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Abstract

Mammalian cells possess molecular clocks that control whole-body metabolism. These
clocks are intricately related to cardiometabolic health, being its disruption linked to
health disorders such as cardiovascular disease, type 2 diabetes, or obesity. Exercise, a
well-known promoter of overall health, acts as a zeitgeber (or 'time-keeper') capable to

reset molecular clocks, with potential variations based on sex.

This International Doctoral Thesis aimed to investigate the diurnal variation of exercise
on glucose regulation and energy metabolism in men and women and, to elucidate the

underlying molecular mechanisms within the skeletal muscle.

Overall, a single bout of exercise performed either in the morning or the evening does not
influence the systemic effects on blood pressure, glucose regulation, energy metabolism
and perceived appetite feelings (Chapter 3, 4, and 5). However, the molecular changes in
the skeletal muscle after moderate-intensity aerobic exercise show an evident sexual
dimorphism and time-of-day differences. In women evening exercise results a stronger
stimulus than morning, with higher reliance on carbohydrates in the skeletal muscle,
increased cytokine expression, and increased potential to suppress appetite in the short-
term. Contrary, in the evening the molecular response in men promotes mitochondrial
function while inhibiting carbohydrate utilization, although time-of-day variations are

less evident than in women (Chapter 4 and 5).

Findings from this Thesis highlight the importance of considering sex-specific
differences when designing exercise interventions. A single bout of moderate-intensity
exercise was not enough to extrapolate the sex and time-of-day-dependent molecular
changes to systemic effects. However, molecular changes may translate into observable
systemic effects with higher exercise-intensity or chronic exercise interventions.
Questions remain unanswered regarding the effect of other exercise protocols (e.g.,
higher intensity or resistance training), the long-term effect or the response on patients

with cardiometabolic disorders.

This International Doctoral Thesis provides a detailed molecular framework helpful for

future research on precise exercise prescriptions in clinical settings.



Resumen

Las células de los mamiferos poseen relojes moleculares que regulan el metabolismo a
nivel de todo el organismo. Estos relojes estdn intimamente relacionados con la salud
cardiometabdlica, estando su alteracién vinculada a trastornos como las enfermedades
cardiovasculares, diabetes tipo 2 u obesidad. El ejercicio, un bien conocido promotor de la
salud en general, actia como un zeitgeber (o 'marcador de tiempo') capaz de restablecer

los relojes moleculares, con posibles variaciones dependientes del sexo.

El objetivo de esta Tesis Doctoral Internacional fue investigar la variacion diurna del
ejercicio en la regulacion de la glucosa y el metabolismo energético en hombres y mujeres,

y elucidar los mecanismos moleculares subyacentes en el musculo esquelético.

En general, una sola sesién de ejercicio realizada por la mafiana o por la tarde no influye
en la respuesta sistémica de la presidn arterial, la regulacion de la glucosa, el metabolismo
energético y la percepcidén del apetito (Capitulo 3, 4 y 5). Sin embargo, las adaptaciones
moleculares en el musculo esquelético después de una sesién de ejercicio aerdbico de
intensidad moderada muestran un evidente dimorfismo sexual y diferencias segun la hora
del dia. En las mujeres, el ejercicio vespertino resulta ser un estimulo mas intenso que el
matutino, con una mayor dependencia de los carbohidratos en el musculo esquelético, una
mayor expresion de citocinas y un mayor potencial para suprimir el apetito a corto plazo.
Por el contrario, en los hombres, la respuesta molecular vespertina promueve la funcién
mitocondrial mientras inhibe la utilizacién de carbohidratos, aunque las variaciones entre

la mafiana y la tarde son menos evidentes que en las mujeres (Capitulo 4 y 5).

Los hallazgos de esta tesis resaltan la importancia de considerar las diferencias especificas
de sexo al disefiar intervenciones de ejercicio. Una sola sesion de ejercicio de intensidad
moderada no fue suficiente para reflejar los cambios moleculares dependientes del sexo y
la hora del dia en efectos sistémicos. Sin embargo, los cambios moleculares podrian
traducirse en efectos sistémicos observables con una mayor intensidad de ejercicio o
intervenciones de ejercicio cronico. Quedan preguntas sin responder sobre el efecto de
otros protocolos de ejercicio (por ejemplo, mayor intensidad o entrenamiento de fuerza),

el efecto a largo plazo o la respuesta en pacientes con trastornos cardiometabdlicos.

Esta Tesis Doctoral Internacional proporciona un marco molecular detallado, util para
futuras investigaciones centradas en la prescripcidn precisa de ejercicio en entornos

clinicos.
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Chapter 1. Circadian physiology: a perspective from
cardiometabolic parameters and exercise

1. Mammalian cells possess molecular clocks

In our natural environment, the rotation of Earth results in predictable changes in light
and temperature. Accordingly, evolution has favored the development of circadian or
biological clocks. Derived from the Latin circa (meaning ‘about’) and dies (meaning ‘day’),
these are endogenous cellular mechanisms which allow living systems to track time.
Endogenous clocks provide a survival advantage by enabling organisms to anticipate daily
environmental changes and align their behavior and physiology with the appropriate

time-of-day".

In animals, circadian clocks can be considered as an integrated system, beginning with
genes that ultimately lead to behavioral outputs. The circadian system regulates the daily
sleep and wake cycle — which is perhaps the most obvious function —, but also additional
and numerous physiological processes including body temperature, eating behavior,

hormone secretion or glucose homeostasis, among others>.

The circadian system is exquisitely accurate and the largest known regulatory network in
normal physiology. Importantly, disruptions in circadian cycles can lead to notorious
disorders across various physiological processes which finally increase the risk of
cardiovascular disease, type 2 diabetes or obesity®. The prevailing characteristics of
modern societies including exposure to artificial lights, shifted sleep patterns, inadequate
eating windows or sedentarism, contribute to humans increasingly ignoring natural
circadian cues*. Thus, to better understand the disease process and to identify new targets
for treatments, it is imperative to precisely define the interaction between our circadian

system, physiology, and lifestyle.

1.1. Cell-autonomous circadian clock

Even in the absence of light-dark environmental cues physiological circadian rhythmicity
persists. Most circadian oscillations therefore are not responses to the light-dark cycle,
instead, they are generated by an internal clock: the core clock®.

In animals, the core clock is a cell-autonomous transcriptional-translational feedback
loop present ubiquitously in almost every cell in the body®. Clock genes compose the loop,
including Clock, Bmall, Period (Perl, Per2 and Per3), and Cryptochrome (Cryl, Cry2). Clock
and Bmall are the transcriptional activators that positively regulate the expression of Perl,

Per2, Per3, Cryl and Cry2. Per and Cry products accumulate and form a complex which



interacts with Clock and Bmall, repressing their own transcription. Other genes play
additional roles in the circadian loop, such as Rev-erb (-at and -f3), and Ror (-a,- B,and -y).
Rev-erb and Ror influence the transcription of Bmall (and Clock to a lesser extent) by,
respectively, acting to repress and activate their expression (Figure 1). All of these
transcriptional events generate in cells endogenous cycles of approximately 24 hours in

mRNA and protein levels?.
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Figure 1. The core clock transcriptional-translational feedback loop (5). Clock and Bmall
positively regulate the expression of Perl, Per2, Per3, Cryl and Cry2. Per and Cry products form a
complex which repress Clock and Bmall. Rev-erb (-a and -[8), and Ror (-a,- 8,and -y) influence the
transcription of Bmall (and Clock to a lesser extent) by, respectively, repressing and activating

their expression.

1.2. Tissue organization
Approximately 20.000 neurons composing the hypothalamic suprachiasmatic nucleus
(SCN) play the central role for the generation of circadian rhythms’. Peripheral non-SCN
cells also possess autonomous circadian oscillators, all of them also conserving the core
clock machinery but significantly differing in the relative contribution of the individual
clock components, the manner in which they reset, and the output pathways that are
under their control. To ensure the effective functioning of circadian physiology, molecular
central and peripheral clocks need to accurately track time and adapt to environmental
cues. The SCN receives direct photic input from the retina and convey signals to light
insensitive peripheral clocks through autonomic innervation, body temperature and

endocrine signaling (e.g., glucocorticoids) (Figure 2) Under natural light-dark



conditions, bright light strongly inhibit melatonin production® and promotes
corticosterone release in the adrenal gland®. Corticosteroids promote arousal, alertness,
and catabolic metabolism is muscle and adipose tissue®. Sleep-arousal, thermoregulation,
and hunger-satiety centers in the hypothalamus are intimately integrated with local SCN
outputs’. Further, external cues known as zeitgebers (‘time-keepers’) also regulate tissue-
specific clocks via local signals derived from cellular metabolism. Examples of zeitgebers
are food, light, heat and exercise which are able to partially replace the time-
communicating role of the SCN in liver, pancreas, or skeletal muscle among other tissues

(Figure 2)°.

Body Autonomous Endocrine
-

4 temperature nervous system signalling \‘
=

L Food —— Light —— Heat —— Exercise —)

Figure 2. Central and peripheral clocks organization™® The central clock in the SCN receives
timing information through direct photic input from the retina and convey signals to light
insensitive peripheral clocks (e.g., skeletal muscle, liver, or stomach) through body temperature
autonomic innervation and endocrine signaling. Simultaneously, timing information from

zeitgebers (e.g., food, light, heat, or exercise) are able to partially replace light cues.

In summary, the circadian machinery of each mammalian cell integrates the core clock
loop, cellular metabolism, and extracellular systemic cues in order to ultimately regulate

tissue function (Figure 3).
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Figure 3. Integrated overview of the circadian machinery (skeletal muscle cell) >*. The core
clock machinery of every mammalian cell interacts with cellular metabolism and extracellular
systemic cues to regulate tissue function. The skeletal muscle cell is here used as an example.
CREB/MAPK signaling pathway (a key pathway for signal transduction in response to growth
factors, hormones, and stress) has an implication in circadian periodicity. Dashed lines indicate
implication but not necessarily direct activation of BMAL and CLOCK. AMPK (a key energy sensor
in skeletal muscle) activity reduces the stability of CRYl and PER2. BMALL promotes glucose

uptake, glycolysis and mitochondrial respiration.
2. Circadian machinery orchestrates cardiometabolic health

While in humans its complexity is less understood compared to animal models, circadian
rhythms have been clearly identified in multiple aspects of cardiometabolic health (Figure
4). Previous evidence has reported that blood pressure, heart rate, endothelial function, or
thrombus formation are under circadian clock’s influence in humans. Beyond, the
intimate and reciprocal interaction between circadian clocks and fundamental metabolic
pathways highlights its pivotal role in health maintenance. Circadian rhythmicity is
present in glucose and insulin dynamics, glucose tolerance, lipid profile, energy balance,
appetite, and temperature. These facts not only emphasize the sophistication of human
circadian mechanisms, but also the relevance of further exploration to fully understand

their implications on health and disease.



2.1. Cardiovascular system

The pulsatile nature of cardiac and vascular functions is clearly governed by circadian
rhythms. They ensure the adaptation to the cyclic demands of human body, optimizing
physiological functions during periods of wakefulness and activity, and conserving energy
during rest. Excellent examples are heart rate and blood pressure; they do not remain static
but fluctuate significantly over the 24-hour period. Heart rate daily variations have been
attributed to central neurohumorally mediated circadian cues” and the cardiomyocyte
circadian clock®. Blood pressure raises prior to awakening, peaks in the mid-morning, and
decreases towards sunset Such pattern is linked to the intrinsic properties of blood

vessels, not merely due to activity or rest but also regulated by the molecular clocks™.

Many other cardiovascular aspects are temporally modulated: endothelial function,
thrombus formation, cardiac metabolism, responsiveness to extracellular signals,
contractility, signaling, and even heart’s growth and regeneration processes. Of note,
acute cardiovascular events (e.g., myocardial infarction, stroke, or arrhythmias) occur
more frequently in the morning, which illustrate further the circadian dynamics in

cardiovascular health®.
2.2. Glycemic metabolism

The circadian regulation of glycemic metabolism is robustly documented. Under standard
light-dark cycles, glucose levels peak at waking and dip during sleep in healthy humans.
Indicating a fundamental circadian mechanism, the rhythm persists independent of

dietary intake and fasting at different times'.

In the late 1960’s and 1970’s, oral glucose tolerance was the first evidence for circadian
regulation of glycemic metabolism”. With a large magnitude of variation, oral glucose
tolerance typically exerts a morning zenith and gradually declines into the evening ™.
Individuals who present normal glucose tolerance in the morning show similar values to
those with prediabetes in the evening®. This striking variation can be explained by
heightened [3-cell activity and insulin sensitivity in the morning compared to later times

of the day".

Peripheral glucose uptake mediated by both core intracellular pathways and circulating
factors contribute to the circadian variation in glycemic control. Within the skeletal
muscle, approximately 15% of transcripts demonstrate a rhythmic expression pattern with

particular emphasis on genes involved in glucose and lipid metabolism®. Glycogen stores



peakin the evening both in muscle and the liver®’, while insulin sensitivity declines as the
sun sets”. Regarding circulating factors, the central clock in the SCN regulates growth
hormone® and glucocorticoid secretion®. Growth hormone — an agent of insulin
resistance* — increase shortly after sleep onset and decrease before waking up®.
Glucocorticoid release — which promote hyperglycemia — peaks in the early morning
regulated by both the SCN through the sympathetic nervous system? and the peripheral

clock in the adrenal gland*.

The circadian regulation of glycemic metabolism ensures optimal energy utilization
throughout the day. During sleep, endogenous glucose production boost, peaking at dawn
to prepare for the day's activities. Then, it gradually declines as food intake provides
external glucose sources. Likewise, the cycle aligns the natural light-dark cycle with
hormonal responses to maintain euglycemia and facilitate the transition from

fasting/eating and rest/activity states.
2.3. Lipid metabolism

Lipids exhibit more extensive circadian regulation than any other plasma metabolites”.
However, rhythmicity in lipids is not completely understood at present. Cholesterol (both
total and LDL) and triglycerides show modest to large circadian rhythms with a plurality
of acrophases peaking in the morning or around noon. Meanwhile, the evidence for a
diurnal rhythm in HDL-C remains inconclusive. Discrepancies in lipids circadian
regulation has been found between distinct populations and between sexes". Therefore,

the existence of distinct metabolic phenotypes has been suggested *°.

Lipid transport in mitochondria —the central organelle in cellular energy production —
shows circadian patterns. Acylcarnitines, which are essential in fatty acid transport to
mitochondria for lipid oxidation, also display diurnal rhythms®. It has been observed that
mitochondrial fat oxidation in the skeletal muscle peaks around 23:00 h in healthy men™.
Reflecting potential sexual dimorphism, a shift from morning fatty acid oxidation to
evening lipogenesis has been seen in in overweight, healthy women®. Further, fat
oxidation during a single bout of exercise at maximal fat oxidation intensity is higher in
the evening vs. the morning in men*, but not women®?. The available knowledge
highlights the complexity and still underexplored circadian regulation of lipid

metabolism.



2.4. Energy metabolism

The SCN communicates with several hypothalamic and extra-hypothalamic areas (i.e., the
supraventricular region, paraventricular nucleus, arcuate nucleus, lateral geniculate
nucleus, and raphe nuclei) responsible for energy balance regulation (which includes

energy expenditure and energy intake) and temperature®.

Daily energy expenditure and intake is tightly adjusted to maintain energy balance. When
catabolic neuronal pathways — those that reduce food intake and increase energy
expenditure — are activated, anabolic pathways — those that stimulate food intake and
decrease energy expenditure — are strongly inhibited**. The anticipatory nature of the
circadian system naturally promotes fasting during the night and food intake during the
wake period®. The orexigenic hormone ghrelin shows highest levels in the afternoon and
gradually declines during the night*. Additionally, self-reported hunger peaks in the
evening". Theoretically, consuming larger meals prior to the sleep would support the
consequent fasting period and mitigate any increase in hunger that could potentially
disrupt the resting phase®. In coherence, the anorexigenic hormone leptin peaks during
sleep” and fat oxidation may be primed at this time to support the fasting state®®. Energy
expenditure manifest maximal values in the biological morning, predominantly
influenced by its postprandial component. The thermic effect of food can be up to 44%
higher in the morning than in the evening which suggest optimized catabolic processes at

this time-of-day*.

Although partly driven by central molecular clocks, energy balance is not independent of
external cues. For example, food acts as a strong zeitgeber capable of entraining peripheral
clocks*. Indeed, circadian fluctuations in leptin and ghrelin are importantly influenced by

habitual meal timing and sleep patterns®.

Lastly, body temperature exhibits peak values in the late afternoon and early evening,
while dip during the early morning hours. The thermal pattern is intimately related to
sleep that typically occurs as body temperature begins its nightly decline. Efficient
transitions between wakefulness and sleep result essential for optimal energy use and

physiological recovery*.

Given these insights, the interplay between molecular clocks and cardio-metabolic
processes becomes not merely a physiological phenomenon, but a foundation of human’s

health. Deeper understanding of the circadian physiology potentially holds the key to



improved public health guides, new therapeutic strategies and tailored interventions to

align more closely with our natural biological rhythm.
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Figure 4. Circadian rhythmicity of cardiometabolic parameters. Small white circles represent
approximately the time-of-day when levels of each parameter are higher. Glucocorticoid and
growth hormone release peakin the early morning, leading to higher glycemia at this time-of-day,
and insulin sensitivity is also enhanced®**. Energy expenditure is higher in the morning, primarily
due to the thermic effect of food®. Blood pressure peaks in the mid-morning™. In the afternoon
and early evening, body temperature and ghrelin levels are at their highest***. Perceived hunger

peaks in the evening". Glycogen stores in the muscle and liver are replenished during the

20,21

evening®®”'. Mitochondrial fat oxidation peaks before midnight **. During sleep, leptin levels are at

their highest, along with optimized fat oxidation***. Overall, energy utilization and catabolic
processes are promoted in the morning, while in the evening, energy stores are replenished, and

metabolic processes are optimized to support the fasting period associated with sleep.

21



3. Circadian misalignment is detrimental for health

It has already been mentioned that circadian rhythms at the whole-body level are
regulated not only by the cell’s intrinsic molecular clocks but also by zeitgebers such as
light-dark exposure, sleep, food intake, or physical activity. Growing evidence indicates
that when these external cues become misaligned with the endogenous circadian systems
(e.g., through exposure to bright light at night, insufficient or shifted sleeping, or

nocturnal eating) multiple health-related aspects result adversely affected.

Studies conducted in both animals and humans attribute the disruptions of circadian
rhythms to the development of numerous diseases. In rodents, mutations in molecular
clock genes have demonstrated to cause cardiac arrhythmias®, atherosclerosis,
diminished blood pres/sure rhythmicity, insulin resistance or altered oxygen consumption
and fatty acid oxidation'. Research from rodent models also indicates that caloric intake
during periods typically reserved for sleep leads to greater weight gain compared to
consuming the same amount of calories during wakeful periods””. While complete
dysfunction of clock genes (often used in animal models) is rare in humans, genome-wide
association studies have found several clock gene single nucleotide polymorphisms
robustly associated with hypertension, diabetes and metabolic syndrome*‘. Moreover,
observational studies in humans demonstrate a clear relationship between circadian

disruption and cardiometabolic disease* .

Much research about circadian misalignment in humans has been performed in shift
workers. Shift work, a pattern which disrupts normal sleep-wake cycles and requires
individuals to be active at night, serves as a prime example of how circadian misalignment
affects health. These individuals face significantly higher systolic and diastolic blood
pressure levels and an increased risk of cardiovascular disease'®, diabetes and metabolic
syndrome®. Shift work is also linked to a poorer lipid profile and a higher likelihood of
presenting overweight or obesity **. Additionally, irregular or insufficient sleep themselves
are associated to cardiovascular disease, hypertension, type 2 diabetes, dyslipidemia and

obesity*".

The mechanisms underlying these associations are not fully understood. Observational
studies are limited in this context because of the lack of direct measurements and the
absence of causality. Potential mechanisms include increased inflammation*, impaired
regulation of blood pressure, and decreased production of vasoactive substances essential

for vascular health’. Additionally, eating at the “wrong” time, when glucose tolerance is



reduced, could cause desynchronization between clocks in diverse tissues *. Both circadian
misalignment and disrupted sleep patterns can affect 24-hour energy expenditure and
modify appetite hormones, thereby promoting hunger and energy intake. Of note, total
energy intake among shift workers does not appear to exceed that of non-shift workers;

however, their dietary choices tend to be less healthy .

In summary, sleep and circadian rhythms are becoming evident pillars for optimal health,

as well as nutrition and exercise, in contemporary society.
4. Exerciseis a zeitgeber with the potential to optimize cardiometabolic health

A big amount of evidence supports exercise as a crucial preventative and therapeutic
method for improving cardiometabolic health. With this ‘simple’ non-invasive therapy,
we can obtain improvements in blood pressure, insulin sensitivity and glucose tolerance,

lipid profile, energy metabolism and appetite***.

4.1. Cardiometabolic adaptations to exercise

The health-related benefits of exercise stem from a cascade of physiological adaptations in
response to increased energy demands. On the basis, an increase in physical activity
requires changes in the distribution of oxygen and nutrients through the body to
ultimately meet the rising demands of ATP in the skeletal muscle. During endurance
exercise — which is high oxygen demander — ventilation and cardiac output increase and
vascular resistance decreases. Vasodilatation, hyperthermia, and increased blood flow
also contribute to facilitate the use of oxygen in the skeletal muscle. In contrast, during
resistance training — which mainly activate anaerobic metabolic pathways —, blood
pressure increases depending on the intensity of effort and muscle mass, with cardiac
output increasing only modestly*®. The vasodilatory response makes moderate-intensity
aerobic exercise to induce a transient reduction in blood pressure in both normotensive
and hypertensive individuals*. Additionally, it produces a decreased vascular resistance
and blood viscosity, adaptations that promote an antithrombotic physiological status. The
elevated energy demand caused by exercise further contributes to cardiovascular health
by preventing or alleviating plasma dyslipidemia and reducing high plasma triglyceride

concentrations?.

In the skeletal muscle, free fatty acids mobilized from the adipose tissue are an important
source of energy during low to moderate intensity prolonged exercise. When engaging in

long-term vigorous exercise, training adaptations occur in muscle cells to enhance aerobic



work capacity. These include increased number of mitochondria and respiratory enzyme
activity, both improving muscle’s ability to utilize oxygen more efficiently*®. With
increasing exercise intensity, carbohydrates become a mounting important energy
substrate®. Specifically, at intensities around 85% maximum oxygen uptake (VO,max) or
higher, carbohydrate oxidation accounts from 70% to 100% of energy consumption®. The
active muscles obtain glucose molecules coming from plasma glucose and muscle
glycogen-breakdown, being the latter the predominant source at the highest intensities®.
During exercise, translocation of glucose transporter type 4 (GLUT4) from the muscle cell’s
cytoplasm to the membrane makes possible the enhanced permeability of this molecule®*.
After exercise, in need to rebuild glycogen stores, muscle glucose uptake displays an
increased sensitivity to insulin®. These adaptations become stable with regular training
enabling the body to use glucose more efficiently and reducing the risk of cardiometabolic

diseases such as type 2 diabetes*.

Lastly, exercise is acknowledged as one of the most valuable components of behavior that
can influence body weight helping in the prevention and management of obesity. Exercise
increases energy expenditure thus modifies energy balance, potentially generating an
energy deficit. The extra energy expenditure, however, also has an impact on appetite and
energy intake®. First theories about energy balance proposed that an increase in energy
output due to exercise should be automatically followed by an equivalent increase in
caloric intake®. After, it was postulated that energy expenditure and intake are linked in a
J-shaped curve where energy balance is achieved only under conditions of high energy
expenditure. Contrary, energy expenditure and intake become unmatched under
sedentary conditions with poor homeostatic control over appetite, consequent
overconsumption®®, and even preference for high-energy food*’. The match between
energy expenditure and energy balance is promoted by exercise via its effects on both
‘episodic’ — satiety cues consequence of food consumption — and ‘tonic’ — cues from body
tissues and metabolism — signals®*. Previous research consistently shows that acute
responses to exercise (i.e., aerobic session above the 60% VO2max) include changes in
gastrointestinal hormones such as the suppression of ghrelin and the release of
anorexigenic peptides (i.e., glucagon-like peptide-1 [GLP-1] and peptite YY [PYY])®. In
addition, long-term training is frequently accompanied by an increase of fat free mass and
loss of fat mass. Higher fat free mass supposes higher demands of energy and translate

into enhanced basal hunger; interestingly, it is accompanied by increased postprandial



satiety and better meal-to-meal appetite control, both potentially explained by the fat

mass loss and the improved insulin sensitivity**.
4.2. Myokines: the endocrine role of the skeletal muscle

At the molecular level, exercise leads to the production of certain signaling molecules — the
so called ‘myokines’ — that importantly mediate metabolic adaptations®’. In this context,
the skeletal muscle functions as an endocrine structure producing and releasing myokines

that influence metabolism of remote organs®°.

One of the first signaler studied as a myokine was muscle-derived interleukin 6 (IL-6). IL-
6 was proposed as a ‘true’ exercise factor after acknowledging that its encoding gene is
silent in the skeletal muscle in resting conditions, but rapidly activated by contractions®..
Serving as an energy sensor, IL-6 levels are enhanced especially if muscle glycogen levels
are depleted. Following exercise, IL-6 is released into the circulation to mediate some of
the exercise effects in other organs and tissues, such as the liver or adipose tissue. In
humans, IL-6 myokine increases insulin-stimulated glucose disposal and promotes

lipolysis and fatty acid oxidation®.

FGF21 and GDF15 are other pivotal myokines in adjusting human energy homeostasis in
response to exercise. Particularly, they are critically involved in lipids metabolism. FGF21
is upregulated in the skeletal muscle under energy deficit conditions and other
physiological stresses. It facilitates fatty acids oxidation and promotes the mobilization of
systemic fat stores. Similarly, GDF15 is induced in the skeletal muscle upon contraction
and, regulated in a homeostatic loop, increases the mobilization of fat stores in the adipose
tissue®. In this manner, myokines partly mediate the protection against cardiometabolic

disease attributed to regular exercise.

As energy regulatory endocrine signals, myokines are additionally involved in the exercise-
induced changes on appetite and food intake. IL-6 contributes to exercise-induced
appetite suppression by stimulating the secretion of GLP-1 and PYY from intestinal L cells
%4, On the other hand, lactate binds gastric cells and inhibit the secretion of acylated
ghrelin®. Both IL-6 and lactate are released in an intensity-dependent manner and have
demonstrated to reduce energy intake in humans®%, Greater changes in lactate and IL-6
after acute exercise lead to greater changes in the circulating gut hormones®.
Interestingly, after intense exercise the enzyme CNDP2 transforms lactate to lactate-

phenylalanine (Lac-Phe)®. Novel insights position Lac-Phe as a promising molecule able

to reduce food intake, plausibly via a dual role via central nervous system and adipose



tissue®®. Also, GDF15 has recently gained special attention as a promising anti-obesity
therapy. Late data show that GDF15 travels through the bloodstream, reaches the
brainstem, and triggers a reduction in food consumption, among other hormonal and
behavioral reactions®. At the moment of exercise and particularly when it is of high
intensity, mechanisms to avoid eating could help to maintain blood flow in the skeletal

muscle 8.
4.3. Skeletal muscle and the molecular clock

As illustrated in Figure 3 in the present chapter, almost every cell in the body possesses its
own core clock machinery. Skeletal muscle cells are not an exception; they have an
extensive network of clock-controlled genes able to oscillate even without interfering with
the SCN, light-dark cues or behavior. In the skeletal muscle, the activity of the core clock
machinery seems to be closely aligned to metabolic flux”. For example, core clock genes
(specifically, CRYI and PER2) can respond to modulation of a key energy sensor in the
skeletal muscle (i.e., AMPK)™. Also, the amplitude of NRIDI gene expression (coding Rev-
erb-a) correlates with insulin sensitivity and is associated with training status’. Another
parameter relating the skeletal muscle clock and metabolism is mitochondrial function.
Mitochondrial dynamics oscillate in a circadian manner, involving the fusion and fission
of mitochondria, which is crucial process for adapting cell homeostasis to energy
demands”. Both acute and chronic exercise potently remodels mitochondrial dynamics,
and simultaneously the core clock in skeletal muscle can respond to alteration in these
dynamics. Presumably, aligning exercise sessions with times of active mitochondrial
dynamics could suppose an improvement in substrate uptake and utilization or intensify

the remodeling of the mitochondrial network®.

The interaction between the time-of-day and exercise performance is extensively studied.
Higher exercise intensity correlates with greater exercise capacity in the
afternoon/evening. Ameliorated neuromuscular performance, increased temperature and
better ability to dissipate body heat, among others, are factors probably contributing to

this phenomenon®.

Less research exists regarding diurnal timing of exercise in terms of cardiometabolic health
outcomes, although accumulating evidence from rodent models suggest that the

molecular clock in the skeletal muscle directly modulate the exercise response’™”.



4.4. Exercise as a zeitgeber

Exercise — and particularly the one of higher intensity — is a robust zeitgeber of skeletal
muscle clocks®. A better understanding of the interaction between time-of-day of exercise
and health-related parameters becomes important to potentially ameliorate the negative

cardiovascular and metabolic effects linked to circadian misalignment.

Recent epidemiological studies manifest the significance of the time of exercise in terms of
its cardiometabolic effects. In a large cohort of 86,657 individuals, morning physical
activity measured through triaxial accelerometers were associated with a lower risk of
developing cardiovascular diseases™. Conversely, engaging in moderate-to-vigorous
physical activity in the afternoon or evening has shown to reduce insulin resistance by up
to 25% in participants of the “Netherlands Epidemiology of Obesity Study””’. Data from
the “Active and Healthy Ageing” study — which recruited 207 individuals and utilized
wrist-worn accelerometers for assessing physical activity — demonstrated that timing
affects metabolic parameters differently throughout the day”. Specifically, early morning
activities were linked to lower fasting glucose and insulin levels, whereas late afternoon
activities were associated with lower BMI. Notably, activities conducted at night were

correlated with higher BMI and fasting glucose levels.

