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Contribution aux travaux de thése et impact

de la pandémie COVID-19

Impact of the COVID-19 pandemic and contribution to thesis work

Initially, the objective of this thesis was to test preventative strategies against the negative
effects of physical inactivity and sedentary lifestyles on metabolic health. Three strategies were
supposed to be evaluated. The first study was the BURST (Breaking Up pRolonged Sedentary Time)
study that aimed to test the effects of a one-month intervention consisting in breaking up prolonged
sedentary time by brief episodes of physical activity spread throughout the day on metabolic health
outcomes in male and female adults with overweight or obesity. To further test whether the effects
were due to the active breaks per se or to the increases in total active time and/or energy expenditure,
the effects of this intervention were compared to those elicited by an intervention consisting in single
daily bouts of continuous moderate-intensity activity that was matched for total active time. The
BURST study was carried out in Denver, Colorado in the United States within the framework of the
CNRS International Research Program that has been established between the IPHC CNRS UMR7178
and the University of Colorado (Coordinator: A. Bergouignan). When | started my PhD defense the last
4 subjects out of 24 needed to be studied to complete the study, and | was supposed to go to the
University of Colorado for about 3 months to participate in final data collection and then assist with
data and samples analysis at the IPHC UMR7178. Second, the REMOVE (Remise En MOuVEment) study
was initiated in collaboration with the AME2P laboratory (EA3533) in Clermont-Ferrand and aimed to
test the impact on key cardiometabolic and psychological health outcomes of a three- and six-month
physical activity intervention consisting in the use of cycle-desk during working days in sedentary and
inactive employees of the tertiary sector. | was supposed to assist with data collection at both baseline
and post-interventions. Third, using collected data and samples from the Cocktail bed-rest study
completed in 2017, | was supposed to assess the effects of a novel nutritional supplementation with
anti-oxidant and anti-inflammatory compounds to prevent the adverse effects of physical inactivity

induced by bed-rest on key metabolic health outcomes.

The COVID-19 pandemic impacted all three projects. Six months after the beginning of my PhD
in October 2019, all human biomedical research was stopped as of March 2020 and access to the IPHC
was restricted. The BURST study resumed in August 2021 and it took 6 more months to complete it.

Statistical power was not reached without those last 4 subjects. As planned, | participated in the
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baseline data collection of the REMOVE study in January 2020, the protocol was stopped just before
the second measurement session due to the pandemic. The data obtained during the first
measurement session could be valorized in an article published in Scientific Reports which is presented
in the appendix (Appendix 4). In regard of the last chapter of this thesis, | performed assays on blood
samples of some markers of oxidative stress as well as hormones involved in the regulation of appetite.
| was also supposed to assist with the preparation of blood samples for analysis by GC-MS for
measuring 3C-glucose, 2H-glucose and Ds-glycerol and thus determine the glucose kinetics and whole-
body lipolysis. In collaboration with I. Chery, engineer of the team, we worked on the development
method of measuring the concentration and enrichment of glycerol in blood by GC-MS. In addition to
a limited access to the laboratory for a long period of time due to confinement, technical difficulties in
the preparation and analysis of the samples greatly reduced the possibility of finishing these analyses

by the end of my thesis originally scheduled for September 2022.

Given these multiple and unexpected difficulties, the strategy proposed by my supervisors was
to use data collected during previous experiments. Thus, | worked on the analysis of the data and the
writing of two studies that required to change de context of my thesis. Those data will be presented in
this thesis. This change of strategy required new literature search and time to understand the
background and scientific questions associated with the new focus of my PhD work. In agreement with
the members of the thesis follow-up committee and the Doctoral School ED414, a request for a thesis
extension was made and the Mission pour les Initiatives Transverses et Interdisciplinaires (MITI) of the
CNRS granted a 3-month extension to complete the work by December 2022. My supervisors also
allowed me to extend the duration of my thesis by an additional extension allowing to defend my work

on March 27t 2023.
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Préeambule

Preamble

It was in the 19th century that the greatest upheavals occurred in the study of the living world
and in particular in medicine. Until this period, medicine and the use of drugs were based on empirical
rules and traditions without rationality. Francois Magendie (1783-1855) and Claude Bernard (1813-
1878), both French Professors of Medicine, were the first ones to express their skepticism about these
theoretical speculations. In his book "Introduction to the study of experimental medicine", Claude
Bernard developed the general rules of experimental reasoning applied to medicine, which until then
had been used exclusively in the physical and chemical sciences. Claude Bernard revolutionized the
knowledge of the time by being the first to question the established facts that were widely taught until
the first half of the 19th century, particularly on energy metabolism. With his famous liver wash
experiment, he demonstrated that the liver was a major organ in the metabolism of blood sugar and
showed that it was able to release glucose into the bloodstream from glycogen. He was the first one
to foresee the existence of a "law regulating glycogen variations" intended to maintain a stable blood
glucose level. In 1865, in his writings, he postulated that "All the vital mechanisms, however varied
they may be, always have only one aim, that of maintaining the unity of the conditions of life in the
internal environment. It is the stability of the inner environment that is the condition of free and
independent life”. The American physiologist Walter Bradford Cannon named this concept
"homeostasis" in 1932. He developed that "changes in the environment trigger reactions in the system
or affect it directly, resulting in internal disturbances of the system. Such disturbances are normally
kept within narrow limits because automatic adjustments within the system come into action and in
this way wide oscillations are avoided; the internal conditions being kept more or less constant [...].
The coordinated physiological reactions which maintain most of the dynamic equilibrium of the body
are so complex and so peculiar to living organisms that it has been suggested that a special designation

be used for these reactions: that of homeostasis”.

