,

sedentarios com sobrepeso e fisicamente ativos.

3.2.2 Objetivos especificos

Investigar os efeitos do exercicio aerobico de intensidade moderada, na atividade de
nucleotidases soltiveis no plasma sanguineo de individuos sedentarios eutroficos, sedentarios
com sobrepeso e fisicamente ativos.

Avaliar a influéncia do exercicio aerdbico de intensidade moderada em todo espectro
do metabolismo do ATP, no plasma sanguineo de sujeitos sedentarios eutroficos, sedentarios
com sobrepeso e fisicamente ativos.

Comparar as respostas purinérgicas ao exercicio aerdbico moderado no plasma
sanguineo de individuos sedentérios eutréficos, sedentarios com sobrepeso e fisicamente ativos.

Determinar as relagdes entre os parametros purinérgicos supracitados e os marcadores
de satide cardiometabolica, tais como colesterol total, lipoproteina de alta densidade (HDL),
lipoproteina de baixa densidade (LDL), triglicerideos, glicose plasmatica e consumo de
oxigénio de pico (VOaico).

Determinar as relagdes entre os pardmetros purinérgicos supracitados e marcadores
pro- e anti-inflamatorios, tais como interleucina 1 (IL-1f), TNF-a., interleucina 8 (IL-8) e

IL-10.
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3.3 HIPOTESES

H1: O exercicio aerdbico agudo de intensidade moderada, aplicado a individuos
sedentarios eutréficos, sedentarios com sobrepeso e fisicamente ativos, promovera, pelo menos
transitoriamente, um aumento na atividade das nucleotidases soliveis do plasma sanguineo.

H2: O exercicio aerobico agudo de intensidade moderada, aplicado a individuos
sedentarios eutréficos, sedentarios com sobrepeso e fisicamente ativos, promovera, pelo menos
transitoriamente, modificacdes no metabolismo plasmatico de ATP, alterando os niveis de
nucleotideos e nucleosideos.

H3: Os parametros purinérgicos avaliados apresentaram relagdo com marcadores de
saude cardiovascular (colesterol total, HDL, LDL, triglicerideos € VOa2pico) € inflamatérios (IL-

1B, TNF-a, IL-8, IL-10) mensurados.
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ABSTRACT

Nucleotidases contribute in the regulation of inflammation, coagulation and cardiovascular
activity. Exercise promotes biochemical and physiological adaptations, but its effects on
nucleotidase activities and expression are unclear. The objective of this study was to review
systematically the effects of exercise on nucleotidase functionality in healthy and unhealthy
subjects. The MEDLINE, EMBASE, Cochrane Library and Web of Science databases were
searched to identify, randomized clinical trials, non-randomized clinical trials, uncontrolled
clinical trials, quasi-experimental, pre- and post-interventional studies that evaluated the acute or
chronic effects of exercise on nucleotidases in humans. Two independent reviewers performed
the study selection, data extraction and assessment of risk of bias. Of 203 articles identified,
twelve were included in this review. Eight studies reported that acute exercise, in healthy and
unhealthy subjects, elevated the activities or expression of nucleotidases. Four studies evaluated
the effects of chronic training on nucleotidase activities in the platelets and lymphocytes of
patients with metabolic syndrome, chronic kidney disease and hypertension and found a decrease
in nucleotidase activities in these conditions. Additionally, acute and chronic exercise was able
to modify the blood plasma and serum levels of nucleotides and nucleosides. Our results suggest
that short- and long-term exercise modulate nucleotidase functionality. As such, purinergic
signaling may represent a novel molecular adaptation in inflammatory, thrombotic and vascular

responses to exercise.

Registration number: CRD42019110593.

Keywords: Exercise; Nucleotidases; NTPDasel; 5’-nucleotidase; Nucleotides.
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INTRODUCTION

Physical exercise is a trigger for multiple adaptations in physiological and biochemical
systems, making exercise an important tool in the prevention and treatment of many diseases [1,
2]. To elucidate the molecular and biochemical mechanisms involved in exercise, we decided to
investigate purinergic signaling and its interaction with exercise physiology.

The concept of purinergic signaling is based on the existence of extracellular nucleotides
and nucleosides, such as adenosine 5’-triphosphate (ATP), adenosine 5’-diphosphate (ADP),
adenosine 5’-monophosphate (AMP) and adenosine (ADO), which contribute to the modulation
of immune, coagulation, cardiac and vascular activity [3-5]. The source of these compounds in
the extracellular environment occurs due to multiple pathways that include apoptosis, necrosis,
cell injury, shear stress, exocytosis, ion channels, connexin and pannexin channels [6, 7].

The effects triggered by purines and pyrimidines in the extracellular environment are
mediated by the P1 and P2 purinergic receptors [8]. The P1, or adenosine receptor, includes four
subtypes: A1, Aza, A2 and As, all of which are members of the G-protein-coupled family [9]. P2
receptors are divided into P2X and P2Y; the P2X receptors are ionotropic, while P2Y are
metabotropic receptors. ATP is the major agonist of P2X receptors, which has seven subtypes
P2X (P2Xi.7). The P2Y are also G-protein-coupled family receptors (P2Y1, P2Y2, P2Y4, P2Ys,
P2Y11, P2Y12, P2Y 13 and P2Y14) and are selective to different nucleotides, such as ATP, ADP,
uridine 5’-triphosphate (UTP) and uridine 5’-diphospahte (UDP) [10].

The purinergic system includes the enzymatic degradation of ATP and other compounds
by nucleotidases, which control the levels of extracellular purines and pyrimidines and the
magnitude of purinergic responses [11]. The nucleotidase family includes nucleoside
triphosphate diphosphohydrolases (NTPDases), nucleotide
pyrophosphatases/phosphodiesterases (NPPs) and 5’-nucleotidase/CD73 (5°-NT) [6]. These
enzymes can be found on the cell surface, attached to plasma membrane [12], in their soluble
forms in extracellular fluid or the bloodstream [13], and associated with microvesicles and
exosomes [6, 14].

The NTPDase family hydrolyzes extracellular nucleotide tri- and diphosphates, such as
ATP and ADP, where the final product of NTPDase activity are monophosphates nucleotides.
Eight members of the NTPDase family have been identified in mammalians (NTPDasel-8) and
these enzymes are expressed in almost every tissue [12, 15]. The NPP family is composed of
seven members (NPP1-7) that hydrolyze pyrophosphate or phosphodiester bonds and have a
great range of substrate specificity. The NPP1, NPP3, NPP4 and NPP5 enzymes hydrolyze
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nucleotides and/or dinucleotides [6, 16]. NTPDases and NPPs are co-expressed in many cell
types; thus, the catalytic properties of these enzyme families are complementary, but unlike
hydrolysis by the NTPDases, ATP hydrolysis by NPPs results in direct conversion to AMP and
pyrophosphate (PP1) as product [17].

The ecto-5’-NT/CD73 enzyme (membrane-anchored isoform), amongst other actions,
catalyzes the formation of extracellular ADO via AMP hydrolysis, shutting down ATP and ADP
signaling pathways by P2 receptors. The formation of extracellular ADO allows P1 receptors
activation, triggering their signaling pathways [12, 17]. The purinergic cascade proceeds with
adenosine deamination and inosine (INO) as a product. In this context, adenosine deaminase
(ADA) is an important enzyme, being mainly responsible for extracellular inosine levels and
ADO metabolism. Additionally, nucleoside transporters can reuptake these nucleosides into cells
to reestablish intracellular levels of ATP [6, 18, 19].

Some animal models studies have shown the relationship between exercise and
nucleotidase functionality. Langfort et al. investigated the effects of 6 weeks of endurance and
sprint training on ADA and 5’-NT/CD73 activities in the rat heart, demonstrating an increase in
5’-NT/CD73 basal activity after both training modalities [20]. Roque et al. evaluated the effects
of swimming training for 6 weeks on rat serum and cardiac nucleotidase functionality; authors
found an increase in ATP, ADP and AMP hydrolysis in the blood serum and cardiac sarcolemma.
Besides that, swimming upregulated of NTPDase1/CD39 and 5’-NT/CD73 in the rat heart [21].
Cardoso et al. investigated the effects of 6 weeks of swimming training on nucleotidase activities
in the platelets of hypertensive rats and demonstrated 6 weeks of this exercise protocol prevented
the increase in platelet nucleotidase activities that was promoted by the hypertensive state [22].

In recent years, few studies have focused on investigating the influence of physical
exercise on nucleotidase activities and expression in humans. Previous studies present a large
methodological variety, small sample sizes, as well as a heterogeneity of exercise protocols and
populations studied [23-26]. The aim of the present study was to review systematically the effects
of acute, chronic, aerobic and anaerobic exercise on nucleotidase activities and expression in
healthy and unhealthy subjects. Therefore, we aim to provide what we belive is the first
systematic review of the effects of exercise on purinergic signaling to improve knowledge

regarding exercise biochemistry.
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METHODS

The present systematic review was conducted in accordance with the Preferred Reporting
Items for Systematic Review and Meta-Analyses (PRISMA) statement [27] and was registered on
the International Prospective Register of Systematic Reviews (PROSPERO) under registration
number CRD42019110593.

Eligibility Criteria

For this study, we included randomized clinical trials (RCT), non-randomized clinical
trials (non-RCT), uncontrolled clinical trials, quasi-experimental, and pre- and post-intervention
studies that evaluated the effects of acute, chronic, aerobic or anaerobic exercise modalities on
nucleotidase activities or expression (e.g. NTPDasel/CD39 and 5°-NT/CD73). Studies with
healthy or unhealthy subjects, adults (> 20 years old) or elderly persons (> 65 years old), male or

female gender were included.

Search Strategy

The search strategy was conducted in the following electronic databases: MEDLINE (via
PubMed), EMBASE, Cochrane Library and Web of Science. Moreover, a manual search of the
references cited in published studies was performed. The search was carried out in July 2020 and
was not limited by language or date and comprised the following terms and corresponding
synonyms: “Exercise”, “Nucleotidases”, “Ectonucleotidases”, “NTPDases”, “E-NTPDases”,
“NTPDasel”, “E-NTPDasel”, “CD39”, “5’-Nucleotidase”, “Ecto-5’-nucleotidase”, “CD73”,
“E-NPP”, “NPP”, “Adenosine Deaminase”, “ATP”, “ADP”, “AMP”, “Adenosine”, “Inosine”.
The complete search strategy used in PubMed is described in Supplementary Table S1.

Study Selection

Two investigators (A.F.V and D.M.M) independently evaluated titles and abstracts from
studies found by the search strategy. When abstracts did not provide sufficient data about
inclusion and exclusion criteria, the complete article was evaluated. In the second phase of study

selection, full-texts were evaluated and selected by the reviewers independently. The selection
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of studies was based on accordance with the eligibility criteria. Disagreements were settled by

consensus, in cases of continuing disagreement a third investigator (C.E.J.M) was consulted.

Data Extraction

Two reviewers (A.F.V and D.M.M) performed data extraction independently, using
standardized forms through Microsoft Excel® software. Methodological features of selected
studies were collected, such as authors, year of publication, sample, methods, intervention and
results. For data that were presented only graphically, the results were extracted using
WebPlotDigitizer [28]. In cases of disagreements, a third investigator was consulted to provide
a consensus opinion (C.E.J.M). The majors outcomes extracted were nucleotidase activities
and/or expression in the biological sample evaluated (eg. serum, plasma, platelets or

lymphocytes).

Assessment of Risk of Bias

The assessment of the methodological quality of studies included was performed by two
reviewers (A.F.V and D.M.M) independently, using the Methodological Index for Non-
Randomized Studies (MINORS) [29]. The MINORS is a validated scoring system used to assess
the methodological quality of non-randomized studies; higher scores indicate less risk of bias,
whereas lower scores indicate higher risk of bias. The maximum score for non-comparative
studies is 16 and for comparative studies is 24. In cases of disagreements between the reviewers,

a third investigator was consulted for a consensus (C.E.J.M).
Data Analysis
Data analysis was performed as a descriptive and qualitative analysis. Due to the

methodological heterogeneity of studies included, it was impossible to perform meta-analyses.

The descriptive and qualitative data analyzed are presented in the figures and tables.



34

RESULTS

Study Selection

The initial search located 203 studies; eight studies were excluded because they were
duplicated among the databases searched. Of the remaining 195 studies, 178 were excluded based
on their titles and/or abstracts. After full-text analysis, five articles were excluded; four did not
address the outcome of interest and the other was an expanded abstract. After full-text evaluating,

twelve studies were included in this review [23-26, 30-37] (Fig. 1).

Description of Studies

The main characteristics of the included studies are shown in Table 1. Among the twelve
included studies, seven (58.33%) [23-26, 30, 33, 35] exclusively studied healthy individuals and
five (41.66%) [31, 32, 34, 36, 37] reported on individuals with a disease. With the regard to the
studies with healthy individuals, two studies (16.66%) [25, 26] included healthy and sedentary
subjects, one (8.33%) (30) included healthy young and older adults, one (8.33%) [33] included
semi-professional athletes and three (25%) [23, 24, 35] studies included healthy sedentary and
trained/physically active subjects. With respect to studies that included unhealthy individuals,
two studies (16.66%) [31, 32] included metabolic syndrome patients and healthy individuals, one
(10%) [34] included chronic kidney disease patients and two (16,66%) [36, 37] included
hypertensive patients. A total of 423 subjects were included in this systematic review, 250
(59.11%) male and 173 (40.89%) female subjects, with a mean age of 41.42 years (variation
20.56 — 67.2 years).

Descriptions of the exercise protocols applied in the selected studies are provided in Table
2. Eight (66.67%) [23-26, 30, 33, 35, 37] studies investigated the acute responses of exercise on
the activity and/or expression of nucleotidases, four (33.33%) [31, 32, 34, 36] studies focused on
the effects of chronic exercise on nucleotidase behavior. Among the studies that applied acute
protocols of exercise, two (16.66%) (23, 24) used an incremental test, one (8.33%) [25] used the
twenty-meter shuttle run test, one (8.33%) [26] employed constant intensity aerobic exercise,
two (16.66%) [33, 35] used high-intensity interval exercise (HIIE), one (8.33%) [30] used
resistance handgrip exercise and one (8.33%) [37] used low-intensity aerobic exercise with blood

flow restriction. Additionally, of studies that employed protocols of chronic exercise, two
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(16.66%) [31, 32] used concurrent training for thirty weeks and two (16.66%) [34, 36] used

resistance training for eight and twenty-seven weeks, respectively.

Assessment of methodological quality

The methodological quality assessment of the studies included was performed using the
MINORS tool and results are presented in Table 3. The mean score for non-comparative studies
[24, 26, 33, 34, 37] was 10.6/16 (66.25% of total, variation 9—12) and for comparative studies
[23, 25, 30, 31, 32, 35, 36] was 18.14/24 (75.58% of total, variation 17—18). The two major
sources of bias were the unbiased assessment of the study endpoint (item 5) and loss to follow

up of less than 5% (item 7).