Research on the impact of the time-of-day of exercise extends beyond observational to
interventional studies. A specific intervention for shift-workers served as a proof of
concept to demonstrate the importance of correctly scheduling the time of exercise for a
given population. After participants cycling for 15 minutes every hour during eight
consecutive night shifts, there was a phase delay in temperature rhythm that aligned

better with daytime sleep”.

Several works suggest that evening exercises might help prevent hyperglycemic events in
patients with type 2 diabetes®*®. Meanwhile, very recent findings indicate that morning
high-intensity interval exercise compared to afternoon significantly reduce systolic blood
pressure and insulin levels, though not fasting glucose, in individuals with metabolic
syndrome®. Further, moderate- to high-intensity aerobic exercise performed in the
morning has been identified as potentially more effective than evening exercise for
controlling appetite, reducing calorie intake, and facilitating weight loss in inactive
overweight women®. Interestingly, a recent study reported opposite results when
studying men and women. A 12-week multimodal exercise intervention resulted in

reduced abdominal fat and blood pressure after morning exercise in women while, for



men, evening exercise increased fat oxidation and reduced systolic blood pressure and

fatigue®.

Collectively, these findings remark the existence of diurnal variations in cardiometabolic
outcomes after exercise, with evident heterogeneity across interventions and populations.
Itis particularly of emphasis that the optimal timing of exercise might differ not just based
on lifestyle or health condition, but also on sex. Increasing research into how the time-of-
day of exercise impacts cardiometabolic health is imperative to target specific populations

ultimately optimizing the power of exercise as a preventative and therapeutic tool.
5. Biological sex differences must be taken into consideration in exercise research

It is undeniable that biological sex significantly influences exercise physiology.
Throughout this document, we use the term 'sex' to refer to the biological differences
between males and females, including variations in chromosomes and profiles of
endogenous sex hormones. We also refer to males and females as men and women,

respectively.

Biological sex is a primary determinant of athletic performance, being the primary
explanation the higher endogenous testosterone levels in men®. Testosterone exerts
powerful anabolic effects on muscle and bone mass, greater of those exerted by the main
sex steroid hormone in women (i.e., estradiol). Fundamental sex hormones differences
lead to men generally being taller and heavier, with higher lean body mass and a lower
percentage of fat mass compared to women. Men possess larger, stronger, and faster
skeletal muscles with predominantly increased amount of type II fibers. Conversely,
women have a higher proportion of type I fibers what gives them higher rates of relaxation
and a more fatigue-resistant muscle. Additionally, endogenous testosterone levels are
related to higher circulating hemoglobin and larger heart size, leading to a higher VO2max
and greater aerobic capacity in men compared to women. Partly due to differences in
muscle fiber types, women exhibit a greater oxidative capacity, while men demonstrate a
greater glycolytic capacity. During endurance exercise at equal intensity, women tend to

oxidize more fat and fewer carbohydrates and amino acids than men®.

In women, hormonal fluctuations across the menstrual cycle can impact exercise
performance. Estradiol is associated with increases in free fatty acid utilization, glycogen
conservation, and muscle glycogen storage® . However, a recent large meta-analysis

shows that these effects are minimal in terms of overall sports performance®.



Crucially, key questions on the influence of the menstrual cycle on exercise physiology
remain underexplored because the current literature is mostly based on men. Cowan and
colleagues found that only 10% of participants from original studies in major sport and
exercise medicine/physiotherapy journals were women, a statistic that had not changed
significantly over a 10-year period until 2019”". Frequently, the potential effect of the
menstrual cycle has been used to exclude female from studies’ samples. Argument that,
however, is no longer accepted. Female physiological parameter can be confounding
variables as much as others (e.g., temperature, nutrition, fatigue, etc.) that are routinely

well handled in most studies®.

Future directions in exercise science emphasize the necessity of including sex as a
biological variable across all studies. This approach would involve the inclusion of women
at all levels of research (which also includes authorship)®, ensuring studies to be
adequately powered to understand sex differences in the acute and chronic response to
exercise. Only in this way it will be possible to create evidence-based recommendations

for training individualization also in women®®.
6. Gaps and directions

The present chapter highlights the intricate relationship between the molecular clock and
cardiometabolic health. As cardiometabolic diseases continue to rise in prevalence within
our society, exploring ways to optimally prevent and treat these conditions becomes
essential. Exercise is as a well-recognized ally for maintaining a proper overall health. Yet,
the link between time-of-day and exercise has been explored more from the standpoint of
performance than a health perspective. Importantly, women remain underexplored in
exercise research, a disparity that must be addressed, especially in this field where some
studies suggest the existence of sexual dimorphism. Understanding the interplay between
molecular clocks and exercise will optimize exercise as a therapeutic tool, conducting to

more precise exercise prescription in the clinical settings
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AIMS

The overall aim of this International Doctoral Thesis is to investigate the diurnal variation

of the effect of exercise on glucose regulation and energy metabolism in men and women.

O

Specific aim 1. To analyze the acute impact of time of the day of exercise on
cardiovascular disease risk factors in men and women (Chapter 3).

Specific aim 2. To determine the impact of an acute moderate-intensity aerobic
exercise session performed in the morning vs. evening on glucose regulation and
energy metabolism in healthy men and women (Chapter 4).

Specific aim 3. To describe the effect of an acute moderate-intensity aerobic
exercise session performed in the morning vs. evening on mitochondrial function,
mitochondrial proteome, and transcriptome in the skeletal muscle in healthy men
and women (Chapter 4).

Specific aim 4. To determine the influence of an acute moderate-intensity aerobic
exercise session performed in the morning vs. evening on perceived appetite

feelings, Lac-Phe, CNDP2, lactate, and IL-6 in healthy men and women (Chapter

5).

HYPOTHESES

The main hypothesis of this International Doctoral thesis is that time of exercise plays an

important role glucose regulation and energy metabolism in humans. Specifically, we

hypothesize that:

O

The time-of-day influences the response to exercise of cardiovascular disease risk
factors (e.g., blood pressure, blood glucose, and blood lipids).

Exercise has major impact on glucose regulation and energy metabolism when
performed in the evening in healthy humans. This diurnal variation may differ
between men and women.

The time-of-day of exercise influences the adaptations relative to mitochondrial
function, mitochondrial proteome, and transcriptome in the skeletal muscle in
healthy humans. This diurnal variation may differ between men and women.

The time-of-day influences the response to exercise of energy regulatory
metabolites (i.e., Lac-Phe, CNDP2, lactate, and IL-6) and consequently, the
response to exercise of perceived appetite feelings. This diurnal variation may

differ between men and women.
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Chapter 2. Methodological overview of the DIVA study

The Diurnal Variation of Exercise on Metabolic Health (DIVA) study is a randomised
crossover study (ClinicalTrials.gov ID: NCT05369715) designed to investigate the the
impact of an acute moderate-intensity aerobic exercise session performed in the morning
vs. evening on glucose regulation and energy metabolism in healthy men and women, and

to determine the underlying molecular mechanisms in the skeletal muscle.

After preliminary examination (i.e, medical screening, sociodemographic, lifestyle and
body composition data) and a maximal effort test, 18 men and 17 women performed a 60
min steady-state moderate (i.e., 65% HR reserve) exercise bout in the morning (i.e., 11:30
a.m.) and evening (i.e., 6:30 p.m.) in arandomised and counterbalanced order. Visits were
separated by at least 4 days and the same procedures were followed on both visits.
Participants were wearing a continuous glucose monitor until the end of the study to
evaluate interstitial glucose continually from the previous day to morning and evening
exercise to the two subsequent days. During morning and evening exercise trials, gas
exchange was measured atrest before exercise (i.e., pre), during exercise and after exercise
(i-e., post) to determine substrate oxidation and energy expenditure. Serum and plasma
samples and perceived appetite feelings were evaluated pre-exercise, post-exercise and
90 min post-exercise. In a subsample of 6 men and 8 women, biopsies from the vastus
lateralis’ distal part of the quadriceps were collected pre-exercise and post-exercise.
Skeletal muscle samples were used to study fresh mitochondrial oxygen consumption,
mitochondrial protein supercomplexes, whole fiber transcriptomics, and mitochondrial

proteomics.

For women the phase of their menstrual cycle was registered. On the previous day to
morning and evening trials, physical activity was controlled, and diet and fasting hours
were standardized. On the visit day, 4 hours before exercise participants consumed a
standardized meal. The subsequent meal was again standardized and consumed within 1
hour after leaving the laboratory. Participants were instructed to control diet and physical
activity the two subsequent days to the first exercise condition, either morning or evening,

and replicate them the two subsequent days to the second exercise condition.

The trial strictly followed CONSORT  guidelines  (http://www.consort-

statement.org/consort-statement). Study design, protocols, and informed consent

procedure were performed according to the Declaration of Helsinki, and it was approved

by the Human Research Ethics Committee of the University of Granada and the Provincial



Human Research Ethics Committee (Junta de Andalucia, ref. 1288-N-20). All participants
gave their oral and written informed consent. The evaluations were placed between
February and July 2022, in the same setting [Instituto Mixto Deporte y Salud (iMUDS) at
the University of Granada and Hospital Universitario San Cecilio, Granada, Spain] and

were performed by the same investigators.
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Chapter 3. Time of the day of exercise impact on
cardiovascular disease risk factors in adults: a systematic
review and meta-analysis

1. Abstract

Objective: To compare the effect of a single bout of morning vs. evening exercise on
cardiovascular risk factors in adults. Design: Systematic review and meta-analysis.
Methods: A systematic search of studies was conducted using PubMed and Web of Science
from inception to June 2022. Selected studies accomplished the following criteria:
crossover design, acute effect of exercise, blood pressure, blood glucose, and/or blood
lipids as the study's endpoint, a washout period of at least 24 hours, and adults. Meta-
analysis was performed by analysing: 1) separated effect of morning and evening exercise
(pre vs. post); and 2) comparison between morning and evening exercise. Results: A total
of 11 studies were included for systolic and diastolic blood pressure and 10 studies for blood
glucose. Meta-analysis revealed no significant difference between morning vs. evening
exercise for systolic blood pressure (g A= 0.02), diastolic blood pressure (g A= 0.01), or
blood glucose (g A= 0.15). Analysis of moderator variables (age, BM], sex, health status,
intensity and duration of exercise, and hour within the morning or evening) showed no
significant morning vs. evening effect. Conclusion: Overall, we found no influence of the

time of the day on the acute effect of exercise on blood pressure neither on blood glucose.

2. Introduction

Mammalian cells possess an internal molecular clock that controls metabolic processes
through the so-called “clock genes”, regulated in a transcriptional-translational feedback
loop'. This feedback loop consists of an autonomous central clock placed in the
suprachiasmatic nucleus of the hypothalamus that, affected by endogenous and external
cues (e.g., exercise), regulates peripheral clocks® In animal models, the alteration of the
molecular clock has been associated with the occurrence of obesity and type II diabetes
mellitus®. Similarly, in humans, shifted sleep patterns seem to interfere with several
metabolic pathways*. Shifted working, short sleep duration, exposure to artificial light,
inadequate eating time window, and lack of physical activity, are some characteristics of
the modern lifestyle that contributes to the occurrence and worsening of cardiovascular

disease (CVD)".

Exercise is a well-known protective factor against CVD and can reduce all-cause mortality

by 50%°. Recent epidemiological studies highlight the relevance of the time of exercise on



its cardiovascular and metabolic effects””. To understand these adaptations, it is of
interest to define the physiological acute response to exercise at different times of the day.
Savikj et al.' reported that a single bout of evening high-intensity exercise was more
efficacious at improving blood glucose in men with type 2 diabetes than morning exercise
(although they did not control previous diet). Jones et al.** found that the acute
hypotensive effect of exercise was more significant in the evening compared to morning in
normotensive men. In contrast, Brito et al.” found a greater hypotensive effect of morning
than evening exercise in pre-hypertensive men. Given the current contradiction would be
of great interest to systematically review the literature and synthesize the results with a
standardized protocol (i.e., meta-analysis) to respond whether exercise has a different
impact on CVD risk factors when performed during the morning or the evening. This
finding would be of clinical and public health interest contributing to optimize the effects
of exercise in the prevention of CVD. Thus, the objective of this systematic review and
meta-analysis is to analyse the time of the day of exercise-induced effects on CVD risk

factors in adults.
3. Materials and methods

To follow the quality of the design, implementation, and reporting of this meta-analysis,
we adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines™ (see Table S1) and relevant methodological references™™’
throughout the entire process. This systematic review and meta-analysis protocol was
registered in the International Prospective Register of Systematic Reviews (PROSPERO ID:

CRD42021283350).
3.1. Search strategy and information sources

We performed a systematic search of studies in PubMed and Web of Science databases,
from inception to June 2022. We used the following terms for that purpose: exercise, time
of day, diurnal variation, circadian rhythm, morning, afternoon, evening, glucose,
triglycerides, blood lipids, high-density lipoprotein (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol, total cholesterol, blood pressure with synonymous and

truncation operators adapted to each database (see Table 1 for specific search strategies).
3.2. Eligibility criteria

Studies were eligible to be included upon meeting the following criteria: (a) crossover

design studies investigating the effect of morning vs. evening exercise; (b) to include at



least one cardiovascular risk factor as a study's endpoint (i.e., blood glucose, blood
pressure, total cholesterol, HDL, LDL, or triglycerides); (c) to investigate the acute effect of
exercise before and in between 15 to 60 minutes; (d) to consider a washout period of at
least 24 hours between exercise sessions; (e) to include adults above 18 years old regardless
of their health or physical condition; (f) manuscripts written in English or Spanish; (h) to
provide statistical indicators that allow calculating the effect size; and (j) not to include
any type of drug, dietary supplement or equipment before exercising that could affect

exercise effects.

Table 1. Search strategy used in each database.

Database Search Strategy

Pubmed (exercise [Title / Abstract]) AND ("different times of day" [Title /
Abstract] OR "time-of-day" [Title / Abstract] OR "time of day"
[Title / Abstract] OR "diurnal variation "[Title / Abstract] OR"
circadian rhythm "[Title / Abstract] OR (morning [Title / Abstract]
AND (afternoon [Title / Abstract] OR evening [Title / Abstract])))
AND (" glucose "[Title / Abstract] OR "CGM" [Title / Abstract] OR
"glycaemia" [Title / Abstract] OR "triglycerides" [Title / Abstract]
OR "blood lipids" [Title / Abstract] OR "HDL" [Title / Abstract] OR
"total cholesterol" [Title / Abstract] OR "LDL" [Title / Abstract] OR
"blood pressure"” [Title / Abstract] OR "diastolic" [Title / Abstract]
OR "systolic" [Title / Abstract]) Filters: Journal Article, Humans,

English, Spanish

Web of Science (TS = (exercise) AND (TS = ("different times of day" OR "time-of-
day" OR "time of day" OR "diurnal variation" OR "circadian
rhythm" OR (morning AND (afternoon OR evening))))) AND TS =
("glucose" OR "CGM" OR "glycaemia" OR "triglycerides" OR "blood
lipids" OR "HDL *" OR "total cholesterol" OR "LDL*" OR "blood
pressure” OR "diastolic" OR "systolic") Refined by: LANGUAGES:
(ENGLISH OR SPANISH) AND TYPES OF DOCUMENTS: (ARTICLE)

3.3. Selection and data collection process

Based on the selection criteria, screening by title and abstract was independently

performed by two authors (R.S.L. and F.A.G.) using EndNote. Disagreements between



authors were resolved by discussion and, if needed, a third author's (J.R.R.) final decision
was required. Full manuscripts of potential studies were obtained and screened for final
inclusion and data extraction following the same procedure. Data extraction of the
included studies was performed through a codebook and a coding protocol previously
created for this purpose in a standardized form. The standardized form included the
authors' names, and year of publication (extrinsic variables); participants and treatment
characteristics (substantive variables); and methodological variables, in addition to the
study outcomes. We contacted the authors of studies when required data of their works
were not explicitly found. Outcomes of interest were systolic (SBP), diastolic (DBP) and
mean blood pressure (MBP), blood glucose, total cholesterol, HDL cholesterol, LDL
cholesterol, and triglycerides. We extracted data from pre and 15 to 60 minutes post-
exercise at both moments of the day (morning and evening). If a study had several points
of measurements post-exercise, data closer to 60 minutes post were selected. We
discarded data coming from immediately post-exercise measurements because exercise is
a stressor that acutely elevates blood glucose and blood pressure while occurring'®”, and
could mask the cardiovascular benefits coming later. Exercise performed from wake up to
12:00 was considered “morning exercise”, and the one performed from 14:00 to bedtime
was considered “evening exercise”. If a study was designed with several morning and/or
evening trials (e.g., 8:00 vs. 12:00 vs. 15:00 vs. 18:00), we chose for morning the one closer
to 8:00 and for evening, the one closer to 18:00. These were the most common exercise
times in the included studies and we decided to harmonize the data as much as possible.
Lastly, if the same data/study was used in different original articles for different purposes,
only the report that provides more detailed information on the subject of this systematic

review-meta-analysis was included.
3.4. Study risk of bias assessment

Included studies were assessed for crossover design methodological quality using relevant
items, based on the Cochrane handbook and expert comments®. Nine standard items were
used to evaluate the risk of bias: 1) to follow an appropriate cross-over design; 2) to
randomize the order of receiving treatment; 3) to account for the carry-over effects; 4)
participants blinding (this was always considered as low risk of bias since morning and
evening conditions cannot be blinded); 5) to apply blinding methods to researchers; 6) if
an appropriate statistical analysis was performed; 7) to provide information about
incomplete outcome data; 8) to avoid selective outcome reporting; and 9) to measure

outcomes appropriately (i.e., to control previous conditions to exercise: physical activity,



fasting hours and diet). All of them were judged as high, unclear, or low risk of bias based

on the study methods reported in the original articles.

3.5. Effect measures and synthesis methods

We calculated two effect sizes: 1) separated effect of morning and evening exercise (pre vs.
post); and 2) comparison between morning and evening exercise. To compare the
separated effect of exercise during both morning and evening, we followed the approach
by Kebede et al.”. First, we calculated Cohen’s d for repeated measures (Cohen’s dry)
taking into consideration baseline imbalance and pre/post correlation?. Pre/post
correlations were computed from standard deviations (SDp. and SDpos), and standard
deviation values for change scores®. Second, we calculated the Hedges’ g for repeated
measures since all of the studies included less than 20 participants®. To compare morning
and evening’s effect sizes we used the formula reported by Madeyski et al.?>. Standard
errors of the effect sizes presented in the forest plot were calculated from the variance
following previously published formulas®. Table 2 summarizes the equations used to
calculate the effect sizes. The effect sizes can be interpreted according to the standard
benchmarks: values around 0.2 are considered a small effect size, 0.5 is considered a
medium effect, and above 0.8 is considered a large effect size*. Using R software, the
random-effect model of the inverse variance method was used to calculate the pooled
Hedges’ g and the corresponding 95% CI. Heterogeneity was assessed with the Higgins I?
statistic and P values, being classified as not important (0%—40%), moderate (30%—50%),

substantial (50%—75%), or considerable (75%—-100%) .

We also performed a sensitivity analysis to determine whether potential moderators are
influencing the effect sizes. For that purpose, we used meta-regression analyses for
continuous variables and analyses of variance for the categorical variables. The
moderators included were sex, BMI, age, health status (i.e., healthy and unhealthy), hour
in the morning, hour in the evening, duration of exercise, and intensity (i.e., low to
moderate and moderate to high) of exercise. Moderation of the hour within the morning
and the hour within the evening were only possible to be analysed from the separate meta-
analyses of morning and evening exercise. Potential publication bias was assessed using

Egger's test and the Rosenthal method (fail-safe N index).



Table 2. Equations used for the calculation of effect sizes.

Effect size of morning and afternoon pre vs. post

Effect size of morning vs. afternoon
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4. Results

4.1. Search results

The systematic search yielded 1273 studies. After removal of duplicates and screening by
title and abstract, 177 eligible full-text documents were evaluated for inclusion in the

meta-analysis. The flowchart of the search and selection of studies is shown in Figure 5. A

total of 28 crossover studies!®!33-4212:43-50132732 ere selected for inclusion. Of those, 6 were

excluded because they did not provide statistical data to calculate effect size or full text

was not available. Thus, a total of 22 studies were finally included in the meta-analysis.

”
g Records mndentified through data base
= searching
2 (m=1377)
k= ¥
§ Records after duplicates removed
=1273 .
- =) Articles excluded:
&6 Not studying the effect of the
g ' ; ' -
g Records Records screened by bimeiokday ofexe]:"mse (k)
D . No crossover design (n=33)
51 excluded title and abstract —— N
A (n = 1096) @=177) No acute effect (n = 17)
1 1 No outcome of interest (n = 13)
E—— l Not whashout period (n = 8)
- Others (n =13)
= Records assesed for
2 elegibility
K (n=28)
S Articles excluded:
( ) i Unreported requiered data (n =
3 Y
= No full-text available (n =2
= Studies included | | ( )
RS (n=22)

Figure 5. Flowchart of the search and selection of studies



4.2. Studies characteristics

The general characteristics of all included studies are summarized in Table 3. For SBP and
DBP, the total sample was composed of 144 participants (9.03% women), the median age
was of 29 years (Q: =22.3,Q, =29, Q; = 49), and the mean body mass index (BMI) was 25.95
kg/m? + 3.62. Most of the study’s participants were healthy (61.11%), being the rest
hypertensives (27.78%) or pre-hypertensives (11.11%). For MBP, the total sample was
composed of 103 participants, 0% women, with a median age of 29 years (Q, = 26, Q, = 29,
Q; = 49) and a BMI of 26.38 + 3.32 kg/m> Most of the participants were healthy (56.31%),
the others were hypertensives (28.16%) or pre-hypertensives (15.53%). Regarding blood
glucose, the total sample was composed of 91 participants, 27.47% women, with a median
age of 30.5 years (Q: = 25, Q, = 30.5, Q; = 49) and a mean BMI of 25.61 + 1.93 kg/m?. Part of
the participants was healthy (42.86%) or had no metabolic disease, i.e., mild sleep apnea
(13.19%)*, the others presented type 1 or type 2 diabetes (43.96%). With regards to blood
lipids, we did not find enough studies to meta-analyse this outcome: only 1 of the studies

met the inclusion criteria determining blood triglycerides®.

Considering the total of the included studies, most of them were originally from the United
Kingdom (n = 6), the United States of America (n = 4), and Brazil (n = 3); the others were
conducted in Australia, Canada, Italy, Japan, Sweden, Tunisia, and Turkey. Exercise
interventions were mainly aerobic exercise sessions (n = 19)'0114042-4446-48,5152,12,13,3335-39, the
rest applied strength training (n = 2)** or combined strength and aerobic exercise (n =
1)**; exercise sessions had a mean duration of 27.25 + 15.03 minutes. Respectively, median
morning and evening hours for SBP and DBP were 8:00 a.m. (min = 7:00, max = 9:00 a.m.)
and 6:00 p.m. (min = 4:00, max = 8:00 p.m.). For blood glucose, median hours were 7:00
a.m. (min = 6:00, max = 8:00 a.m.) and 4:00 p.m. (min = 3:00, max 7:00 p.m.). Outcomes
were evaluated at rest previous to exercise and post-exercise within a period of 15 to 60

minutes.



Table 3. Overview of acute effect of time of day of exercise studies on CVD risk factors

Acute effect of time of day of exercise on systolic, diastolic and mean blood pressure

Study N (sex:)  Age BMI Chrono- Healthand Medication Design Exercise Previous Time of Main Minutes Main findings
(SD) (SD) type training intervention conditions the day outcome post
status exercise
. Although blood pressure decreased
Submaximal . .
. in response to submaximal
. exercise test: . . Mean blood exercise, there was no time of day
Alder.n}r 10 27 23.9 Not Healthy, Randomized Iboutx 30 min Dlet.’ fastmg, or 07:30vs Pressure differences neither at baseline,
and Kilic, moderately No on cycle previous activity ] 30 .
2005 (male) (1.6) (0.7) reported active crossover ergometer not reported 17:30 . Blooc% post-exercise nor recovery. Blood
(intensity: triglycerides trlglycerldes fiecreased after
70%V02max) evening exercise but'not after
morning exercise.
Azevedo 1 57 30.7 Not Hyper- anti- Randomized Strength Diet, fasting or 8:00 vs Systolic and 60 No differences were observed for
etal, 2017 (female) (5.1) (3.9) reported tension, hypertensiv crossover training: previous activity 18:00 diastolic post-exercise hypotension between
training etreatment  with control 8 maximum not reported. blood morning and evening exercise.
status not condition repetitionstest:  Caffeine intake pressure Diastolic blood pressure did not
reported (1x10 was not show reductions after exercise.
repetitions at suspended
50% load)
+
Moderate-to-
severe cycling
for 20 min at 7-
8 SPE scale
Boukelia 12 33 21.9 Not Healthy, No Randomized 10 km treadmill  Diet, fasting, or 9:00 vs Systolic and 60 No differences were found in mean
etal, (male) (5) (12) reported athletes crossover time trial previous activity 18:00 diastolic blood pressure reduction after
2018 (controlled not reported blood exercise between the morning and
environmental pressure the evening trial.
conditions:
28°C, 70%
relative
humidity)
Intensity not
reported
Bousseta 1 21.82 234 Not Healthy, No Randomized Yo-Yotestslevel Not controlling 8:00 vs Systolic and 60 No differences were found in
etal, 2017  (male) (0.5) 13) reported trained crossover L: previous diet, 18:00 diastolic systolic or diastolic blood pressure
20-m shuttle standardized blood reduction after exercise between
runs at fasting pressure the morning and the evening trial.
increasing conditions (at Systolic blood pressure was higher
velocities until least 6 h). in the polluted area at both times of
exhaustion. Inactivity the day.
day before.
Brito et 16 32.0 28.9 Interme- Pre-hyper- No Randomized  1boutx45min Standardized 09:00 vs Systolic, 45 Morning aerobic exercise had an
al, 2015 (male) (7.0) (2.8) diate tension. crossover on cycle diet and fasting 18:30 diastolic important and greater hypotensive
types Sedentary to with control ergometer (0.5h). and mean effect than evening exercise
moderately condition (intensity: 50% Inactivity the blood
active. VO2peak) day before. pressure




Study N (sex:)  Age BMI Chrono- Healthand Medication Design Exercise Previous Time of Main Minutes Main findings
(SD) (SD) type training intervention conditions the day outcome post
status exercise
Brito et 14 50 30.9 Interme- Hyper- Group 1: Randomized Maximal Abstain from 8:00 vs Systolic, 30 Exercise produced bigger
al, 2020 (male) (8) (3.6) diate tension. angiotensin- crossover cardiopulmonar caffeine and 21:00 diastolic hypotensive effect after evening
for for for types Sedentary converting y exercise test alcohol the day and mean exercise compared to morning in
ACEi, 15 ACEi, ACE], enzyme on cycle before, blood hypertensives receiving ARB, but
(male) 49 29.8 inhibitors ergometer standardized pressure not ACEi. The anti-hypertensive
for ARB (8) (4.1) (ACEi) (increasing previous fasting drug can influence the diurnal
for for Group 2: workload 15W (2h). Inactivity variation of post-exercise
ARB ARB angiotensin every minute the day before. hypotension.
I receptor until
blockers exhaustion).
(ARB)
Chan- 10 (male 24 23.5 Not Healthy, No Randomized 40 km cycling Standardized 8:00vs Systolic and 60 No differences were found in
Dewar et n=10, 3) (12) reported trained crossover ona previous diet 18:00 diastolic systolic or diastolic blood pressure
al, 2012 female computerised and fasting (1.5 blood reduction after a high-intense
n=2) cycle training h). Inactivity the pressure exercise between the morning and
system day before. the evening trial.
(intensity: 90-
100% lactate
threshold, 74-
90% HRmax)

Di Blasio 28 25 24.2 Not Healthy, No Randomized 1bout of cycling Abstain from 9:00 vs Mean blood 30 During exercise in the early evening
etal, (male) ) (1.72) reported sedentary crossover on cycle caffein and 14:00 vs pressure there was a trend to decrease for
2010 ergometer alcohol the day 18:30 diastolic blood pressure compared

(intensity: 10 before, to morning. But there was no
min. at 55% standardized difference for systolic blood
HRmax, 35 min. fasting pressure.
at70% HRmax, conditions (3 h).
5 min. cool No info. about
down) activity the day
before.
Fochtet 21 21.4 Not Mixed Healthy, Not Randomized 45 min of Abstain from 7:00 vs Systolic and 15 Only diastolic blood pressure
al, 2009 (male) (2.5)  repor recrea- reported crossover strength caffeine and 19:00 diastolic decreased 15 minutes after exercise,
ted tionally training: alcohol the day blood but there were no differences in the
active 4 exercises before. Not pressure response relative to the time of day.
completed for 3 report info.
sets of 10 about fasting.
repetitions at Inactivity the
75% 1 RM day before.
Jones et 12 26.0 23.5 Not Healthy, No Randomized 30 min cycling Abstain caffein 08:00vs Systolic, 20 Afternoon aerobic exercise
al, 2008 (male) (5.0 (0.7) reported recrea- crossover on cycle and alcohol the 16:00 diastolic produced a bigger hypotensive
tionally ergometer day before, and mean effect than morning exercise.
active (intensity: 70% standardized blood
VO2peak) previous fasting pressure

conditions (4 h).
Inactivity the
day before.