Physiology aims to study the homeostasis of living beings according to modifications of the
environment. From this point of view, Man, like all species of the living world, is the result of evolution,
which has been shaped by the constraints exerted by the environment, such as light, oxygen,
temperature or gravity. The role of gravity, or rather the absence of gravity (microgravity) on human
physiology began to interest scientists as early as the first manned space flights in the 1960s. With the
context of space exploration, scientists have sought to characterize the adaptations of physiological

systems induced by microgravity. While the study of cardiovascular, bone and muscle homeostasis in
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microgravity conditions has been widely studied, the first studies on metabolism appeared around the
1980s. Among the major adaptations of metabolism to microgravity highlighted by studies conducted
on Earth with the use of analogous models, the development of a metabolic inflexibility, defined as an
inability to modulate the oxidation of substrates according to their availability, was recently noted.
Metabolic inflexibility is notably one of the manifestations encountered in metabolic pathologies such
as type 2 diabetes, obesity or metabolic syndrome. The study of metabolic flexibility in astronauts is
an important axis knowing that it is likely interrelated with other metabolic alterations such as insulin
resistance, muscle atrophy and ectopic lipid storage. However, its characterization in astronauts has
never been done and the cellular and molecular mechanisms involved in the development of metabolic

inflexibility remain unclear.

This thesis work sought to fill these current gaps in order to better understand the impact of
microgravity on metabolic flexibility, a major feature of metabolic health, as well as the underlying
cellular and molecular mechanisms. Specifically, the aim was to test the hypothesis that both simulated
and real microgravity leads to a decrease in whole-body metabolic flexibility in humans, which is
related to reduced metabolic flexibility of the muscle cell. The secondary goal was to evaluate the
relationships between physical exercise performance, diet and body composition with metabolic
flexibility. The pursuit of these goals was accomplished through two independent research studies that
are presented in two separate chapters of this thesis. The thesis is composed as follows: The
introduction is divided into five chapters: after a brief history of the conquest of space, Chapter 1
presents the future objectives and challenges of the international space agencies, Chapter 2 introduces
the constraints imposed by space biomedical research, the different models to study the effects of
microgravity as well as the adaptations of the major physiological systems induced by microgravity.
Chapter 3 focuses on the metabolic adaptations to microgravity, which are thought to play a central
role in the development of other physiological alterations observed during spaceflights as presented
in Chapter 4. Finally, Chapter 5 aims to present the countermeasures developed so far by space
agencies to mitigate those physiological alterations with a particular focus on exercise and nutrition.
After the presentation of the objectives and hypotheses of this thesis will follow two chapters that will
compose the experimental part of this thesis. Chapter 6 aims to determine the role of muscle in the
development of whole-body metabolic inflexibility and insulin resistance in healthy men immersed for
5 days during a dry immersion study. Chapter 7 is devoted to characterize for the first time in
astronauts substrate use and metabolic flexibility following a long stay (> 3 months) onboard the
International Space Station (ISS). Finally, the last part of this work is devoted to the discussion of the

results obtained from these studies, followed by perspectives.
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1 Laconquéte spatiale

1.1 Historique

1.1.1 Larivalité entre les Etats-Unis et I'URSS comme moteur de la course
aux étoiles

La conquéte spatiale a été marquée par de nombreux événements depuis la deuxieme moitié
du XXe siécle (Figure 1). Les Etats-Unis et 'Union des Républiques Socialistes Soviétiques (URSS), sortis
vainqueurs de la seconde guerre mondiale sur le plan économique vont s’affronter dans la course a
I’espace dans un contexte de guerre froide. Grace aux avancées technologiques dans le domaine des
missiles acquises par les Allemands, les Américains et les Soviétiques annoncent leur projet d’envoyer
des satellites dans I'espace au début des années 1950. L'envoi dans I'espace du premier satellite
artificiel Spoutnik 1 en octobre 1957 depuis le cosmodrome de Baikonour par I'URSS lancera
officiellement la course de la conquéte spatiale entre les deux superpuissances. Un mois plus tard,
I’URSS réalise le premier vol habité dans I'espace en envoyant la chienne Laika a bord de Spoutnik 2
qui décédera quelques heures aprés le décollage. Les Etats-Unis envoient a leur tour en orbite leur
premier satellite artificiel Explorer 1 en 1958. L’'URSS va creuser son avance dans la conquéte spatiale
en réalisant le premier vol orbital habité par un homme en avril 1961 avec Youri Gagarine qui restera
en orbite terrestre pendant 89 minutes a bord de Vostok 1. Sa compatriote Valentina Terechkova
deviendra la premiere femme a voyager dans I'espace en juin 1963 a bord de Vostok 6. L’Union
soviétique gardera son statut de leader dans la course vers la Lune jusqu’en juillet 1969 ou les
astronautes de la NASA Buzz Aldrin et Neil Armstrong au cours de la mission Apollo 11 fouleront pour

la premiére fois la surface de la Lune.

1.1.2 La collaboration internationale au service de