Effects of exercise on nucleotidases

Among the selected studies, the main effects of different exercise interventions on
nucleotidase activities and expression are presented in Table 2. Eight studies [23-26, 30, 33, 35,
37] investigated the outcomes of an acute exercise intervention on nucleotidases behavior in
healthy individuals. Coppola et al. [23] demonstrated that acute strenuous exercise decreased
NTPDasel/CD39 expression in platelets, in sedentary (p<0.01) and physically active (p<0.01)
subjects; however, the expression of NTPDasel/CD39 increased in B-lymphocytes (sedentary
p<0.005; physically active p<0.005).

Yegutkin et al. [24] first showed that maximal and submaximal acute exercise increased
plasma ATP (p<0.05) and ADP (p<0.05) levels in trained subjects, and remained increased for
10 min after exercise, while AMP (p<0.05) levels increased at maximal intensity exercise
(»<0.05). Furthermore, the activities of soluble NPP and NTPDase increased in plasma during
submaximal and maximal exercise (p<0.05); however, soluble NTPDase activities remained
increased at 10 min after exercise (p<0.05). The same study demonstrated that the incremental
test, performed by trained individuals, increased ADP hydrolysis during (»<0.05) and after the
test (p<0.05), reaching peak values after 10 min (p<0.05) of exercise and returning to resting
levels after 30 min. The pattern of nucleotide hydrolysis was similar in arterial and venous blood.
A third assay was performed in the same study with healthy sedentary subjects that performed
an incremental test, showing increased levels of plasma ATP at maximal intensity (p<0.05).

Moreover, soluble NTPDase and NPP activities transiently increased during maximal exercise
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in the serum of sedentary individuals (p<0.05), returning to basal levels during the recovery
period.

Karabulut et al. [25] investigated the effect of acute exercise (twenty meter shuttle run
test) on ADA activity in the blood plasma of sedentary healthy men and women. This study
showed an increased ADA activity in women (p=0.002) at post-exercise, but no effect of exercise
in men (p=0.630). The study performed by Kirby et al. [30] assessed ATP hydrolysis in whole
blood and the levels of plasma ATP during graded-intensity handgrip exercise in healthy young
and older adults. The data showed a similar increase in ATP hydrolysis of young and older adults
(p<0.05), combined with higher levels of plasma ATP in young adults compared to older adults
(»<0.05) during acute resistance exercise.

Moritz et al. [26] analyzed the influence of a moderate acute aerobic exercise session on
nucleotidase activities, and nucleotides and nucleosides levels in the blood serum of healthy
sedentary male individuals. Their results showed increased activities of soluble NTPDases
(»<0.05), 5’-NT/CD73 (p<0.05) and NPP (p<0.05) at post-exercise, in association with reduced
serum levels of ATP (p<0.05), ADP (p<0.05) and increased serum levels of ADO (p<0.05) and
INO (p<0.05).

Two studies [33, 35] evaluated the effects of acute high-intensity interval exercise
protocols (HIIE), with a few differences, on nucleotidases function in the platelets and
lymphocytes of healthy male subjects. Miron et al. [33] showed that an acute protocol of HIIE,
when applied to semi-professional athletes did not significantly change ATP, ADP and AMP
hydrolysis and NTPDasel/CD39 expression in lymphocytes at post-exercise and after 30
minutes. However, ADA activity in lymphocytes increased post-exercise (p<0.05), and remained
higher after 30 minutes (p<0.05). In contrast, ATP and ADP hydrolysis in platelets decreased at
post-exercise (p<0.05) and returned to basal levels after 30 minutes. On the other hand, ADA
activity increased post-exercise (p<0.05) and returned to basal levels after 30 minutes.

Dorneles et al. [35] assessed the impact of HIIE on NTPDasel/CD39 and 5’-NT/CD73
expression in the CD4"CD25 and CD4°CD25" T cells of low fitness and high fitness healthy
male subjects. The expression of NTPDasel/CD39 increased in CD4"CD25" and CD4°CD25" T
cells in the low fitness (p=0.021 and p=0.03, respectively) and high fitness (p=0.025 and p=0.39,
respectively) groups after the acute session of HIIE. The values increased further after 1h in the
CD4+CD25- T cells of the in low fitness group (p=0.042) and in the CD4"CD25" T cells of the
high and low fitness groups (p=0.035 and p=0.033, respectively). The expression of 5’-NT/CD73
enhanced on CD4"CD25" T cells post-exercise in both groups (p=0.01), remaining elevated at
1h after the HIIE session in low fitness (p=0.042) and high fitness group (p=0.023).
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Manica et al. [37] investigated the acute effects of low-intensity aerobic exercise, high-
intensity aerobic exercise and low-intensity aerobic exercise with blood flow restriction on the
nucleotidases activities in lymphocytes of hypertensive patients. The results demonstrated a
similar increase in the ATP (p<0.05) and ADP (p<0.05) hydrolysis 30 min after high-intensity
aerobic exercise and low-intensity aerobic with blood flow restriction. However, ADA (p<0.05)
activity reduced only 30 min after high-intensity aerobic exercise. Additionally, no effect was
detected after acute low-intensity aerobic exercise.

Martins et al. [31, 32] assessed the impact of 30 weeks of concurrent training on the
nucleotidase activities of platelets and lymphocytes of metabolic syndrome patients. The first
study [31] showed that, under pre-training conditions, platelets of metabolic syndrome patients
presented an increase in NTPDase (p<0.001), 5’-NT/CD73 (p<0.001) and NPP (p<0.001)
activities and a decrease in ADA (p<0.001) activity, compared to the control group. After the
training period, the NTPDase (p<0.001), 5°’-NT/CD73 (p<0.001) and NPP (p<0.001) activities
decreased and ADA (p<0.001) activity increased, compared to the pre-training condition,
resembling the control group. The second study [32] showed that, in the pre-training condition,
lymphocytes of metabolic syndrome patients demonstrated an increase in ATP, ADP hydrolysis
(»<0.001) and a decrease in ADA activity (»p<0.001), compared to the control group. After 30
weeks of training ATP and ADP hydrolysis (p<0.05) decreased and ADA (p<0.05) activity
increased, compared to the pre-training condition, demonstrating similar levels to those of the
control group.

Finally, Silveira et al. [34] evaluated the effects of eight weeks of resistance training on
nucleotidase activities in the platelets of chronic kidney disease patients. ATP (p<0.0001) and
ADP (p<0.0001) hydrolysis decreased after eight weeks of training, while no significant
differences were observed in AMP hydrolysis and ADA activity. Moreover, Lammers et al. [36]
evaluated the effects of 27 weeks of resistance training on the nucleotidase activities,
NTPDasel/CD39 and NTPDase2/CD39L1 expression in lymphocytes and serum levels of ATP
of hypertensive and normotensive subjects. Firstly, under pre-training conditions, lymphocytes
of hypertensive subjects showed an increase in ATP (p<0.05), ADP (p<0.05) hydrolysis, ADA
(»<0.05) activity and serum levels of ATP (p<0.05) compared to the normotensive group. After
the training period, ATP (p<0.05), ADP (p<0.05) hydrolysis and ADA (p<0.05) activity
decreased, as well as the serum levels of ATP (p<0.05) in the hypertensive group compared to
the pre-training condition. In contrast, the expression of NTPDasel/CD39 and
NTPDase2/CD39L1 did not significantly change in lymphocytes of hypertensive or

normotensive subjects after the training protocol.
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DISCUSSION

This systematic review was performed to evaluate the effects of different exercise
modalities on purinergic enzymes activities and expression. The findings of the current review
suggest that different exercise modalities modulate the activities and expression of NTPDases,
NPPs, 5’-NT/CD73 and ADA. These data indicate a novel role for purinergic signaling in linking
exercise biochemistry and physiology.

As mentioned, acute and chronic exercise promotes multiple systemic adaptations [1].
Thus, it is reasonable to expect that nucleotidases responses to exercise follow some basic
principles in response to the type of exercise, frequency, intensity, duration, volume and
biological individuality [38]. The results of this systematic review suggest that acute exercise
increases nucleotidase responses, at least in some pathways, in healthy subjects. Copolla et al.
[23] and Dorneles et al. [35] observed an increase in NTPDasel/CD39 expression in B-
lymphocytes, CD4"CD25" and CD4°CD25" T cells in healthy sedentary and physically active
males after maximal exercise test and HIIE acute session. Yegutkin et al. [24], Kirby et al. [30]
and Moritz et al. [26] also observed an increase in nucleotidase activities in response to different
exercise protocols, applied to trained and sedentary healthy individuals. Additionally, these
studies demonstrated that exercise was able to modify, at least transiently, purine levels in blood
plasma and serum.

The data cited above is related to the inflammatory and coagulatory effects that are
triggered by exercise. It is well known that moderate and intense acute exercise promote
inflammatory and coagulatory responses, increasing levels of white blood cells (WBC),
interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10) and C-reactive protein (CRP) as
well as elevating platelet count, platelet sensitivity to ADP and collagen-induced aggregation,
prothrombin activation peptide 1.2 (F1.2) and thrombin/antithrombin complexes (TAT) [39-41].
These biological processes are closely related to purinergic signaling, highlighting their
responses in inflammatory [42] and coagulatory [8, 43, 44] function.

Extracellular ATP has a well-established pro-inflammatory effect, promoting chemotaxis,
oxygen free radical generation and IL-6 and tumor necrosis factor-a (TFN-a) production,
whereas ADO has an anti-inflammatory effect, decreases superoxide anion production and pro-
inflammatory cytokine release, inhibits apoptosis and increases IL-10 release [45, 46].
Additionally, ATP is an inhibitor of ADP-induced platelet aggregation [47] and ADO (produced
via 5’-NT/CD73) is an important vasodilator and inhibitor of platelet aggregation [48]. The

release of ATP by erythrocytes is a relevant mechanism of vasodilatation via endothelial P2Y1/2/4
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receptors in response to hypoxia, shear stress and low pH [49]. Thus, we can assume that different
exercise protocols, when applied in healthy sedentary and physically active subjects, modulate
the activities and expression of nucleotidases to balance nucleotides and nucleosides levels,
contributing to biochemical and physiological responses to exercise.

Significant advances were made by early studies related to purine metabolism and
exercise; however, these studies did not focus on nucleotidase functionality. Hellsten-Westing et
al. [50] showed a reduction in the plasma levels of HX and UA after 6 weeks of HIIE training in
healthy, physically active males. Kinugawa et al. [51] reported increased levels of ADO in
NYHA class III chronic heart failure patients, compared to less severe patients and healthy
controls at basal and post-exercise conditions. The increased levels of plasma adenosine adjusted
to exercise workload may be an adaptive response in cardiac patients. Additionally, it is
reasonable to assume that severe cardiac patients present higher levels of ADO, due to its
cardioprotective effects such as vasodilatation, reduction of contractility and heart rate, and
enhancement of O» and substrate delivery [52]. Recently, Zargbska et al. [53] demonstrated
plasma ATP, ADP and AMP concentrations during resting, incremental test and recovery period
in highly trained male athletes and physically active men.

Despite the presence of nucleotidases on hematopoietic cells, in their soluble form and
attached to extracellular vesicles, endothelial nucleotidases such as NTPDasel/CD39,
NTPDase2/CD39L1 and 5’-NT/CD73 are the main regulators of nucleotides and nucleosides
levels in the blood [54, 55]. Furthermore, multiple pathways of nucleotide inactivation and
nucleotide resynthesis are involved in the purinergic signaling. In this context, a network of
enzymes may influence the extracellular levels of nucleotides and nucleosides that modulate
inflammatory, thrombotic and vascular responses [6, 56].

Two other of the selected studies [31, 32] evaluated the effects of moderate concurrent
training for 30 weeks on the platelets and lymphocytes of metabolic syndrome patients.
Additionally, Lammers et al. [36] investigated the impacts of resistance training for 27 weeks in
lymphocytes of hypertensive patients. These studies demonstrated that, under pre-training
conditions, metabolic syndrome and hypertensive patients present an increase in NTPDase, NPP,
5’-NT/CD73 and ADA activity. However, ADA activity decrease under pre-training conditions
in platelets and lymphocytes of metabolic syndrome patients. Such results are in agreement with
previous studies that demonstrated an increase in nucleotidase activities in conditions of diabetes,
hypercholesterolemia, hyperglycemia and hypertension [57-59, 61]. Martins et al. [31, 32] and
Lammers et al. [36] showed that concurrent training for 30 weeks and resistance training for 27

weeks, respectively, are capable of reversing and normalizing the nucleotidase activities of
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platelets and lymphocytes to activities similar to those of healthy subjects. These data can be
associated with improved cardiovascular [60] and inflammatory [39] parameters promoted by
chronic exercise, since long-term exercise reduces glycemia levels, blood pressure, HDL, LDL,
cholesterol, triglycerides, pro-inflammatory markers and increases anti-inflammatory markers.
Correlation analysis showed a synergic function between NTPDases, NPP, 5’-NT/CD73,
ADA activities and levels of glucose, HDL, triglycerides, mean platelet volume, platelet
aggregation, C-reactive protein, waist circumference and blood pressure in lymphocytes and/or
platelets [31, 32, 36, 59, 61]. These data suggest that, since long-term exercise is able to modify
cardiometabolic parameters, the nucleotidase activities could change in relation to them.
Previous studies [26, 62-64] suggest a protective role of purinergic signaling against
stressful or disease conditions. Moreover, a compensatory physiological mechanism has also
been suggested, in function of the ability of nucleotidase activities to decrease ATP and ADP
levels (pro-inflammatory and pro-thrombotic molecules, respectively), and increase ADO and

INO levels, both cytoprotective molecules [22, 32, 44, 45, 64].

STUDY STRENGTHS AND LIMITATIONS

This systematic review is the first to highlight the effects of exercise on nucleotidase
functionality in healthy and unhealthy subjects using a high-quality methodological approach in
accordance with PRISMA statement. One of the limitations of our work was due to the
methodological diversity in the evaluation of nucleotidase activities and expression applied
among the included studies, such as high-performance liquid chromatography (HPLC), flow
cytometry, thin layer chromatography (TLC) and spectrometric assay. However, the pattern of
nucleotidases responses to different, acute or chronic, exercise modalities was quantified as
demonstrated in Table 2.

Additional limitations are present of our study and should be pointed out: (1) no
randomized clinical trial was found in our search; (2) there was methodological differences in
the exercise protocols used in selected studies (since there are a limited number of published
studies on this research subject, it was impossible to restrict the exercise method or type); (3) due
to the high heterogeneity of data and subjects included in this systematic review, it was not
possible to perform a meta-analysis; (4) taking into account the quality assessment, some studies
were considered to be methodologically limited; (5) we did not include gray literature in the

search strategy.