Study

N (sex:)  Age BMI Chrono- Healthand Medication Design Exercise Previous Time of Main Minutes Main findings
(SD) (SD) type training intervention conditions the day outcome post
status exercise
Joneset 8 (male) 29.0 26.6 Not Healthy, No Randomized Continuous Abstain from 08:00vs Systolic, 20 Afternoon aerobic exercise
al, 2009 (7.0)  (9.5) reported recrea- crossover steady-state: caffein and 16:00 diastolic decreased greater mean and
tionally 30 min cycling alcohol the day and mean systolic blood pressure compared
active on cycle before, blood to morning exercise.
ergometer standardized pressure This diurnal variation was less
(intensity: previous fasting marked following intermittent than
70%VO2peak)  conditions (4 h). continuous exercise.
Inactivity the
Intermittent day before.
steady-state:
3 bouts of 10
min cycling on
cycle ergometer
separated by 10
min resting
periods
(intensity: 70%
VO2peak)
0O’Connor 12 22.3 23.3 Mixed but Not Not Randomized Submaximal Not reported 8:00vs Systolic and 20 Post-exercise hypotension was
etal, 1992  (male) (2.7) (0.1) not reported reported crossover exercise test: 20 16:00 vs diastolic independent of the time of the day
definitivel min running on 20:00 blood that exercise was performed.
y morning treadmill pressure
or evening (intensity: 70%
types VO2max)




Table 3 (continue). Overview of acute effect of time of day of exercise studies on CVD risk factors

Acute effect of time of day of exercise on blood glucose

Study N (sex) Age BMI Chrono- Healthand Medication Design Exercise Previous Time of Main Minutes Main findings
(SD) (SD) type training intervention conditions the day outcome postexerci
status se
Fernandes 9 (male) 31 23.8 Intermedi Healthy, Not Randomized  1000-m cycling Standardized 08:00 vs Blood 60 Blood glucose showed a tendency
etal, 2014 (7.3) 17) ate (n=5) trained reported crossover time trial in the diet and 18:00 glucose to increase greater after morning
or shortest time previous fasting exercise compared to evening,
moderate possible (6 h). Inactivity accompanied with a more
morning the day before. exacerbated response to exercise
(n=4) of norepinephrine at the same
time of the day.
Galliven et 7 29 23.7 Not Healthy, No Randomized 20 minrunning Only abstain 07:00vs Blood 60 There were no differences for the
al, 1997 (female) (2.6)  (4.5) reported mixed crossover on treadmill from caffeine 15:00 glucose blood glucose response to
training (intensity: 5min  and alcohol the exercise between morning and
status at 50% VO2max, day before, evening trials.
10 min at 70% standardized
VO2max, 5 min fasting and
at90% fasting (6 h).
VO2max) Inactivity the
day before
Hobson et 7 24.0 24.2 Not Healthy, Not Randomized 1boutof cycling Standardized 06:45 vs Blood 15 Blood glucose levels were not
al, 2009 (male) (2.0) (3.9) reported recrea- reported crossover on acycle previous diet 18:45 glucose reduced after exercise, and there
tionally ergometer until and fasting (6 were no differences between
active exhaustion h). Inactivity the morning and evening trials.
(intensity: 65% day before
VO2max)
Environmental
conditions: 35.1
(0.4) °C and 60
(4) % relative
humidity.
Larsen et 11 49 28 (3) Not Mild sleep No Randomized 30 min HIIT Controlled 6:00 vs Blood 30 After morning exercise blood
al, 2019 (male) (5) reported apnoea, crossover (intensity: 60 previous diet, 15:00 vs glucose glucose showed bigger increase
sedentary work s at not 19:00 than after evening trials.
100% VO2max, standardized
240 srestat fasting
50% VO2peak) (overnight for
morning, 3 h for
evening).
Mclver et 12 25.0 26.0 Interme- Healthy, No Randomized 45 min walking Abstain from 08:00 vs Blood 30 There were no diurnal differences
al, 2019 (male) 3.00 (4.0 diate recrea- crossover on treadmill alcohol and 15:00 glucose for blood glucose in response to
tionally (intensity: 55% caffein the day exercise.
active VO2peak) before,
standardized

previous fasting
(8 h). Inactivity
the day before.




Study N (sex) Age BMI Chrono-  Health and Medication Design Exercise Previous Time of Main Minutes Main findings
(SD) (SD) type training intervention conditions the day outcome postexerci
status se
Munan et 14 65 27.2 Not Type 2 Notinsulin ~ Randomized 40 min walking Standardized Not Blood 30 The afternoon exercise condition
al, 2020 (male 9) (3.5) reported diabetes, or crossover on treadmill previous diet reported glucose had the largest decrease in blood
n=8, sedentary corticosteroi (intensity: 5 but not fasting glucose after exercise. No
female ds. km/h with 0.5% (overnight for significant diurnal differences
n=6) Metformin grade) morning, 3 h for were found between trials in
(n=12). afternoon, 20 mean 24 h continuously
min for monitored glucose.
evening).
Inactivity the
day before.
Ruegemer 6 (male 30 Not Not Type 1 Ultralente-  Randomized 30 min cycling Standardized 7:00 vs Blood 60 Exercise in the morning produced
etal, 1990 n=3, (9.8) repor  reported diabetes, based crossover on cycle diet but not 16:00 glucose a significant increase in blood
female ter recreatio- intensive with control ergometer fasting hours (9 glucose, while this
n=3) nally active insulin condition (intensity: 60%  h for morning, 4 hyperglycaemic effect was absent
therapy VO2max) h for evening). after evening exercise.
No information
about activity
the day before.
Savikj et 11 60 27.5 Not Type 2 Dietary Randomized HIIT: Not controlled 08:00vs Blood 60 Afternoon HIIT reduced blood
al, 2018 (male) 2) (0.6) reported diabetes, treatment or crossover 6 bouts x 1 min previous diet, 16:00 glucose, glucose.
sedentary metformin work (intensity not HDL, Morning HIIT induced an
>220W) +1 standardized triglycerid increase of blood glucose.
min rest fasting (1 h for es There was no time of day effect
(minimalload).  morning, 3 h for neither in HDL nor in
evening) triglycerides, measured before
and after 2 weeks of exercise.
Tanaka et 11 24.5 22.3 Not Recreational No Randomized 60 mincycling  Standarized diet 7:00 vs Blood 60 The effect of morning versus
al, 2021 (male) (2.8) (1) reported ly active repeated on cycle but not fasting 16:00 glucose afternoon exercise was not
measures ergometer hours significantly different during the
(intensity: 60% (overnight fast 60 minutes period after the test.
VO2max) for morning, 3h However, blood glucose increased
for evening) greater after a given post-exercise
meal in the morning compared to
afternoon.
Toghi- 12 (male 316 26.6 Not Typel Insulin Randomized 43 min of Controlled 07:00 vs Blood 60 Morning exercise led to an
Eshghi et n=3, (8.9) (3.8) reported diabetes, pump (n= crossover strength previous diet, 17:00 glucose increase in blood glucose
al, 2019 female recreatio- 8), insulin training: not meanwhile afternoon exercise
n=9) nally active injections 3 sets involving standardized lead to a decrease.
(n=4) major muscle fasting
groups x 8 (overnight for
repetitions morning, 3 h for
(intensity: 8 evening).
RM) Inactivity the

day before.




4.3. Acute effect of morning vs. evening exercise on cardiovascular disease risk

factors

Meta-analysis of the acute effect of the time of day of exercise on SPB (11 studies), DBP (11
studies), and blood glucose (10 studies) are shown in Figure 6. Meta-analysis of the acute
effect of the time of day of exercise on MPB (6 studies) is shown in Figure S3. We found no
significant differences in the morning vs. evening effect of exercise on SBP (Hedges’ g A:
0.02 favour morning [-0.22, 0.26]; p = 0.88), DBP (Hedges' g A: 0.01 favour morning [-0.26,
0.23]; p = 0.95) or blood glucose (Hedges’ g A: 0.15 [-0.22, 0.53]; p = 0.42). Mean changes
expressed in mmHg and mmol/L are reported in Table 4. Heterogeneity was low for SBP

and DBP (I* < 21.42%, p > 0.05), and moderate for blood glucose (I* = 34.73%, p= 0.13).

Blood lipids could not be meta-analysed because only one study was reporting this
outcome. Aldemir et al.** explored the diurnal variation of the effect of exercise on blood
lipids, specifically on triglycerides. They reported that triglycerides levels 30 minutes after
evening exercise were significantly lower from baseline (from 20.07 + 5.08 to 15.52 + 4.41

UI/l) but not after morning exercise (from 22.61 + 7.49 to 20.20 * 6.29 UI/).
4.4. Analysis of potential moderator variables

The moderation from sex, BMI, age, health status, exercise intensity, and duration did not
reach statistical significance for any outcome when comparing morning vs. evening effects

(allP > 0.05).

From the separate meta-analyses of morning and evening exercise we found that none of
the outcomes were affected by the hour within the morning or within the evening in which
exercise was performed (P = 0.05). For blood glucose in the morning, we observed that the
exercise-induced increase was not significant in healthy participants (g = 0.27) but
significant in non-healthy participants (i.e., type 1 and type 2 diabetes, and mild sleep
apnoea) (g = 0.74).



Author(s) and year ‘Weight g [95% (I

a) SBP 5
Azevedo etal., 2017 - 1 07.51% -0.01 [-0.89. 0.87]
Boukelia et al., 2018 v * 4 08.27%  -0.00[-0.84. 0.83]
Boussetta et al., 2017 [ , - 07.50% 0.13[-0.75, 1.01]
Brito et al., 2020 & 1 09.78% 0.00 [-0.77, 0.77]
Brito et al., 2020 —_— 10.54% 0.02 [-0.72, 0.76]
Chan-Dewar et al., 2012 ' = 4 08.27% -0.03 [-0.87. 0.81]
De Brito et al., 2015 — 11.29% 0.03 [-0.68. 0.75]
Focht et al.. 2000 —.— 15.07% 0.01[-0.61. 0.63]
Jones et al., 2008 " 1 08.27% 0.06 [-0.78, 0.89]
Jones et al., 2009 < 05.23% -0.01 [-1.07, 1.04]
O'Connor et al., 1992 r - 1 08.27% 0.01 [-0.82. 0.85]
P 0.02 [-0.22. 0.26]

b) DBP :
Azevedo et al., 2017 n 1 07.50% -0.11 [-0.99, 0.77]
Boukeha et al., 2018 ' - g 08.27% -0.05[-0.89. 0.78]
Boussetta et al., 2017 : ] 07.49% 0.17[-1.05, 0.71]
Brito et al., 2020 ' - " 09.79% 0.01 [-0.76, 0.78]
Brito et al., 2020 —_— 10.54% 0.03 [-0.71, 0.78]
Chan-Dewar et al., 2012 ' :- g 08.27% 0.07 [-0.77, 0.91]
De Brito et al., 2015 —_— 11.30% 0.02 [-0.70, 0.73]
Focht et al., 2009 — . 15.08% -0.01 [-0.63. 0.61]
Jones et al., 2008 ' : 08.26% 0.12[-0.72, 0.96]
Jones et al., 2009 - 05.23% -0.03 [-1.09, 1.02]
O'Connor et al., 1992 L & J 08.27% -0.00 [-0.84, 0.83]
- -0.01 [-0.25.0.23]

i

¢) Blood glucose E
Femandes et al., 2014 & J 09.62% -0.15[-1.14, 0.83]
Galliven et al., 1997 f 07.83% 0.00 [-1.14, 1.14]
Hobson et al., 2009 S > 07.38% 1.55[0.36,2.74]
Larsen et al., 2019 E k - 4 11.11% 1.10[0.22, 1.98]
Meclver et al., 2019 I — | 11.79% 0.32 [-0.52, 1.16]
Munan et al., 2019 ' B ' | 13.05% -0.20 [-0.97, 0.57]
Ruegemer et al., 1990 F T i 05.66% 0.10 [-1.31, 1.51]
Savikj et al., 2018 b = + J 10.60% -0.41 [-1.33, 0.50]
Tanaka et al., 2021 ' L 4 11.13% -0.26 [-1.14, 0.62]
Toghi-Eshghi et al., 2019 ¢ L 1 11.83% -0.11 [-0.95,0.72]
—_— 0.15 [-0.22, 0.53]

| I I I |
£ -1 0 1 2

Figure 6. Forest plot of the standardized effect sizes (hedges’ g) for a) systolic blood pressure (SBP), b)
diastolic blood pressure (DBP) and c) blood glucose. A negative value means the effect of exercise performed

in the evening is greater than the effect of exercise performed in the morning. CI = confident interval.



Table 4. Acute change in SBP, DBP and blood glucose after morning, evening, and
morning vs. evening exercise

Morning Evening Morning vs. Evening
MD MD MD
mmHg mmHg mmHg
SBP -5.54 -6.43 1.43
[-8.58, -2.49] [-9.29, -3.56] [-1.47, 4.34]
DBP -1.17 -0.92 0.02
[-3.10,0.76] [-2.16,0.32] [-1.37,1.42]
mmol/L mmol/L mmol/L
Blood 0.43 0.04 0.32
glucose [0.09,0.77] [-0.12,0.19] [-0.11,0.76]

4.5. Risk of bias and quality assessment

The methodological quality of all trials included in the meta-analysis was assessed
considering specific biases to cross-over design based on Cochrane's risk of bias tool*.
According to these criteria, 47.5% of the total items were categorized as having a low,
44.9% unclear, and 7.6% high risk of bias. Details of this quality assessment can be found
in Table 5. The analyses of this variable as a potential moderator of effect sizes revealed
non-significant results (P > 0.05 for all groups and outcomes), so the methodological

quality of studies did not affect effect sizes on cardiovascular risk factors.

4.6. Sensitivity analysis
Only 1 study was influencing exercise effect on SBP in the morning*, 1 study was
influencing exercise effect on MBP in the morning and evening® and 1 study was
influencing exercise effect on blood glucose in the evening and morning vs. evening *. Yet,
the reductions of pooled effects after excluding them from analyses were not significant
(Ag ==<0.14), so we decided to include them in the total effect size calculation. Lastly, we
found no risk of publication bias (fail-safe N index range from 0 to 100 Egger's test: P >

0.05).



Table 5. Risk of bias

Domain 1: Domain S: Domain 2: Domain 3: Domain 4: Domain 5:
Randomization process Carryover Deviation from intended Missing outcome Measuring Report results
effects intervention data outcomes
Item 1 Item 2 RoB2 Item3 RoB2 Item4 Item5 Item 6 RoB2 Item?7 RoB2 Item 8 RoB2 Item 9 RoB2
Aldemir et al, 2005
’ Yes No . Unclear Yes Unclear Yes ‘ Yes . No . Yes .
Azevedo et al, 2017
’ Yes Unclear Unclear Yes Unclear Yes . Unclear No . Yes .
Boukelia et al, 2018
’ Yes Unclear Unclear Yes Unclear Yes . No . No . Unclear
Bousseta et al, 2017
’ No Unclear . Unclear Yes Unclear Yes ‘ Yes . No . Yes .
Brito et al, 2015
’ Yes Yes . Unclear Yes Unclear Yes . Yes . Yes ‘ Yes ‘
Brito et al, 2020
’ Yes Yes . Unclear Yes Unclear  Unclear Unclear Unclear Yes .
Chan-Dewar et al,
2012 Unclear  Unclear Unclear Yes Unclear Yes ‘ Yes . Unclear Yes .
Di Blasio et al, 2010
’ Yes Unclear Yes . Yes Unclear  Unclear Unclear Unclear Yes .
Fernandes et al, 2014
’ es Unclear Unclear Yes Unclear Yes . Yes . Yes . Yes .
Focht et al, 2009
’ Yes Unclear Unclear Yes Unclear Yes . Unclear Unclear Yes .
Galliven et al, 1997
’ Yes Unclear Unclear Yes Unclear  Unclear No ‘ Unclear Yes .
Hobson et al, 2009
’ Yes Yes . Unclear Yes Unclear Yes . No . Yes . Yes .

@® LowRisk

Some concerns

@ High risk



Table 5. Risk of bias

Domain 1: Domain S: Domain 2: Domain 3: Domain 4: Domain 5:
Randomization process Carryover Deviation from intended Missing outcome Measuring Report results
effects intervention data outcomes
Item 1 Item 2 RoB2 Item3 RoB2 Item4 Item5 Item 6 RoB2 Item?7 RoB2 Item 8 RoB2 Item 9 RoB2
Jones et al, 2008
Yes Unclear Unclear Yes Unclear  Unclear Unclear Unclear Yes .
Jones et al, 2009
Yes Unclear Unclear Yes Unclear  Unclear Unclear Unclear Yes .
Larsen et al, 2019
’ Yes Unclear Unclear Yes Unclear Yes . Yes . Unclear Yes .
Mclver et al, 2019
’ Yes Yes . Unclear Yes Unclear Yes ‘ Yes . Yes . Yes .
Munan et al, 2020
’ Unclear Yes . Unclear Yes Unclear Yes . No . Yes . Yes .
O'Connor et al, 1992
Unclear  Unclear Unclear Yes Unclear  Unclear Unclear No . Yes ’
Ruegemer et al, 1990
8 ’ Unclear Unclear Unclear Yes Unclear Yes . Yes . Unclear Yes .
Savikj et al, 2018
) ’ Unclear Yes . Unclear Yes No Unclear . No . No ‘ Yes .
Tanaka et al, 2021
’ Yes Unclear Unclear Yes Unclear Yes ‘ Yes . Unclear Yes .
Toghi-Eshghi et al,
2019 Yes Unclear Unclear Yes Unclear  Unclear No . Unclear Yes ‘
@® LowRisk Some concerns @ Highrisk



5. Discussion

We systematically reviewed and meta-analysed the results of 22 studies aiming to better
understand whether the acute effect of exercise on cardiovascular disease risk factors in
adults differs when it is performed in the morning vs. the evening. Overall, we found no
influence of the time of the day (i.e., morning vs. evening) on the effect of a single bout of

exercise on blood pressure neither on blood glucose.

The results of this systematic review and meta-analysis should however be taken with
caution. Although a total of 22 studies have been included, we present 4 different meta-
analyses each one corresponding to a different outcome: SBP (11 studies)'*3*384.47 DBP
(11 studies) 334384147 MBP (7 studies)"**7*? and blood glucose (10 studies)'04042-46:4849,51
Further, qualitative differences between studies do exist (e.g., exercise protocols, health
and training status, or sex). It should be noted as a limitation that the lack of statistical
heterogeneity in any of the meta-analyses performed may be explained by the small

sample size of included studies.

Exercise protocols consisted of aerobic training in most of the studies except for two of
them, which used strength training***’; and a single study that used a mixed strength and
aerobic training protocol**. Importantly, exercise intensity and duration differ between
them. Also, some protocols were performed under hot and humid conditions®*. We
considered data measured between 15 to 60 minutes post-exercise, which is a relatively
wide range in which results may differ. Likewise, not all exercise protocols were performed
at the same hour but within a wide range of hours differing in each study (i.e., 6:00 to 9:30
a.m. for morning exercise and 3:00 to 9:00 pm for evening exercise). Blood glucose and

blood pressure present diurnal rhythmicity themselves®**—*

and therefore their response to
exercise may be different even within the same time slot. Of the 22 studies, only 6 included
female participants®**%#246484 We found few studies including trained participants
353638,40 while most studies included sedentary or recreationally active people. About half
of the studies included participants with normal-weight'>*#735363843the rest included
participants with overweight and obesity'*3*3"44-46495¢ Pparticipants also differed in age,
being the youngest sample of 21 years average® and the oldest of 65 years average*. A
minor part of the total sample was composed of patients with pre-hypertension
hypertension®***, mild-sleep apnoea*!, type I diabetes***’, and type II diabetes'>*¢, being
the rest healthy participants. However, when analysing the moderator effects of exercise

intensity and duration, hour within the morning and evening, sex, BMI, age, and health



status we found no influence of any of the variables regarding the effect of morning vs.
evening exercise. The lack of significant moderator effects may be due to the reduced
number of studies included in each moderator level and, in the case of sex, to the reduced

number of women participating in the studies.

The results of this meta-analysis indicate that morning and evening exercise produces
similar acute hypotensive effects. This is in line with most of the studies®¢383%447,
Discrepancies with other studies can be explained by health status (pre-hypertension)®,
medication”, or inappropriate analysis (not taking into account baseline circadian
rhythmicity)">. Albalak et al.® found an association between morning physical activity
and lower risk of CVD in general population. Interestingly, their results were mostly driven
by women (58%), which is a lacking population in our meta-analysis. Differences in the
studies’ design need also to be considered. In epidemiological studies’” participants are
organized into clusters according to the time of the day they are physically active, which is
probably related to their individual circadian rhythmicity (i.e., chronotype). In contrast, in
crossover studies each participant’s chronotype may influence the response to morning
and evening exercise. Sex and chronotype seem to be important when studying the effect

of the time of the day of exercise.

In the present study, we did not find significant differences when comparing the acute
effect of morning vs. evening exercise on blood glucose. However, the increase in blood
glucose tended to be bigger after morning exercise. The rhythmicity of skeletal muscle's
clock genes may explain these responses. Glucose uptake of the skeletal muscle cell
dependent on the glucose transporter 4 is regulated by clock genes (specifically CLOCK
and ARNTL genes”). Interestingly, in animal models, CLOCK has been described to peak
during thelight phasein retina cells and to peaklater, during the dark phase, in the skeletal
muscle®®. Therefore, glucose uptake by the skeletal muscle cells (and consequently
clearance of blood glucose) may be enhanced in the dark phase (i.e., in the evening hours).
Although health status did not moderate the morning vs. evening response of blood
glucose, in the separate meta-analyses of morning exercise we observed a significant
increase in non-healthy participants (most with diabetes mellitus) but not in healthy. We
speculate cortisol and insulin circadian rhythmicity are involved in the mentioned
dissimilarity. Free cortisol and insulin levels are higher in the morning*>**. Cortisol is
expected to produce an elevation in plasma glucose that results not notorious in healthy
(because of the counteractive effect of insulin), but notorious in patients with type I or

type II diabetes where insulin function is altered. Only studies that included participants



with diabetes mellitus reported significant time-of-day differences in blood glucose
response to exercise: an increase after morning but not after evening exercise'®***’) except
for Munan et al.**, in which patients presented well-managed diabetes and were taking
lowering-glucose medication (not an accurate representation of the average population
with diabetes). Thus, it may well be that exercising in the morning should be avoided by

patients with diabetes mellitus.

5.1. Future perspectives
There is no available evidence to clarify whether health status, age, BMI, type of exercise,
and hour within the morning and evening influence the response to exercise at different
times of the day. Similarly, we still need to elucidate whether this response is dependent
on sex since studies including women are scarce. We neither found enough studies
investigating blood lipids. Additionally, it would be of interest to investigate the acute

response of other cardiovascular risks factors such as insulin or inflammatory markers.

We suggest some points to consider for future research. First, the resting diurnal
rhythmicity present in blood pressure and blood glucose needs to be considered. Some
studies highlight the importance of accounting for differences in initial values across
conditions and the repeated measure design®®*’. For example, when data from the studies
that reported diurnal differences in the hypotensive acute effect of exercise™™**” were
analysed in this meta-analysis, we found very small effect sizes when comparing morning
and evening exercise effects. We recommend controlling for chronotype, as performed in
a few of the included studies™*”*%#"*>* It may also be interesting to control for peripheral

temperature since changes in this factor can be attributed to alterations in circadian

clocks®®.

6. Conclusion

The present preliminary findings reveal that exercise produces an acute reduction of
systolic blood pressure independently of the time of the day at which it is performed.
Similarly, exercise produces an acute increase in blood glucose independently of the time
of the day. With the available literature, we could not make robust conclusions about the
acute effect of the time of the day of exercise on cardiovascular disease risk factors. Further
research is required to establish whether there is a diurnal variation of exercise on

cardiovascular health and how it s related to health status, sex, or the type of exercise.
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Supplementary material for Chapter 3: Time of the day of exercise impact on cardiovascular disease risk factors in adults: a systematic

review and meta-analysis.

Table S1. PRISMA checklist.

Section and topic Item # Checklist item Location where item is
reported

Title

Title 1 Identify the report as a systematic review. Title

Abstract

Abstract 2 See the PRISMA 2020 for Abstracts checklist (table 2). Abstract

Introduction

Rationale 3 Describe the rationale for the review in the context of 43-44

existing knowledge.
Objectives 4 Provide an explicit statement of the objective(s) or 44
question(s) the review addresses.
Methods
Eligibility criteria 5 Specify the inclusion and exclusion criteria for the review 44-45

and how studies were grouped for the syntheses.




Information sources

6

Specify all databases, registers, websites, organisations,
reference lists and other sources searched or consulted
to identify studies. Specify the date when each source

was last searched or consulted.

45

Search strategy

Present the full search strategies for all databases,
registers and websites, including any filters and limits

used.

Table 1

Selection process

Specify the methods used to decide whether a study met
the inclusion criteria of the review, including how many
reviewers screened each record and each report
retrieved, whether they worked independently, and if
applicable, details of automation tools used in the

process.

45-46

Data collection process

Specify the methods used to collect data from reports,
including how many reviewers collected data from each
report, whether they worked independently, any
processes for obtaining or confirming data from study
investigators, and if applicable, details of automation

tools used in the process.

45-46




Dataitems

102

List and define all outcomes for which data were sought.
Specify whether all results that were compatible with
each outcome domain in each study were sought (e.g. for
all measures, time points, analyses), and if not, the

methods used to decide which results to collect.

44

10b

List and define all other variables for which data were
sought (e.g. participant and intervention characteristics,
funding sources). Describe any assumptions made about

any missing or unclear information.

45-46

Study risk of bias assessment

11

Specify the methods used to assess risk of bias in the
included studies, including details of the tool(s) used,
how many reviewers assessed each study and whether
they worked independently, and if applicable, details of

automation tools used in the process.

46

Effect measures

12

Specify for each outcome the effect measure(s) (e.g. risk
ratio, mean difference) used in the synthesis or

presentation of results.

47-48

Synthesis methods

132

Describe the processes used to decide which studies
were eligible for each synthesis (e.g. tabulating the study
intervention characteristics and comparing against the

planned groups for each synthesis (item #5)).

45-46




13b

Describe any methods required to prepare the data for
presentation or synthesis, such as handling of missing

summary statistics, or data conversions.

47-48

13¢c

Describe any methods used to tabulate or visually

display results of individual studies and syntheses.

46

13d

Describe any methods used to synthesise results and

provide a rationale for the choice(s). If meta-analysis

was performed, describe the model(s), method(s) to
identify the presence and extent of statistical

heterogeneity, and software package(s) used.

47

13e

Describe any methods used to explore possible causes of
heterogeneity among study results (e.g. subgroup

analysis, meta-regression).

47

13f

Describe any sensitivity analyses conducted to assess

robustness of the synthesised results.

47

Reporting bias assessment

14

Describe any methods used to assess risk of bias due to
missing results in a synthesis (arising from reporting

biases).

46

Certainty assessment

15

Describe any methods used to assess certainty (or

confidence) in the body of evidence for an outcome.

47




Results

Study selection

162

Describe the results of the search and selection process,
from the number of records identified in the search to
the nurmber of studies included in the review, ideally

using a flow diagram (see Figure 5).

Figure 5

16b

Cite studies that might appear to meet the inclusion
criteria, but which were excluded, and explain why they

were excluded.

50

Study characteristics

17

Cite each included study and present its characteristics.

50

Risk of bias in studies

18

Present assessments of risk of bias for each included

study.

Table 5

Results of individual studies

19

For all outcomes, present, for each study: (a) summary
statistics for each group (where appropriate) and (b) an
effect estimate and its precision (e.g. confidence/credible

interval), ideally using structured tables or plots.

Figure S1—S4

Results of syntheses

202

For each synthesis, briefly summarise the characteristics

and risk of bias among contributing studies.

Table 5

20b

Present results of all statistical syntheses conducted. If
meta-analysis was done, present for each the summary

estimate and its precision (e.g. confidence/credible

56




interval) and measures of statistical heterogeneity. If

comparing groups, describe the direction of the effect.

20c Present results of all investigations of possible causes of 56
heterogeneity among study results.
20d Present results of all sensitivity analyses conducted to 56
assess the robustness of the synthesised results.
Reporting biases 21 Present assessments of risk of bias due to missing results 58
(arising from reporting biases) for each synthesis
assessed.
Certainty of evidence 22 Present assessments of certainty (or confidence) in the 58
body of evidence for each outcome assessed.
Discussion
Discussion 23a Provide a general interpretation of the results in the 61
context of other evidence.
23b Discuss any limitations of the evidence included in the 61-63
review.
23c Discuss any limitations of the review processes used. 61-63
23d Discuss implications of the results for practice, policy, 63

and future research.




Other information

Registration and protocol 24a Provide registration information for the review, 44
including register name and registration number, or

state that the review was not registered.
24b Indicate where the review protocol can be accessed, or 44

state that a protocol was not prepared.
24c Describe and explain any amendments to information 44

provided at registration or in the protocol.
Support 25 Describe sources of financial or non-financial support for 8
the review, and the role of the funders or sponsors in the
review.

Competing interests 26 Declare any competing interests of review authors. 8
Availability of data, code, and other 27 Report which of the following are publicly available and 8

materials

where they can be found: template data collection forms;
data extracted from included studies; data used for all
analyses; analytic code; any other materials used in the

review.




Author(s) and year Weight g [95% CI]

a) Morning

Azevedo et al., 2017 o—-—lu 07.61% -0.50 [-1.40, 0.39]
Boukelia et al., 2018 — ! 07.45% -1.14 [-2.04, -0.23]
Boussetta et al., 2017 —_— 07.42% -0.69 [-1.59. 0.21]
Brito et al., 2020 —_— 09.85% -0.55 [-1.34. 0.23]
Brito et al., 2020 —_—l— 10.53% -0.61 [-1.37, 0.15]
Chan-Dewar et al., 2012 —_—— 08.57% -0.27 [-1.12, 0.57)
De Brito et al., 2015 '—I—-—‘ 11.46% -0.50 [-1.23, 0.23]
Focht et al., 2009 — 15.75% 0.11 [-0.51, 0.73]
Jones et al., 2008 —_—— 08.50% -0.37[-1.21. 0.48]
Jones et al., 2009 -— 04.34%  -145[-2.63,-0.26]
O'Connor et al., 1992 ——— ey 08.51% -0.36 [-1.21, 0.48]
— ' -0.48 [-0.73, -0.24]
b) Evening :
Azevedo et al., 2017 —_— 08.29% -0.36 [-1.24. 0.53]
Boukelia et al.. 2018 B ————— 08.13%  -1.08[-1.98,-0.18]
Boussetta et al.. 2017 — 07.26% -1.25[-2.21,-0.29]
Brito et al., 2020 P—'—w—4 10.00% -0.59 [-1.38, 0.20]
Brito et al., 2020 —_— 10.24% -0.85 [-1.63, -0.08]
Chan-Dewar et al., 2012 —_—— 09.06% 0.09 [-0.75, 0.92]
De Brito et al., 2015 —.—— 10.93% -0.76 [-1.50, -0.02)
Focht et al., 2009 — 14.12% 005 [-0.67, 0.57)
Jones et al., 2008 -— : 07.78% -1.29[-2.21,-0.37]
Jones et al., 2009 . 05.36% -1.22 [-2.36,-0.07]
O'Connor et al., 1992 —_—— 08.84% -0.51 [-1.37, 0.34]
g ‘ -0.65 [-0.93. -0.36]
I | I
-2 -1 0 1 2

Figure S1. Forest plot of the standardized effect sizes (hedges’ g) for systolic blood pressure (SBP)
grouped by: a) effect of morning exercise (pre vs. post) and b) effect of evening exercise (pre vs.
post). A negative value means an acute reduction of the outcome 15 — 60 minutes after exercise. CI

= confident interval

Author(s) and year Weight 2[95% CI)

a) Morning :
Azevedo et al, 2017 t—-—E—c 08.07% -0.13 [-1.01, 0.75]
Boukelia et al., 2018 —_— 07.98% -0.98 [-1.86,-0.09]

Boussetta et al., 2017 —_— 07.69% -0.72 [-1.62, 0.19]
Brito et al., 2020 —_— 09.96% 0.00 [-0.77, 0.77]
Brito et al., 2020 —_—— 10.52% 0.15 [-0.59, 0.89]
Chan-Dewar et al., 2012 i—'—f—-‘ 08.62% -0.37 [-1.21, 0.48]
De Brito et al_. 2015 —_—— 11.10% 0.00 [-0.72, 0.72]
Focht et al., 2009 —— 13.34% -0.51[-1.14, 0.12]
Jones et al., 2008 !f—-—i 08.18% 0.83 [-0.04, 1.70]
Jones et al., 2009 v + 1 05.80% -0.54 [-1.62, 0.53]
O'Connor et al., 1992 08.74% 0.04 [-0.80, 0.88]

0.19[-0.47, 0.09]

b) Evening

Azevedoetal., 2017
Boukelia et al.. 2018

—_—
¢:.
—_—— 07.23% 0.69 [-0.21, 1.60]
—_— 08.21%  -0.48[-1.32, 0.37)
Boussetta et al., 2017 —_— 07.46% -0.47 [-1.36, 0.42]
Brito et al., 2020 — e 09.96% -0.15 [-0.92, 0.62]
Brito et al., 2020 —_— 10.74%  -0.11[-0.86, 0.63]
Chan-Dewar et al., 2012 —_— 07.71% -0.87 [-1.74, 0.01]
De Brito et al., 2015 — 11.50% -0.14 [-0.85, 0.58]
Focht et al., 2009 ——— 15.12%  -038[-1.00, 0.25]
Jones et al., 2008 —_— 08.35% -0.29 [-1.13, 0.55]
Jones et al_, 2009 T 05.30% -0.24 [-1.29, 0.82]
O'Connor et al., 1992 —_— 08.43% 0.08 [-0.76, 0.92]
-}

-0.22 (046, 0.02)

Figure S2. Forest plot of the standardized effect sizes (hedges’ g) for diastolic blood pressure (DBP) grouped by:
a) effect of morning exercise (pre vs. post) and b) effect of evening exercise (pre vs. post). A negative value means

an acute reduction of the outcome 15 — 60 minutes after exercise. CI = confident interval



Author(s) and year Weight d [95% CT]

Morning :

Aldemir et al., 2005 —_— 13.08% -0.19 [-1.12, 0.74]
Brito et al., 2020 |—.—E—4 14.73% -0.29 [-1.07, 0.48]
Brito et al., 2020 —_— 15.08%  0.00[-0.74, 0.74]
De Brito et al., 2015 F—I-E—l 15.35% -0.13 [-0.85, 0.59]
Di Blasio et al., 2010 -~ é 16.59% -1.50 [-2.10, -0.89]
Jones H et al., 2008 o—:—-—c 13.86% 0.57[-0.29, 1.42]
Jones H et al., 2009 4—-—‘0 11.31% -0.95 [-2.06, 0.16]
—— <>— -0.36 [0.92, 0.19]
Aldemir et al., 2005 n—-——a 10.93% -0.51 [-1.45, 0.44]
Brito et al., 2020 v—-—| 14.78% -0.30 [-1.07, 0.48
Brito et al., 2020 o—l—c 15.49% -0.41[-1.16, 0.34
De Brito et al., 2015 p—.;—a

]
1
1636%  -0.32[-1.05, 0.40]
]
1
1

Di Blasio et al., 2010 —_— 21.11% -1.40 [-1.99, -0.80'
Jones H et al., 2008 —_—— 12.56% -0.69 [-1.55, 0.17
Jones H et al., 2009 n—-—:—c 87.69% -0.60 [-1.68, 0.47

—_— -0.65 [-1.00, -0.30]

Morning vs Evening
Aldemir et al., 2005 —_— 09.35% 0.03 [-0.90, 0.96]
Brito et al., 2020 —_—-— 13.55% 0.00 [-0.77. 0.77]
Brito et al., 2020 —_—-— 14.59% 0.05 [-0.70, 0.79]
De Brito et al., 2015 D—I—‘ 15.64% 0.03 [-0.69, 0.74]
Di Blasio et al., 2010 »—i—a 28.20% -0.02 [-0.55, 0.51]
Jones H et al., 2008 D—E-l—l 11.43% 0.13[-0.71, 0.97]
Jones H et al., 2009 »—-’:—c 07.25% -0.03 [-1.09, 1.02]

—_—

0.02 [-0.26,0.30]

-2 -1 0 1 2

Figure S3. Forest plot of the standardized effect sizes (hedges’ g) for mean blood pressure (MBP) grouped by: a) effect
of morning exercise (pre vs. post), b) effect of evening exercise (pre vs. post), and c) effect of the time of the day
(morning vs. evening effects). For a) and b), a negative value means an acute reduction of the outcome 15— 60 minutes
after exercise. For c), a negative value means the effect of exercise performed in the evening is greater than the effect

of exercise performed in the morning. CI = confident interval

Author(s) and year Weight £[95% CT]
) Morning :
Femandes et al., 2014 i—i—| 10.26% 0.00 [-0.98, 0.98]
Galliven et al., 1997 —_— 08.94% -0.22 [-1.36, 0.93]
Hobson et al., 2009 i [ — 06.44% 2.52[0.99,4.04]
Larsen et al., 2019 P o—— 10.21% 146047, 2.45]
Melver et al., 2019 —_— 11.61% 0.00 [-0.75, 0.93]
Munan et al., 2019 I—I-—c 12.26% -0.11 [-0.88, 0.66]
Ruegemer et al., 1990 —_— 06.55% 1.89[0.38,3.39]
Savikj etal., 2018 —_—— 11.01% 0.64 [-0.26, 1.54]
Tanaka et al , 2021 —_—.— 11.20%  -0.19[-1,07,0.69]
Toghi-Eshghi et al., 2019 I—-—.—I 11.52% 0.42[-0.43,1.27]
f—_—— 0.510.03,0.99]
b) Evening
Femandes et al., 2014 l—l—-—l 09.53% -0.15[-1.14, 0.83]
Galliven et al., 1997 )—i—| 07.57% 0.00 [-1.14, 1.14]
Hobson et al., 2009 P — 06.08% 1.55[0.25,2.85]
Larsen et al., 2019 P - 10.19% 110[ 0.16,2.04]
Meclver et al., 2019 D—I—i 12.02% 0.32[-0.52, 1.16]
Munan et al, 2019 —. 13.57%  -D20[-097,057]
Ruegemer et al., 1990 06.47% 0.10[-1.15, 1.36]
Savikj etal. 2018 [ 1L14%  -041[-130,047]
Tanaka et al., 2021 —_—— 11.31% -0.07 [-0.95. 0.81]
Toghi-Eshghi et al., 2019 I—I—:—! 12.11% -0.11 [-0.95, 0.72]
.¢::;- 0.14 [-0.20, 0.49]
I [ I
2 1 0 1 2

Figure S4. Forest plot of the standardized effect sizes (hedges’ g) for diastolic blood glucose grouped by: a) effect of
morning exercise (pre vs. post) and b) effect of evening exercise (pre vs. post). A negative value means an acute

reduction of the outcome 15 — 60 minutes after exercise. CI = confident interval



Chapter 4. Sexual dimorphism on the acute effect of
exercise in the morning vs. evening: A Randomized
Crossover Study

1. Abstract

Mammalian cells possess molecular clocks which adequate functioning is decisive for
metabolic health. Exercise is known to modulate these clocks, potentially having distinct
effects on metabolism depending on the time of day. Using a randomized crossover design,
this study investigated the impact of morning vs. evening moderate-intensity aerobic
exercise on glucose regulation (continuous glucose monitoring) and energy metabolism
in healthy men and women. It also aimed to elucidate molecular mechanisms within
skeletal muscle. Results indicated similar systemic glucose and energy metabolism during
and after exercise in both sexes. Notably, transcriptional analysis, mitochondrial function,
and mitochondrial proteomics revealed marked sexual dimorphism and time of day
variations. These findings may translate into observable systemic effects with higher
exercise-intensity or chronic exercise interventions and provides a foundational molecular

framework for precise exercise prescription in clinical setting.
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2. Introduction

Mammalian cells and tissues possess molecular clocks that coordinate physiology
working as a coupled network . Cues such as light/dark, food and physical activity interact
with the molecular clocks to generate approximately 24-hour oscillations (i.e., circadian
rhythm) in the function of thousands of genes'. Adequate functioning of this circadian
machinery is decisive for optimal metabolic health?. In humans, its disruption through
shifted sleep patterns or inadequate eating window has demonstrated to increase the risk

of obesity, type 2 diabetes mellitus and cardiovascular diseases’.

Exercise is a powerful and well-recognized modulator of the skeletal muscle metabolism®.
Indeed, aligning the timing of exercise (i.e., the moment of the day when exercise is
performed) with the individual’s circadian rhythms could be an effective approach in
maximizing the positive influence it has on metabolic function and overall health®.
Epidemiological studies underscore the relevance of the time of exercise for inducing
health benefits*”, but the results are not conclusive regarding glucose homeostasis® or

lipid metabolism®. Some studies have reported that fat oxidation'*"

and energy
expenditure (EE)" were higher in the evening, whereas others did not observe any
discernible differences in these outcomes based on the time of day (morning vs. evening)*-
. Crucially, the majority of these studies have been focused on men. Women remain
disproportionately underrepresented in exercise medicine research despite significant
biological differences®. Given the need of action to redress this sex gap in research and the
growing interest surrounding the comprehension of women’s physiology over recent
decades, there exists a noteworthy scientific, clinical, and practical interest in ascertaining

the molecular and physiological mechanisms explaining the potential exercise-induced

diurnal variation differences between sexes on health-related metabolic parameters.

This study aimed to determine the differential impact of an acute exercise session
performed in the morning vs. evening on glucose regulation, energy metabolism and
metabolic health in healthy men and women, and to explore the underlying skeletal
muscle molecular mechanisms. Investigating the optimal time for exercise is a matter of
clinical and public health importance in the prevention and treatment of metabolic
diseases. Exploring distinct responses in both men and women is imperative for
addressing sex gap and creating inclusive guidelines. Further, examining molecular

mechanisms can be of interest for implementing precision medicine in the clinical setting.



3. Methods

3.1. Subject details

Thirty-five healthy adults (men, n=18; women, n=17) completed the current trial.
Participants mostly presented intermediate and moderate chronotypes. Recruitment was
done via advertisements in social networks and at different faculties of the University of
Granada (Spain). Inclusion criteria were i) age between 18 and 50 years, ii) body mass
index (BMI): 18.5-27 kg/m*and iii) practising exercise less than 5 days per week. Exclusion
criteria were i) history of disease (i.e., major adverse cardiovascular event, kidney failure,
cirrhosis, eating disorder, weight control surgery, HIV/AIDS, rheumatoid arthritis,
Parkinson's disease, active cancer treatment in the past year, diabetes mellitus), ii) use of
drugs or medications that may affect the results, iii) unstable body weight for 3 months
before the start of the study (> 4 kg weight loss or gain), iv) pregnancy and breastfeeding,
v) active tobacco abuse or illicit drug use or a history of alcohol abuse treatment, vi) on a
special diet or prescribed for other reasons (e.g., celiac disease). Sample size was
calculated based on the results of a previous pilot study conducted in our laboratory. A
total of 17 participants are needed to observe statistically significant differences between
conditions (morning vs. evening) in fat oxidation during exercise [~10-15%] (80%
statistical power and an a of 0.05). In order to conduct the analyses in men and women

separately, we finally recruited 18 men and 17 women.
3.2. Study design

The present study is a randomised crossover trial. In a randomised and counterbalanced
order, each participant performed a single bout of aerobic exercise at two different times
of day: (i) morning (i.e., 11:30 a.m.), and (ii) evening (i.e., 6:30 p.m.) with a washout period
of at least 3 days in between. This trial strictly followed CONSORT guidelines
(http://www.consort-statement.org/consort-statement) and was registered at the

https://clinicaltrials.gov (NCT05369715).

3.3. Study approval

All procedures were performed according to the Declaration of Helsinki, and it was
approved by the Human Research Ethics Committee of the University of Granada and the

Provincial Human Research Ethics Committee (Junta de Andalucia, ref. 1288-N-20). All



participants gave their oral and written informed consent. Data for each participant were

collected over 4 visits. Figure 7 shows the overall design of the study.
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Figure 7. Overall procedures used in the study. Visit 1: preliminary examinations and body

composition; visit 2: maximal effort test and start monitoring interstitial glucose (Continuous Glucose

monitor) and physical activity (accelerometer); visits 3 and 4: one hour steady state test on cycle-

ergometer at 65% resHR randomly at 11:30 or 18:30. Every exercise protocol was separated by at least

3 days. Participants were asked to follow and standardized isocaloric diet and refrain from moderate

and vigorous physical activity the previous day. The first and second day after visit 3 participants

registered every meal and physical activity and replicate it after visit 4. Each black circle represents

one day. Continuous lines connect consecutive days, dashed lines connect days that may not be

consecutive. Abbreviations: HOME, HOME Morningness—Eveningness Questionnaire; IPAQ,

International Physical Activity Questionaire; resHR, Heart Rate Reserve.

3.4. Visit 1. Preliminary examination

Sociodemographic, lifestyle and body composition data were registered, and a medical

screening was performed. Participants completed the HOME questionnaire to determine

individual’s chronotype (i.e., morningness—eveningness), and the short version of the

International Physical Activity Questionnaire (IPAQ) to assess their physical activity

levels. Height and weight were measured (no shoes, light clothing) using a model 799 Seca

scale and stadiometer (Seca, Hamburg, Germany). Body fat mass and percentage, lean

body mass, and visceral adipose tissue (VAT) mass were evaluated by dual X-ray

absorptiometry (Discovery Wi, Hologic, Inc, Bedford, MA, USA) and analysed by APEX

software. The device was calibrated each day using a lumbar spine phantom. Participants



were asked to remain still while being scanned in the supine position, as per guidelines
from the International Society of Clinical Densitometry”. BMI, lean mass, and fat mass

indexes were expressed as kg/m?
3.5. Visit 2. Cardiorespiratory fitness

Cardiorespiratory fitness was assessed through a maximal effort test in an Ergoselect 200
cycle ergometer (Ergoline GmbH, Lindenstrasse, Germany). Previous physical activity and
diet were controlled (see: “Control of cofounder variables”). A Polar OHI
photoplethysmographic heart-rate monitor (Polar Electro Oy, Kempele, Finland) was
placed in the forearm to measure heart rate. After a resting period of 10 minutes, the
maximum effort test started with a 3 min stage at 20 watts (W) as a warm-up, followed
by increments of 20 W every 3 min until the respiratory exchange ratio (RER) was =1 at
least for 30s *°. At this point, further increments of 20 W every 1 min were implemented
(with no interruptions) until (i) volitional exhaustion was reached, or (ii) participants had
to stop because of peripheral fatigue. Through the maximum effort test, participants’
fatigue perception was assessed using a rating of perceived exertion (RPE) scale (Borg
CR10 Scale ®). Respiratory gas exchange was measured during the entire exercise test by
indirect calorimetry (Quark CPET, Cosmed, Rome, Italy) and collected with a facemask
(Hans Rudolph, Inc.,, Shawnee, KS, USA). According to the manufacturer’s
recommendations, volume was calibrated using a 3 L calibration syringe and the gas
analyzer was calibrated using standard gas concentrations (O, = 16%, CO, = 5%)
immediately before each trial. Resting and maximum heart rate were used to calculate
exercise’ intensity in the following visits. Gas exchange data were exported from the
metabolic cart to an Excel spreadsheet in a sample frequency of 5 sec. Maximal volume of
oxygen consumption (VO max) was defined as a respiratory exchange ratio of =1.1, once a
VO, plateau was reached and having attained a heart rate value within 10 beats/min of the
individuals’ age- predicted maximum (209-0.73 x age)* during the maximal effort
exercise test. When participants did not achieve the VO, max criteria, VO, peak was used
as the highest VO, value that was not an artifact (we screened the data set from the 2nd to
the 10th subsequent largest VO2 uptake value). This value was calculated relative to the

body mass.
Control of cofounding variables (visit 2)

Participants were asked to complete the following pre-experimental conditions: (i) to

refrain vigorous physical activity the previous 48 hours and moderate physical activity the



previous 24 hours, (ii) to avoid caffeine ingestion 12 hours before, and (iii) to sleep with
normality the night before. In case of women, the phase of their menstrual cycle was
registered. Room temperature was controlled to maintain a range between 20-24°C.
Participants attended the laboratory in fasting conditions (4 h) after the ingestion of a

complete self-selected meal.
3.6. Visits 3 and 4. Morning and evening moderate-intensity aerobic exercise

On third and fourth visits (Figure 8), participants performed a 60 min steady-state
exercise bout on the same cycle ergometer used for the effort test at an intensity of 65% of
their heart rate reserve (HRR) either at 11:30 a.m. or 6:30 p.m. The conditions (morning or
evening, respectively) were randomized, and visits were separated by a range of 4 to 25
days (median = 7).
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Figure 8. Detailed procedures on visits 3 and 4, where exercise (time point: 90’) was performed either at
11:30 or 18:30 in random order. A standardized meal (i.e.: bread, cheese, olive oil and fruit) was consumed
4 hours before arrival (-240’). At arrival (0’) a heart rate monitor was placed in the forearm and 16
thermal iButton™. were attached to different skin points. After an acclimatation period, gas exchange
atrest was measured (30’) and a first blood sample was collected (60’). Then, gas exchange was measured
during 60 minutes of steady state exercise at 65% resHR (90’). A second blood sample after the test (150°)
was collected. They lay down again to stay 60 minutes resting where gas exchange was measured for 30
minutes in two separated 15 minutes stages (195’ and 225’). To finish, a third blood sample was completed
(240’). Participants were asked to consume a standardized meal within 1 hour after leaving the laboratory
(i.e.: salad with lettuce, tomato, sweet corn, carrot, tuna and olive oil, and potato omelette with egg,
potato, and olive oil). A skeletal muscle micro-biopsy was obtained from a subsample of 6 men and 8
women before and after exercise (60’ and 150’). Abbreviations: RMR, resting metabolic rate; resHR, Heart

Rate Reserve.



Continuous glucose monitoring

At least 24 hours before the third visit, participants started to wear a continuous glucose
monitor (FreeStyle LibrePro, Abbot, Alameda, CA, USA) in the non-dominant upper-arm
and maintained until the end of the study. We calculated hourly values and defined
daytime interstitial glucose levels as the mean glucose concentration from 06:00 hours to
23:59 hours and nocturnal glucose as the mean glucose concentration from 24:00 hours
to 05:59 hours as recommended by current guidelines®. For both morning and evening
conditions, mean, area under the curve (AUC) and coefficient of variation (CV) were
calculated for the 24 hours previous to exercise day (i.e., Pre 24h), the 24 hours of the
exercise day (i.e., Exercise), and the two subsequent days to exercise (i.e., Post 24 h and

Post 48 h, respectively) (Figure 7).
Physical activity and sleep

At least 24 hours before the third visit, participants were fitted with a non-dominant
wrist-worn triaxial accelerometer (ActiGraph GT3X+, Pensacola, Florida, USA) that they
wore until the end of the study. The devices were initialized to collect raw accelerations at
a frequency of 100 Hz for at least seven consecutive days (24 hours/day). In addition,
participants were instructed to register the bedtime and the wake-up time every day. Raw
data from the accelerometers were downloaded using the ActiLife software (ActiGraph,
Pensacola, FL, USA) and then processed with the open-source GGIR R package, version
3.0-0%. In brief, the Euclidean Norm of the raw accelerations Minus One G with negative
values rounded to zero (ENMO) was calculated over 5-second epochs; non-wear time
periods were identified from the magnitude and variability of the raw accelerations
measured at each accelerometer axis*, and imputed when appropriate by the average
ENMO at the same time interval during the rest of the recording days; sleep and awake
periods were identified using an automated algorithm based on the variability of the arm
posture and guided by the sleep times reported by the participants. Then, sedentary (<30
mg), light (30-99 mg), and moderate-to-vigorous (= 100 mg) activities were classified
using the Hildebrand et al. cut-points **?*¢. Finally, moderate-to-vigorous physical activity
was considered when the activity above the moderate-to-vigorous threshold lasted at
least 5 minutes, allowing for a maximum of 1 minute below the threshold. During the sleep
period time, minute-by-minute classification of sleep vs awake status was conducted, and
then total sleep time, total time awake after sleep onset”, and sleep efficiency were

calculated for analytical purposes.



Energy metabolism assessment

Resting period before exercise

Participants arrived the laboratory (Figure 8, time point: 0’) and lay down in a stretcher
and stay relaxed for 30 min (acclimatation period), a time during which they were
instructed not to move, talk, sleep nor cross their arms and/or legs. Then (Figure 8, time
point: 30’), following the same instructions, gas exchange at rest was collected and
measured by using a ventilated canopy hood attached to the Quark RMR metabolic cart

for 30 minutes. Exactly the same procedures were followed on the second visit.

Steady-state exercise bout

Participants were equipped with a facemask for collecting gas exchange. The gas exchange
measurement started 1 min before the beginning of the steady-state test with the
participants sitting on the cycle ergometer without pedalling, and connected to the Quark
RMR cart. After 1 min of gases recording in resting conditions, the steady-state test at 65%
HRR intensity started (Figure 8, time point: 90’; i.e., Pre) and continued (constant
intensity) until completing a total of 60 minutes, the moment at which the test finished
(Figure 8, time point: 150’; i.e., Post). Gases exchange was continuously measured. Every

5 min, participants were asked to report their fatigue perception using RPE scale.

Resting period after exercise

Participants lay down for 60 minutes where resting gas exchange was measured (using a
canopy hood for gases collection) for 30 minutes in two separated 15 minutes stages
(Figure 8, time point: 195’ to 210’ and 225’ to 240’; i.e., Post), corresponding to 45 to 60

and 75 to 90 minutes after exercise, respectively.

Gases exchange data

Gas exchange data were downloaded at a sample frequency of 5 seconds, and VO, and
volume of carbon dioxide production (VCO,) were used to estimate EE and respiratory
exchange ratio (RER=VCO,/VO,). EE was estimated using Weir’s abbreviated equation®®

considering zero nitrogen excretion.
EE (kcal/min) = (1.106 * VCO,) + (3.941* VO,)

For gas exchange data at rest (i.e., Resting), the first 5 minutes of measurement were
discarded”. Then, average VO,, VCO,, RER and EE Pre and Post exercise were calculated.

For gas exchange data during exercise, continuous data (every 10 seconds) from VO,,



VCO,, RER, and EE were used to examine potential kinetics point by point differences
between morning and evening exercise. Average baseline (i.e., Pre) values were used to
adjust gas exchange data during exercise to account for circadian variability in resting gas

exchange.
Heart rate

The same heart-rate monitor described in visit 2 was placed in the forearm to measure

heart rate during the whole visits 3 and 4.
Skin temperature

A total of 16 thermal iButton™ (iButtons DS 1922 L, Maxim, Dallas, USA) were attached to
the skin in different spots upon arrival at visits 3 and 4 (i.e.: forehead, left pectoralis, left
elbow region, left index fingertip, left forearm, rear neck central area, right clavicula, right
deltoid, right shinbone, right sub-clavicular area, right supra- clavicular area, right thigh,
and upper breastbone). Skin temperature measurements were taken every 60s
(resolution: 0.0625 °C)*°. The programming of iButtons®, as well as the downloading and
initial processing of raw data, were performed using the Temperatus® software®.
Following the completion of the experiment, the data for each iButton were downloaded
every 60 seconds and saved in a CSV file. Anomalies in the data were eliminated by
excluding time points where the rate of change from the previous value exceeded the
interquartile range between quartiles 1 and 3 (corresponding to percentiles 25 and 75,
respectively) for the entire dataset®>. Subsequently, the data were divided into 5-minute
blocks, and the average value calculated, resulting in 12 mean values (one for each 5-
minute block during the 60-minute steady-state test). Finally, the overall mean
temperature®, as well as the proximal®** and distal skin temperatures, were determined
using the Temperatus® software®*?¢, which is a valid and reliable tool for that purpose®>*.
The equations used for calculating overall mean temperature, as well as the proximal and

distal skin temperatures were**:

Overall mean skin temperature = (Forehead*0.07) + (Right Scapula*0.175) +
(Left Chest*0.175) + (Right Deltoid*0.07) + (Left Elbow*0.07) + (Left Hand*0.05) +
(Right Thigh*0.19) + (Right Gastrocnemius*0.2).

Proximal skin temperature = (Right Thigh*0.383) + (Right Clavicular*0.293) +
(Right Abdomen*0.324).

Distal skin temperature = (Left Hand+Right Instep) /2.



Blood samples

Intravenous blood samples from the antecubital vein were taken before (Figure 8, time
point: 60’;i.e., Pre), immediately after (Figure 8, time point: 150’;i.e., Post) and 90 minutes
after (Figure 8, time point: 240’; i.e., 90 min post) the exercise bout. Two tubes per sample
were collected (Tube Vacutainer 5 ml serum+gel PL, SST™, BD Medical). The tubes were
left to rest for 45 min at room temperature, then centrifuged at 1300 relative centrifugal
force for 10 minutes. The first was stored at 4°C for 24 — 72 h until analysis. The second

was used to prepare serum aliquots and stored at -80°C until analysis.

Serum parameters

Glucose, triacylglycerol lipase, creatine kinase, lactate dehydrogenase (LDH), triglyceride,
total cholesterol, c-reactive protein (CRP), C3 complement and C4 complement were
determined in a Beckman Coulter AU5832 analyzer (Beckman Coulter Inc., Brea, CA, USA).
The homeostatic model assessment index of insulin resistance (HOMA-IR) was
subsequently calculated?®. Insulin, cortisol, thyrotropin (TSH), free triiodothyronine (T3)
and thyroxine (T4) were determined using chemiluminescent immunoassay of Beckman

Coulter with a DXI analyzer (Beckman Coulter Inc., Brea, CA, USA).
Control of cofounding variables (visits 3 and 4)

Participants were asked to complete the same pre-experimental conditions described in
“control of cofounding variables (visit 2)”. For women the phase of their menstrual cycle
was registered. Room temperature was controlled to maintain a range between 20-24°C.
Participants followed a standardized diet during the previous day (i.e., Pre 24h) (Figure 7).
The ingredients were adequately defined (balanced menu with approximately 55%
carbohydrates, 27% fat and 18% proteins), being quantities chosen by the participants ad-
libitum. The exercise day, they consumed a standardized meal (i.e.: white bread, cheese,
olive oil, and apple or similar fruit) 4 hours before exercise (Figure 8, time point: -240’).
The subsequent meal was again standardized and consumed within 1 hour after leaving
the laboratory (i.e.: salad with lettuce, tomato, sweet corn, carrot, tuna and olive oil, and
potato omelette [egg, potato, and olive oil]) (Figure 8, time point: 300’). They were
provided with a template for the register of their food consumption and compliance was
checked by the researchers after finishing the study. Similarly, they were instructed to
replicate, as closely as possible, the physical activity they engaged in at Post 24h and Post
48h after visit 3, aiming to reproduce it after visit 4. Data from accelerometers were

utilized to corroborate this.