41

CONCLUSIONS

Our results suggest that acute and chronic protocols of exercise induce at least transitory
adaptations in NTPDase, NPP, 5’-NT/CD73 and ADA activities and expression in different
biological samples. These nucleotidases adaptations modified nucleotides and nucleosides levels,
possibly modulating coagulation, inflammation and vascular activity associated with the exercise
response. Moreover, since long-term exercise induces improvements of cardiometabolic and
inflammatory parameters, purinergic enzymes functionality may be related to these markers. The
data from this systematic review suggest novel biochemistry and physiological adaptations
induced by exercise, based on purinergic signaling. However, further studies are necessary to
determine the effects of exercise on different purinergic components and their physiological and

clinical impact.
Funding

C.E.JM, AF.V and D.M.M, were supported by fellowships from the Coordination for
the Improvement of Higher Education Personnel (CAPES, Brazil). A.R-O and A.M.O.B are
Research Productivity Fellows of the Brazilian National Council for Scientific and Technological
Development (CNPq, Brazil). We thank Fundacdo de Amparo a Pesquisa do Estado do RS
(FAPERGS), Programa Pesquisador Gatcho (project number 17/2551-0000 970-3), Brazil, for
the financial support of this work.
Compliance with ethical standards
Contflicts of interest
The authors declare no conflict of interest.

Ethical approval

This work does not contain any studies with human participants or animals performed by any of

the authors.



42

References

. Heinonen I, Kalliokoski KK, Hannukainen JC, et al (2014) Organ-Specific Physiological

Responses to Acute Physical Exercise and Long-Term Training in Humans. Physiology
29:421-436. https://doi.org/10.1152/physiol.00067.2013

Pedersen BK, Saltin B (2015) Exercise as medicine - evidence for prescribing exercise as
therapy in 26 different chronic diseases. Scand J Med Sci Sports 25:1-72.
https://doi.org/10.1111/sms.12581

Burnstock G (2017) Purinergic Signalling: Therapeutic Developments. Front Pharmacol
8:661. https://doi.org/10.3389/fphar.2017.00661

. Burnstock G, Pelleg A (2015) Cardiac purinergic signalling in health and disease. Purinergic

Signalling 11:1-46. https://doi.org/10.1007/s11302-014-9436-1
Ralevic V, Dunn WR (2015) Purinergic transmission in blood vessels. Autonomic

Neuroscience 191:48-66. https://doi.org/10.1016/j.autneu.2015.04.007

. Yegutkin GG (2014) Enzymes involved in metabolism of extracellular nucleotides and

nucleosides: Functional implications and measurement of activities. Critical Reviews in
Biochemistry and Molecular Biology 49:473-497.
https://doi.org/10.3109/10409238.2014.953627

. Lohman AW, Isakson BE (2014) Differentiating connexin hemichannels and pannexin

channels in cellular ATP release. FEBS Letters 588:1379-1388.
https://doi.org/10.1016/j.febslet.2014.02.004

. Hechler B, Gachet C (2015) Purinergic Receptors in Thrombosis and Inflammation.

Arterioscler Thromb Vasc Biol 35:2307-2315.
https://doi.org/10.1161/ATVBAHA.115.303395

Fredholm BB, IJzerman AP, Jacobson KA, et al (2011) International Union of Basic and
Clinical Pharmacology. LXXXI. Nomenclature and Classification of Adenosine

Receptors—An Update. Pharmacol Rev 63:1-34. https://doi.org/10.1124/pr.110.003285

10. Puchatowicz K, Tarnowski M, Baranowska-Bosiacka I, et al (2014) P2X and P2Y

11.

Receptors—Role in the Pathophysiology of the Nervous System. IIMS 15:23672-23704.
https://doi.org/10.3390/ijms 151223672

Bagatini MD, dos Santos AA, Cardoso AM, et al (2018) The Impact of Purinergic System
Enzymes on Noncommunicable, Neurological, and Degenerative Diseases. Journal of

Immunology Research 2018:1-21. https://doi.org/10.1155/2018/4892473



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

43

Zimmermann H, Zebisch M, Striter N (2012) Cellular function and molecular structure of
ecto-nucleotidases. Purinergic Signalling 8:437-502. https://doi.org/10.1007/s11302-012-
9309-4

Oses JP, Cardoso CM, Germano RA, et al (2004) Soluble NTPDase: An additional system
of nucleotide hydrolysis in rat blood serum. Life Sciences 74:3275-3284.
https://doi.org/10.1016/].1fs.2003.11.020

Jiang ZG, Wu Y, Csizmadia E, et al (2014) Characterization of circulating microparticle-
associated CD39 family ecto-nucleotidases in human plasma. Purinergic Signalling
10:611-618. https://doi.org/10.1007/s11302-014-9423-6

Robson SC, Sévigny J, Zimmermann H (2006) The E-NTPDase family of
ectonucleotidases: Structure function relationships and pathophysiological significance.
Purinergic Signalling 2:409—430. https://doi.org/10.1007/s11302-006-9003-5

Lopez V, Lee S-Y, Stephan H, Miiller CE (2020) Recombinant expression of ecto-
nucleotide pyrophosphatase/phosphodiesterase 4 (NPP4) and development of a
luminescence-based assay to identify inhibitors. Analytical Biochemistry 603:113774.
https://doi.org/10.1016/j.ab.2020.113774

Yegutkin GG (2008) Nucleotide- and nucleoside-converting ectoenzymes: Important
modulators of purinergic signalling cascade. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research 1783:673—694. https://doi.org/10.1016/j.bbamcr.2008.01.024
Antonioli L, Colucci R, La Motta C, et al (2012) Adenosine deaminase in the modulation
of immune system and its potential as a novel target for treatment of inflammatory
disorders. Curr Drug Targets 13:842—862. https://doi.org/10.2174/138945012800564095
Haskoé G, Sitkovsky MV, Szab6 C (2004) Immunomodulatory and neuroprotective effects
of inosine. Trends in Pharmacological Sciences 25:152-157.
https://doi.org/10.1016/j.tips.2004.01.006

Langfort J, Czarnowski D, Pilis W, et al (1996) Effect of Various Types of Exercise
Training on 5’-Nucleotidase and Adenosine Deaminase Activities in Rat Heart: Influence
of a Single Bout of Endurance Exercise. Biochemical and Molecular Medicine 59:28-32.
https://doi.org/10.1006/bmme.1996.0060

Roque FR, Soci UPR, Angelis KD, et al (2011) Moderate exercise training promotes
adaptations in coronary blood flow and adenosine production in normotensive rats. Clinics

66:2105-2111. https://doi.org/10.1590/S1807-59322011001200017



22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

44

Cardoso AM, Bagatini MD, Martins CC, et al (2012) Exercise training prevents ecto-
nucleotidases alterations in platelets of hypertensive rats. Mol Cell Biochem 371:147-156.
https://doi.org/10.1007/s11010-012-1431-7

Coppola A, Coppola L, dalla Mora L, et al (2005) Vigorous exercise acutely changes
platelet and B-lymphocyte CD39 expression. Journal of Applied Physiology 98:1414—
1419. https://doi.org/10.1152/japplphysiol.00315.2004

Yegutkin GG, Samburski SS, Mortensen SP, et al (2007) Intravascular ADP and soluble
nucleotidases contribute to acute prothrombotic state during vigorous exercise in humans:
ADP and platelet activation in exercising humans. The Journal of Physiology 579:553—
564. https://doi.org/10.1113/jphysiol.2006.119453

Karabulut AB, Kafkas ME, Savas S, et al (2011) Effect of Exhaustive Exercise on
Oxidative Stress and Adenosine Deaminase Activities in Women Compared to Men.
Journal of US-China Medical Science 8:150-155

Moritz CEJ, Teixeira BC, Rockenbach L, et al (2017) Altered extracellular ATP, ADP, and
AMP hydrolysis in blood serum of sedentary individuals after an acute, acrobic, moderate
exercise session. Mol Cell Biochem 426:55—63. https://doi.org/10.1007/s11010-016-2880-
1

Liberati A, Altman DG, Tetzlaff J, et al (2009) The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that evaluate healthcare interventions:
explanation and elaboration. BMJ 339:b2700-b2700. https://doi.org/10.1136/bmj.b2700
Rohatgi A (2020) WebPlotDigitizer. https://automeris.io/ WebPlotDigitizer

Slim K, Nini E, Forestier D, et al (2003) Methodological index for non-randomized studies
(MINORS): development and validation of a new instrument. ANZ J Surg 73:712-716.
https://doi.org/10.1046/j.1445-2197.2003.02748.x

Kirby BS, Crecelius AR, Voyles WF, Dinenno FA (2012) Impaired Skeletal Muscle Blood
Flow Control With Advancing Age in Humans: Attenuated ATP Release and Local
Vasodilation During Erythrocyte  Deoxygenation. Circ Res  111:220-230.
https://doi.org/10.1161/CIRCRESAHA.112.269571

Martins CC, Bagatini MD, Cardoso AM, et al (2016) Regular exercise training reverses
ectonucleotidase alterations and reduces hyperaggregation of platelets in metabolic
syndrome patients. Clinica Chimica Acta 454:66-71.
https://doi.org/10.1016/j.cca.2015.12.024



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

45

Martins C, Bagatini M, Cardoso A, et al (2016) Exercise Training positively modulates the
Ectonucleotidase Enzymes in Lymphocytes of Metabolic Syndrome Patients. Int J Sports
Med 37:930-936. https://doi.org/10.1055/s-0042-114218

Miron VV, Baldissarelli J, Pranke G, et al (2019) High-intensity intermittent exercise
increases adenosine hydrolysis in platelets and lymphocytes and promotes platelet
aggregation in futsal athletes. Platelets 30:878-885.
https://doi.org/10.1080/09537104.2018.1529299

da Silveira MP, Manica A, Krilow C, et al (2018) Exercise Changes Oxidative Profile and
Purinergic Enzymes Activity in Kidney Disease. American Journal of Sports Science
6:175—181. https://doi.org/10.11648/j.ajss.20180604.17

Dorneles GP, da Silva IM, Peres A, Romao PRT (2019) Physical fitness modulates the
expression of CD39 and CD73 on CD4 * CD25 ~and CD4 * CD25 * T cells following high
intensity interval exercise. J Cell Biochem 120:10726—10736.
https://doi.org/10.1002/jcb.28364

Lammers MD, Anéli NM, de Oliveira GG, et al (2020) The anti-inflammatory effect of
resistance training in hypertensive women: the role of purinergic signaling. Journal of
Hypertension Publish Ahead of Print: https://doi.org/10.1097/HJH.0000000000002578
Manica A, De SA CA, Barili A, et al (2020) Exercise with blood flow restriction as a new
tool for health improvement in hypertensive elderly women: the role of purinergic
enzymes. J Sports Med Phys Fitness. https://doi.org/10.23736/S0022-4707.20.10956-3
American College of Sports Medicine, Riebe D, Ehrman JK, et al (2018) ACSM’s
guidelines for exercise testing and prescription, Tenth edition. Wolters Kluwer,
Philadelphia

Cerqueira E, Marinho DA, Neiva HP, Lourenco O (2020) Inflammatory Effects of High
and Moderate Intensity Exercise—A Systematic Review. Front Physiol 10:1550.
https://doi.org/10.3389/fphys.2019.01550

Lippi G, Maffulli N (2009) Biological Influence of Physical Exercise on Hemostasis.
Semin Thromb Hemost 35:269-276. https://doi.org/10.1055/s-0029-1222605

Posthuma JJ, van der Meijden PEJ, ten Cate H, Spronk HMH (2015) Short- and Long-term
exercise induced alterations in haemostasis: a review of the literature. Blood Reviews
29:171-178. https://doi.org/10.1016/j.blre.2014.10.005

Cekic C, Linden J (2016) Purinergic regulation of the immune system. Nat Rev Immunol

16:177-192. https://doi.org/10.1038/nr1.2016.4



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

46

Atkinson B, Dwyer K, Enjyoji K, Robson SC (2006) Ecto-nucleotidases of the
CD39/NTPDase family modulate platelet activation and thrombus formation: Potential as
therapeutic  targets. Blood Cells, Molecules, and Diseases 36:217-222.
https://doi.org/10.1016/j.bcmd.2005.12.025

Anyanwu AC, Kanthi Y, Fukase K, et al (2019) Tuning the Thromboinflammatory
Response to Venous Flow Interruption by the Ectonucleotidase CD39. ATVB 39..
https://doi.org/10.1161/ATVBAHA.119.312407

Schetinger MRC, Morsch VM, Bonan CD, Wyse ATS (2007) NTPDase and 5°-
nucleotidase activities in physiological and disease conditions: New perspectives for
human health. BioFactors 31:77-98. https://doi.org/10.1002/bi0f.5520310205

Faas MM, Séez T, de Vos P (2017) Extracellular ATP and adenosine: The Yin and Yang
in  immune  responses?  Molecular = Aspects of  Medicine  55:9-19.
https://doi.org/10.1016/j.mam.2017.01.002

Coade SB, Pearson JD (1989) Metabolism of adenine nucleotides in human blood. Circ
Res 65:531-537. https://doi.org/10.1161/01.RES.65.3.531

Birk AV, Broekman MJ, Gladek EM, et al (2002) Role of extracellular ATP metabolism
in regulation of platelet reactivity. Journal of Laboratory and Clinical Medicine 140:166—
175. https://doi.org/10.1067/mlc.2002.126719

Ellsworth ML, Ellis CG, Sprague RS (2016) Role of erythrocyte-released ATP in the
regulation of microvascular oxygen supply in skeletal muscle. Acta Physiol 216:265-276.
https://doi.org/10.1111/apha.12596

Hellsten-Westing Y, Balsom PD, Norman B, Sjodin B (1993) The effect of high-intensity
training on purine metabolism in man. Acta Physiologica Scandinavica 149:405-412.
https://doi.org/10.1111/j.1748-1716.1993.tb09636.x

Kinugawa T, Fujita M, Ogino K, et al (2006) Catabolism of Adenine Nucleotides Favors
Adenosine Production Following Exercise in Patients With Chronic Heart Failure. Journal
of Cardiac Failure 12:720-725. https://doi.org/10.1016/j.cardfail.2006.08.215

Headrick JP, Peart JN, Reichelt ME, Haseler LJ (2011) Adenosine and its receptors in the
heart: Regulation, retaliation and adaptation. Biochimica et Biophysica Acta (BBA) -
Biomembranes 1808:1413—1428. https://doi.org/10.1016/j.bbamem.2010.11.016
Zarebska EA, Kusy K, Stominska EM, et al (2018) Plasma Nucleotide Dynamics during
Exercise and Recovery in Highly Trained Athletes and Recreationally Active Individuals.
BioMed Research International 2018:1-11. https://doi.org/10.1155/2018/4081802



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

47

Yegutkin GG, Samburski SS, Jalkanen S (2003) Soluble purine-converting enzymes
circulate in human blood and regulate extracellular ATP level via counteracting
pyrophosphatase and  phosphotransfer reactions. FASEB j 17:1328-1330.
https://doi.org/10.1096/1].02-1136fje

Deaglio S, Robson SC (2011) Ectonucleotidases as Regulators of Purinergic Signaling in
Thrombosis, Inflammation, and Immunity. In: Advances in Pharmacology. Elsevier, pp
301-332

Yegutkin GG, Henttinen T, Samburski SS, et al (2002) The evidence for two opposite,
ATP-generating and ATP-consuming, extracellular pathways on endothelial and lymphoid
cells. Biochemical Journal 367:121-128. https://doi.org/10.1042/bj20020439

Lunkes GI, Lunkes D, Stefanello F, et al (2003) Enzymes that hydrolyze adenine
nucleotides in diabetes and associated pathologies. Thrombosis Research 109:189—194.
https://doi.org/10.1016/S0049-3848(03)00178-6

Medeiros Frescura Duarte M, Loro VL, Rocha JBT, et al (2007) Enzymes that hydrolyze
adenine nucleotides of patients with hypercholesterolemia and inflammatory processes:
Cholesterol and ectonucleotidase activities. FEBS Journal 274:2707-2714.
https://doi.org/10.1111/j.1742-4658.2007.05805.x

Lunkes GI, Lunkes DS, Leal D, et al (2008) Effect of high glucose levels in human platelet
NTPDase and 5'-nucleotidase activities. Diabetes Research and Clinical Practice 81:351—
357. https://doi.org/10.1016/j.diabres.2008.06.001

Laukkanen JA, Lakka TA, Rauramaa R, et al (2001) Cardiovascular Fitness as a Predictor
of Mortality in Men. Arch Intern Med 161:825. https://doi.org/10.1001/archinte.161.6.825
Cardoso AM, Abdalla FH, Bagatini MD, et al (2015) Swimming training prevents
alterations in ecto-NTPDase and adenosine deaminase activities in lymphocytes from Nw-
nitro-L-arginine methyl ester hydrochloride induced hypertension rats: Journal of
Hypertension 33:763—772. https://doi.org/10.1097/HJH.0000000000000468

Kohler D, Eckle T, Faigle M, et al (2007) CD39/Ectonucleoside Triphosphate
Diphosphohydrolase 1  Provides  Myocardial = Protection  During  Cardiac
Ischemia/Reperfusion Injury. Circulation 116:1784—1794.

Marcus AJ, Broekman MJ, Drosopoulos JHF, et al (2005) Role of CD39 (NTPDase-1) in
Thromboregulation, Cerebroprotection, and Cardioprotection. Semin Thromb Hemost

31:234-246. https://doi.org/10.1055/s-2005-869528



48

64. Fiirstenau CR, Trentin D da S, Gossenheimer AN, et al (2008) Ectonucleotidase activities

are altered in serum and platelets of -NAME-treated rats. Blood Cells, Molecules, and
Diseases 41:223-229. https://doi.org/10.1016/1.bcmd.2008.04.009




49

_g Records identified through Additional records identified
§ database searching through other sources
b= (n=199) (n=4)
=

]
=
]

A 4 A\ 4
PR Records after duplicates removed
(n=195)

o0
=

=

g v
e Records screened - Records excluded

(n=195) - (n=178)
A Full-text articles

Z Fulltext articles excluded, with reasons
2 assessed for eligibility (n=5)

20 (n=17) ”| No outcome of interest:
= n=4

Expanded abstract:
- n=1
\4
Studies included in

§ qualitative synthesis

= (n=12)

(2]

|

]

Figure 1. Flowchart of the included studies.



Supplementary Table 1. Search strategy used in PubMed

Step

Search terms

#1

#2

#3

#4

"Exercise"[Mesh] OR "Exercises" OR "Physical Activity" OR “Activities, Physical” OR “Activity,
Physical” OR “Physical Activities” OR “Exercise, Physical” OR “Exercises, Physical” OR
“Physical Exercise” OR “Physical Exercises” OR “Acute Exercise” OR “Acute Exercises” OR
“Exercise, Acute” OR “Exercises, Acute” OR “Exercise, Isometric”” OR “Exercises, Isometric” OR
“Isometric Exercises” OR “Isometric Exercise” OR “Exercise, Aerobic” OR “Aecrobic Exercise”
OR “Aerobic Exercises” OR “Exercises, Aerobic” OR “Exercise Training” OR “Exercise
Trainings” OR “Training, Exercise” OR “Trainings, Exercise”

“Nucleotidases”[Mesh] OR “Apyrase” OR “Phosphohydrolase, ADP” OR “ADPase” OR “ATP-
ADPase” OR “ATP ADPase” OR “ATP-Diphosphatase” OR “ATP Diphosphatase” OR “ATP
Diphosphohydrolase” OR “Diphosphohydrolase, ATP” OR “Adenosine Diphosphatase” OR
“Diphosphatase, Adenosine” OR “ENTPDI protein, human” OR “ATPDase, human” OR “CD39
antigen, human” OR “ectonucleoside triphosphate diphosphohydrolase 1, human” OR “NTPDase-
1, human” OR “ectoATPase” OR “ecto-adenosine triphosphatase” OR “ecto-atpase” OR “ATPase,
ecto” OR “NTPDase2” OR “CD39L1 protein, human” OR “ENTPD2 protein, human” OR
“NTPDase-3, human” OR “ectonucleoside triphosphate diphosphohydrolase 3, human” OR
“CD39-like 3 protein, human” OR “CD39L3 protein, human” OR “ecto-Mg-ATPase” OR
“Myoglein” OR “ecto-nucleotidase” OR “CD39 antigen” OR “ecto-apyrase” OR “NTPDasel” OR
“ectoADPase” OR “ectonucleoside triphosphate diphosphohydrolase 1”7 OR “NTPDase-1” OR
“ecto-ADPase” OR “ecto-ATP diphosphohydrolases” OR "CD39" OR “5'-Nucleotidase” OR “5'
Nucleotidase” OR “5'-Nucleotidase Phosphoribolase” OR “5' Nucleotidase Phosphoribolase” OR
“Adenylate Phosphatase” OR “AMP Phosphatase” OR “Cytidylate Phosphatase” OR “Ecto-5'-
Nucleotidase” OR “Ecto 5' Nucleotidase” OR “IMP Nucleotidase” OR “CD73 Antigens” OR
“IMPase” OR “Inosinate Phosphatase” OR “Pyrimidine 5'-Nucleotidase” OR “Pyrimidine 5'
Nucleotidase” OR “Thymidine Phosphatase” OR “Uridylate 5'-Nucleotidase” OR “Uridylate 5'
Nucleotidase” OR “Antigen, CD73” OR “CD73 Antigen” OR “Antigens, CD73” OR “5'-AMP
Nucleotidase” OR “5' AMP Nucleotidase” OR “IMP Phosphatase” OR “ectonucleotide
pyrophosphatase ~ phosphodiesterase 17 OR  “nucleotide = pyrophosphatase-alkaline
phosphodiesterase I’ OR “ecto-nucleotide pyrophosphatase phosphodiesterase 1” OR "CD73" OR
“glycoprotein PC-1” OR “plasma cell membrane glycoprotein PC-1” OR “Enppl protein,
zebrafish” OR “MAPF protein, Bos taurus" OR “major acidic fibroblast growth factor-stimulated
phosphoprotein, Bos taurus” OR “major aFGF-stimulated phosphoprotein, Bos taurus” OR
“ENPP1 protein, rat” OR “ENPPI1 protein, human” OR “NPP1 protein, human” OR "alkaline
phosphodiesterase 1, human" OR "PC-1 glycoprotein, human" OR "plasma-cell membrane
glycoprotein 1, human" OR "ectonucleotide pyrophosphatase-phosphodiesterase 1, human" OR
"ENPPI protein, mouse" OR "nucleotide pyrophosphatase - phosphodiesterase I" OR "NPP-PDE"
OR “Adenosine Deaminase” OR “Deaminase, Adenosine” OR “Adenosine Aminohydrolase” OR
“Aminohydrolase, Adenosine” OR "ADA"

“Adenosine Triphosphate”’[Mesh] OR “ATP” OR “Adenylpyrophosphate” OR “Adenosine
Triphosphate, Magnesium Salt” OR “Magnesium Adenosine Triphosphate” OR “MgATP” OR
“Adenosine Triphosphate, Manganese Salt” OR “MnATP” OR “Manganese Adenosine
Triphosphate” OR “Atriphos” OR “Adenosine Triphosphate, Chromium Salt” OR “CrATP” OR
“Cr(H20)4 ATP” OR “Chromium Adenosine Triphosphate” OR “Adenosine Triphosphate,
Calcium Salt” OR “CaATP” OR “Adenosine Triphosphate, Chromium Ammonium Salt” OR
“Adenosine Triphosphate, Magnesium Chloride” OR “ATP-MgCI2” OR “ATP MgCI2” OR
“Striadyne” OR “Adenosine Diphosphate”’[Mesh] OR “Diphosphate, Adenosine” OR “ADP” OR
“Adenosine Pyrophosphate” OR “Pyrophosphate, Adenosine” OR “Adenosine 5'-Pyrophosphate”
OR “5'-Pyrophosphate, Adenosine” OR “Adenosine 5' Pyrophosphate” OR “Magnesium ADP” OR
“ADP, Magnesium” OR “MgADP” OR “Adenosine Monophosphate”’[Mesh] OR “AMP” OR
“Adenosine 5'-Phosphate” OR “5'-Phosphate, Adenosine” OR “Adenosine 5' Phosphate” OR
“Adenosine Phosphate Dipotassium” OR “Dipotassium, Adenosine Phosphate” OR “Phosphate
Dipotassium, Adenosine” OR “Disodium, Adenosine Phosphate”) OR “Phosphate Disodium,
Adenosine” OR “Adenosine 2'-Phosphate” OR “Adenosine 2' Phosphate” OR “2'-Adenylic Acid”
OR “2' Adenylic Acid” OR “Acid, 2'-Adenylic” OR “2'-Adenosine Monophosphate” OR “2'
Adenosine Monophosphate” OR “Monophosphate, 2'-Adenosine” OR “Adenylic Acid” OR “2'-
AMP” OR “5'-Adenylic Acid” OR “5' Adenylic Acid” OR “Acid, 5'-Adenylic” OR “Adenosine 3'-
Phosphate” OR “Adenosine 3' Phosphate” OR ‘“Phosphaden” OR “Adenosine”’[Mesh] OR
“Adenocard” OR “Adenoscan” OR “Inosine”

#1 AND #2 AND #3

50



Table 1. Sample population characteristics of included studies

Study, Year Characteristics of subjects Sample Size (M/F) Age (years) Body Mass (Kg) BMI (Kg/m?)
G1: Healthy, sedentary G1: 08 (M) Gl:34+7 . G1:263+3
Coppola et al., 2005 G2: Healthy, physically active G2: 08 (M) G2:34+6 Not informed G2:26.7+3
Yegutkin et al., 2007* Healthy, endurece-trainded 20 (M) 29+3 789 +£8.2 244+£25
Yegutkin et al., 2007* Healthy, sedentary 7(B3M/04F) 30£5 80.6 +23.1 279+8
Karabulut et al.. 2011 G1: Healthy, sedentary males G1:20 (M) G1:21.67+0.69 G1:76.42 + 8.94 G1:23.6+£2.8
uutetal, G2: Healthy, sedentary females G2: 20 (F) G2:20.56 +0.75 G2: 6132+ 6.76 G2:21.1+23
. G1: Healthy, young adults G1:38(33M/05F) G1:23+6.16 . G1:23.7+1.84
Kirby et al., 2012 G2: Healthy, older adults G2:26 (24 M / 02 F) G2: 64+ 5 Not informed G2:26.5 = 3.56
Martins ot al. 2016¢ Gl: Metaz‘t’ih;tsy“drome G1:38 (15M /23 F) G1:59.4+3.0 Nt informed G1:35.13+5.13
setals Datients G2:30 (13 M/ 17F) G2:583+2.8 G2:232+33

G2: Healthy individuals

G1: Metabolic syndrome G1:20 (15 M/ 05 F)

G1:57.95+3.30

G1:95.25+9.91

G1:38.24 + 8.69

Martins et al., 2016° patients : : ] :
G2: Healthy individuals G2:20 (14 M /06 F) G2:59.40+3.95 G2: 7430+ 11.41 G2:23.93+£2.88
Moritz et al., 2017 Healthy, sedentary 10 M) 2530+2.94 81.51+13.43 25.59+3.44
Miron et al., 2018 Semi-professional athletes 19 (M) 27+2.2 75+ 8.6 21.4+9.7
Silveira et al., 2018 Chronic kidney discase 34 (18 M/ 16 F) 50.95 + 18.4 Not informed Not informed
hemodialysis patients
Dormeles et al.. 2019 G1: Low fitness, healthy Gl: 15(M) Gl1:253+14 G1:70.8£3.68 Gl:23.5+15
v G2: High fitness, healthy G2:15(M) G2:26.1+1.9 G2:71.3+£2.20 G2:23.7+£13
G1: Hypertensive patients,
Lammers et al.. 2020 seder}tary o G1:31 (F) G1:56.17+4.3 G1:71.21+3.5 G1:29.85+4.9
? G2: Normotensive individuals, G2: 28 (F) G2:53.64+3.6 G2: 66.61 £2.6 G2:2522+4.5
sedentary
Manica et al., 2020 Hypertensive patients, sedentary 16 (F) 67.2+3.7 70.7+ 8.1 29.2+3.7

Data presented as mean + standard deviation (SD).

G: group; M: male; F: female; Kg: kilogram; BMI: body mass index; NYHA: New York Heart Association. "Two studies presented in the same article.
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Table 2. Main results summary of included studies

Study, Year Exercise protocol Sample Analyzed Results
C la et al Incremental test: the test started with workload of 30 Platelet | CD39 expression in platelets post-exercise (G1, 2-fold; G2, 1.71-fold).
0pp2000 Se ° W and load increments of 10 W/min. B-Lymphocytes 1 CD39 expression B-Lymphocytes post-exercise (G1, 2-fold; G2, 1.28-fold).
The test was finished at exhaustion. T-Lymphocytes <> in CD39 expression in T-Lymphocytes post-exercise.