Muscular biopsies

Muscular biopsies were taken from the vastus lateralis’ distal part of the quadriceps in a
sub-sample (6 men and 8 women) before (Figure 8, time point: 60’; i.e., Pre) and
immediately after (Figure 8, time point: 150’; i.e., Post) the steady state exercise bout.
Biopsies were performed by an experienced surgeon using microbiopsy needles (Achieve
Automatic Needle 16G x 15 cm), obtaining ~30 mg per biopsy after previous local
anaesthesia with 2% lidocaine. From each time point (Pre and Post), 4 skeletal muscle
samples were collected. The first one was treated fresh to study mitochondrial respiration
and the rest were immersed in liquid nitrogen and stored at -80°C until further analysis

(i.e.: transcriptomics, proteomics and mitochondrial supercomplexes).
Mitochondrial oxygen consumption

Fresh skeletal samples were preserved six hours in BIOPS medium (10 mM Ca-EGTA
buffer, 0.1 pM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM
DTT, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM phosphocreatine, pH 7)*. Skeletal muscle
samples (~10 mg) were submerged in 1 mg/mL proteinase K solution for 60 s. Then, muscle
was homogenized (1: 10, w/v) in isolation buffer (250 mM sucrose, 2 mM EDTA, 10 mM
Tris, 0,5% free fatty acids albumin, pH 7.4) at 800 rpm at 4°C with a glass—teflon
homogenizer. The homogenate was centrifuged twice at 1,000 g for 5 min at 4°C, and the
supernatant was centrifuged at 23,000 g for 10 min at 4°C. Then, the mitochondrial pellet
was resuspended in 100 pl of isolation buffer, and a 10 pl aliquot was used for protein
determination. The remaining sample was washed with 900 pl of isolation buffer and
centrifuged at 13,000 g for 3 min at 4°C. The final crude mitochondrial pellet was
resuspended in 90 pl MAS 1x medium [70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4,
5 mM MgCl2, 2 mM HEPES, 1 mM EGTA and 0.2% (w/v) fatty acid-free BSA, pH 7.2].
Mitochondrial respiration was measured by using an XFe24 Extracellular Flux Analyzer
(Seahorse Bioscience)*’. Mitochondria were first diluted to the needed concentration
required for plating in cold 1x MAS (lpg/pL). Next, 50 pl of mitochondrial suspension was
delivered to each well (except for background correction wells) while the plate was on ice.
The plate was then centrifuged at 2,000 g for 10 min at 4°C. After centrifugation, 450 pl of
1x MAS + substrate (10 mM succinate for complex II or 2 mM malate, 2 mM glutamate and
10 mM pyruvate for complex I) was added to each well. Respiration by the mitochondria
was sequentially measured in a coupled state with substrate present (basal respiration or
State 2), followed by State 3o (phosphorylating respiration, in the presence of ADP and

substrates); State 4 (non-phosphorylating or resting respiration) was measured after the



addition of oligomycin when all ADP was consumed, and then maximal uncoupler-
stimulated respiration (State 3u). The respiration control ratio (RCR) was calculated as
State 30/State 4. Injections were as follows: port A, 50 pl of 40 mM ADP (4 mM final); port
B, 55 pl of 30 pg/ml oligomycin (3 pg/ml final); port C, 60 ul of 40 uM FCCP (4 pM final);
and port D, 65 pl of 40 pM antimycin A (4 pM final). All data were expressed in

pmol/min/pg protein*
Mitochondrial proteomics analysis

Frozen skeletal muscle samples (~10 mg) were homogenised with 5 strokes in a Potter-
Elvehjem tissue grinder attached to a rotating drill (~1000 rpm) in 1 mL solution B (ImM
EDTA, 220mM mannitol, 20mM HEPES-KOH [pH = 7.6], 70mM sucrose, 0.5mM PMSF)
and spun at 1000 x g for 5 min at 4 °C. The supernatant was further spun at 12,000 x g for
10 min at 4 °C, and the ensuing pellet was stored frozen at —-80 °C for subsequent
proteomics analysis®. The pellet was transferred into a 2 ml centrifuge tube, containing
two steel beads, 1X Cocktail with lysis buffer L3 (7M urea, 2M thiourea, 0.2% SDS, 20mM
tris, pH 8.0-8.5) and 0.2 M EDTA. After 5 minutes in ice, 10 mM DTT was added in each
tube. Samples were homogenised by using a grinder (60 Hz, 2 min), centrifugated at
25,000 g for 15 min at 4°C for 15 minutes. The supernatant was collected and incubated in
a water bath at 56°C for 1 hour. 55 mM of IAM was added, and the sample was placed in a
dark room for 45 minutes. Cold acetone was added to the protein solution at a ratio of 1:5,
and the resultant solution was placed in a refrigerator at -20°C for 30 minutes. The sample
was then centrifuged at 25,000 g for 15 min at 4°C for 15 minutes. The resultant pellet was
air-dry precipitated by adding lysis buffer (without SDS L), homogenate in a use a grinder
(60 Hz, 2 min) to promote protein solubilization. Then, the sample was centrifugated at
25,000 g for 15 min at 4°C. The resultant supernatant was identified as protein solution

formass spectrometry experiments.

100 pg of each protein sample was centrifuged at 12,000 g for 20 minutes at 20°C. 100pl
0.5M TEAB was added to the resultant pellet, and then centrifuged at 12,000g for 20
minute at 20°C. Trypsin enzyme was added in a protein in a trypsin/protein ratio 1:20, and
the sample was incubated for 4 hours at 37°C. After that, sample was centrifugated at
12,000 g for 15 min at 20°C. The peptide solution after enzymatic digestion was collected
at the bottom of the tube. 100pL of 0.5M TEAB was added to the ultrafiltration tube, and
centrifuged 12,000g for 15 min at 20°C. After protein digestion, each peptide sample was

resuspended in a 200-pl volume of buffer A (2% acetonitrile, can, 0.1% formic acid, FA),



centrifuged at 20,000g for 10 minutes, and the resultant supernatant was taken for

injection.

Separation was performed by Thermo UltiMate 3000 UHPLC (Thermo Fisher Scientific,
San Jose, CA). The sample was first enriched in trap column and desalted, and then entered
a tandem self-packed C18 column (75pm internal diameter, 3pm column size, 25cm
column length) and separated at a flow rate of 300nL/min through the following effective
gradient: O~5 minutes , 5% mobile phase B (98% ACN, 0.1% FA); 5~90 minutes, mobile
phase B linearly increased from 5% to 26%; 90~100 minutes, mobile phase B increased
from 26% to 35%; 100~108 minutes, mobile phase B rose from 35% to 80%; 108~113
minutes, 80% mobile phase B; 113~113.5 minutes, mobile phase B decreased to 5%;
113.5~120 minutes, 5% mobile phase B. The nanoliter liquid phase separation end was
directly connected to the mass spectrometer. The peptides separated by liquid phase
chromatography were ionized by a nanoESI source and then passed to a tandem mass
spectrometer Q-Exactive HF X (Thermo Fisher Scientific, San Jose, CA) for DDA (Data
Dependent Acquisition) mode detection. The main parameters were set: ion source
voltage was set to 1.9kV, MSI scanning range was 350~1,500m/z; resolution was set to
60,000; MS2 starting m/z was fixed at 100; resolution was 15,000. The ion screening
conditions for MS2 fragmentation: charge 2+ to 6+, and the top 30 parent ions with the
peakintensity exceeding 10,000. The ion fragmentation mode was HCD, and the fragment

ions were detected in Orbitrap. The dynamic exclusion time was set to 30 seconds.

The raw data was identified using the software MaxQuant (version 1.5.3.30). At the
spectrum level, filtering was performed with PSM-level FDR < 1%, and at the protein level,
further filtering was performed with Protein-level FDR < 1%. WoLF PSORT software was
used to filter the results by subcellular localization. Only proteins that the software
predicted to be located at mitochondria were further analyzed. Functional analysis was
developed by using GO, KOG, KEGG database. Based on the quantitative values obtained
from each protein in multiple replicates of the sample, fold-change was obtained in the
comparative groups. P <0.05 in the t-test was considered statistic significant in the
comparison between groups. MitoCarta 3.0** was used to grouped the proteins in

mitochondrial pathways*.



Transcriptome analysis by RNA-Seq

RNA from skeletal muscle was extracted using Trizol (Invitrogen). The RNAs were
precipitated, and their quality and quantity assessed using an Agilent Bioanalyzer 2100
and an RNA 6000 chip (Agilent Technologies). Subsequently, cDNA libraries were
constructed using the Hieff NGS™ Ultima Dual-mode mRNA Library Prep Kit (Yeasen),
and their quality was checked using an Agilent Bioanalyzer 2100 with a DNA 1000 chip
(Agilent Technologies). The libraries were then subjected to Paired End 150 sequencing in
a DNBSEQ-G400 system (MGI), with a target of 40M reads per sample. The quality of the
resulting sequencing reads was evaluated using FastQC. The
GCF_000001405.39_GRCh38.p13 reference human genome was obtained from the NCBI
database. Filtering was performed using SOAPnuke, developed independently by BGI,
with the following criteria: removal of reads containing adaptor pollution; removal of
reads with an N content greater than 5%; and removal of low-quality reads, defined as
reads with bases having a quality score less than 15, and with the proportion of total bases

in the reads greater than 20% considered as low-quality reads.

The filtered "Clean Reads" were savld in FASTQ format. Subsequently, HISAT was utilized
to align reads to each genomic locus. Bowtie2 was employed to map the clean reads to the
reference gene sequence (transcriptome), and RSEM was used to calculate the gene

expression level for each sample.
Evaluation of supercomplexes formation by BNGE

Supercomplexes levels were analyzed in isolated mitochondria from human muscle
biopsis by BNGE (1. Wittig, H. P. Braun, H. Schigger, Blue native PAGE. Nat. Protoc. 1, 418—
428 (2006). Mitochondrial proteins were solubilized with 10% digitonin (4 g/g;

Sigma-Aldrich D5628) and run on a 3 to 13% gradient Blue native gel. The gradient gel was
prepared in 1.5-mm glass plates using a gradient former connected to a peristaltic pump.
After electrophoresis, the gels were further processed for Western blotting. After BNGE,
proteins were electroblotted onto polyvinylidene difluoride (PVDF) transfer membrane
(Immobilon-FL, 0.45 pm; Merck Millipore, IPFLO0010) for 1 hour at 100 V (complex IV)
(anti-COI, Invitrogen MTCO1 459600), complex III (anti-UQCR2, Proteintech, 14742-1-
AP) and VDACI (Abcam, ab15895). The secondary antibodies were goat anti-rabbit IgG
(H+ L), Alexa Fluor 680 conjugate (A-21076) from Life Technologies and anti-mouse
dylight 800 from Rockland (610145002) and acquired with the ODYSSEY Infrared

Imaging System (LI-COR) were incubated for 45 min at RT.



3.7. Statistics
Descriptive statistics of the study subjects are shown as mean + standard deviation.

Continuous data obtained by specific outcomes related to indirect calorimetry (i.e., VO,,
VCO,, RER and EE every 10 seconds during exercise) were analyzed using Statistical
Parametric Mapping one-dimension (SPM1D)*¢ package available for Matlab (v.0.4, that
allows conducting conventional statistical tests on one-dimension-al data*. Previously,
smooth data function in Matlab was applied to all curves to smooth noisy data. Smooth
data returns a moving average of the force curve using a fixed window length that is
determined heuristically. We performed paired t-tests in SPM1D to compare VO,, VCO,,

RER and EE data curves during morning vs. evening exercise.

Normal mixed model using random intercepts were used to analyse changes in the
following outcomes: interstitial glucose, resting energy metabolism (i.e., VO2, VCO2, EE
and RER), physical activity and sleep (i.e., moderate to vigorous physical activity, low
physical activity, sedentary behaviour, sleep, total sleep time, WASO, times awake)
mitochondrial respiration (i.e., RCRy, RCRf, State 3y, State 3, State 4oy, State 40r),
mitochondrial super complexes (i.e., SC/VDAC), temperature and blood parameters. The
models included fixed effects for time and condition (two levels; morning vs evening), as
well as the unique patient identifier as a random effect separately for both men and
women. A paired t-test was used for comparing morning vs. evening sleep parameters
data. Time was described as continuous variables. Significance was set at P<0.05. These
analyses were performed with R version 3.5.2 using packages ‘lme4’ and ‘ImerTest’.
GraphPad Prism version 9.4.1. (GraphPad Software, San Diego, CA) was used to plot the

figures.

For transcriptomic analyses, we observed the number of genes changing their expression
at Pre in the morning, Post in the morning, Pre in the evening and Post in the evening.
Changes in expression levels of genes related to glycogen degradation, cytokines and
growth factors were calculated as Post — Pre in the morning, and separately in the evening.
Changes in expression levels of circadian genes were calculated as Morning — Evening at
Pre, and separately at Post. The DESeq2 method was applied to detect differentially
expressed genes. The transcripts that filled the inclusion criteria were then subjected to
gene classification, using a databank based on hand-curated literature. The list of
differentially expressed genes (DEG) was obtained by ANOVA filtering with FDR correcting

with a cut-off of adjusted P-value < 0.05. The fold changes are represented as log2FC



(base-2 logarithm of the fold change). The general canonical pathways implicated for the
significantly changed transcripts were generated by Ingenuity Pathway Analysis (IPA;
Ingenuity Systems, Redwood City, CA, USA) before being evaluated and P-values <0.05
were considered significant. Ingenuity Pathway Analysis (IPA; Ingenuity Systems,

Redwood City, CA, USA) was also used for generating the gene expression heatmaps*.

4. Results

Table 6. Descriptive data of the study subjects

Men (n=18) Women (n=17)
N Mean SD N Mean SD

General characteristics
Age 18 27.3 + 7.2 17 25.8 + 6.9
Chronotype 17 17

Definitely morning type 0 0

Moderately morning type 4 3

Neither type 9 12

Moderately evening type 3 1

Definitely evening type 1 1
Anthropometry and body composition
Body mass index (kg/m?) 18 24.3 * 2.4 17 22.2 * 1.9
Lean body mass (kg) 18 57.6 * 8.7 17 38.5 * 4.0
Lean mass index (kg/m?) 18 18.2 * 1.6 17 14.0 * 1.3
Fat mass (kg) 18 15.3 * 4.9 17 19.5 * 3.8
Fat mass index (kg/m?) 18 4.9 + 1.6 17 7.1 + 1.2
Fat mass (%) 18 20.2 + 5.1 17 32.2 + 4.3
Visceral adipose tissue mass (g) 18 2737 = 1483 17 2042 = 967
Apendicular lean mass (kg) 18 25.8 + 5.2 17 15.8 + 2.1
Apendicular lean mass index (kg/m?) 18 8.1 + L1 17 5.8 + 0.8
Cardiorespiratory fitness and physical
activity habits
VO2peak (mL/min) 18 3172.7 + 5093 15 2073.8 =+ 3618
VO2peak/lean mass (mL/kg/min) 18 55.6 * 9.5 15 54.1 * 8.4
Minutes of low physical activity per week 18 5333 + 9740 16 3563 + 2643
Minutes of moderate physical activity per 17 3297 + 4540 15 173.0 + 2304
week
i}/[:el;{ltes of vigorous physical activity per 17 2044 + 1920 14 1286 + 1131
Minutes of sedentary activities per week 16 23669 + 12133 14 2180.0 * 989.1

4.1. A single bout of moderate-intensity aerobic exercise in the morning and
evening demonstrates similar effects on systemic glucose regulation in both

men and women.

In order to study the potential influence of diurnal variations on glucose regulation in
response to exercise, a group of healthy men and women (Table 6) performed separated

bouts of moderate-intensity aerobic exercise, once in the morning (11:30 a.m.) and once in



24 h

Diurnal

Nocturnal

Mean glucose (mg/dL)
8
AUC glucose (mg/dL)

the evening (6:30 p.m.) while wearing a continuous glucose monitor (CGM) (Figure 7 and
Figure 8). Interstitial glucose levels during the 24 hours before exercise day, the exercise
day, and two subsequent days to exercise exhibited a similar response in both morning
and evening conditions (Figure 9A-F). When examining diurnal (Figure 9G-L) and
nocturnal (Figure 9H-R) glucose levels separately, no distinct differences were observed
between morning and evening conditions. However, in men the coefficient of variation of
glucose during the diurnal phase follows a different pattern when considering both the
exercise stimulus (changes in time) and time of day (changes in condition), with a greater

increase at 24 h post-exercise in the evening (time * condition P = 0.04) (Figure 9I).
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Figure 9. Interstitial glucose levels in response to exercise in the morning and evening conditions. Interstitial glucose
levels were assessed during the 24 hours before exercise day (Pre 24h), the exercise day (Exercise), and two subsequent
days to exercise (Post 24 h and Post 48 h, respectively). Figures A to F show average data from 24 hours each day. Figures
G to L show average data from diurnal glucose (6:00 to 23:59) each day. Figures M to R show average data from nocturnal
glucose (00:00 to 5:59) each day. Data from men (Figures A, B, C, G, H, I, M, N, O) and women (Figures D, E, F, ], K, L, P,
Q, R) are presented separately. Using normal mixed models to calculate the effect of time, condition and time and
condition (time x condition) interaction. Values are mean and CI. CGM: Continuous glucose monitoring; AUC: Area

under the curve; CV: coefficient of variation; CI: confident interval.
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Other blood parameters (i.e., plasma glucose, insulin and HOMA) were assessed pre- and
post-exercise, and 90 minutes post-exercise resulting into no differential effect of exercise
and time of day (Table 7 and Table 8). Free living physical activity levels objectively
assessed by accelerometery were similar between morning vs. evening exercise conditions

the 24 hours preceding exercise, on the exercise day, and in the subsequent days to
exercise (Figure 10).
As an overview, the behaviour of glucose in response to exercise is similar in the morning

and evening for both men and women. However, in men, there appears to be greater

variability in interstitial glucose levels the day after evening exercise.
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Figure 10. Free living physical activity levels during the 24 hours before exercise day (Pre 24h), the exercise day

(Exercise), and two subsequent days to exercise (Post 24 h and Post 48 h, respectively) in the morning and evening

conditions. Using normal mixed models to calculate the effect of time, condition and time and condition (time x

condition) interaction. Values are mean and CI. Abbreviations: MVPA: Moderate to vigorous physical activity;

LPA: Low physical activity; SB: sedentary behaviour.



Table 7. Blood parameters (men)

Glucose (mg/dL)

IBGI ratio
HOMA index
TGL (U/L)

CK (U/L)

LDH (U/L)

TC (mg/dL)
TG (mg/dL)
TSH (pUI/mL)
T4 (ng/dL)

T3 (pg/mL)

Insulin (pUI/mL)

Cortisol (pg/dL)

CRP (mg/L)
C3C (mg/dL)

C4C (mg/dL)

18

18

18

18

18

18

18

18

18

Morning Evening P-value
Pre Post 90 min post Pre Post 90 min post condition time tim.e .x
condition
771 = 14.8 78.7 + 14.8 79.3 + 14.8 75 = 14.8 757 + 14.8 771 = 14.8 049 036 0.99
6.8 = 8.6 109 + 8.6 75 = 8.6 73 + 8.6 121 + 9.0 6.1 + 8.6 0.42 045 039
0.6 + 1.0 1.0 + 1.0 0.7 + 1.0 0.6 + 1.0 1.1 £ 11 0.5 £ 10 060 0.74 050
245 + 144 264 + 144 26.5 + 144 24.5 + 145 26.6 + 14.6 272 + 14.6 0.87 010 076
163.0 = 207.0 172.0 = 216.0 164.0 = 207.0 184.0 = 215.0 205.0 = 216.0 197.0 + 216.0 071 071 0.81
213.0 £ 76.2 242.0 = 76.2 210.0 = 78.6 210.0 + 78.0 231.0 =+ 81.0 234.0 =+ 81.0 022 0.05 0.13
143.0 = 31.6 157.0 = 31.6 147.0 + 316 147.0 + 32.2 158.0 + 324 153.0 = 32.4 083 023 0.73
66.5 + 521 771 = 545 67.3 + 545 68.7 + 543 91.0 =+ 545 75.5 + 545 0.84 046 065
1.1 = 0.8 1.5 + 0.8 1.3 + 0.8 1.2 + 0.8 1.5 + 0.8 1.3 + 0.8 0.48 0.73 057
1.0 + 0.1 1.0 =+ 0.1 1.0 + 0.1 09 + 0.2 1.0 + 0.2 09 + 0.2 083 0.69 0.61
2.8 £ 0.6 29 = 0.6 2.8 + 0.6 2.8 + 0.6 2.8 =+ 0.6 29 = 0.7 031 024 0.36
32 = 4.6 52 + 4.6 3.6 =+ 4.6 32 = 4.8 5.6 + 4.8 2.8 = 4.8 0.52 0.56 0.42
72 = 8.0 10.9 =+ 8.0 7.5 £ 8.0 62 + 8.4 7.6 + 8.7 6.7 + 8.3 0.32 071 091
14 = 50 14 = 5.0 14 = 50 1.7 + 5.2 1.6 = 5.2 1.8 + 5.2 0.85 0.89 0.94
88.5 = 191 96.9 = 19.1 89.8 = 19.6 86.7 = 19.5 949 + 19.7 91.0 = 19.7 044 0.18 0.52
18.8 + 7.2 213 + 7.0 191 = 7.2 182 + 7.2 19.6 + 7.2 19.5 + 7.2 029 023 050

Blood samples were obtained pre, post and 90 minutes post exercise in the morning and evening. Data are mean * SD.

Abbreviations: IBGI, Improved basal glucose/insulin; TGL,

triacylglycerol lipase; CK, creatine kinase; LDH, lactate dehydrogenase; TC, total cholesterol; TG, triglycerides; TSH, thyroid stimulating hormone; T4, thyroxine; T3,

triiodothyronine; CRP, C-reactive protein; C3C, C3 complement; C4C, C4 complement.



Table 8. Blood parameters (women)

Glucose (mg/dL)
IBGI ratio
HOMA index
TGL (U/L)

CK (U/L)

LDH (U/L)

TC (mg/dL)

TG (mg/dL)

TSH (pUI/mL)
T4 (ng/dL)

T3 (pg/mL)
Insulin (pUI/mL)
Cortisol (ug/dL)
CRP (mg/L)

C3C (mg/dL)

C4C (mg/dL)

16

16

16

16

16

16

16

16

16

16

16

16

Morning Evening P-value
Pre Post 90 min post Pre Post 90 min post condition time c:rilltriliii):m
80 + 18.9 782 + 18.7 76.8 =+ 187 767 + 17.8 749 + 17.8 732 = 17.8 0.48 0.21 0.93
2.0 + 149 129 + 14.8 10.8 + 15. 11 + 141 133 + 141 9.4 + 141 098 045 086
12+ 21 13 + 21 10 + 22 L1+ 2.0 13 + 2.0 07 + 2.0 092 025 0.71
28.4 + 18.4 30.6 + 18.1 202 + 183 343 + 181 338 + 181 3.9 =+ 181 002 025 027
157.0 + 147.0 1560 + 1420 1520 + 146.0 129.0 + 142.0 1470 + 1420  142.0 + 146.0 027 045 051
197.0 + 957 197.0 + 911 189.0 + 99.9 199.0 + 911 2020 + 953 2020 + 911 084 079 057
160.0 = 431 163.0 + 40.0  164.0 + 427 1670 + 400 1750 + 400  169.0 = 40.0 029 075 082
66.0 = 58.4 799 + 527 755 + 58.1 752 + 527 799 + 527 62.6 + 527 0.12 013 0.07
13 + 0.9 15 + 0.8 13 + 0.9 11 + 08 12 + 08 11 + 0.8 039 08 06l
09 + 01 09 + 01 09 + 01 09 + 01 09 + 01 09 + 01 058 0l4 028
25 + 0.4 2.6 = 0.3 25 + 0.4 25 + 03 26 = 0.3 25 + 03 078 063 083
6.0 + 8.9 67 + 85 52 + 93 54 + 85 64 + 85 39 + 85 097 023 0.67
85 + 7.4 102 = 7.1 104 = 7.4 7.5 = 7.1 9.6 + 7.1 7.0 = 71 068 069 0I5
08 + 0.9 09 + 08 08 + 0.8 08 + 0.8 09 + 08 08 + 08 097 088 090
87.0 + 221 905 + 215 87.7 + 22.5 90.4 + 215 935 + 22.0 89.6 + 215 038 080 074
184 + 6.0 19.6 + 5.9 190 + 6.0 194 + 5.9 201 = 61 192 + 6.0 025 085 045

Blood samples were obtained pre, post and 90 minutes post exercise in the morning and evening. Data are mean * SD.

Abbreviations: IBGI, Improved basal glucose/insulin; TGL,

triacylglycerol lipase; CK, creatine kinase; LDH, lactate dehydrogenase; TC, total cholesterol; TG, triglycerides; TSH, thyroid stimulating hormone; T4, thyroxine; T3,

triiodothyronine; CRP, C-reactive protein; C3C, C3 complement; C4C, C4 complement



4.2. A single bout of moderate-intensity aerobic exercise in the morning and

evening has similar effects on energy metabolism in men and women.

We also investigated EE and substrate oxidation pre-, during and post-exercise in both
morning and evening conditions. EE (Figure 11A-D) and substrate oxidation — approached
by the respiratory exchange ratio (RER) — (Figure 11E-H) during exercise were similar in
the morning and the evening in both men and women. As expected, the increase in EE
induced by exercise was maintained at rest at post-exercise, with no different effect of
exercise by time of day in men (Figure 11I) and women (Figure 11M). Likewise, resting RER

was similar in both men and women (Figure 11J and Figure 11N).

We did not observe a differential effect of exercise by time of day in men in blood lipids or
thyroid hormones (Table 7). Results were similar in women, except for blood triglycerides
that — although not achieving statistical significance (time * condition P = 0.07) —

decreased at 90 min post-exercise more importantly in the evening than in the morning

(Table 8).

Skin body temperature exhibited a different pattern between men and women. In men,
temperature exhibited a distinct progression from 30 min of exercise onwards, showing a
greater increase at this point in the morning compared to evening (Figure 11R) (time *
condition P = 0.01). Meanwhile, women started exercising with a higher temperature in
the evening, which decreased during exercise, while in the morning it remained stable

(Figure 11U) (time * condition P = 0.046).

In the skeletal muscle, we examined mitochondrial respiration through the calculation
of the respiratory control ratio by either complex I (RCRy) (Figure 11K and Figure 110)
and complex II (RCRg) (Figure 11L and Figure 11P), and total mitochondrial
supercomplexes (SC/VDCA) through densitometric analysis (Figure 11Q, Figure 11T and
Figure 12). We found no relevant changes in men nor in women when considering the
exercise stimulus and time of day. In women, a slightly different response (showing a
trend towards significance) was observed in RCRr that was decreased post-exercise in

the evening and increased in the morning (time * condition P = 0.07) (Figure 11Q).
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Figure 11. Energy metabolism pre, during and post-exercise in the morning and evening conditions. and RER
(calculated from VO, and VCO, exchange) were assessed during exercise and pre and post-exercise at rest (Resting). Figures
A, C, and E, G, respectively show SPM1D-analysis for EE and RER during exercise. Solid lines represent mean and shaded
areas SD. Figures B, D, F, and H are SPM{t-value} from each corresponding figure (A, C, E, and G). Figures I, M and ], N show
EE and RER at rest, respectively. Mitochondrial function was assessed pre and post-exercise. Figures K and O show
mitochondrial RCR from complex I (generation of NAD*). Figures L and P show mitochondrial RCR from complex II
(generation of FAD). Figures Q and T show densitometric analysis of the total supercomplexes amount normalized for the
VDCAL signal. Skin body temperature was assessed pre, during and post-exercise. Figures R and T show average
temperature values during exercise. Figures S and V show average temperature values at pre and post-exercise. Data from
men (Figures A, B, E, F, 1, ], K, Q, R, S) and women (Figures C, D, G, H, M, N, O, P, T, U, V) are presented separately. Using
normal mixed models for figures I to V (time, condition and time and condition [time x condition] interaction). Values are
mean and CI (figures I to V). EE: Energy expenditure; RER: Respiratory exchange ration; VO,, oxygen volume; VCO,, carbon
dioxide volume; SD: standard deviation; SPM{t-value}: the trajectory Student’s tstatistic or, equivalently, the mean
difference curve normalized by sample-size normalized variance; RCR: respiratory control ratio. NAD*: nicotinamide

adenine dinucleotide (oxidized form); FAD: flavin adenine dinucleotide (oxidized form). VDCAL: Voltage-dependent

anion-selective channel 1; AUC: area under the curve; CI: confident interval.
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In summary, at systemic level, energy metabolism during and after a single session of

moderate aerobic exercise did not display significant variations between morning and

evening conditions in both men and women. However, there were contrasting responses

between sexes in terms of skin body temperature and mitochondrial respiration in the

skeletal muscle.



4.3.A single bout of moderate-intensity aerobic exercise impacts sleep

parameters differently according to time of day in women but not men.

We used accelerometers to study the impact of morning vs. evening exercise on sleep
parameters on the immediate night (Table 9). In men, total sleep time, wake after sleep
onset (WASO), sleep efficiency and times awake were not affected differently by morning
or evening exercise, although there was a trend towards significance in total sleep time
favouring evening (P = 0.07). In women, we observed a longer total sleep time after
evening exercise (P < 0.001) and lees WASO at this time of day, with the latter showing a
trend towards significance (P = 0.09); however, no remarkable morning vs. evening

variations were noted in sleep efficiency and times awake.

To summarise, exercise had comparable effects on sleep parameters regardless of time of

day in men, while women experienced longer sleep after evening exercise.

Table 9. Sleep parameters

Morning Evening

Mean CI Mean CI Pvalue
Men
Total sleep time (min)  348.7 [ 306.5 , 391.0 | 4071 [ 366.6 , 4475 | 0.07
WASO (min) 843 [ 220 , 1466 ] 772 [ 289 , 1256 | 0.80
Sleep efficiency (%) 8.8 [ 69.0 , 946 ]| 806 [ 233 , 935 ] 029
Times awake (n) .8 [ 06 , 30 ] 11 [ 04 , 1.7 ] o041
Women
Total sleep time (min)  389.6 [ 354.3 , 4250 | 436.1 [ 382.6 , 489.6 | <0.001
WASO (min) 69.7 [ 415 , 978 | 386 [ 271 , 501 ] 0.09
Sleep efficiency (%) 849 [ 789 , 909 ] 904 [ 876 , 933 | 017
Times awake (n) .5 [ 03 , 27 ] 10 [ 02 , 18 ] 0.86

Abbreviations: WASO, wake after sleep onset; CI, confident Interval. P-value is from a t-test on
the paired data for difference.