Protocol 1: 15 min of sub mal se on a evel Protocol 1: 1 ATP and ADP levels at submaximal (ATP, 1.68-fold; ADP, 1.82-
FOI0e07 1 (2 N O SUOIRInA exelelse on 8 eyee fold) and maximal (ATP, 2.43-fold; ADP, 2.37-fold) exercise.
ergometer, followed by 3 min rest and a constant level ; mal . fold
Yegutkin et al maximal load exercise bout Blood plasma 1T AMP eves durlng fmaximat exereise (2.-fold).
g P . ’ . 1 NPP and NTPDase activities during submaximal (NPP, 1.29-fold; NTPDase,
2007 Protocol 2: Incremental test in cycle ergometer with Blood serum fol ‘mal fold: fol .
Kload of 25, 50, 75, 90 and 100% of peak power 1.31-fold) and maxima (NRP, 1.18— old; NTPDase 1.69-fold) exercise.
wor T Protocol 2: 1 NTPDase activity during exercise in venous (1.31-fold) and
arterial (1.71-fold) blood.

until exhaustion.

Yegutkin et al., Incremental cvele-ereometer exercise to exhaustion Blood plasma 1 ATP levels during maximal exercise (1.45-fold).
20071 cremeital cycle-ergometel exercise to exhaustion. P 1 NTPDase (1.31-fold) and NPP (1.21-fold) activities during maximal exercise.
Karabulut et al., <> in ADA activity post-exercise (G1).
2011 Twenty-meter shuttle run, Blood plasma 1 activity of ADA post-exercise (G2, 13.53-fold).
1 ATP hydrolysis at 5 (2.10-fold), 15 (2.15-fold) and 25% (2.21-fold) of MVC
Kirby et al., Fifteen min of graded-intensity handgrip exercise: 5 Whole blood (G1 and G2).
2012 min period each of 5, 15 and 25% of MVC workload. Blood plasma 1 levels of ATP at 5 (1.54-fold), 15 (1.69-fold) and 25% (2.03-fold) of MVC
(G
1 NTPDase (ATP, 2.41-fold; ADP, 1.55-fold), E-5’-nucleotidase (2.19-fold)
. . . and NPP (6.97-fold) activities pre-training (G1).
Martins et al., f"?"t‘;;rem j‘:‘f En"de;atrifra;(‘)mg Vﬁth/ getri‘;fl"" an‘j Platelots | NTPDase (ATP, 1.86-fold; ADP, 1.44-fold), E-5°-nucleotidase (1.59-fold)
20167 COISIANCE EXCICISes, l\:veei Weeks espe ele and NPP (4.66-fold) activities post-training (G1).

| ADA (2.1-fold) activity pre-training (G1).
1 ADA (1.92-fold) activity post-training (G1).
Concurrent and moderate training with acrobic and 1 NTPDase (ATP, 1.67-fold; ADP, 2.11-fold) activity pre-training (G1).

Martins et al.,

. . . . | NTPDase (ATP, 1.54-fold; ADP, 2.07-fold) activity post-training (G1).
2016° resistance exercises, durlni 30 weeks / 3 times per Lymphocytes | ADA (1.53-fold) activity pre-training (G1).
WeeK. 1 ADA (1.64-fold) activity post-training (G1).
1 ATP (2.62-fold), ADP (2.59-fold), AMP (1.53-fold) and p-Nph-5’-TMP
Moritz et al., Thirty min of aerobic exercise on treadmill at 70% of Blood serum (1.48-fold) hydrolysis post-exercise.
2017 MHR. | levels of ATP (1.27-fold) and ADP (1.22-fold) post-exercise;
1 levels of ADO (1.23-fold), INO (1.24-fold) and UA (1.24-fold) post-exercise.
' HIIE: 0 to 10 min at 55% of MHR: 10 to 20 min at > < ATP, ADP and AMP hyfirolysm post-exercise (Lymphocytes).
Miron et al., 90% of MHR: 20 to 30 min at 50 — 70% of MHR: 30 Platelets > NTPDasel expression post—exer01§e (Lymphocytes).
2018 to’ 40 min at > 90% of MHR ’ Lymphocytes 1 ADA (2.28-fold) activity post-exercise (Lymphocytes).
(] .

| ATP (1.28-fold) and ADP (1.44-fold) hydrolysis post-exercise (Platelets).
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1 ADA (1.83-fold) activity post-exercise (Platelets).

Silveira et al., Resistance training for 8 weeks /3 times per week. | ATP (2.11) and AMP (1.61-fold) hydrolysis post-training.

2018 Subjects p erform:vc; tfl sle;t(s; 3f1é§ to 13 repetitions, Platelets <> ADP hydrolysis and ADO deamination post-training.

1 CD39 Expression post-exercise on CD4*CD25* (G1, immediately post 1.34-
fold, post-1h 1.3-fold; G2, immediately post 1.2-fold, post-1h 1.33-fold) and

Dorneles et al High-intensity interval exercise, consisted of 10 CD4'CD25 (G1, immediately post 2.03-fold, post 1h 1.58-fold; G2,
© goelsge * bounts of 60 sec at 85 — 90% of MHR, alternated PBMC immediately post 1.38-fold) T cells.
with 75 sec at 50 MHR in treadmill. 1 CD73 expression post-exercise on CD4*CD25" T cells (G1, immediately post

1.6-fold, post-1h 1.42-fold; G2, immediately post 1.3-fold, post-1h 1.36-fold).
< CD73 expression post-exercise on CD4'CD25 T cells.
| ATP (G1, 1.25-fold) and ADP (G1, 1.33-fold) hydrolysis post-training.

Resistance training for 27 weeks / 2 times per week /

Lammers et al., 45 — 60 min of continuous exercise per day, moderate Lymphocytes | ADA (G1, 1.28-fold) activ.ity post—traipipg.
2020 intensity Blood serum < NTPDasel and 2 expression post-training.
) | levels of ATP (G1, 1.17-fold) post-training.
Protocol 1: high-intensity aerobic exercise, 50% of
VO2max for 10 min. Protocol 1: 1 ATP (1.30- fold), ADP (1.18-fold) hydrolysis and |ADA (1.84-
Manica et al Protocol 2: low-intensity aerobi(? exercise, 30% of fold) activity 30 min after exercis;.. .
2020 ? VO2max for 10 min. Lymphocytes Protocol 2: <> ATP, ADP hydrolysis and ADA activity post-exercise.
Protocol 3: low-intensity aerobic exercise with blood Protocol 3: 1 ATP (1.44-fold), ADP (1.16-fold) hydrolysis and <> ADA
flow restriction, 30% of VOamax and occlusion activity 30 min after exercise.

pressure to 130% of systolic blood pressure at rest.

Data presented as mean + standard deviation (SD).

1: significant increase; | : significant decrease; «»: no change; G: group; HIIE: high-intensity intermittent training; W: watt; BP: blood pressure; RPM: rotations per minute; MVC:
maximum voluntary contraction; MHR: maximum heart rate; PBMC: peripheral blood mononuclear cells; HX: hypoxanthine; UA: uric acid; ADO: adenosine; ATP: adenosine 5°-
triphosphate; ADP: adenosine 5’-diphophate; AMP: adenosine 5’-monophosphate; NPP: nucleotide pyrophosphatase/phosphodiesterase; NTPDase: nucleoside triphosphate
diphosphohydrolases; ADA: adenosine deaminase; p-Nph-5’-TMP: p-nitrophenyl 5’-thymidine monophosphate; INO: inosine; VOamax: maximum oxygen uptake. "Two studies
presented in the same article.



Table 3. Methodological quality of included studies, assessed by MINORS

Score
Study, Year Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10 Item 11 Item 12 Score
Coppola et al., 2005 2 2 2 2 0 2 0 1 2 2 2 1 18/24
Yegutkin et al., 2007 2 1 2 2 0 2 0 1 - - - - 10/16
Karabulut et al., 2011 2 2 2 2 0 2 0 1 2 2 2 1 18/24
Kirby et al., 2012 2 2 2 2 0 2 0 1 2 2 2 1 18/24
Martins et al., 2016* 2 1 2 2 0 2 0 1 2 2 2 1 17/24
Martins et al., 2016° 2 2 2 2 0 2 0 1 2 2 2 1 18/24
Moritz et al., 2017 2 2 2 2 0 2 0 1 - - - - 11/16
Miron et al., 2018 2 2 2 2 0 2 0 1 - - - - 11/16
Silveira et al., 2018 1 1 2 2 0 2 0 1 - - - - 9/16
Dorneles et al., 2019 2 2 2 2 0 2 0 1 2 2 2 1 18/24
Lammers et al., 2020 2 2 2 2 0 2 1 2 2 2 2 1 20/24
Manica et al., 2020 2 2 2 2 0 2 0 2 - - - - 12/16

MINORS: Methodological index for non-randomized studies.

The items are scored 0 (nor reported), 1 (reported but inadequate) or 2 (reported and adequate). The ideal score for non-comparative studies is 16 and 24 for comparative studies.
Item 1: a clearly stated aim; item 2: inclusion of consecutive patients; item 3: prospective collection of data; item 4: endpoints appropriate to the aim of the study; item 5:
unbiased assessment of the study endpoint; item 6: follow-up period appropriate to the aim of the study; item 7: loss to follow up less than 5%; item 8: prospective calculation
of the study size; item 9: an adequate control group; item 10: contemporary groups; item 11: baseline equivalence groups; item 12: adequate statistical analyses.
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New Findings

What is the central question of this study?

How does moderate-intensity aerobic exercise affect the behavior of purinergic enzymes in
sedentary, overweight and physically active subjects? What is the relationship between

purinergic and inflammatory responses triggered by exercise?

What is the main finding and its importance?

Our data demonstrate that moderate-intensity aerobic exercise modifies the activity of purinergic
enzymes and the levels of nucleotides and nucleosides. These results are similar in subjects with
different biological characteristics. 5’-nucleotidase activity and adenosine levels are associated
with inflammatory responses. This study suggests that a purinergic pathway is related to the

inflammatory responses triggered by exercise.
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Abstract

Purinergic signaling is a mechanism of extracellular communication that modulate events
related to exercise, such as inflammation and coagulation. Herein, we evaluated the effects of
acute moderate-intensity exercise on the activities of purinergic enzymes and plasma levels of
adenine nucleotides in individuals with distinct metabolic characteristics. We analyzed the
relationship between purinergic parameters, inflammatory responses and cardiometabolic
markers. Twenty-four healthy males were assigned to three groups: normal weight sedentary
(n=8), overweight sedentary (n=8) and normal weight physically active (n=8). The volunteers
performed an acute session of moderate-intensity aerobic exercise on a treadmill at 70% of
VO2peak; blood samples were drawn at baseline, immediately post-exercise and at 1h post-
exercise. Immediately post-exercise, all subjects showed increases in ATP, ADP, AMP and p-
Nph-5’-TMP hydrolysis, while AMP hydrolysis remained increased at 1h after exercise. High-
performance liquid chromatography analysis demonstrated lower levels of ATP and ADP at
post- and 1h post-exercise in all groups. Conversely, adenosine and inosine levels increased at
post-exercise, but only adenosine remained augmented at 1h after exercise in all groups. With
regard to inflammatory responses, the exercise protocol increased TNF-o and IL-8
concentrations in all subjects, but only TNF-o remained elevated at 1h after exercise.
Significant correlations were found between the activity of 5’-NT, adenosine levels, VO2peak,
triglyceride, TNF-a and IL-8 levels. Our findings suggest a purinergic signaling pathway that
participates, at least partially, in the inflammatory responses triggered by acute moderate-
intensity exercise. The response of soluble nucleotidases to acute moderate exercise appears to

be similar between subjects of different biological profiles.

Keywords: Exercise; Nucleotidases; NTPDases; 5’-nucleotidase; Inflammation.
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Introduction

Physical exercise is a well-known trigger for short and long-term molecular and tissue
adaptations, and is a non-pharmacological tool for the prevention and treatment of many
diseases (Heinonen et al., 2014; Pedersen et al., 2015). In turn, purinergic signaling is an elegant
system of extracellular communication that has been poorly explored in exercise science,
whereas nucleotides and nucleosides are known to modulate immune, thrombotic, vascular and
cardiac responses (Faas et al., 2017; Atkinson et al., 2006; Burnstock & Ralevic, 2014).

Nucleotides and nucleosides such as adenosine 5’-triphosphate (ATP) and adenosine
(ADO) are released to the extracellular environment through several pathways (cell injury,
shear stress, exocytosis, connexin and pannexin channels) (Yegutkin, 2014; Lohman & Isakson,
2014). Once released, nucleotides and nucleosides may directly bind to purinergic receptors
(P1 or P2) or be enzymatically degraded by purinergic enzymes, named nucleotidases. These
enzymes are found attached to the cell membrane, in their soluble form in extracellular fluid or
bloodstream and associated with extracellular vesicles (Yegutkin, 2008; Jiang et al., 2014). The
main action of nucleotidases is to control the extracellular levels of purines and pyrimidines,
regulating the magnitude of purinergic responses (Bagatini et al., 2018). The nucleoside
triphosphate diphosphohydrolase family (NTPDasel-8) hydrolyzes tri- and diphosphate
nucleotides into monophosphates nucleotides (Robson et al., 2006). The nucleotide
pyrophosphatases/phosphodiesterases (NPP) family has seven members (NPP1-7), but only
NPP1, 3, 4 and 5 hydrolyze nucleotides and/or dinucleotides (Zimmermann et al., 2012; Lopez
et al., 2020). Finally, the major role of 5’-nucleotidase (5’-NT) is the formation of ADO, which
can bind to P1 receptors (adenosine receptors), suffer deamination via adenosine deaminase
(ADA) or be transported into the cell by nucleoside transporters (Yegutkin, 2014).

Currently, the significance of purinergic signaling in exercise biochemistry and
physiology is still unclear, despite recent studies. Previously, our research group demonstrated
that sedentary individuals that were submitted to acute moderate exercise presented increased
nucleotidase activities in their blood serum post-exercise. Moreover, these results were
associated with reduced serum levels of ATP, adenosine 5’-diphosphate (ADP) and increased
levels of ADO and inosine (INO) at post-exercise (Moritz et al., 2017). Yegutkin et al. (2007)
showed that maximal and submaximal acute exercise increased NTPDase and NPP activities in
the blood serum of sedentary and trained individuals. Coppola et al. (2005) observed that acute
strenuous exercise, also performed by sedentary and trained subjects, modified the expression

of E-NTPDase1/CD39 in platelets and B-lymphocytes. Dorneles et al. (2019) demonstrated that
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an acute session of high-intensity interval exercise (HIIE) increased E-NTPDasel/CD39 and
E-5’-NT/CD73 expression on CD4"CD25" and CD4"CD25" T cells post-exercise, in low and
high physical fitness male subjects.

The purinergic signaling, which regulates important aspects related to exercise, such as
coagulation and inflammation, appears to have been somewhat neglected in the field of exercise
science, allowing relevant gaps concerning short- and long-term exercise-induced responses.
Taken together with the data above, physical inactivity and overweight promote a pro-
inflammatory state and a higher risk of cardiovascular diseases, both conditions linked to the
purinergic pathway (Bagatini et al.,, 2018; Lavie et al., 2019). In the present study, we
hypothesize that, at least transiently, exercise may play a modulatory role in the activities of
NTPDases, NPPs and 5°-NT in the blood plasma of subjects with different metabolic profiles.
Therefore, the objective of this work was to evaluate the effects of acute moderate-intensity
aerobic exercise on the activity of soluble purinergic enzymes, quantify the whole spectrum of
ATP metabolism in the blood plasma of sedentary, overweight and physically active male
individuals, and correlate these purinergic parameters with the inflammatory responses

triggered by our exercise protocol and cardiometabolic markers.

Materials and Methods

Ethical approval

The study was approved by the Ethics Committee of the Universidade Federal do Rio
Grande do Sul (protocol number 79422417.2.0000.5347) and was conducted according to the
declaration of Helsinki, except for registration in a database. All volunteers were informed
about experimental procedures before giving their written consent and were informed that they

could terminate their participation at any time.

Chemicals

Adenosine 5’-triphosphate (ATP), adenosine 5’-diphosphate (ADP), adenosine 5’-
monophophate (AMP), adenosine (ADO), inosine (INO), hypoxanthine (HX), xanthine (XT),
uric acid (UA), p-nitrophenyl thymidine 5’-monophosphate (p-Nph-5’-TMP), Coomassie
brilliant blue G, TRIS, methanol, tetrabutylammonium hydroxide and potassium phosphate
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monobasic were obtained from Sigma-Aldrich CO (ST. Louis, MO, USA). All the other

reagents were of analytical grade.

Participants

Prior to the recruitment, a sample size calculation was performed based on our previous
study (Moritz et al., 2017) for the outcome of nucleotidases activities. The calculus was carried
out using the WinPEPI program version 11.65, in which a a=0.05 and power of 80%. The total
sample size obtained was 24 individuals.

Twenty-four healthy male adults were recruited from the community using flyers and
advertisements on the radio/internet and in newspapers/magazines. The volunteers were divided
into three groups: normal weight sedentary (NWSED, n=8, 26.38+2.97 years), overweight
sedentary (OWSED, n=8, 25.75+2.92 years) and normal weight physically active (PHACT,
n=8, 23.13+3.18 years). Participants were included according to following inclusion criteria: 1)
NWSED: body mass index (BMI) 18.6-24.9 Kg/m?, had not been engaged in any exercise
program for at least 6 months and peak oxygen uptake (VOazpeax) 40-45 mL/Kg/min; 2)
OWSED: BMI 25-29.9 Kg/m?, had not been engaged in any exercise program for at least 6
months and VOapeak < 40 mL/Kg/min; 3) PHACT: BMI 18.6-24.9 Kg/m?, had been performing
at least 3 hours of exercise per week for a minimum of 6 months and VOapeak > 45 mL/Kg/min.

The volunteers had no previous metabolic, cardiovascular and orthopedic disorders, had
not received pharmacological treatment for at least 30 days and were non-smokers. Those
individuals with a history of alcohol abuse (2 > doses per day) were excluded. The volunteers
were instructed to abstain from caffeine for > 12h before the test and informed consent was

obtained from all subjects included in the study.

Experimental design

The experimental protocol was performed on two different days in the Exercise
Research Laboratory of the Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil).
On the first day, all volunteers were clinically assessed, and data regarding history disease as
respiratory, cardiac, metabolic, inflammatory and orthopedic diseases, medical history of the
first-degree family, pharmacological treatment, diet and exercise routine were collected.
Subjects with a previous or familial condition that could influence our results were excluded

from the study. The participants answered the Physical Activity Readiness Questionnaire
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(PAR-Q) (Shephard, 1988), which was applied to exclude individuals with any improper health
condition. The body composition was evaluated using a five-components method, based on the
anatomical site markings and the technique of measuring skinfolds, following the standards of
the International Society for the Advancement of Kinanthropometry (ISAK) (Marfell-Jones et
al., 2006).

An incremental cardiopulmonary exercise test was performed on a treadmill to
determine the workload of our acute exercise protocol. VOapeak Was determined by the breath-
by-breath method, using an open-circuit spirometry system (Quark CPET, COSMED, Rome,
Italy). Heart rate (HR) was continuously measured by a telemetric band (Polar Electro Oy,
Kempele, Finland). The test started with a warm-up period, consisting of 3 min of walking at 5
km/h followed by increments of 1 km/h every minute until exhaustion, and the subjects were
verbally stimulated to perform at maximum effort during the test. The recovery period consisted
of 3 min of walking at 5 km/h. VOapeax Was identified as the highest value in a line of tendency
plotted against the time (Wasserman et al., 1964; Dekerle et al., 2003).

Seven days after the preliminary assessment, on the second day of the experimental
protocol, subjects arrived fasted at the laboratory for a basal blood sample collection (pre-
exercise condition). Subsequently, they received a standard meal composed of 0.5 g/Kg
carbohydrates (NWSED, total calories 304.69+11.98 Kcal, carbohydrates 38.71+1.83 g,
proteins 19.31+0.83 g, fats 8.07£0.14 g; OWSED, total calories 329.15+£26.25 Kcal,
carbohydrates 42.46+4.02 g, proteins 21.02+1.83 g, fats 8.37+0.31 g; PHACT, total calories
299.8429.35 Kcal, carbohydrates 37.96+4.5 g, proteins 18.97+2.05 g, fats 8.02+0.35 g) and
remained at rest for 30 min. The individuals were then submitted to 30 min of aerobic exercise
on a treadmill at 70% of VOapeak, Which was continuously monitored by the open-circuit
spirometry system. Blood samples were collected again immediately and at 1h after the exercise

session.

Blood sample collection

Blood samples (10 mL) were collected from the antecubital vein in the pre-exercise
condition after at least 8h of fasting, immediately post-exercise and at 1h after the exercise
protocol. The blood was collected into heparin anticoagulant tubes and centrifuged at 4°C, 1,500

x g for 10 min. The plasma sample was then collected and stored at -80°C for posterior analysis.
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Protein determination

Protein was measured by the Commassie blue method, using serum albumin as standard

(Bradford, 1976).

NTPDase and 5’-nucleotidase activity assays

To assay NTPDase and 5’-nucleotidase activities in the blood plasma, the samples were
incubated with 112.75 mM (final concentration) Tris-HCI buffer, pH 7.4. The samples were
pre-incubated for 10 min at 37°C, and to start the reaction, ATP, ADP and AMP were added to
the reaction medium to a final concentration of 3 mM. After 50 min, the incubation was stopped
with 5% trichloroacetic acid (TCA; final concentration) and subsequently chilled on ice. The
samples were centrifuged at 4°C, 16,000 x g for 10 min and the amount of inorganic phosphate
(Pi) released was determined by the malachite green colorimetric method with minor
modifications (Chan et al., 1986). Controls were performed to correct the non-enzymatic
nucleotide hydrolysis. Incubation times, sample dilutions and protein concentrations were
chosen to guarantee the linearity of the reaction as previously established (Moritz et al., 2017).
All samples were processed in triplicate and enzyme activities were expressed as nmol of Pi

released per minute per milligram of protein (nmol/min/mg).

NPP activity assay

NPP activity was evaluated using p-Nph-5’-TMP (an artificial substrate used for the in
vitro assay of this enzyme), as described by Sakura et al (1998). Briefly, the reaction was
performed in a medium containing Tris-HCI at a final concentration of 112 mM, pH 8.9, and
the samples with 1 mg of plasma protein were pre-incubated for 10 min at 37°C. The enzyme
reaction was started by the addition of 0.5 mM (final concentration) of p-Nph-5’-TMP. After
60 min, 200 uL of NaOH 0.2 M were added to the medium to stop the reaction. The amount of
p-nitrophenol released from the hydrolysis of the substrate was measured at 410 nm using a
molar extinction coefficient of 18.8 x 10~/M/cm. Controls were performed to correct the non-
enzymatic substrate hydrolysis. Incubation times, sample dilutions and protein concentrations
were chosen to guarantee the linearity of the reaction as previously established (Moritz et al.,
2017). All samples were processed in triplicate and enzyme activities were expressed as nmol

of p-nitrophenol released per minute per milligram of protein (nmol/min/mg).
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High-performance liquid chromatography (HPLC) analysis

Purine levels and metabolic residues of ATP hydrolysis in plasma samples pre-, post-
exercise and post-lh of exercise were evaluated by HPLC. Firstly, sample proteins were
denatured by 0.6 M of perchloric acid and centrifuged at 4°C, 16,000 x g for 20 min. After that,
the supernatants were neutralized with 4 M KOH and centrifuged again at 4°C, 16,000 x g for
20 min. After the second centrifugation, supernatants were collected and filtered with 0.22 um
syringe filter (Cobetter Filtration, Hangzhou, China). Aliquots of 20 uL were applied to a
reverse-phase HPLC (Shimadzu, Kyoto, Japan) using a Cis column (Gemini Cis, 25 cm, 4.6
mm, 5 um, Phenomenex, CA, USA). The elution was carried out by applying a linear gradient
from 100% solvent A (60 mM KH>PO4and 5 mM of tetrabutylammonium chloride, pH 6.0) to
100% solvent B (solvent A + 30% methanol) over a 30-min period (flow rate 1.2 mL/min),
according previously described (Voelter et al., 1980). The amounts of purine were measured by
absorption at 254 nm. The retention times of standards were used to parameters for

identification and quantification. Purine concentration are expressed in micromolar (uM).

Inflammatory markers

Plasma levels of interleukin-1p (IL-1p), interleukin-10 (IL-10) and tumor necrosis
factor a (TNF-a) were evaluated by enzyme-linked immunosorbent (ELISA), according to the
manufacturer’s instructions (BD Biosciences, San Jose, CA, USA). Furthermore, plasma levels
of interleukin-8 (IL-8) were determined by cytometric bead array (CBA) according to the

manufacturer’s instructions (BD Biosciences, San Jose, CA, USA).

General biochemistry analysis

Glucose, total cholesterol, triglycerides and high density-lipoprotein cholesterol (HDL-
C) were analyzed using an automated enzymatic colorimetric method (Cobas C111, Roche
Diagnostics, Basel, Switzerland). Low-density lipoprotein cholesterol (LDL-C) was estimated

by the Friedewald equation (Friedewald et al., 1972).
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Statistical analysis

Data were analyzed using IBM SPSS (Statistical Package for Social Science, 20.0, IBM,
USA). Firstly, a Shapiro-Wilk test was realized to evaluate the normality of the data. The
analysis of the homoscedasticity of the variances was performed using the Levene test and
sphericity using the Mauchly test. Participants’ baseline characteristics were compared by one-
way ANOVA followed by a Bonferroni post hoc. Biochemical outcomes were analyzed using
two-way ANOVA with repeated measures (three groups vs three-time points), followed by
Bonferroni post hoc. Correlation analysis was performed using the Pearson correlation factor.
Results are expressed as mean + standard deviation (SD) and differences were considered to be

significant when p < 0.05.

Results

Participants’ characteristics

The baseline characteristics of the participants of the study are shown in Table 1. No
significant differences were found among the groups with regard to age, height, muscle mass
or maximum heart rate (MHR). As expected, body mass and body mass index (BMI) were
higher in the OWSED group compared to the NWSED (p=0.032 and p<0.001, respectively)
and PHACT (p=0.049 and p<0.001, respectively) groups, according to the inclusion criteria.
Additionally, fat mass was also higher in the OWSED group, compared to the NWSED
(p=0.006) and PHACT groups (p=0.001). Of note, the mean body fat percentage was higher in
the OWSED group, compared to the PHACT group (p=0.027), but not compared to the
NWSED individuals (p=0.143). The VOopeak values were significantly different among the
groups (OWSED=38.58+1.94; NWSED=43.84+0.82; PHACT=50.31+£2.34; p<0.001),

highlighting the differences in cardiorespiratory fitness between the groups.
Nucleotidases activities
Levels of ATP, ADP, AMP and p-Nph-5’-TMP hydrolysis in the blood plasma of

NWSED, OWSED and PHACT subjects at pre-exercise (PRE), post-exercise (POST) and at 1h
post-exercise (POST1H) are shown in Figure 1 (Fig. 1A, B, C and D, respectively). ATP
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hydrolysis (Fig. 1 A) increased in response to exercise in all groups (POST, p<0.001), remaining
increased in the PHACT group at 1h post-exercise (POST1H, p=0.031). Thus, a time effect was
observed (p<0.001) however, there was no interaction group x time (p=0.307) and no group
effect (p=0.657). Similarly, ADP hydrolysis (Fig. 2B) showed a time effect (p<0.001), with an
increase at the post-exercise time in all groups (p<0.001) that was maintained at lh post-
exercise (POST1H) in the OWSED group (p=0.025). No interaction of group x time (p=0.719)
and no group effect (p=0.327) were observed, although ADP hydrolysis remained increased at
POSTI1H in the OWSED (p=0.001) and PHACT (p=0.003) groups. Moreover, AMP hydrolysis
(Fig. 1C) increased at post-exercise in all groups (POST, p<0.001) and remained increased at
1h post-exercise (POSTIH; NWSED, p=0.047; OWSED, p<0.001; PHACT, p=0.002). Our
analysis revealed time and group effects (p<0.001 and p<0.011, respectively), with significant
differences between the OWSED and PHACT groups at pre- (p=0.027) and post-exercise
(p=0.021). Finally, the activity of NPP, measured by hydrolysis of p-Nph-5’-TMP, also
increased in response to exercise in all groups (POST, p<0.001), reflecting a time effect
(»<0.001). No interactions between time x group (p=0.813) nor any group effect (p=0.581)

were observed.

Nucleotide and nucleoside levels

The plasma levels of nucleotides and nucleosides in the NWSED, OWSED and PHACT
subjects, in response to the protocol of acute moderate exercise, are presented in Figure 2 (Fig.
2A,B,C,D, E, F, G and H, respectively). Levels of ATP and ADP (Fig. 2A and B, respectively)
were reduced post-exercise and remained decreased at 1h post-exercise in the NWSED (ATP,
p<0.001, p=0.001; ADP, p<0.001, p=0.009; respectively), OWSED (ATP, p=0.006, p=0.047;
ADP, p=0.002, p=0.027; respectively) and PHACT (ATP, p<0.001, p=0.004; respectively)
groups. As such, the analysis demonstrated a time effect (»p<0.001) on nucleotide levels,
although no interaction between time x group were observed for ATP (p=0.386) and ADP
(p=0.856), nor any group effect (p=0.900 and p=0.347, respectively). Additionally, no
differences were found for AMP levels in any of the times or conditions evaluated (Fig. 2C).