4.4. Transcriptomic analysis in the skeletal muscle reveals sex and time of day
differences in response to a single bout of moderate-intensity aerobic

exercise.

To further evaluate the local adaptations in response to acute exercise, we conducted a
transcriptomic analysis in the skeletal muscle. Overall, men had less differentially
expressed genes than women post-exercise (1,093 vs. 3,343 genes, respectively) (Figure
14A-B). In men, the number of genes modified by exercise only in the morning

predominated over those modified only in the evening or commonly in the morning and



evening (Figure 14A). Contrary, in women, the highest number of genes modified by
exercise were observed in the evening (Figure 14B). A closer examination of the common
exercise-induced modification in the morning and evening revealed different metabolic
pathways in men (Figure 14C) and women (Figure 14D). Interestingly, the study of
metabolic pathways revealed that genes involved in glycogen and glucose degradation
changed their expression only in the evening in both men (Figure 13A and Figure 15C) and
women (Figure 13A and Figure 15D). In men, these genes were generally repressed post-
exercise at the evening session, while an overexpression was obtained in women (Figure

13A).

In signaling pathways, within the common changes in the morning and evening, we
observed a strong activation of pathways linked to inflammation, both in men (Figure 14E)
and women (Figure 14F). Interestingly, these were further activated in the evening in
women (Figure 15F and Figure 15H) but no relevant time of day variations were observed
in men (Figure 15E and Figure 15G). Additionally, changes in cytokines were higher in
women than in men at both time of day (Figure 13B). We analyzed the expression of
growth factors, which are signaling proteins frequently involved in the regulation of the
metabolism and the inflammation process (Figure 13C). Remarkably, GDF15 — a myokine
associated to the regulation of mitochondrial metabolism* — was upregulated only in
women independently of the time of day (Figure 13C). Contrary, there was an
overexpression of FGF21 — which is also involved in the control of mitochondrial

metabolism**- only in men post-exercise in the evening (Figure 13C).

Changesin clock genes after exercise notoriously differed between men and women. CRY2,
PER2, RORa and PPARx were repressed only after evening exercise in women; while PERI1
was induced by exercise in men, particularly in the evening (Figure 16). When taking into
consideration only the morning vs. evening differences without the exercise stimulus
(Figures S6), both women and men differentially expressed genes related to the circadian
rhythms signaling (Figures S6E-F). Further, independently of the exercise stimulus in both
men and women BMALI was mainly overexpressed in the evening, while CIART, DBP, HLF,

NR1D2, PERI], PER2 and PER3 were mainly repressed in the evening (Figure 13D).



Summarizing these findings together, gene expression in the skeletal muscle revealed sex
and time of day differences in metabolic and signaling pathways. These differences can be
explained, at least partially, by the different expression of myokines and other growth
factors, together with the time-of-day dependent expression of the circadian rhythms’

genes.
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Figure 13. Muscle gene expression profile pre- and post-exercise in the morning and evening conditions.
Panels A, B, and C show a representative heatmap of the changes in the expression level from pre to post
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morning and the evening and in men and women. Panel D show changes in the expression level comparing
morning vs. evening of the genes related to circadian rhythm separately pre and post-exercise and in men
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Figure 15. Panels A to D represent the metabolic pathways modified after exercise in men (A, C) and women (B, D) in

the morning (A, B) and in the evening (C, D). Panels E to H represent the signalling pathways modified after exercise

in men (E, G) and women (F, H) in the morning (E, F) and in the evening (G, H).
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Figure 16. Representative heatmap of changes in clock gene expression pre- and post-exercise in

the morning and evening conditions in men and women.

4.5. Sex and time of day differences in response to single bout of moderate-

intensity aerobic exercise are observed in the mitochondrial proteome.

In men, the pattern shown in the mitochondrial proteome revealed a general decrease in

the mitochondrial proteins post-exercise being more evidentin the evening (Figure 17). On

the contrary, a general increase in the mitochondrial proteins post-exercise was noted in

women, being this increment superior also in the evening (Figure 17).

These changes were reflected in proteins involved in mitochondrial translation (Figure

17A), protein import (Figure 17B), carbohydrate metabolism (Figure 17C), lipid metabolism

(Figure 17D), mitochondrial dynamics (Figure 17E), OxPhos system (Figure 17F) and some

other mitochondrial functions (Figure 17G). Considering only the time-of-day differences

(Figure S8), our analysis revealed diffused pattern regarding the sex differences.

In summary, these results suggest that mitochondrial proteome is also different in

response to single bout of moderate-intensity aerobic exercise attending to the sex and the

time of day.
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Figure 17. Mitochondrial proteome pre and post-exercise in the morning and evening conditions. Panels

A to G show representative heatmaps of the fold change of the protein’s levels comparing pre-exercise

data versus post-exercise data in the morning (Morning) and pre-exercise data versus post-exercise data

in the evening (Evening) in men and women. Proteins are classified according to their functions in

mitochondrial translation (A), protein import (B), carbohydrate metabolism (C), lipid metabolism (D),

mitochondrial dynamics (E), OXPHOS system (F) and others (G). * P < 0.05. Mitochondrial proteomics

was performed in isolated mitochondria from muscle biopsy.

5. Discussion

A single bout of moderate-intensity aerobic exercise in the morning and in the evening

overall manifests similar systemic effects on glucose regulation and energy metabolism in

both men and women. However, in the skeletal muscle, transcriptional analysis,

mitochondrial function, and mitochondrial proteomics revealed a marked sexual

dimorphism and time of day variations in response to this bout of exercise. These results

emphasize the importance of accounting for

sex-specific

differences

in the



implementation of exercise interventions and the need to conduct separate analyses for
both men and women. This study lays the groundwork for a detailed molecular
framework, providing a basis for the research on precise exercise prescription in clinical

settings.

Considering the influence of molecular clocks in orchestrating glucose and energy
metabolism, it is biologically plausible to anticipate distinct responses when exercising in
the morning compared to the evening. The present findings — together with other

comparable studies in healthy men*—!

and women®* —revealed a similar systemic response
to a single bout of moderate-intensity aerobic exercise in both interstitial and blood
glucose independently of the time of day and sex. Similarly, — in line with analogous
studies®**** —we observed comparable EE and substrate oxidation response to morning and

evening exercise.

Upon detailed examination, our systemic-level findings suggest that men and women
could exhibit differential metabolic response to exercise influenced by the time of day. This
sexual-dimorphism had already been suggested by previous studies conducted in our

%7 In women, we identified substantial changes (showing proximity to

laboratory
statistical significance) in outcomes such as blood triglyceride levels, which exhibited a
greater reduction following evening exercise, and skin body temperature, which was
higher in the evening. Higher temperature during exercise has been reported to stimulate
endogenous carbohydrate metabolism®®. Additionally, in women's skeletal muscle, a
contrasting pattern in mitochondrial respiration was observed between morning and
evening sessions, indicating an increase in respiration through complex II post-exercise in
the morning and a decrease in the evening. Last, genes involved in glycogen and glucose
degradation were upregulated post-exercise in the evening, accompanied by increased
cytokine expression at this time of day. Higher cytokine expression post-evening exercise
indicates that, even though the exercise protocol is consistent at both time of day, it may
represent a more robust stimulus in the evening®. In light of this information, our findings
suggest that moderate-intensity aerobic exercise in women induces a more oxidative
response in the morning, plausibly with increased fat utilization, while in the evening, a
distinct metabolic response with heightened carbohydrate utilization is evident. At first
contradictory, mitochondrial proteome in women was specially increased in the evening.
Nevertheless, it is reasonable that a negative feedback loop regulation is occurring,
wherein translation regulators monitor mitochondrial function and use this information

to upregulate or downregulate protein synthesis®.



Dissimilar results were observed in men. They did not exhibit noteworthy systemic-level
variations according to time of day, except for a greater increase in body skin temperature
in the morning starting from the minute 30 of the exercise bout. In male skeletal muscle,
changes in glycogen and glucose degradation genes were fewer than in women and they
were repressed after evening exercise. Neither important time of day differences were
found in cytokines. Last, mitochondrial proteome expression was particularly
downregulated post-exercise in the evening. Based on this data, it could be hypothesized
that evening exercise, more prominently than morning exercise, promotes mitochondrial
function while inhibiting carbohydrate utilization. Yet, the comprehensive dataset for
men does not evidence clear exercise-induced morning and evening variations.
Importantly, diverse response to exercise according to sex could be shaped by the distinct
expression of the myokines GDF15 and FGF21 in men and women, which are important

regulator myokines of mitochondrial metabolism*”*%.

It is important to emphasize that — when not considering the exercise stimulus, the
expression of clock genes (e.g., BMALL, PER1, PER2, or PER3) consistently changed between
morning and evening in both of sexes. This serves as a proof of concept and substantiates
the methodological integrity of the study. However, time of day and sex differences
revealed by our molecular data were not reflected at the systemic level, a fact that may be
explained because (i) we employed a single bout of aerobic exercise (ii) performed at a
moderate-intensity, and (iii) in a healthy population. Longer term exercise interventions
applying (i) different methodologies (e.g., strength training), (ii) at different intensities
(e.g., high-intensity interval training) in (iii) patients with cardiometabolic disturbances
(e.g., metabolic syndrome) could potentially reveal whether the molecular alteration
noted in skeletal muscle have broader systemic impact. Remarkably, the molecular
characteristics we identified in women skeletal muscle align with intervention studies
reporting increased fat loss with morning exercise in this population®%. Additionally, one
of the studies also reported sex-based differences, with men presenting higher fat
oxidation after evening exercise®. Higher exercise-intensity would also be expected to
translate into more pronounced and observable physiological effects on glucose and

energy metabolism as suggested previously®.

We may expect different results if a similar experiment would be carried out in
populations with metabolic diseases®***. Some studies have reported that exercising in the
evening potentially prevent hyperglycemic events in patients with type 2 diabetes®**’. In

contrast, a recent exercise intervention study in middle-aged adults with metabolic



syndrome have shown that morning exercise improves fasting insulin levels to a higher
extent than afternoon exercise, yet no between morning vs. afternoon differences were
noted in fasting glucose levels”. Of note is that these studies analysed the data in men and
women together, which hamper to determine the sex-specific exercise-induced effects.
The mixed results underscore the importance of a comprehensive exploration into the
temporal aspect of exercise, revealing potential differences in outcomes among diverse
populations. Future research should explore the impact of metabolic disease and sex

differences in the diurnal variation of the physiological and molecular effect of exercise.
6. Conclusion

In conclusion, the present study shows that there are distinct molecular responses to
exercise in skeletal muscle based on the time of day and sex, although one single session
of moderate-intensity aerobic exercise is not enough to reflect it in systemic adaptations.
Our results illustrate that the time of day of exercise impact more importantly on women,
resulting exercise a stronger stimulus in the evening and producing a metabolic response
with higher reliance on carbohydrates at this time of day. It would be premature to make
clinical recommendations in this regard, but here we provide a molecular framework for
future research. By identifying and understanding the molecular underpinnings of
exercise responses, exercise professionals will be able to make more targeted, personalized

prescriptions potentially optimizing therapeutic benefits.
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Supplementary material for Chapter 4: Sexual dimorphism on the acute effect of

exercise in the morning vs. evening: A Randomized Crossover Study
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Figure S5. Energy metabolism pre, during and post-exercise in the morning

and evening conditions. VO, and VCO,

exchange were assessed during exercise and pre and post-exercise at rest (Resting). Panels A, C, E and G respectively

show SPM1D-analysis for VO, and VCO, during exercise. Solid lines represent mean and shaded areas SD. Panels B, D, F,

and H are SPM{t-value} from each corresponding panel (A, C, E, and G). Panels I, K and J, L, show VO, and VCO, at rest,

respectively. Mitochondrial function was assessed pre and post-exercise. Panels M and Q show mitochondrial state 3

from complex I (generation of NAD*) and panels N and R show mitochondrial state 3 for complex II (generation of FAD).

Panels O and S show mitochondrial state 40 from complex I (generation of NAD*) and panels P and T show mitochondrial

state 40 for complex II (generation of FAD). Data from men (A, B, E, F, I,], M, N, O, P) and women (C,D, E,H,K, L, Q, R, S,

T) are presented separately. Using normal mixed models for Panels I to T, time, condition and time and condition (time

x condition) interaction. Values are mean and CI (Panels I to T). VO,, oxygen volume; VCO,, carbon dioxide volume; SD:

standard deviation; SPM{t-value}: the trajectory Student’s tstatistic or, equivalently, the mean difference curve

normalized by sample-size normalized variance; RCR: respiratory control ratio. NAD*: nicotinamide adenine

dinucleotide (oxidized form); FAD: flavin adenine dinucleotide (oxidized form). CI: confident interval.
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Figure S6. Panels A and B show global differences in gene expression comparing morning vs. evening pre (A) and

post-exercise (B). The black circle (“men”) represents the number of genes changed after comparing morning vs.

evening only in men. The grey circle (“women”) represents the number of genes changed after comparing morning

vs. evening only in women. The blue segment represents genes changed after comparing morning vs. evening

commonly in men and women. Panels C to D represent the metabolic pathways modified in both men and women

before (C) and after (D) exercise. Panels E to F represent the signalling pathways modified in both men and women

pre (E) and post-exercise (F).
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Figure S5. Muscle gene expression profile comparing morning vs. evening conditions. Panels A to D represent the metabolic
D) comparing morning vs. evening conditions in men (A, B) and in women (C, D). Panels E to F represent the signalling pat

comparing morning vs. evening conditions in men (E, F) and in women (G, H).
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Figure S8. Mitochondrial proteome comparing morning vs. evening conditions pre and post-exercise. Panels E to G show representative heatmaps of
the fold change of the protein’s levels comparing pre-exercise data in the morning versus pre-exercise data in the evening and post-exercise data in the
morning versus post-exercise data in the evening in men and women. Proteins are classified according to their functions in mitochondrial translation
(A), protein import (B), carbohydrate metabolism (C), lipid metabolism (D), mitochondrial dynamics (E), OXPHOS system (F) and others (G). *p <

0.05. Mitochondrial proteomics was performed in isolated mitochondria from muscle biopsy.



Chapter 5. Time-of-day impact on the acute effects of
moderate intensity aerobic exercise on appetite feelings,
Lac-Phe, lactate, and IL-6: role of sex

1. Abstract

Exercise exerts a transient suppressive effect on appetite, attributed to energy-regulatory
metabolites such as lactate, interleukin 6 (IL-6), and — according to recent insights —
lactate-phenylalanine (Lac-Phe). The degree of appetite suppression following exercise
varies considerably among individuals, potentially due to circadian rhythms and
biological sex differences. This randomized crossover design study investigated the impact
of morning versus evening acute moderate-intensity aerobic exercise on appetite feelings,
Lac-Phe, cytosolic non-specific dipeptidase2 (CNDP2), lactate, and IL-6, in 18 men and 17
women. Under standardized conditions, appetite feelings and blood samples were
collected pre-exercise, immediately post-exercise, and 90 minutes post-exercise. Skeletal
muscle samples were obtained pre- and post-exercise to examine CNDP2 transcriptional
expression in a subsample of participants. The response of appetite feelings, Lac-Phe,
lactate, and IL-6 to exercise was similar in the morning and evening for both sexes. CNDP2
was induced in the skeletal muscle only after evening exercise in women. Simple linear
regressions showed that hunger and fullness were significantly related to Lac-Phe, lactate,
and IL-6 in the evening in women, but not in men. In conclusion, evening moderate-
intensity aerobic exercise could be more effective than morning for inducing changes on
CNDP2 expression and Lac-Phe in healthy women and to modulate their appetite
response. In contrast, moderate-intensity aerobic exercise is an insufficient stimulus to
impact appetite outcomes in men. These results highlight the relevance of considering sex
and time-of-day when designing precise exercise interventions aimed at regulating

appetite.
2. Introduction

Obesity is a complex chronic disease in which excess or dysfunctional adiposity impairs
health'. Likely, the main driver of the rising obesity prevalence in recent decades is the
increased food intake and circulating fuels derived from the food environment®. In this
context, exercise is a highly valuable tool for the prevention and management of obesity,
partly due to its role on transiently suppressing appetite’. Substantial evidence supports
the link between exercise and the regulation of appetite, food intake, and even food

choice**. However, appetite suppression after exercise and exercise-based weight loss



strategies exhibits high inter-individual variability®’, making long-term success hard to

predict.

Chronobiology is emerging as a principle to consider for developing more precise exercise
strategies, given the well-studied and profound connection between molecular clocks (i.e.,
clock genes) and metabolic health®. Indeed, it is possible that some of the variability in
weightloss interventions may be explained by the time-of-day that exercise is performed®-
. To address this question, it is of interest to investigate how the time-of-day of exercise

impact on appetite feelings and to better understand the underlying mechanisms.

Several studies have investigated the effect of the time-of-day of acute exercise on appetite
feelings in humans™™. One of these reported increased satiety after morning aerobic
moderate-intensity exercise in women with overweight, but not after the same test in the
afternoon'. Contrary, no morning vs. afternoon/evening differences for appetite feelings
or energy intake were found in healthy women after a 60 min aerobic training®, or in
healthy men after 30 min aerobic high-intensity interval training. Mixing results could
originate from methodological differences, exercise type/intensity, metabolic status of
participants and importantly sex”. The time-of-day probably impact the exercise role on
energy homeostasis; however, findings are conflicting, and the underlying mechanisms

remain unknown.

The suppression of appetite following acute exercise becomes more pronounced with
higher exercise intensity*', due to a reduction in orexigenic gut hormones (i.e., acylated
ghrelin) and an increase in the anorexigenics (i.e., glucagon-like peptide-1 [GLP-1] and
peptite YY [PYY])®. Changes in gut hormones have been attributed to the induction of
energy-regulatory metabolites, including lactate and interleukin-6 (IL-6)"".
Administration of lactate and IL-6, separately, has demonstrated a reduction in energy
intake in humans'"?. Lactate promotes the suppression of acylated ghrelin by inhibiting
the secretory function of gastric cells*’, while IL-6 contributes by stimulating the secretion
of GLP-1 from intestinal L cells and increasing the expression of PYY mRNA". Greater
changes in lactate and IL-6 after acute exercise have demonstrated to mediate greater
changes in the circulating gut hormones”. Additionally, the lactate derived molecule
lactate-phenylalanine (Lac-Phe) seems to supress appetite in mice, racehorses and
humans®. Lac-Phe is synthetised by the ubiquitously expressed cytosolic non-specific
dipeptidase2 (CNDP2), and it has emerged as one of the highest upregulated metabolites
following exercise”. From 2022, the interest on this novel myokine has boosted,

positioning it as one potential approach to address obesity*. Injections of Lac-Phe (50



mg/kg) reduce food intake by ~50% in diet-induced obese mice and body weight by ~7%
after 10 days of treatment®. However, the pharmacological doses used in these studies are
not comparable to those circulating in blood after an exercise session®. Thus, the
physiological role of exercise-induced Lac-Phe in appetite regulation in humans is still
poorly understood. Only one study addressed this topic in men with obesity, and showed
enhanced Lac-Phe levels and decreased hunger after acute moderate continuous exercise,
particularly when performed with blood flow restriction®. Importantly, levels of Lac-Phe
after acute exercise have been associated with a greater reduction in abdominal
subcutaneous and visceral fat following 8-week supervised endurance exercise

intervention in a mixed group of men and women with obesity*.

Lac-Phe is therefore a promising metabolite to elucidate the mechanism under the
appetite-suppressor effect of exercise and its role on weight management. Moreover, it is
a promising tool to predict inter-individual variability in response to exercise-based health
interventions. To the best of our knowledge, no study has focused on investigating the
effect of the time-of-day on the acute response of Lac-Phe and appetite to exercise
separately in both men and women. This study aims to investigate the acute impact of
morning vs. evening moderate intensity exercise on perceived appetite feelings, levels of
IL-6, lactate and Lac-Phe, and expression of CNDP2 in healthy men and women. By
defining the influence sex and time-of-day on exercise metabolic response, it will be

possible to develop more precise strategies for obesity prevention and management.

3. Methods
3.1. Subject details

Thirty-five healthy adults (men, n=18; women, n=17) completed the current trial
[https://clinicaltrials.gov (NCT05369715)]. Participants mostly presented intermediate
and moderate chronotypes. Recruitment was done via advertisements in social networks
and at different faculties of the University of Granada (Spain). Inclusion criteria were i)
age between 18 and 50 years, ii) body mass index (BMI): 18.5-27 kg/m?and iii) practising
exercise less than 5 days per week. Exclusion criteria were i) history of disease (i.e., major
adverse cardiovascular event, kidney failure, cirrhosis, eating disorder, weight control
surgery, HIV/AIDS, rheumatoid arthritis, Parkinson's disease, active cancer treatment in
the pastyear, diabetes mellitus), ii) use of drugs or medications that may affect the results,
iii) unstable body weight for 3 months before the start of the study (> 4 kg weight loss or
gain), iv) pregnancy and breastfeeding, v) active tobacco abuse or illicit drug use or a

history of alcohol abuse treatment, vi) on a special diet or prescribed for other reasons



(e.g., celiac disease). The analyses presented in this study are exploratory in nature and
correspond to secondary analyses of a primary study designed to investigate the impact of
morning vs. evening moderate-intensity aerobic exercise on glucose regulation and
energy metabolism in healthy men and women, and to elucidate molecular mechanisms
within skeletal muscle. The sample size for this primary study was calculated to detect
differences in fat oxidation during exercise based on results of previous pilot studies
conducted in our laboratory. A total of 17 participants are needed to observe statistically
significant differences between conditions (morning vs. evening) in fat oxidation during
exercise [~10-15%] (80% statistical power and an a of 0.05). In order to conduct the
analyses in men and women separately, we finally recruited 18 men and 17 women.
3.2. Study design
The present study is part of the randomised crossover study “DIVA” registered at

https://clinicaltrials.gov (NCT05369715). In a randomised and counterbalanced order,

each participant performed a single bout of aerobic exercise at two different times of day:
(i) morning (i.e., 11:30 a.m.), and (ii) evening (i.e., 6:30 p.m.) with a washout period of at
least 3 days in between. This trial strictly followed CONSORT guidelines
(http://www.consort-statement.org/consort-statement). All procedures were performed
according to the Declaration of Helsinki, and it was approved by the Human Research
Ethics Committee of the University of Granada and the Provincial Human Research Ethics
Committee (Junta de Andalucia, ref. 1288-N-20). All participants gave their oral and
written informed consent. Data for each participant were collected over 4 visits. Figure 7
in Chapter 4 shows the overall design of the study.
3.3. Visit 1. Preliminary examination

Sociodemographic, lifestyle and body composition data were registered, and a medical
screening was performed. Participants completed the HOME questionnaire to determine
individual’s chronotype (i.e., morningness—eveningness), and the short version of the
International Physical Activity Questionnaire (IPAQ) to assess their physical activity
levels. Height and weight were measured (no shoes, light clothing) using a model 799 Seca
scale and stadiometer (Seca, Hamburg, Germany). Body fat mass and percentage, lean
body mass, and visceral adipose tissue (VAT) mass were evaluated by dual X-ray
absorptiometry (Discovery Wi, Hologic, Inc, Bedford, MA, USA) and analysed by APEX
software. The device was calibrated each day using a lumbar spine phantom. Participants
were asked to remain still while being scanned in the supine position, as per guidelines
from the International Society of Clinical Densitometry*. BMI, lean mass, and fat mass

indexes were expressed as kg/m?.



3.4. Visit 2. Cardiorespiratory fitness

Cardiorespiratory fitness was assessed through a maximal effort test in an Ergoselect 200
cycle ergometer (Ergoline GmbH, Lindenstrasse, Germany). Previous physical activity and
diet were controlled (see: “Control of cofounder variables”). A Polar OHI1
photoplethysmographic heart-rate monitor (Polar Electro Oy, Kempele, Finland) was
placed in the forearm to measure heart rate. After a resting period of 10 minutes, the
maximum effort test started with a 3 min stage at 20 watts (W) as a warm-up, followed
by increments of 20 W every 3 min until the respiratory exchange ratio (RER) was =1 at
least for 30s . At this point, further increments of 20 W every 1 min were implemented
(with no interruptions) until (i) volitional exhaustion was reached, or (ii) participants had
to stop because of peripheral fatigue. Through the maximum effort test, participants’
fatigue perception was assessed using a rating of perceived exertion (RPE) scale (Borg
CRI10 Scale ®). Respiratory gas exchange was measured during the entire exercise test by
indirect calorimetry (Quark CPET, Cosmed, Rome, Italy) and collected with a facemask
(Hans Rudolph, Inc.,, Shawnee, KS, USA). According to the manufacturer’s
recommendations, volume was calibrated using a 3 L calibration syringe and the gas
analyzer was calibrated using standard gas concentrations (O, = 16%, CO, = 5%)
immediately before each trial. Resting and maximum heart rate were used to calculate
exercise’ intensity in the following visits. Gas exchange data were exported from the
metabolic cart to an Excel spreadsheet in a sample frequency of 5 sec. Maximal volume of
oxygen consumption (VO max) was defined as a respiratory exchange ratio of =1.1, once a
VO, plateau was reached and having attained a heart rate value within 10 beats/min of the
individuals’ age- predicted maximum (209-0.73 x age)?”’ during the maximal effort
exercise test. When participants did not achieve the VO, max criteria, VO, peak was used
as the highest VO, value that was not an artifact (we screened the data set from the 2nd to
the 10th subsequent largest VO2 uptake value). This value was calculated relative to the
body mass.

Control of cofounding variables (visit 2)

Participants were asked to complete the following pre-experimental conditions: (i) to
refrain vigorous physical activity the previous 48 hours and moderate physical activity the
previous 24 hours, (ii) to avoid caffeine ingestion 12 hours before, and (iii) to sleep with
normality the night before. In case of women, the phase of their menstrual cycle was
registered. Room temperature was controlled to maintain a range between 20-24°C.
Participants attended the laboratory in fasting conditions (4 h) after the ingestion of a

complete self-selected meal.



3.5. Visits 3 and 4. Morning and evening moderate-intensity aerobic exercise
On third and fourth visits (Figure 20), participants performed a 60 min steady-state
exercise bout on the same cycle ergometer used for the effort test at an intensity of 65% of
their heart rate reserve (HRR) either at 11:30 a.m. or 6:30 p.m. The conditions (morning or
evening, respectively) were randomized, and visits were separated by a range of 4 to 25

days (median = 7).
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Figure 20. Detailed procedures on visits 3 and 4, where exercise (time point: 90’) was performed
either at 11:30 or 18:30 in random order. A standardized meal (i.e.: bread, cheese, olive oil and fruit)
was consumed 4 hours before arrival (-240’). After arrival (0’) there was an acclimatation and
resting period until appetite feelings and a first blood sample were collected (60°). Then,
participants performed 60 minutes of steady state exercise at 65% resHR (90’). Appetite feelings
and a second blood sample after the test (150°) were collected. They lay down again to stay 60
minutes resting (180°). To finish, appetite feelings and a third blood sample were completed (240’).

A skeletal muscle micro-biopsy was obtained from a subsample of 6 men and 8 women before and

Exercise protocol

After a resting period of 60 minutes (Figure 20, time point: 0’), participants performed a
steady-state test at 65% HRR intensity started (Figure 20, time point: 90’; i.e., Pre) and
continued (constant intensity) until completing a total of 60 minutes, the moment at
which the test finished (Figure 20, time point: 150’; i.e., Post). The same heart-rate monitor
described in visit 2 was placed in the forearm to measure heart rate during the whole visits
3 and 4.

Perceived appetite feelings

Perceived appetite feelings were assessed before (Figure 20, time point: 60’; i.e., Pre),
immediately after (Figure 20, time point: 150’; i.e., Post) and 90 minutes after (Figure 20,
time point: 240’; i.e., 90 min post) the exercise bout. Using a visual analogue scale (VAS)
participants were asked to answer the following questions by rating them from O to 100

(0 = not at all, 100 = extremely): “How hungry are you?”; “How full do you feel?”; “How



strong is your craving for something tasty?”; “How strong is your craving for something
sweet?”.

Blood samples

Intravenous blood samples from the antecubital vein were taken before (Figure 20, time
point: 60’; i.e., Pre), immediately after (Figure 20, time point: 150’; i.e., Post) and 90
minutes after (Figure 20, time point: 240’; i.e., 90 min post) the exercise bout. Serum
(Tube Vacutainer 5 ml serum+gel PL, SST™, BD Medical) and plasma (Tube Vacutainer 5
ml EDTA (100 u)) were collected. The serum tube was left to rest for 45 min at room
temperature, then centrifuged at 1300 relative centrifugal force for 10 minutes. The
plasma tube was centrifuged immediately at 1300 relative centrifugal force for 10 minutes.
Both serum and plasma aliquots were prepared and stored at -80°C until analysis.

Quantification of IL6

IL-6 levels were determined using the Human Cytokine/Chemokine Magnetic Bead Panel
protocol from the Milliplex® Map Kit (Cat. No. HCYTOMAG-60K, Billerica, MA). Briefly,
assay plates were washed with wash buffer, sealed, and mixed on an orbital plate shaker
for 10 minutes at room temperature. The wash buffer was decanted and the standards,
assay buffer, or serum samples were mixed with serum matrix in each well. After the
addition of the samples or controls, samples were incubated overnight at 4°C on an orbital
shaker with fluorescently-labeled capture antibody-coated beads specific for IL-6. After
overnight incubation, well contents were removed via the washing instructions provided
by the protocol. Biotinylated detection antibodies were then added to the wells and
incubated with samples for 1 hour at room temperature while shaking. After incubation,
well contents were removed as previously described and streptavidin-phycoerythrin was
added to each well. The samples were incubated with streptavidin-phycoerythrin for 30
minutes at room temperature. After the incubation period, samples were washed as
previously described and resuspended in Sheath Fluid. Plates were run on the Luminex
MagPix® machine and data were collected using the Luminex xPONENT® software (v.
4.2). Analysis of IL-6 median fluorescent intensity (MFI) was performed using the
Milliplex® Analyst software (v. 5.1). The interassay coefficient of variation for IL-6 was
11.93%.