In contrast, plasma levels of adenosine (NWSED, p<0.001; OWSED, p=0.034; PHACT,
p=0.002) and inosine (p<0.001 for all groups), increased post-exercise. However, ADO levels
remained enhanced in all groups at 1h post-exercise (POST1H; NWSED, p=0.002; OWSED,
p<0.001; PHACT p<0.001) and INO levels remained increased only in the OWSED group
(p=0.002). The analysis of ADO and INO levels showed a time effect (both p<0.001), although
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no interaction for time x group (p=0.161 and p=0.069, respectively) or group effect (p=0.699
and p=0.901, respectively) were detected. In contrast, no time x group interaction (p=0.564), or
time effect (p=0.166), was detected in relation to XT levels, however a group effect was found
(p=0.002); significantly higher levels of XT were observed in the NWSED group, compared to
the OWSED and PHATC groups at post exercise (POST; p=0.009 and p=0.006, respectively)
and at 1h post-exercise (POST1H; p=0.019 and p=0.006, respectively). Similarly, time effects
were found for HX (p<0.001) and UA (p<0.001) following the protocol, where exercise
increased both HX (NWSED, p=0.002; OWSED, p<0.001; PHACT, p=0.002) and UA
(NWSED, p=0.001; OWSED, p=0.002; PHACT, p=0.038) levels. However, levels of UA
remained enhanced at lh post-exercise (POSTIH) for NWSED (p=0.048) and OWSED
(p=0.002). In this regard, a time effect was detected (p<0.001, both), but no time x group
interaction (XT, p=0.613; UA, p=0.277) or group effect (XT, p=0.766; UA, p=0.115) were

found.

Inflammatory markers

Table 2 depicts levels of markers of acute inflammatory responses to the exercise
protocol for the NWSED, OWSED and PHACT groups. No differences were detected in IL-18
and IL-10 levels for any of the parameters analyzed (time, group, or time x group interaction).
However, plasma levels of TNF-a increased at post-exercise (NWSED, p=0.002; OWSED,
p<0.001; PHACT, p=0,028) and remained increased at lh post-exercise for all groups
(NWSED, p=0.018; OWSED, p=0.006; PHACT, p=0.047); there was a time effect (»<0.001),
but no group effect (p=0.748) or time x group interaction (p=0.626) were found. Additionally,
plasma IL-8 also increased post-exercise in all groups (NWSED, p=0.003; OWSED, p=0.002;
PHACT, p<0.001), and remained increased at 1h post-exercise in the PHACT group (p=0.005);
our data revealed a time effect (»p<0.001), but no group effect (p=0.256) nor time x group

interaction were detected (p=0.175).

Blood biochemistry

General blood plasma biochemical metabolic variables at baseline are shown in Table

3. No differences were found between the groups with regard to total cholesterol, HDL-C and

LDL-C. In contrast, glucose and triglyceride levels were higher in the OWSED group,
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compared to the NWSED (p=0.003 and p<0.001, respectively) and PHACT (p=0.035 and
p=0.001) groups.

Correlation analysis

Correlation analyses were performed to evaluate potential connections between
NTPDase, NPP and 5°-NT activities with cardiorespiratory parameters, blood biochemistry and
inflammatory markers. A significant positive correlation was found between 5’-NT activity and
VOzpeak (PRE, 7=0.514, p=0.010; POST, r=0.502, p=0.012; POST1H, r=0.593, p=0.002; Fig.
3A, 3B and 3C, respectively). In addition, a positive correlation was also found between plasma
ADO levels and VOzpeak (PRE, r=0.423, p=0.039; POST, r=0.452, p=0.027; POST1H, r=0.431,
p=0.036; Fig. 3D, 3E and 3F, respectively). With regard to blood biochemistry parameters, a
positive correlation was observed between 5°-NT activity and triglyceride levels (PRE,
r=0.481, p=0.017; POST, r=0.409, p=0.047; POST1H, r=0.428, p=0.037). Likewise, NPP
activity and triglyceride levels were positively correlated (PRE, =0.429, p=0.037; POST,
r=0.490, p=0.015; POST1H, r=0.436, p=0.033).

With respect to the inflammatory markers, the activity of 5’-NT was negatively
correlated with plasma IL-8 levels (PRE, =0.442, p=0.030; POST, —0.623, p<0.001;
POSTIH, =0.501, p=0.013; Fig. 4A, 4B and 4C, respectively), and positively correlated with
TNF-a levels (PRE, =0.498, p=0.017, POST, r=0.478, p=0.018; POST1H, r=0.558 ¢ p=0.005;
Fig. 4D, 4E and 4F, respectively). In contrast, a negative correlation was observed between
NPP activity and plasma TNF-a levels (PRE, =—0.468, p=0.021; POST, =0.574, p=0.003;
POSTI1H, —=0.477, p=0.018). Additionally, a positive correlation was found between plasma
ADP levels and plasma IL-8 (PRE, r=0.537, p=0.007; POST, r=0.546, p=0.006, POST1H,
r=0.553, p=0,005); however, a negative correlation was observed between plasma ADO levels
and plasma IL-8 (PRE, r=0.486, p=0.016; POST, r—0.551, p=0.005, POST1H, r—=0.452,
p=0.026).

Discussion
This is the first study to investigate and compare the responses of nucleotidases in the

plasma of normal weight sedentary, overweight sedentary and physically active young male

adults in response to acute moderate-intensity aerobic exercise. Furthermore, we evaluated the
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levels of nucleotides and nucleosides in the plasma of these individuals and their relations with
and blood biochemical parameters, cardiorespiratory fitness and inflammatory markers.

Primarily, our results indicate a significant increase in NTPDases, NPPs and 5°-NT
activities, as demonstrated by the evaluation of ATP, ADP, p-Nph-5’-TMP and AMP
hydrolysis, immediately after the exercise protocol in sedentary, overweight and physically
active subjects (Fig. 1A, B, C and D, respectively). At 1h after exercise, ATP and ADP
catabolism remained increased only in the PHACT and OWSED groups, respectively, while
AMP hydrolysis remained increased in all three groups. Consistent with these data, plasma
levels of ATP, ADP, ADO, INO, HX and UA were altered post-exercise and at 1h post-exercise
in NWSED, OWSED and PHACT subjects (Fig. 2A, B, D, E, G and H, respectively).

Although sedentary and overweight subjects demonstrate a pro-inflammatory basal
state, lower cardiorespiratory fitness, and a higher risk of cardiovascular disease (Wei et al.,
1999; Lavie et al. 2019), the purinergic responses triggered by moderate-intensity exercise were
analogous to physically active individuals. Previously, was demonstrated that treadmill exercise
at intensities from 83% to 94% of maximum oxygen uptake (VOomax) increased the plasma
levels of ATP in highly trained and physically active male subjects (Zargbska et al., 2018).
Thus, our results suggest that moderate-intensity aerobic exercise may promote the release of
ATP by erythrocytes, lymphocytes, endothelial and muscle cells, however, at this exercise
intensity, the activity of purinergic enzymes is able to counteract the enhance of nucleotides in
the blood plasma. Moreover, since several mechanisms contribute to the release of nucleotides,
such as injury cells, shear stress and hypoxia, a possible common purinergic pathway is shared
among individuals of different metabolic characteristics in response to acute exercise.

The modulatory effects of acute and long-term exercise models on purinergic enzymes
have been reported in previous studies. To the best of our knowledge, Langfort ez al. were the
first to show that six weeks of endurance or sprint training increased E-5’-NT/CD73 activity in
the rat heart (Langfort et al., 1996). In this context, the functionality of human nucleotidases
seems responsive to different exercise stimuli. Incremental exercise until exhaustion increased
E-NTPDasel/CD39 expression in B-lymphocytes in sedentary and trained individuals; in
contrast, the expression in platelets decreased (Coppola et al., 2005). Similarly, incremental
exercise, constant-load submaximal and maximal-load exercise, increased NTPDase and NPP
activities in the serum of trained and sedentary individuals post-exercise and remained
increased up to thirty minutes (Yegutkin et al., 2007). Furthermore, an acute session of HIIE
increased E-NTPDase1/CD39 and E-5’-NT/CD73 expression in CD4"CD25" and CD4"CD25*

T cells of low- and high-physical fitness men, and this expression remained increased for 1h
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after the session (Dorneles et al., 2019). Additionally, the performance of an HIIE session by
semi-professional athletes also increased ADA activity in lymphocytes and platelets, while E-
NTPDase activity decreased in platelets post-exercise (Miron et al., 2019). Previously, we
demonstrated that a moderate-intensity aerobic exercise session elevated ATP, ADP, AMP and
p-Nph-5’-TMP hydrolysis post-exercise in the serum of sedentary male individuals, combined
with reduced levels of ATP and ADP, and higher levels of ADO, INO and UA (Moritz et al.,
2017). Taken together with the data above, we hypothesize that different models of acute
exercise lead to a transitory modulation of NTPDse, 5’-NT and NPP functionality in trained
and untrained subjects.

NTPDasel and 5°-NT are key regulators of immunological and coagulation processes
(Faas et al., 2017; Atkinson et al., 2006). Over the last few years, it has been suggested that
these enzymes have a protective role in cardiac and vascular tissues due, at least in part, to the
control of extracellular levels of ATP, ADP and ADO (Schetinger et al., 2007; Marcus et al.,
2005; Eckle et al., 2007). Extracellular ATP and ADP have well-established pro-inflammatory
and pro-thrombotic effects, respectively, promoting oxygen free radical generation,
chemotaxis, IL-6 and TNF-a production, and platelet aggregation (Faas et al., 2017; Kanthi et
al., 2014). In contrast, extracellular ADO and INO have anti-inflammatory, antithrombotic and
vasodilatory roles, decreasing superoxide anion and pro-inflammatory cytokine production,
regulating neutrophil function, inducing angiogenesis, and inhibiting apoptosis and platelet
aggregation (Faas et al., 2017; Schetinger et al., 2007; Hasko et al., 2000; Hsiao et al., 2005).
HPLC analysis indicated that, in response to our protocol of acute moderate-intensity aerobic
exercise, ATP and ADP plasma levels decreased and remained at decreased at 1h after exercise
in the NWSED, OWSED and PHACT groups. Moreover, plasma levels of ADO and INO
increased post-exercise in all groups, but only ADO levels remained higher after 1h. Like ADO
and INO, plasma levels of UA were augmented post-exercise; UA is a product of ATP
metabolism and has important antioxidant properties in blood plasma, coupled with health and
disease aspects (Yu et al., 2019).

Our results may reflect the nucleotidase behavior at different time points post-exercise,
taking into account that moderate and intense acute exercise promote transitory pro-
inflammatory and pro-thrombotic responses, such as increasing the plasma levels of
lymphocytes, natural killer (NK) cells, IL-6, IL-8, C-reactive protein (CRP), platelet count, -
Thromboglobulin, thrombin/antithrombin complexes (TAT) and sensitivity to collagen- and
ADP-induced aggregation (Cerqueira et al., 2020; Lippi & Maffulli, 2009; Posthuma et al.,
2015). With regard to the immune- and thromboregulatory roles of NTPDases, NPPs and 5°-
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NT, it is plausible that a purinergic signaling pathway may be triggered in an attempt to control
the pro-thrombotic and pro-inflammatory effects of acute exercise through modulation of
nucleotides and nucleosides levels (Bagatini et al., 2018; Yegutkin, 2020).

Although we observed similarities in the parameters studied in NWSED, OWSED and
PHACT individuals, some peculiarities should be noted. We cannot exclude the participation
of other soluble nucleotidases, such as alkaline phosphatases and acid phosphatases, that may
contribute to extracellular ATP metabolism at pre-, post-, and l1h post-exercise of exercise
(Yegutkin, 2014; Rudberg et al., 2000; Fragala et al., 2017). Furthermore, E-NTPDase1/CD39,
E-NTPDase2/CD39L1 and E-5’-NT/CD73 are highly expressed at the membranes of platelets
and endothelial cells, and participate in the metabolism of nucleotides in the bloodstream
(Atkinson et al., 2006; Kanthi et al., 2014; Heber & Volf, 2015). The magnitude and duration
of purinergic signaling includes ATP-generating and ATP-consuming or inactivation pathways,
in addition to ADO-generating, ADO-consuming or inactivation and coexisting reuptake
(Yegutkin, 2008; Yegutkin et al., 2002; Pastor-Anglada et al., 2018). Therefore, multiple
purinergic signaling pathways may partially contribute to the findings of this study.

We also showed that our protocol of acute moderate-intensity aerobic exercise induced
inflammatory responses, increasing IL-8 and TNF-a plasma levels post-exercise and at 1h after
exercise in NWSED, OWSED and PHACT individuals. However, no differences were detected
among the groups in IL-1f and IL-10 plasma levels (Table 2). Firstly, cytokine plasma levels
are associated with exercise intensity, duration, type, and clinical condition of the individuals
(Cerqueira et al., 2020). Our data are in agreement with previous studies that also demonstrated
increased levels of IL-8 and TNF-a at different time points after moderate and high-intensity
acute exercise, in healthy trained and untrained subjects (Landers-Ramos et al., 2014;
Christiansen et al., 2013; Liu & Timmons, 2016). Moreover, Brenner et al. (1999), Kim et al.
(2015) and Dorneles et al. (2016) showed that moderate-intensity exercises, applied in healthy
individuals, did not significantly modify the plasma levels of IL-1f and IL-10. In this context,
we found a significant negative correlation between 5’-NT activity and IL-8, and a significant
positive correlation between 5’-NT activity and TNF-a plasma levels pre-, post- and 1h post-
exercise (Fig. 4A, B, C, D, E and F, respectively). Further studies are necessary to fully explain
these opposite relationships between 5’-NT activity and the IL-8 and TNF-a plasma levels, both
classic pro-inflammatory cytokines. The analysis also revealed significant correlations between
NPP activity and TNF-a, as well as between ADP, ADO and IL-8 plasma levels. Taken
together, these data reinforce the hypothesis that a purinergic pathway is involved in the

inflammatory responses that are triggered by acute exercise.
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Some cardiometabolic parameters, such as cholesterol, triglycerides and glucose levels,
have been associated with the behavior of platelet nucleotidases in different conditions (Duarte
et al., 2007; Lunkes et al., 2008; Martins et al., 2016). As our results indicate significantly
higher resting plasma levels of glucose and triglycerides in the OWSED group (Table 3), the
correlation analysis found a positive correlation between the activities of NPP and 5°-NT, and
triglyceride levels. Interestingly, we found a significant positive correlation between 5’-NT
activity, ADO plasma levels and VOzpeax; this correlation was observed at pre-, post- and 1h
post-exercise (Fig. 3A, B, C, D, E and F, respectively). These new findings further support a
role for 5°-NT and ADO in cardiovascular health. The functionalities of 5°-NT and
concentrations of ADO are closely linked to coronary blood flow, vasodilatory effect in
vascular beds, blood pressure, cardiac activity and regulation of cardiorespiratory responses to
hypoxia and inhibition of cardiac inflammation (Eckle et al., 2014; Guieu et al., 2020; Quast et
al., 2017; Holmes et al., 2018). Additionally, a greater cardiorespiratory fitness (VOapeak) is
associated with a lower risk of cardiovascular disease and all-causes of mortality in healthy and
unhealthy subjects (Blair et al., 1996; Wei et al., 1999). Further studies are necessary to explore
the meaning of these results since products of ATP metabolism have previously been applied
in a model of performance prediction in highly trained athletes, and plasma hypoxanthine was
indicated as a strong predictor of performance (Zielinski et al., 2013).