Quantification of lactate and Lac-Phe

The levels of Lac-Phe and Lactate in plasma were analyzed using ultra high-performance
liquid chromatography-mass spectrometry (UHPLC-MS)-based metabolomics . Plasma
samples (50 pL) were combined with 250 pL of MeOH, vortexed for 30 seconds, and

centrifuged for 10 minutes at 16,000 g. The resulting supernatant was vacuum-dried in



200 pL aliquots and then reconstituted in 50 pL of 25% ACN/water solution. Analysis was
conducted on a Vanquish UHPLC system coupled to a Q Exactive mass spectrometer (both
from Thermo Fisher Scientific, Waltham, MA, USA) operating in negative ion mode,
following previously described protocols?. Chromatographic separation was carried out
using a 2.1 x 100 mm ACQUITYTM UPLC HSS 1.8 pm T3 column (Waters, Milford, MA,
USA). The mobile phases consisted of (A) 6.5 mM ammonium bicarbonate in water and
(B) 6.5 mM ammonium bicarbonate in 95% MeOH/water. The elution gradient started at
2% B for 1 minute, ramped up linearly to 100% B over 20 minutes, returned to 2% B, and
equilibrated for 2.9 minutes (flow rate: 0.35 mL/min, column temperature: 50°C). The Q
Exactive mass spectrometer was operated at a resolution of 140,000 in full scan mode
with a mass scan range of 70-1050 m/z. Nitrogen sheath gas and auxiliary gas were
maintained at flow rates of 45 and 10 arbitrary units, respectively. Capillary and auxiliary
gas heater temperatures were set to 300°C and 350°C, respectively, and the spray voltage
was 3.00 kV. High-resolution MS/MS spectra of Lac-Phe (m/z = 236.0928) were obtained
using parallel reaction monitoring with a resolution of 17,500 and a collision energy of 30
eV. Signal intensities were normalized using the internal standard d5-Phe (615870, Merck,
Darmstadt, Germany) at a concentration of 0.8 pg/mL in the extraction solvent.

Control of cofounding variables (visits 3 and 4)

Participants were asked to complete the same pre-experimental conditions described in
“control of cofounding variables (visit 2)”. For women the phase of their menstrual cycle
was registered. Room temperature was controlled to maintain a range between 20-24°C.
Participants followed a standardized diet during the previous day (i.e., Pre 24h) (Figure
20). The ingredients were adequately defined (balanced menu with approximately 55%
carbohydrates, 27% fat and 18% proteins), being quantities chosen by the participants ad-
libitum. The exercise day, they consumed a standardized meal (i.e.: white bread, cheese,
olive oil, and apple or similar fruit) 4 hours before exercise (Figure 20, time point: -240’).
The subsequent meal was again standardized and consumed within 1 hour after leaving
the laboratory (i.e.: salad with lettuce, tomato, sweet corn, carrot, tuna and olive oil, and
potato omelette [egg, potato, and olive oil]) (Figure 20, time point: 300’).

Muscular biopsies

Muscular biopsies were taken from the vastus lateralis’ distal part of the quadriceps in a
sub-sample (6 men and 8 women) before (Figure 20, time point: 60’; i.e., Pre) and
immediately after (Figure 20, time point: 150’; i.e., Post) the steady state exercise bout.
Biopsies were performed by an experienced surgeon using microbiopsy needles (Achieve

Automatic Needle 16G x 15 cm), obtaining ~30 mg per biopsy after previous local



anaesthesia with 2% lidocaine. From each time point (Pre and Post). Samples were
immersed in liquid nitrogen and stored at -80°C until further analysis.
Transcriptome analysis by RNA-Seq
RNA from skeletal muscle was extracted using Trizol (Invitrogen). The RNAs were
precipitated, and their quality and quantity assessed using an Agilent Bioanalyzer 2100
and an RNA 6000 chip (Agilent Technologies). Subsequently, cDNA libraries were
constructed using the Hieff NGS™ Ultima Dual-mode mRNA Library Prep Kit (Yeasen),
and their quality was checked using an Agilent Bioanalyzer 2100 with a DNA 1000 chip
(Agilent Technologies). The libraries were then subjected to Paired End 150 sequencing in
a DNBSEQ-G400 system (MGI), with a target of 40M reads per sample. The quality of the
resulting sequencing reads was evaluated using FastQC. The
GCF_000001405.39_GRCh38.p13 reference human genome was obtained from the NCBI
database. Filtering was performed using SOAPnuke, developed independently by BGI,
with the following criteria: removal of reads containing adaptor pollution; removal of
reads with an N content greater than 5%; and removal of low-quality reads, defined as
reads with bases having a quality score less than 15, and with the proportion of total bases
in the reads greater than 20% considered as low-quality reads.
The filtered "Clean Reads" were savld in FASTQ format. Subsequently, HISAT was utilized
to align reads to each genomic locus. Bowtie2 was employed to map the clean reads to the
reference gene sequence (transcriptome), and RSEM was used to calculate the gene
expression level for each sample.

3.6. Statistical analysis
Descriptive statistics of the study participants are shown as mean + standard deviation.
The normality of the data was assessed using the Q-Q plot method. For variables that did
not follow a normal distribution (i.e., IL-6), a logl0 transformation was applied. Normal
mixed model using random intercepts were used to analyse changes in the perceived
appetite feelings, Lac-phe, lactate and IL-6. The models included fixed effects for time and
condition (two levels; morning vs evening), as well as the unique patient identifier as a
random effect separately for both men and women. Time was described as continuous
variable. For post-hoc analyses, time was described as categorical variable. Significance
was set at P<0.05. These analyses were performed with R version 3.5.2 using packages
‘Ime4’ and ‘ImerTest’. GraphPad Prism version 9.4.1. (GraphPad Software, San Diego, CA)
was used to plot the figures. For transcriptomic analyses, we observed the number of
genes changing their expression at Pre in the morning, Post in the morning, Pre in the

evening and Post in the evening. Changes in expression levels of CNDP2 were calculated



as Post — Pre in the morning, and separately in the evening. The DESeq2 method was
applied to detect differentially expressed genes. The transcripts that filled the inclusion
criteria were then subjected to gene classification, using a databank based on hand-
curated literature. The list of differentially expressed genes (DEG) was obtained by ANOVA
filtering with FDR correcting with a cut-off of adjusted P-value < 0.05. The fold changes
are represented as log2FC (base-2 logarithm of the fold change). Moreover, pearson
correlation analysis was conducted to examine the relationship between post and 90 min
post values in appetite feelings, Lac-Phe, lactate and IL-6 levels in response to exercise in
the morning and the evening.
4. Results

4.1. Perceived appetite feelings after a single bout of moderate-intensity aerobic

exercise are not dependent on the time-of-day in men and women

Morning Il Evening

MEN

P time < 0.001
P condition = 0.549
P condition*time = 0.692

100

Hunger (mm)
wv
o

P time < 0.001
P condition = 0.844
P condition*time = 0.795

100

l

50

Hunger (mm)

L

Fullness (mm)

Fullness (mm)

P time = 0.030
P condition = 0.500
Condition*time = 0.736

100

g S S
Q Q° &
(6\(\
o
P time < 0.001

P condition = 0.543
Condition*time = 0.117

100

Craving for tasty (mm)

Craving for tasty (mm)

P time < 0.001
P condition = 0.291
P Condition*time = 0.389

100

N

0T

[—

P time < 0.001
P condition = 0.465
P Condition*time = 0.464

gy

e & &

Craving for sweet (mm)

Craving for sweet (mm)

P time = 0.036
P condition = 0.251
P Condition*time = 0.074

|
-

0

® Qoé &
(6\(\
o
P time = 0.003

P condition = 0.148
P condition*time = 0.265

100

o

Figure 21. Perceived appetite feelings pre, post and 90 min post-exercise in the morning and
evening conditions in men and women. Data from men (Figures A - D) and women (Figures E - H)
are presented separately. Using normal mixed models considering time a continuous variable (time,

condition and time and condition [time x condition] interaction). Values are mean and CI.



A total of 18 men and 17 women (Chapter 4, Table 6) completed separated bouts of
moderate-intensity aerobic exercise, once in the morning (11:30 a.m.) and once in the
evening (6:30 p.m.). Perceived appetite feelings (i.e., hunger, fullness, craving for tasty and

craving for sweet) were measured pre, post and 90 min post-exercise.

Hunger, craving for tasty and craving for sweet increased significantly after exercise, while
fullness decreased (all P time < 0.05), but these responses did not differ significantly
between morning and evening conditions (all P condition x time > 0.05) (Figure 21). Only
in men, craving for sweet was higher 90 min post evening exercise (Figure 21D), and this

was close to reach statistical significance (P = condition x time 0.07).

4.2.Lac-Phe and CNDP2 expression after a moderate-intensity aerobic exercise

display time-of-day differences particularly in women

Blood metabolites were analysed at pre, post and 90 min post-exercise (Figure 22). Lac-
Phe was not affected by exercise in men, independently of the time-of-day (P time = 0.934,
P time x condition = 0.452) (Figure 22A). In contrast, Lac-Phe response to exercise in
women displayed a time-of-day dependent pattern (Figure 22E). Baseline levels of Lac-
Phe were higher in the evening than morning (P condition = 0.007). Both in the morning
and evening, Lac-Phe increased immediately after exercise and decreased at 90 min post
(P time = 0.003). The response of Lac-Phe to exercise differed between morning and
evening, approaching statistical significance (P condition x time = 0.052). Post-hoc
analyses revealed that at 90 min post exercise in the morning Lac-Phe levels returned to
baseline values [premoning = 1.01 ug/L (CI = 0.78, 1.24); 90 min poStmoming= 0.97 pg/L (CI =
0.76, 1.16)], while in the evening condition Lac-Phe was decreased below the baseline
[preevening = 1.47 pg/L (CI = 117, 1.76); 90 min postevening = 0.91 ug/L (CI = 0.73, 1.08)] (P
condition x time = 0.019). In the skeletal muscle, we examined the expression of the gene
CNDP2 at pre and post exercise (Figure 22B and Figure 22F). We observed a significant
overexpression after evening exercise in women (P = 0.047) (Figure 22F) but no significant

overexpression in men either after the morning or the evening session (Figure 22B).

In summary, levels of Lac-Phe were affected by moderate-intensity aerobic exercise only
in women. Moreover, the female’s response to exercise showed a time-of-day dependent
pattern in both plasma levels of Lac-Phe and the expression of CNDP2, which was

increased only in the evening.



4.3. No time-of-day differences on the acute effect of moderate-intensity exercise

on lactate in men and women.

We observed in men an immediate increase in lactate post-exercise and subsequent
decrease at 90 min post (P time = 0.023) (Figure 22C), but not in women (P time = 0.801)
(Figure 22G). However, there were no time-of-day differences on the acute response of
lactate to exercise protocol (all P time x condition > 0.2) in both men (Figure 22C) and

women (Figure 22G).

4.4.No time-of-day differences on the acute effect of moderate-intensity exercise

on IL-6 in men and women.

We observed in women an immediate increase in IL-6 post-exercise and subsequent
decrease at 90 min post-exercise (P time = 0.004) (Figure 22H), but not in men (P time =
0.038) (Figure 22D). However, the acute response of IL-6 to the exercise protocol was
similar in the morning and the evening (all P time x condition > 0.4) in both men (Figure

22D) and women (Figure 22H).

4.5. Lac-Phe, lactate and IL-6 could modulate appetite feelings after moderate-

intensity aerobic exercise in women with influence of the time-of-day

We further conducted simple linear regressions to investigate the potential relationship of
Lac-Phe, lactate and IL6 with appetite feelings’ ratings at post and 90 min post exercise.
In men, Lac-Phe (Figure 23A-D), lactate (Figure 23E-H) or IL6 (Figure 24A-D) were not
associated with appetite feelings in the morning or the evening (all P > 0.1). Contrary, in
women we observed that the increased levels of Lac-Phe was related to an increase in
fullness at post-exercise in the evening (Evening: R2 = 0.24; 3 = 18.61; P = 0.045) but not
the morning (Morning: R2 = 0.04; 3 = 6.81; P = 0.45) (Figure 230). Similar results were
obtained for lactate and fullness post-exercise (Morning: R2 = 0.19; 3 = 1.61; P = 0.079;
Evening: R2 = 0.41; § = 1.57; P = 0.006) (Figure 23U), and IL-6 and hunger post-exercise
(Morning: R2 = 0.03; 3 = 6.93; P = 0.517; Evening: R2 = 0.32; 3 = 27.53; P = 0.022) (Figure
24E). At 90 min post-exercise, lactate and hunger (Morning: R2 = 0.19; 3 = -3.86; P = 0.078);
Evening: R2 = 0.52; 3 = -2.22; P = 0.003) (Figure 23T), and lactate and fullness (Morning:
R2 = 0.00; 3 = -0.10; P = 0.94; Evening: R2 = 0.51; 3 = 1.84; P =0.003) (Figure 23V) were

significantly related only in the evening.



The present results suggest that in women, the exercise-induced Lac-Phe, lactate and IL-6
may play a role at modulating the immediate appetite responses to moderate-intensity

aerobic exercise after evening but not morning exercise.
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Figure 22. Lac-Phe, CNDP2,lactate and IL6 response to moderate-intensity aerobic exercise in men
and women. Plasma Lac-phe at pre, post and 90 min post-exercise in the morning and evening
conditions in men (A) and women (E). Change in the expression level in the skeletal muscle from pre to
post exercise of the gen CNDP2 in the morning and evening in men (B) and women (F). Plasma lactate at
pre, post and 90 min post-exercise in the morning and evening conditions in men (C) and women (G).
Serum IL-6 at pre, post and 90 min post-exercise in the morning and evening conditions in men (H) and
women (I). Using normal mixed models considering time a continuous variable (time, condition and
time and condition [time x condition] interaction). Using normal mixed models considering time a
categorical variable (pre vs. post and pre vs. 90 min post) for post-hoc analyses: * time = P < 0.05; ** time

=P < 0.01; *** time = P < 0.001; T condition x time = P < 0.05. Values are mean and CI.
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Figure 24. Correlations between IL6 and main appetite feeling after moderate-intensity aerobic exercise in
men and women. Correlation between IL6 and hunger at post (A) and 90 min post (B) in men, and women (E, F).
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lineal regression.

5. Discussion

The present study shows that a single bout of moderate-intensity aerobic exercise impact
on appetite feelings, Lac-Phe, lactate and IL-6 with no influence of the time-of-day for
both men and women. However, evening moderate-intensity aerobic exercise reveals a
heightened potential to impact appetite in women. This is attributed to an increased
expression of CNDP2in the skeletal muscle and a significant relationship between appetite
feelings and levels of Lac-Phe, lactate and IL-6 exclusively at this time of day. In men, the
same exercise protocol does not provide a sufficient stimulus to impact appetite

regulation, either in the morning or evening.

Consistent with other crossover studies™?, the response of appetite feelings to moderate-

intensity aerobic exercise was similar in the morning and evening, for both healthy men



and women. This may be because our exercise protocol was not intense enough, which
could also explain why we did not observe a suppression of hunger. Nevertheless, time-of-
day differences on appetite feelings has neither been observed in men after performing a
single bout high intensity interval exercise, despite lower levels of ghrelin in the
afternoon®. The available evidence suggests that there is not a diurnal variation in the
acute response of appetite to exercise. However, the exercise-induced response remains
unexplored in women undergoing high-intensity exercise and individuals with obesity,
highlighting a crucial gap in our understanding that demands further investigation. We
could anticipate different results in patients with overweight or obesity, as evidenced by
the study from Alizadeh et al.,*. They observed increased satiety following morning
aerobic moderate-intensity exercise in women with overweight, but not in the afternoon.
Itisimportant to note that the design and statistical analysis of their study are not directly

comparable to ours or to those previously mentioned.

Understanding the role of myokines and underlying mechanisms may help to predict
potential differences on the acute and long-term effect of exercise on appetite, depending
on the sex and time-of-day. Recently, Lac-Phe (synthetized from lactate by the cytosolic
enzyme CNDP2) has been identified as possibly the most significant exercise-induced
metabolite, playing a determinant role on appetite suppression®. To the best of our
knowledge, this is the first study investigating Lac-Phe response to exercise in men and
women and additionally considering the time-of-day. We found that CNDP2 expression
in the skeletal muscle was significantly increased after exercise exclusively in women in
the evening condition. This finding is of great interest and confirms that exercising at the
right time-of-day can provide optimal benefits. It should be noted that in women in the
evening, a negative feedback mechanism appears to occur, where the increase in CNDP2
post-exercise is followed by a drop in Lac-Phe below baseline levels at 90 minutes post-
exercise. Lac-Phe was positively related to fullness only at post-exercise, suggesting that
its effect on appetite dissipates by 90 minutes post-exercise. Presumably, a protocol of
higher intensity would exert longer duration effects?, and could translate to significant
time-of-day differences on Lac-Phe. We cannot determine if the reported sex and time-of-
day impact on CNDP2, Lac-Phe and its relation to fullness after exercise would result in
decreased energy intake. Acute Lac-Phe treatment (circulating concentration of ~175 uM)
suppressed food intake in mice *; however, this concentration is not comparable to the
levels in plasma of the participants in this study (~6 to ~9 pM). Moreover, the only study

investigating the effect of exercise on Lac-Phe, appetite feelings and energy intake did not



observe decreased energy intake despite increased Lac-Phe and decreased hunger after

moderate intensity exercise with blood flow restriction *.

Exercise intensity is pivotal for inducing appetite suppression® and may partially explain
the sex and time-of-day differences we observe in this study. Using predominantly high-
intensity protocols, other studies have reported that evening exercise is more effective for
increasing lactate or IL-6 in healthy men®~'. However, exercise intensity in our study was
insufficient to impact appetite outcomes in men, either in the morning or evening.
Although lactate levels transiently increased after exercise, the lack of CNDP2 expression
prevented its conversion to Lac-Phe. Further indicating an insufficient stimulus, there
were no morning or evening changes in IL-6 induced by exercise. In coherence, we
observed no significant association between Lac-Phe, lactate or IL-6 and appetite feelings
at any time-of-day in men. Contrary, exercise intensity was enough in women to convert
Lac-Phe from lactate and to increase IL-6 independently of the time of day. In the female’s
skeletal muscle, the gene expression of IL-6 in occurred only the evening. Additionally,
pathways linked to inflammation were overall further activated in in the skeletal muscle
in women than men. More specifically, they were further activated in the evening in
women (data under review). Results from the simple linear regressions also suggested a
role of lactate and IL-6 on modulating appetite feelings after exercise only in the evening

in women.

Based on the gathered information, we postulate that acute evening exercise could be
more effective than morning for appetite suppression in women. The effect may be
achieved with moderate to high-intensity aerobic exercise, while a higher intensity may
be necessary to observe time-of-day differences in men. Whether evening exercise would

lead to decreased energy intake compared to morning remains to be determined.

Of note is that our study presents several limitations. First, the moderate-intensity
exercise employed may not adequately reveal potential differences in acute appetite
responses between morning and evening sessions. Additionally, while fasting hours and
previous meals were standardized in both conditions, participants consumed one meal
before the morning session and two meals before the evening session. Finally, the results
cannot be extrapolated to energy intake or gut hormone responses due to the absence of

these measurements.



6. Conclusion

Evening moderate-intensity aerobic exercise could be more effective for appetite
suppression than morning exercise in healthy women. Although the impact of a single
bout of moderate-intensity aerobic exercise on appetite feelings, Lac-Phe, lactate, and IL-
6 was similar regardless of time-of-day, CNDP2 expression in skeletal muscle were
induced exclusively after evening exercise in women. Also, Lac-Phe, lactate, and IL-6 were
linked to appetite feelings only in the evening in women. Regardless the time-of-day, this
exercise protocol had minimal impact on appetite regulation in healthy men. Future
studies should determine the response with higher intensity exercise protocols, the long-

term effect and the response in individuals with obesity.
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Chapter 6. An integrative discussion of the International
Doctoral Thesis

Mammalian cells possess molecular clocks that regulate whole-body metabolism'. These
clocks are intricately related to cardiometabolic health, being its disruption linked to
health disorders such as cardiovascular disease, type 2 diabetes, or obesity’. Exercise, a
well-recognized® ally in maintaining overall health, also acts as a zeitgeber and has the
potential to reset molecular clocks®. This International Doctoral Thesis aimed to study the
acute morning vs. evening impact on the effect of exercise on glucose regulation and
energy metabolism in men and women, additionally unveiling the underlying molecular

mechanisms in the skeletal muscle.

1. Findings in summary

Overall, the time-of-day of a single bout of moderate-intensity exercise does not influence
the systemic effects on blood pressure, glucose regulation, energy metabolism and
perceived appetite feelings. However, the molecular changes in the skeletal muscle after
moderate-intensity aerobic exercise show an evident sexual dimorphism and time-of-day
differences. In women evening exercise results a stronger stimulus than morning, with
higher reliance on carbohydrates in the skeletal muscle, increased cytokine expression,
and increased potential to suppress appetite in the short-term. Contrary, in the evening
the molecular response in men promotes mitochondrial function while inhibiting
carbohydrate utilization, although time-of-day variations are less evident than in women.
These findings highlight the importance of considering sex-specific differences when
designing exercise interventions. A single bout of moderate-intensity exercise was not
enough to extrapolate the sex and time-of-day-dependent molecular changes to systemic
effects. Therefore, questions remain unanswered regarding the effect of other exercise
protocols (e.g., higher intensity or resistance training) and the response on patients with
cardiometabolic disorders. Here, we provide a detailed molecular framework helpful for

future research on precise exercise prescriptions in clinical settings.

2. Previous literature on the diurnal variation of the effect of a single bout of

exercise on cardiometabolic health parameters in humans

To understand whether the effect of exercise on cardiometabolic health parameters differs
when it is performed in the morning vs. the evening, it is essential first to define the acute
physiological responses to exercise. To this end, we systematically reviewed and meta-

analyzed the results of the available studies to date that investigated the morning vs.



evening impact of a single bout of exercise on blood pressure, blood glucose and blood
lipids (Chapter 3). Results from this meta-analysis indicated that there was no influence
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of the time of the day on the effect of a single bout of exercise on blood pressure*™ and
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blood glucose*?*, while the research on lipids was insufficient®. Specifically, both
morning and evening exercise produced an acute hypotensive response and an increase in
blood glucose. The main limitation we faced in this study was the notable qualitative
differences between the small number of studies. Participants differed in age, training and
health status, BMI, and sex. Exercise protocols also varied in type, intensity, and duration.
We acknowledged a critical gap in female research since only 27.3% of the meta-analysed
studies included women*®'7'820-2 " what hampered to determine potential specific
responses based on biological sex*. After detailed revision, we concluded that also the
health status probably interfered with the morning vs. evening exercise effects. Most
studies on healthy participants reported no time-of-day differences in the blood pressure
and blood glucose response to exercise>**'*, In contrast, studies on hypertensive patients
did, although they were contradictory between each other”. Additionally, only studies
conducted in patients with diabetes mellitus described increased blood glucose after
morning exercise that did not occur in response to evening exercise ''*?. Despite these
descriptive differences, we did not find statistical significance for the moderation of
participants’ age, health status, BMI, sex, or exercise intensity and duration on results.
Still, we believe it could be due to the limited number of studies included in each
moderator level, and in the case of sex, the reduced number of women participating in the

studies.

3. Diurnal variation of the effect of a single bout of moderate-intensity aerobic

exercise on cardiometabolic health parameters in humans: role of sex

Largely due to the underrepresentation of women in the available literature to date,
drawing robust conclusions about the acute effects effect of the time-of-day of exercise on
cardiometabolic health parameters was challenging. To address the sex gap, we developed
a study aiming to elucidate the physiological and molecular mechanisms underlying
potential sex-specific time-of-day variations in exercise-induced glucose regulation and
energy metabolism (Chapter 4). The study revealed that a single bout of moderate-
intensity aerobic exercise, whether performed in the morning or evening, elicited similar
systemic effects on glucose regulation and energy metabolism in both men and women.
Remarkably, there existed a pronounced sexual dimorphism and time-of-day variations in

the skeletal muscle adaptations at the molecular level.



Glycaemic metabolism. Confirming the results from our previous meta-analysis, in
Chapter 4 we observed that the time-of-day did not impact on systemic glucose response
to exercise in healthy population. At the systemic level, biological sex differences were not
evident. Our findings in women were consistent with those of Galliven et al., even though
they employed a higher intensity protocol of running for 20 minutes at 90% VO,max?°.
Similarly, in healthy men, no time-of-day differences were observed with moderate or
high-intensity protocols *'*!°?22*_ Glycaemic markers — improved basal glucose/insulin
ratio, HOMA index, insulin and cortisol — neither displayed time-of-day variations in
response to exercise. In agreement, other authors have reported not differentially altered
insulin or HOMA index by morning or evening exercise®®. At the molecular level, however,
sex and time-of-day differences became evident. In women, the transcriptional analysis
revealed a greater number of post-exercise changes in genes involved in glycogen and
glucose degradation in the evening, with most of them being upregulated. In contrast,
men exhibited fewer changes in these family of genes, and they were predominantly

repressed following evening exercise.

Lipid metabolism. We did not identify time-of-day impact on post-exercise total-
cholesterol or LDL-cholesterol. The response of serum triglycerides, however, suggested
time-of-day variations in women. Triglycerides in females exhibited a reduction following
evening but not morning exercise, showing proximity to statistical significance. This data
concur with a previous study that demonstrated a decrement of triglycerides levels after
evening vs. morning submaximal aerobic exercise in healthy men **. With our exercise
protocol, however, we did not observe that distinction in men. As mentioned in Chapter 3,
research on the time-of-day of exercise and the immediate response of blood lipids is
scarce. Interestingly, a recent systematic review and meta-analyses comparing the
metabolic adaptations after more than 2 weeks of morning and afternoon training has
described afternoon as a more effective way for reducing circulating triglyceride levels,
particularly if exercise is conducted at high intensity **. We cannot fully clarify whether
there is a distinct response between men and women because this review does not
consider sex differences. Nevertheless, we postulate that a higher exercise intensity is

required to observe a diurnal variation of lipid levels in men compared to women.

Energy metabolism. In terms of substrate utilization, previous research had suggested a
sexual dimorphism and time-of-day variations in fat oxidation rates?”?®. Men showed
higher lipid utilization in the evening in comparison to morning when exercising at
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maximal fat oxidation intensity or low-moderate intensity?®. Morning and evening



exercise, in contrast, did not lead to distinct effects in women at the intensity of maximal
fat oxidation”. Regarding adaptations in the skeletal muscle, investigations conducted in
men have suggested that afternoon training promotes fatty acids as substrate during
exercise by enhancing mitochondrial oxidative capacity and lipid biosynthesis***. In
Chapter 4 we did not achieve to demonstrate a diurnal variation on fat or carbohydrates
oxidation (approached by RER) neither in men nor women. EE was also similar in both
conditions and sexes in agreement with comparable studies****. Upon detailed
examination, molecular changes suggest a differential effect of exercise on energy
metabolism influenced by the time-of-day and sex. The mitochondrial proteome was
particularly increased in the evening in women, while particularly decreased at this time-
of-day in men. Mitochondrial respiration showed substantial differences exclusively in
women (showing proximity to statistical significance): respiration through complex II
increased in the morning and decreased in the evening following exercise. The higher
activity of complex II in the morning could result at first contradictory considering that
females presented decreased mitochondrial proteome at this moment. We assume that a
negative feedback loop regulation was occurring, wherein protein synthesis was
downregulated in response to already increased mitochondrial function®. In men, the
decreased mitochondrial proteome in the evening suggests an increased mitochondrial
function at this moment what would align previous research®**. Even so, the diurnal
variation in the molecular adaptations of the skeletal muscle after exercise was more
evident in women than men. Women’s metabolism after morning moderate-intensity
aerobic exercise appeared to depend more on fat oxidation than after evening exercise,
while the opposite pattern could be occurring in men. It is plausible that time-of-day and
sex variations in exercise response were partially defined by exercise intensity. More
evident differences in men could be expected when high intensity exercise protocols would

be applied®.

Skin body temperature provided further information to understand dissimilarities based
on sex and time-of-day. Biological sex differences in core body temperature, together with
other circadian biomarkers such as melatonin and cortisol exist”’. Women typically exhibit
an earlier phase and a shorter circadian period in comparison to men**?°. We noticed that
values from men's skin body temperatures at the starting of exercise in the evening were
not significantly different compared to those obtained in the morning. On the opposite,
women exhibited significantly higher skin body temperature in the evening at this point,

a fact that would signal their shorter circadian period and the phase shift from diurnal to



nocturnal, giving an additional explanation to why our results displayed more evident
time-of-day differences in women and opposite patterns between sexes. In agreement,
higher temperature values would be expected to stimulate carbohydrate metabolism*° in
women during the evening, what in effect was evidenced by the female muscle’s

transcriptome.

One study had previously investigated the time-of-day of exercise effect on sleep quality.
They concluded that morning, afternoon, and evening high intensity cycling had similar
impact on most sleep variables with minor impacts observed on sleep quality following
evening exercise. We observed comparable results in Chapter 4, except from women that
slept for longer after evening compared to the morning condition. Again, acute moderate-
intensity exercise was more effective for elucidating time-of-day variations in women

than men.