In summary, the present work demonstrates that acute moderate-intensity aerobic
exercise induces transitory increments in the activities of soluble NTPDases, NPPs and 5°-NT,
controlling the plasma levels of nucleotides and nucleosides. These responses may remain
altered for 1h after exercise and are similar between subjects of different biological profiles and
levels of cardiorespiratory fitness. Furthermore, our protocol of exercise was able to promote
inflammatory responses that demonstrated significant correlation with the activites of
purinergic enzymes, and nucleotide and nucleoside levels. Our results support the hypothesis
that a purinergic signaling pathway modulates the inflammatory and thrombotic responses
triggered by acute moderate- and high-intensity exercise; this may be a protective mechanism
that presents similarities in healthy individuals of distinct characteristics. Finally, we show a
significant positive correlation between 5°-NT, ADO and VOapeak, all markers associated with

cardiovascular health.
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Table 1. Baseline characteristics of participants
NWSED (n=8) OWSED (n=8) PHACT (n=8)

Age (years) 26.37+2.97 25.75+2.91 23.12+3.18
Body mass (Kg) 74.16£9.74 85.02+5.95%* 75.01£7.63
Height (m) 1.78+0.06 1.75+0.05 1.78+0.07
BMI (Kg/m?) 23.40+2.01 27.75+1.26%% 23.65+1.20
Muscle mass (Kg) 33.20+5.73 37.87+£2.20 35.50+6.24
Fat mass (Kg) 19.65+5.30 27.41+3.98*% 18.21+4.03
Body fat (%) 27.08+5.55 31.92+2.93% 25.01+5.79
HRrest (beats/min) 66.87+6.08 73.75+8.71% 64.5+7.03
MHR (beats/min) 187.5£11.01 183.5£11.96 187.87+10.37
VOpeak (ML/K g/min) 43.96+1.09 38.8242.48%" 50.30+2.34*

Values are presented as means + SD. NWSED, normal weight sedentary; OWSED, overweight sedentary;
PHACT, physically active; BMI, body mass index; HRrest, resting heart rate; MHR, maximum heart rate;
VOnpeak, peak oxygen uptake. *Indicates difference from NWSED group (p<0.05). *Indicates difference
from PHACT group (p<0.05).



Table 2. Plasma inflammatory markers in response to acute aerobic moderate exercise
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NWSED (n=8) OWSED (n=8) PHACT (n=8)

PRE POST POSTIH PRE POST POSTIH PRE POST POSTIH

IL-1B (pg/mL)  5.41£1.86 6.03+2.87  5.71x2.71 | 6.21+1.60  7.61£2.14  7.32+3.2 6.142.6 724294  6.34+3.58
TNF-o (pg/mL)  1.80+0.78 3.46+1.86* 3.22+1.72* | 2.26+0.88  4.50+1.78*  3.89+1.24* | 2.7941.41 3.95+1.88* 3.98+2.02*
IL-8 (pg/mL)  2.541.05 3.58£1.22%  3.18+1.22 | 3.64£122 4.76£1.46%% 3.75£1.25 | 2.57£1.11 4.04£1.29% 3.82+].43*
IL-10 (pg/mL)  3.60+1.65 4.16+1.88  3.44+1.76 | 3.42+41.85 4.23+1.84  4.29+1.72 | 4.13+1.69 5.06+1.81  5.40+1.80

Values are presented as means £ SD. NWSED, normal weight sedentary; OWSED, overweight sedentary; PHACT, physically active. PRE, pre-exercise; POST, post-exercise;
POST1H, 1h post-exercise. IL-1B, interleukin-1B; TNF-a, tumor necrosis factor-a; IL-8, interleukin-8; IL-10, interleukin-10. *Indicate difference form PRE (p<0.05). “Indicate

difference from POST1H (p<0.05).



Table 3. Biochemical characteristics of participants

83

NWSED (n=8) OWSED (n=8) PHACT (n=8)
Glucose (mg/dL) 89.62+6.63 101.23+6.05*# 92.73+£5.72
Cholesterol (mg/dL) 171.65433.62 172+24.83 153.64+32.73
Triglycerides (mg/dL) 67.11+12.44 108+17.87** 71.31+18.67
HDL-C (mg/dL) 53.05£13.62 50.34+6.44 50.93+8.99
LDL-C (mg/dL) 103.94+30.75 98.64+25.50 89.85+26.33

Values are presented as means + SD. NWSED, normal weight sedentary; OWSED, overweight sedentary;
PHACT, physically active; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol. *Indicates difference from NWSED group (p<0.05). “Indicates difference from PHACT group

(p<0.05).
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Figure legends

Figure 1. (A) ATP, (B) ADP, (C) AMP and (D) p-Nph-5’-TMP hydrolysis in the plasma of
normal weight sedentary (NWSED, o, n=8), overweight sedentary (OWSED, o, n=8) and
physically active (PHACT, A, n=8) individuals at pre-exercise (PRE), post-exercise (POST)
and 1h post-exercise (POST1H). Values are presented as means + SD. “Indicates time effect
(p<0.05) PIndicates group effect (p<0.05). *Indicates difference from PRE (p<0.05). “Indicates
difference from POST1H (p<0.05). ®Indicates difference from PHACT group (p<0.05).

Figure 2. Plasma levels of (A) ATP, (B) ADP, (C) AMP, (D) ADO, (E) INO, (F) XT, (G) HX
and (H) AU in normal weight sedentary (NWSED, o, n=8), overweight sedentary (OWSED, 0O,
n=8) and physically active (PHACT, A, n=8) individuals at pre-exercise (PRE), post-exercise
(POST) and 1h post-exercise (POST1H). Values are presented as means + SD. “Indicates time
effect (p<0.05). PIndicates group effect (p<0.05). *Indicates difference from PRE (p<0.05).
SIndicates difference from PHACT group (p<0.05). ®Indicates difference from OWSED group
(p<0.05).

Figure 3. Correlation analysis between 5’-nucleotidase (5°-NT) activity and VOapeax values at
(A) pre-exercise, (B) post-exercise and (C) 1h post-exercise (n=24); correlation analysis
between plasma levels of adenosine and VOapeax values at (D) pre-exercise, (E) post-exercise
and (F) lh post-exercise (n=24). Correlation analyses were performed using the Pearson

correlation factor (p<0.05).

Figure 4. Correlation analysis between 5’-nucleotidase (5°-NT) activity and plasma IL-8 levels
at (A) pre-exercise, (B) post-exercise and (C) 1h post-exercise (n=24); correlation analysis
between TNF-a plasma levels at (D) pre-exercise, (E) post-exercise and (F)1h post-exercise

(n=24). Correlation analyses were performed using the Pearson correlation factor (p<0.05).
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6 CONSIDERACOES FINAIS

A presente tese de doutorado aborda um tema raro no campo da bioquimica e fisiologia
do exercicio, buscando descrever, dentro de suas claras limitagdes, a participagdo da sinalizagao
purinérgica nas adaptacdes agudas e cronicas ao exercicio fisico. Os dados apresentados que
compdem esta tese (Capitulos I e IT), sugerem consistentemente uma via de resposta purinérgica
desencadeada por exercicios de intensidade moderada e alta, assim como suas relagdes com
parametros cardiometabolicos vinculados ao exercicio.

Primeiramente, a revisdo sistematica (Capitulo I), até onde sabemos, ¢ o primeiro
trabalho deste tipo com alto rigor metodologico a sumarizar todos os diferentes tipos de estudos
em humanos, demonstrando os efeitos do exercicio fisico na funcionalidade de enzimas
purinérgicas. Assim, nos buscamos verificar de maneira acurada a capacidade que diferentes
modalidades de exercicios agudo ou cronico, de moderada ou alta intensidade, possuem em
modular a funcionalidade das nucleotidases, alterando sua atividade e/ou expressio em
diferentes amostras bioldgicas de individuos saudaveis ou ndo-saudaveis. Destacamos que em
nossas buscas, encontramos um baixo nimero de estudos relacionados ao tema, indicando a
lacuna presente na literatura. Posto isto, em individuos saudaveis o exercicio agudo, de
intensidade moderada ou alta, parece modular positivamente a atividade e/ou expressdo dessas
enzimas, no entanto essa resposta ndo ¢ equivalente ou regular em diferentes tipos de amostras
biologicas, como plaquetas, linfocitos e plasma ou soro sanguineo. Nesse sentido, os efeitos do
exercicio cronico nas nucleotidases aparentemente estd ligado aos niveis de marcadores de
saude cardiovascular, como a pressdo arterial, colesterol total, triglicerideos e glicose
plasmatica. Ou seja, na medida que o exercicio promove uma melhora dos valores pressoricos,
perfil lipidico e glicemia, a funcionalidade dessas enzimas e seus produtos metabdlicos
retornam aos niveis basais, assemelhando-se a grupos controles saudaveis.

Posteriormente, o Capitulo II da tese refere-se ao manuscrito do artigo original
intitulado: Acute moderate-intensity aerobic exercise promotes purinergic and inflammatory
responses in sedentary, overweight and physically active subjects. Nossa investigacao
envolvendo individuos sedentdrios eutroficos, sedentarios com sobrepeso e eutrdficos
fisicamente ativos, com diferentes perfis metabolicos, demonstra uma resposta purinérgica
similar entre esses grupos. Portanto, embora individuos sedentdrios eutroéficos ou com
sobrepeso apresentem um perfil pro-inflamatorio de baixa intensidade, maior risco doenca
cardiovascular e menor capacidade cardiorrespiratdria, uma via comum de resposta purinérgica

ao exercicio aerobico de intensidade moderada ¢ compartilhada nos grupos estudados. Além
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disso, nossos dados indicam correlagdes significativas principalmente entre a atividade da
enzima 5°-NT, niveis de ADO e os marcadores inflamatdrios IL-8 e TNF-a. Conjuntamente,
nossos dados permitem sugerir o envolvimento, ao menos transitoriamente, das nucleotidases
nas respostas inflamatorias desencadeadas pelo exercicio. Um dos achados mais interessantes
revelados por este trabalho ¢ a correlacdo positiva entre a atividade da 5°-NT, os niveis
plasmaticos de ADO e a capacidade cardiorrespiratoria, fortalecendo a compreensdo da
importancia desses parametros na saude cardiovascular.

Em ultima andlise, os resultados dessa tese apontam para uma via de sinalizacdo
envolvendo nucleotideos e nucleosideos extracelulares, contribuindo parcialmente na
modulagdo das respostas desencadeadas por exercicios de curto- e longo-prazo com altas e
médias intensidades. Por conseguinte, podemos sugerir a sinalizacdo purinérgica como um
possivel mecanismo de prote¢do tecidual, participando da regulagdo de estimulos inflamatorios,

tromboticos e atividade cardiovascular provocados pelo exercicio fisico (Figura 1).

ATP

o

,/Q

VASODILATAGAO
CORONARIANA

INIBIGAO DA AGREGAGAO
PLAQUETARIA

ANTI-INFLAMATORIO

Figura 1. Resposta purinérgica ao exercicio fisico de alta e moderada intensidade. O exercicio estimula a liberagdo de ATP
por acarretar dano tecidual, hipoxia transitoria e aumento de forga de cisalhamento. Devido ao aumento do ATP, as
nucleotidases acopladas as membranas celulares e soliveis na corrente sanguinea, hidrolisam ATP e ADP, participando da
modulacdo da inflamagao e coagulacdo, consequentemente pela atividade da 5°-NT ocorre o aumento da concentragao de ADO.
Assim, os efeitos protetivos estdo associados ao metabolismo de ATP e ADP, evitando respostas pro-inflamatorias e pro-

coagulatorias demasiadas, e ao aumento da ADO e sua ligagdo em receptores adenosinérgicos nas células alvo.
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7 PERSPECTIVAS

Incialmente, enfatizamos a necessidade de futuros estudos relacionados ao tema
apresentarem um tamanho amostral mais contundente e desenhos experimentais mais
sofisticados, principalmente ensaios clinicos randomizados. Semelhantemente, a inclusdo de
individuos com perfis pro-inflamatorios mais exacerbados, como obesos de grau I, pré-
diabéticos e com sindrome metabolica, possivelmente propiciassem respostas purinérgicas com
uma correlagdo mais forte aos marcadores inflamatorios. Nesse sentido, podemos sugerir
proximos trabalhos com a investigacdo de um painel inflamatorio mais amplo e estudos de
associacdo entre as respostas inflamatodrias e purinérgicas desencadeadas pelo exercicio.

Além disso, o projeto de pesquisa que originou esta tese de doutorado, tem como um
dos seus objetivos investigar o papel do exercicio fisico na liberagdo de vesiculas extracelulares
(VEs), e a expressdo e atividade de enzimas purinérgicas associadas a elas, como a E-
NTPDasel/CD39 e E-5’-NT/CD73. Nesse sentido, nosso trabalho, apesar de muito esfor¢o de
todos os colaboradores, sofreu com diferentes intercorréncias para realizar a padronizacdo da
técnica de isolamento de vesiculas derivadas do plasma sanguinea e, respectivamente, a
citometria dessas amostras biologicas. Esse fato ¢ justificado principalmente por tratar-se de
uma técnica nova, em um contexto nacional e internacional, sem a existéncia de uma técnica
previamente estabelecida para as nossas condi¢des. Consequentemente, estas andlises ainda
estdo em andamento e em breve serdo concluidas e os dados estardo disponiveis.

Outra lacuna presente na literatura, ¢ sobre a atuagdo de diferentes modelos e
intensidades de exercicio nos receptores purinérgicos. Os efeitos do exercicio na expressao dos
receptores do tipo P2X, P2Y e P1 no endotélio, plaquetas, hemacias, linfocitos, neutrofilos,
mondcitos, macrofagos, adipdcitos e células cardiacas. Dessa forma, serd possivel indicar o
impacto completo da sinalizacdo purinérgica nas respostas bioquimicas e fisiologicas
desencadeadas pelo exercicio. Adicionalmente, outra estratégia para implementagdo em futuros
trabalhos ¢ a utilizagdo de inibidores das NTPDases e 5’-NT, possibilitando, entre outros, a
compreensdo do impacto dessas enzimas no contexto do exercicio.

Por fim, a investiga¢do sobre a funcionalidade da 5°-NT, os niveis plasmaticos de ADO
e a relacdo com a capacidade cardiorrespiratoria de individuos saudédveis e nao-saudaveis ¢ de
proeminente importancia. Considerando que dados prévios demonstram os fortes vinculos
desses parametros na satde cardiovascular, as relagdes supracitadas devem ser exploradas em

trabalhos futuros como possiveis preditores de performance.
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