Men and women showed differentially expressed key myokines involved in energy
metabolism homeostasis including both FGF21 and GDF15. FGF21 was only expressed in
men in the post-evening exercise, while GDF15 was exclusively induced in women, with
higher levels in the morning condition. Considering that these myokines regulate
mitochondrial function and particularly lipid metabolism*, the results support that
women presented a more oxidative metabolism when exercising in the morning.
Additionally, the higher cytokine expression observed in women following evening
exercise suggested the same exercise protocol was representing a more intense stimulus in
the evening for them leading to increased expression genes involved in carbohydrate
metabolism**. The exclusive expression of FGF21 after the evening exercise in men
supported increased mitochondrial function and more oxidative metabolism, data that
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concur with previous works***. However, no significant time-of-day differences in

cytokine expression were observed in men.

Differences between sexes and time-of-day in energy metabolism could logically extend
to a different impact of exercise on appetite regulation. In Chapter 5, we examined the
acute impact of morning vs. evening moderate intensity exercise on appetite-related
outcomes in healthy men and women. Exercise similarly affected appetite feelings—
hunger, fullness, craving for tasty, and craving for sweet—in response to morning and
evening exercise protocols for both sexes. Comparable crossover studies have reported no
differences in appetite sensations or energy intake based on the time-of-day neither in
healthy women after 60 minutes of aerobic exercise®, or in healthy men after 30 minutes

of high-intensity interval training despite lower post-exercise ghrelin levels in the



afternoon ®. Consequently, the time-of-day does not appear to significantly influence
appetite responses to acute exercise. However, the limited number of studies on this topic
leaves certain questions unanswered, such as the time-of-day potential effects after high-

intensity exercise in women.

Exercise intensity is pivotal for inducing appetite suppression. This phenomenon is
primarily explained by the action of intensity-dependent energy regulatory myokines,
such as IL-6, lactate, and Lac-Phe, which mediate changes in the gut, adipose tissue, and
central nervous system***® . The intensity of exercise in our study was insufficient to
decrease hunger or increase fullness independently of the time of day. However, higher
cytokine expression in women than men supported that adaptations in the females’
skeletal muscle were more similar to those typically expected from high intensity exercise.
In accordance, we observed that exercise intensity was enough in women to convert
lactate to Lac-Phe and to increase IL-6 independently of the time of day, however it did not
occur in men. Mainly in response to high-intensity exercise, comparable studies have
demonstrated time of day differences on lactate and IL-6 in men favoring evening® 2,

Once more, there is limited research on women *°.

Based on this previous literature and our comprehensive dataset, we believe that exercise
could be more effective for appetite suppression in the evening than in the morning, and
this could be achieved in women with moderate to high intensity exercise, while men
would benefit from exercising at higher intensity. In this context, Lac-Phe is of particular
interest. Lac-Phe has been identified to be key for suppressing food intake and it is one of
the most significant metabolites induced by exercise*®. To the best of our knowledge, our
study is the first to investigate sex and time of day differences on exercise-induced Lac-
Phe and the enzyme responsible of its synthesis, CNDP2. We observed a significant
expression of CNDP2 post-exercise only in the evening women. Moreover, we detected
significant relationship between Lac-Phe, lactate and IL-6 and appetite feelings
exclusively at that time-of-day. In contrast, moderate aerobic exercise was insufficient to
significantly increase the expression of CNDP2 in men or demonstrate relationship

between the myokines and appetite feelings after exercise.

Of note, these are exploratory results, and we can not conclude that time-of-day and sex
differences would translate to reduced energy intake. The increase in CNDP2 expression
post-evening exercise in women was followed by a drop in Lac-Phe below baseline levels

what suggested a negative regulatory feedback mechanism. Lac-Phe and appetite feelings



were no longer related at 90 min post-exercise. Therefore, the response was transitory.
Levels of circulating Lac-Phe in our participants (from ~6 to ~9 nM) were very low
compared to those required for reducing energy intake in mice (~175 pM)*®. To date, the
only study investigating the effect of exercise on Lac-Phe, appetite feelings, and energy
intake in humans did not report a decreased energy intake despite increased Lac-Phe and
reduced hunger after moderate-intensity exercise with blood flow restriction®. It is
probable that moderate-intensity aerobic exercise is enough to demonstrate time of day
differences in women at the molecular level in terms of appetite regulation, but not to

translate them to acute changes on energy intake.

Some interrogations remain to be solved. The myokine GDF15 (which has been associated
with appetite suppression®) was upregulated more prominently in the morning in
women. Also, we observed a positive relation between post-evening exercise IL-6 and
hunger in women. How would the time-of-day of exercise and sex impact on energy intake

and gut hormones is still uncertain.

4. Diurnal variation of the effect of a single bout of exercise on cardiometabolic

health parameters in humans: potential role of health status

Results from Chapter 4 are limited to healthy population. However, according to the
results provided in Chapter 3, the impact of the time-of-day of exercise on cardiometabolic
health may be probably influenced by health status. Findings from the meta-analysis
revealed similar hypotensive effects of exercise independently of the time-of-day, which
was typically observed on studies conducted in healthy men®*®'*® . In contrast, literature
showed controversy when it came to pre-hypertensive or hypertensive men”’. According
to Brito et al, morning exercise was more effective for lowering blood pressure in
prehypertensive men’, but evening exercise was better in hypertensive men receiving ARB
medication’. No time-of-day differences were reported in hypertensive women* or
hypertensive men taking ACEi medication’. A more recent systematic review has
concluded that evening exercise may provide better clinical outcomes in patients with
hypertension®. The greater reduction of blood triglycerides following afternoon/evening

exercise has been proposed to be linked to this improvement **.

Blood glucose showed no significant variations after a single bout of morning or evening
exercise, according to our meta-analysis in Chapter 3. However, there was a trend
suggesting that morning exercise might have a more substantial impact on glucose levels

compared to evening exercise. Although the health status did not significantly moderate



the blood glucose response between morning and evening exercise, only studies involving
participants with diabetes mellitus reported time-of-day differences in glucose response.
These works typically indicated an increase in blood glucose following morning exercise,
a result that was not observed after evening exercise’®'®*. Increasing evidence suggests
that morning exercise may be less advisable for patients with diabetes mellitus. Results
from a prospective cohort study reported reduced insulin resistance in participants most
active in the afternoon or evening, but not in those most active in the morning®. Long-
term interventions also have described that evening exercise helps to prevent
hyperglycemic events in patients with type 2 diabetes***’. Additionally, a study conducted
in men with overweight/obesity reported improvements in glycaemic control and partial
reversal of high fat diet-induced changes in metabolic profiles only when participants
exercised in the evening vs. the morning*®. In contrast, an exercise intervention in middle-
aged adults with metabolic syndrome showed that morning exercise improved fasting
insulin levels to a greater extent than afternoon exercise, although no differences were
noted in fasting glucose levels between morning and afternoon exercise®. Therefore,
prescribing morning or evening exercise may depend on the patient's condition. For
healthy population, according to results from Chapter 3 and Chapter 4, the time-of-day of

exercise may not significantly impact systemic glucose levels.

Itisimportant to note that none of the mentioned long-term studies analyzed the data for
men and women separately, which hampers the determination of health and sex-specific
exercise-induced effects. The mechanism underlying improved benefits from
afternoon/evening training are possibly explained by a preservation of muscle and hepatic
glycogen to favor lipid oxidation®®. From the transcriptomic results in Chapter 4, it seems
evident that men preserved glycogen in the evening, while women did not. Because of their
earlier phase shift*®*°, we theorize that female patients with type 2 diabetes may benefit
from exercising in the afternoon rather than the evening. Consistently, in the study from
Arciero et al. (i.e., 12-week multimodal exercise intervention at 6:00 vs. 18:30), women in
the morning group experienced greater abdominal fat loss and blood pressure reduction,
while men in the evening group increased their fat oxidation capacity and reduced their

systolic blood pressure and fatigue®.

It has been easier to find long-term studies focused on women when they explore fat and
weight loss. Still, literature is conflicting. A recent study involving women with
overweight/obesity found that 12 weeks of self-paced aerobic exercise in the afternoon led

to slightly greater weight loss than morning exercise®. These results concur with those



obtained in another study performed in post-menopausal women who walked for 3
months (50 mins at 55% HRreserve, 4 days/week) and obtained increased fat loss in the
evening group — scheduled before dinner — compared to the morning group — scheduled
after breakfast —%2. Conversely, other studies which included both men and women with
overweight/obesity indicated that moderate aerobic training in the morning was more
effective for reducing fat mass and weight than afternoon training®**. Most investigations
agreed that energy intake and appetite feelings were not differently affected by the time-
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of-day®~*. However, a notable aspect among the mentioned studies is the timing of meals
relative to exercise. Most studies allowed flexible meal schedules® excepting from the
study by Di Blasio et al. that implemented the dinner after the walking activity ®2. Women
in the evening group did not decrease their total energy intake compared to those in the
morning group, but shifted their intake towards the morning and experienced greater fat
loss. Inline with our results from Chapter 5, we could expect diurnal variations in the effect
of exercise scheduled before a meal. However, long-term metabolic adaptations after

morning vs. afternoon/evening exercise implemented before a meal has not yet been

investigated.

In the scenario of exercise as medicine, afternoon or evening training appears to be more
effective for lowering blood pressure and preventing hypoglycemia in type 2 diabetes
patients. For appetite regulation, weight, and fat loss, the results are more controversial
due to the unclear interaction between the time-of-day of exercise and the timing of meals
relative to exercise. This International Doctoral Thesis contributes to the field by helping
to design more precise and inclusive exercise interventions and guidelines. Anyhow,
exercise remains an excellent preventative and therapeutic method for improving
cardiometabolic health, including blood pressure, insulin sensitivity, glucose tolerance,

lipid profile, and appetite regardless of the time-of-day®.
5. Limitations

This International Doctoral Thesis has several limitations that should be acknowledge. In
Chapter 3, the analysis of the acute effects of the time-of-day on exercise involved 11
studies for systolic and diastolic blood pressure, 7 studies for mean blood pressure, and 10
studies for blood glucose. These works exhibited qualitative differences in exercise
protocols, participant’s health and training status, BMI, sex, and specific hours within
morning or evening conditions. Although no statistical heterogeneity was found in the

meta-analyses, it may be attributed to the small sample sizes of the included studies.



Moreover, we did not address the gap into potential sex differences in the acute effects of

exercise timing on blood pressure.

In Chapter 4 and Chapter 5, one single bout of exercise may not suffice to observe systemic
effects of the time-of-day of exercise. The results coming from a healthy population should
be cautiously interpreted when applying them to patients with cardiometabolic disorders.
Also, investigating the time-of-day is challenging, as morning and evening encompasses
several possible hours. Even more the definitions of morning, afternoon, and evening vary

across cultures, making hard the comparisons between studies.

Of particular interest for appetite outcomes in Chapter 5, despite standardizing fasting
hours and prior meals, participants consumed one meal before the morning session and
two before the evening session. These results are therefore exploratory, and the absence of

energy intake or gut hormone measures limits the conclusions.

Lastly, although the menstrual phase of female participants was recorded, logistical
constraints prevented to match morning and evening conditions within the same phases.
While the effect of exercise on substrate oxidation or appetite outcomes does not

6769 accounting for menstrual phases is

significantly vary across the menstrual cycle
considered crucial to avoid potential confounding variables®. Further, it has been reported
that the diurnal variation of glucose response to exercise is influenced by the menstrual

cycle?°.
6. References

1. Panda S, Hogenesch ]JB, Kay SA. Circadian rhythms from flies to human. Nature 2002;
417:329-335.

2.Panda S. Circadian physiology of metabolism. Science (1979) 2016; 354(6315):1008-1015.

3. Gabriel BM, Zierath JR. Circadian rhythms and exercise - re-setting the clock in
metabolic disease. Nat Rev Endocrinol 2019; 15(4):197-206.

4. Azevédo LM, Souza AC de, Santos LES, et al. Fractionated Concurrent Exercise
throughout the Day Does Not Promote Acute Blood Pressure Benefits in Hypertensive

Middle-aged Women. Front Cardiovasc Med 2017; 4:1-7.

5. Boukelia B, Gomes EC, Florida-James GD. Diurnal variation in physiological and
immune responses to endurance sport in highly trained runners in a hot and humid

environment. Oxid Med Cell Longev 2018; 2018.



6. Boussetta N, Abedelmalek S, Aloui K, Souissi N. The effect of air pollution on diurnal
variation of performance in anaerobic tests, cardiovascular and hematological
parameters, and blood gases on soccer players following the Yo—Yo Intermittent Recovery

Test Level-1. Chronobiol Int 2017; 34(7):903-920.

7. Brito LC, Azevédo L, Pecanha T, et al. Effects of ACEi and ARB on post-exercise
hypotension induced by exercises conducted at different times of day in hypertensive men.

Clin Exp Hypertens 2020; 42(8):722-727.

8. Chan-Dewar F, Gregson W, Whyte G, et al. Do the effects of high intensity 40 km cycling
upon left ventricular function and cardiac biomarker during recovery vary with time of

day? J Sports Sci 2013; 31(4):414—423.

9. De Brito LC, Rezende RA, Da Silva ND, et al. Post-exercise hypotension and its
mechanisms differ after morning and evening exercise: A randomized crossover study.

PLoS One 2015;10(7):1-16.

10. Focht BC, Koltyn KF. Alterations in pain perception after resistance exercise performed

in the morning and evening. 2009; 23(3):891-897.

11. Jones H, Pritchard C, George K, Edwards B, Atkinson G. The acute post-exercise response

of blood pressure varies with time of day. Eur ] Appl Physiol 2008; 104(3):481-4809.

12. Jones H, Taylor CE, Lewis NCS, George K, Atkinson G. Post-exercise blood pressure
reduction is greater following intermittent than continuous exercise and is influenced less

by diurnal variation. Chronobiol Int 2009; 26(2):293-306.

13. O’Connor PJ, Davis JC. Psychobiologic responses to exercise at different times of day.

Med Sci Sports Exerc 1992; 24(6):714-719.

14. Mclver V], Mattin LR, Evans GH, Yau AMW. Diurnal influences of fasted and non-fasted
brisk walking on gastric emptying rate, metabolic responses, and appetite in healthy

males. Appetite 2019; 143:104411.

15. Larsen P, Marino F, Melehan K, Guelfi K], Duffield R, Skein M. Evening high-intensity
interval exercise does not disrupt sleep or alter energy intake despite changes in acylated

ghrelin in middle-aged men. Exp Physiol 2019;104(6):826—-836.

16. Savikj M, Gabriel BM, Alm PS, et al. Afternoon exercise is more efficacious than morning
exercise at improving blood glucose levels in individuals with type 2 diabetes: a

randomised crossover trial. Diabetologia 2019; 62(2):233-237.



17. Munan M, Dyck RA, Houlder S, et al. Does exercise timing affect 24-hour glucose
concentrations in adults with type 2 diabetes? A follow up to the Exercise-Physical Activity
and Diabetes glucose Monitoring Study. Can ] Diabetes 2020; 44(8):711-718.

18. Toghi-Eshghi SR, Yardley JE. Morning (Fasting) vs Afternoon Resistance Exercise in
Individuals with Type 1 Diabetes: A Randomized Crossover Study. Journal of Clinical

Endocrinology and Metabolism 2019; 104 (11):5217—-5224.

19. Fernandes AL, Lopes-Silva JP, Bertuzzi R, et al. Effect of time of day on performance,
hormonal and metabolic response during a 1000-M cycling time trial. PLoS One 2014;

9(10).

20. Galliven EA, Singh A, Michelson D, Bina S, Gold PW, Deuster PA. Hormonal and
metabolic responses to exercise across time of day and menstrual cycle phase. ] Appl

Physiol 1997; 83(6):1822-1831.

21. Ruegemer, J., Squieres, Ray W., Marsh, Harold M., Haymond, Morey W., Cryer, Philip E.,
Rizza, Robert A., Miles JM. Differences Between Prebreakfast and Late Afternoon Lgycemic

Responses to Exercise in IDDM Patients. ] Chem Inf Model 2019; 53(9):1689-1699.

22. Hobson RM, Clapp EL, Watson P, Maughan RJ. Exercise capacity in the heat is greater

in the morning than in the evening in man. Med Sci Sports Exerc 2009; 41(1):174-180.

23.Tanaka Y, Ogata H, Park [, et al. Effect of a single bout of morning or afternoon exercise

on glucose fluctuation in young healthy men. Physiol Rep 2021; 9(7):e14784.

24. Hatice, Aldemir NK. The effect of time of day and exercise on platelet functions and
platelet —neutrophil aggregates in healthy male subjects Hatice Aldemir and Nedret Kil1 ,.
Mol Cell Biochem 2005; 280(1-2):119-124.

25. Arciero PJ, Ives SJ, Mohr AE, et al. Morning Exercise Reduces Abdominal Fat and Blood
Pressure in Women; Evening Exercise Increases Muscular Performance in Women and

Lowers Blood Pressure in Men. Front Physiol 2022;13:893783.

26. Galan-Lopez P, Casuso RA. Metabolic Adaptations to Morning Versus Afternoon

Training: A Systematic Review and Meta-analysis. Sports Medicine 123AD.

27. Robles-Gonzdlez L, Aguilar-Navarro M, Lépez-Samanes A, et al. No diurnal variation is
present in maximal fat oxidation during exercise in young healthy women: A cross-over

study. Eur J Sport Sci 2023; 23(6):936—942.



28. Amaro-Gahete FJ, Jurado-Fasoli L, Trivifio AR, et al. Diurnal Variation of Maximal Fat-
Oxidation Rate in Trained Male Athletes. Int ] Sports Physiol Perform 2019; 14(8):1140-
1146.

29. Ramirez-Maldonado M, Jurado-Fasoli L, del Coso ], R. Ruiz ], Amaro-Gahete FJ. Caffeine
increases maximal fat oxidation during a graded exercise test: is there a diurnal variation?

J Int Soc Sports Nutr 2021; 18(1):1-9.

30. Mohebbi H, Azizi M. Maximal fat oxidation at the different exercise intensity in obese

and normal weight men in the morning and evening. ] Hum Sport Exerc 2011; 6(1):49-58.

31. Sharma P, Agarwal M. Diurnal variation of fat oxidation rate and energy expenditure in
an acute bout of endurance exercise by young healthy males. ] Family Med Prim Care 2022;

11(1):240.

32. Ezagouri S, Zwighaft Z, Sobel ], Golik M, Verges S, Asher G. Physiological and Molecular
Dissection of Daily Variance in Exercise Capacity Physiological and Molecular Dissection

of Daily Variance in Exercise Capacity 2019:78-91.

33. Savikj M, Stocks B, Sato S, et al. Exercise timing influences multi-tissue metabolome
and skeletal muscle proteome profiles in type 2 diabetic patients — A randomized crossover

trial. Metabolism 2022; 135:155268.

34. Kim HK, Ando K, Tabata H, et al. Effects of Different Intensities of Endurance Exercise
in Morning and Evening on the Lipid Metabolism Response. J Sports Sci Med 2016;
15(3):467.

35. Mode WJA, Slater T, Pinkney MG, et al. Effects of Morning Vs. Evening exercise on
appetite, energy intake, performance and metabolism, in lean males and females. Appetite

2023;182:106422.

36. Kummer E, Ban N. Mechanisms and regulation of protein synthesis in mitochondria.

Nature Reviews Molecular Cell Biology 2021 22:5 2021; 22(5):307-325.

37. Lok R, Qian ], Chellappa SL. Sex differences in sleep, circadian rhythms, and

metabolism: Implications for precision medicine. Sleep Med Rev 2024; 75:101926.

38. Cain SW, Dennison CF, Zeitzer JM, et al. Sex Differences in Phase Angle of Entrainment

and Melatonin Amplitude in Humans. ] Biol Rhythms 2010; 25(4):288-296.



39.Boivin DB, Shechter A, Boudreau P, Begum EA, Ng Ying-Kin NMK. Diurnal and circadian
variation of sleep and alertness in men vs. naturally cycling women. Proceedings of the

National Academy of Sciences 2016; 113(39):10980-10985.

40. Maunder ED, Plews D], Merien F, Kilding AE. Exercise intensity regulates the effect of
heat stress on substrate oxidation rates during exercise. Eur ] Sport Sci 2020; 20(7):935—

943.

41. Chung HK, Ryu D, Kim KS, et al. Growth differentiation factor 15 is a myomitokine

governing systemic energy homeostasis. J Cell Biol 2017; 216(1):149-165.

42. Felice V Di, Kumar A, Penna F, et al. FGF21 as Modulator of Metabolism in Health and
Disease 2019;10:419.

43. Trayhurn P, Drevon CA, Eckel ]J. Secreted proteins from adipose tissue and skeletal
muscle —adipokines, myokines and adipose/muscle cross-talk. Arch Physiol Biochem 2013;

117(2):47-56.

44. Moldoveanu Al, Shephard RJ, Shek PN. The Cytokine Response to Physical Activity and
Training. Sports Med 2001 Feb; 31(2):115-144.

45. Maraki M, Tsofliou F, Pitsiladis YP, Malkova D, Mutrie N, Higgins S. Acute effects of a
single exercise class on appetite, energy intake and mood. Is there a time of day effect?

Appetite 2005; 45(3):272-278.

46. Thackray AE, Stensel DJ. The impact of acute exercise on appetite control: Current

insights and future perspectives. Appetite 2023;186:106557.

47. Islam H, Townsend LK, McKie GL, Medeiros PJ, Gurd BJ, Hazell T]. Potential
involvement of lactate and interleukin-6 in the appetite-regulatory hormonal response to

an acute exercise bout. ] Appl Physiol 2017; 123(3):614—623.

48. Li VL, He Y, Contrepois K, et al. An exercise-inducible metabolite that suppresses

feeding and obesity. Nature 2022 606:7915 2022; 606(7915):785-790.

49. Souissi A, Yousfi N, Souissi N, et al. The effect of diurnal variation on the performance
of exhaustive continuous and alternated-intensity cycling exercises. PLoS One 2020;

15(12):€0244191.



50. Hammouda O, Chtourou H, Chaouachi A, et al. Time-of-day effects on biochemical
responses to soccer-specific endurance in elite Tunisian football players. J Sports Sci 2013;

31(9):963-971.

51. Abedelmalek S, Chtourou H, Aloui A, Aouichaoui C, Souissi N, Tabka Z. Effect of time of
day and partial sleep deprivation on plasma concentrations of IL-6 during a short-term

maximal performance. Eur ] Appl Physiol 2013; 113(1):241-248.

52. Kim HK, Konishi M, Takahashi M, et al. Effects of acute endurance exercise performed
in the morning and evening on inflammatory cytokine and metabolic hormone responses.

PLoS One 2015;10(9):e0137567.

53. Li S, Guo R, Wang ], et al. The effect of blood flow restriction exercise on N-
lactoylphenylalanine and appetite regulation in obese adults: a cross-design study. Front

Endocrinol (Lausanne) 2023; 14:1289574.

54. Klein AB, Kleinert M, Richter EA, Clemmensen C. GDF15 in Appetite and Exercise:
Essential Player or Coincidental Bystander? Endocrinology 2022; 163(1):bqab242.

55. Brito LC, Marin TC, Azevédo L, Rosa-Silva JM, Shea SA, Thosar SS. Chronobiology of
Exercise: Evaluating the Best Time to Exercise for Greater Cardiovascular and Metabolic

Benefits. Compr Physiol 2022; 12(3):3621-3639.

56. Van Der Velde JHPM, Boone SC, Winters-Van Eekelen E, et al. Timing of physical
activity in relation to liver fat content and insulin resistance H-MRS Proton magnetic
resonance spectroscopy ISI Insulin sensitivity index LPA Light physical activity LUMC
Leiden University Medical Center MET Metabolic equivalents of t. Diabetologia 2023;

66:461-471.

57. Teo SYM, Kanaley JA, Guelfi K], Marston K], Fairchild TJ. The Effect of Exercise Timing
on Glycemic Control: A Randomized Clinical Trial. Med Sci Sports Exerc 2020; 52(2):323—
334.

58. Moholdt T, Parr EB, Devlin BL, Debik ], Giskegdegard G, Hawley JA. The effect of
morning vs evening exercise training on glycaemic control and serum metabolites in

overweight/obese men: a randomised trial. Diabetologia 2021; 64(9):2061-2076.

59. Morales-Palomo F, Moreno-Cabafias A, Alvarez-Jimenez L, et al. Efficacy of morning
versus afternoon aerobic exercise training on reducing metabolic syndrome components:

A randomized controlled trial Key points. ] Physiol 2023:1-15.



60. Casanova-Vallve N, Duglan D, Vaughan ME, et al. Daily running enhances molecular

and physiological circadian rhythms in skeletal muscle. Mol Metab 2022; 61:101504.

61. Brooker PG, Gomersall SR, King NA, Leveritt MD. The efficacy of morning versus

evening exercise for weight loss: A randomized controlled trial. Obesity 2023; 31(1):83-95.

62. Di Blasio A, Di Donato F, Mastrodicasa M, et al. Effects of the time of day of walking on
dietary behaviour, body composition and aerobic fitness in post-menopausal women. ]

Sports Med Phys Fitness 2010; 50(2):196-201.

63. Willis EA, Creasy SA, Honas JJ, Melanson EL, Donnelly JE. The effects of exercise session
timing on weight loss and components of energy balance: midwest exercise trial 2. Int J

Obes 2020; 44(1):114-124.

64. Alizadeh Z, Younespour S, Rajabian Tabesh M, Haghravan S. Comparison between the
effect of 6 weeks of morning or evening aerobic exercise on appetite and anthropometric

indices: a randomized controlled trial. Clin Obes 2017; 7(3):157-165.

65. Gabriel BM, Zierath JR. The Limits of Exercise Physiology: From Performance to Health.
Cell Metab 2017; 25(5):1000-1011.

66. Tian D, Meng ]. Exercise for prevention and relief of cardiovascular disease: Prognoses,

mechanisms, and approaches. Oxid Med Cell Longev 2019; 2019:3756750.

67. Horton TJ, Miller EK, Glueck D, Tench K. No effect of menstrual cycle phase on glucose
kinetics and fuel oxidation during moderate-intensity exercise. American Journal of

Physiology-Endocrinology and Metabolism 2002; 282(4):E752—E762.

68. Frandsen ], Pistoljevic N, Quesada JP, et al. Menstrual cycle phase does not affect whole
body peak fat oxidation rate during a graded exercise test. ] Appl Physiol 2020; 128(3):681—
687.

69. Tanabe K, Kamemoto K, Kawaguchi Y, et al. Publisher Correction: Proteomics of
appetite-regulating system influenced by menstrual cycle and intensive exercise in female

athletes: a pilot study. Sci Rep 2024; 14(1):6798.



GENERAL
CONCLUSIONS

AND

FUTURE
PERSPECTIVES




Chapter 7. Conclusions of the International Doctoral Thesis
and future perspectives

1.

Conclusions

The time-of-day of a single bout of exercise does not influence the systemic
effects on blood pressure, glucose regulation, energy metabolism and perceived
appetite feelings in healthy men and women (Specific aim 1, 2, and 4).

There exists sexual-dimorphism and time-of-day variations in the transcriptome,
mitochondrial proteome and mitochondrial function of the skeletal muscle in
response to moderate-intensity aerobic exercise, although one single session is
not enough to reflect it in systemic adaptations (Specific aim 3).

The time-of-day of moderate-intensity aerobic exercise impact more importantly
on women’s skeletal muscle, resulting exercise a stronger stimulus in the evening
and producing a metabolic response with higher reliance on carbohydrates,
increased cytokine expression and increased potential to suppress appetite in the
short-term (Specific aim 3 and 4).

Women present significant expression of the enzyme CNDP2 in the skeletal
muscle only after evening moderate-intensity aerobic exercise and exhibit a
differential pattern in the exercise-induced release of Lac-Phe. Lac-Phe, lactate,
and IL-6 are linked to appetite feelings only in the evening in women (Specific
aim 4).

Adaptations in men’s skeletal muscle display inhibited carbohydrate utilization
and possibly enhanced mitochondrial function and fat utilization after evening
moderate-intensity aerobic exercise, although time-of-day variations are less
evident than in women (Specific aim 3).

Regardless of the time-of-day, moderate-intensity aerobic exercise has minimal

impact on acute appetite regulation in men (Specific aim 4).

While these results are not sufficient to create clinical recommendations, the present

International Doctoral Thesis provides a molecular framework for future research. By

identifying and understanding the molecular underpinnings of exercise responses,

exercise professionals can make more targeted, personalized prescriptions, potentially

optimizing therapeutic benefits.



2. Future perspectives

The findings from this International Doctoral Thesis underscore the importance of
considering sex-specific differences when designing exercise interventions. There is a
need to precisely define the diurnal variation in the physiological and molecular effects of
exercise between men and women, taking into account the type of exercise, the specific

hour within morning and evening, and health status.

Intensity plays a crucial role in the time-of-day variation of the metabolic response to
exercise. A higher intensity of exercise in men compared to women may be necessary to

observe time-of-day dependent adaptations to exercise.

The specific hour within the morning and afternoon/evening can influence the response
to exercise at different times of the day. Women have a shorter circadian period (i.e.,
earlier phase shift), what suggests that not all exercise hours, particularly in the evening,

are comparable between sexes.

Health status appears to affect the time-of-day impact of exercise on cardiometabolic
parameters. While type 2 diabetes mellitus has been broader studied in this context,
other conditions like metabolic syndrome or obesity remain providing conflicting results.
Conflicts in this topic could be partially addressed by investigating how meal timing
relative to morning and evening exercise (i.e., meal after exercise) interacts with

cardiometabolic outcomes.
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her to begin research in the Department of Biochemistry and Molecular Biology II. She
completed a master’s degree in Molecular Biology Applied to Biotechnology Companies
(2020), and before finishing, she was awarded the prestigious pre-doctoral grant in

Spain (FPU19/03745 grant, 2019-2024) to pursue her PhD thesis.

As a doctoral candidate, she has led the DIVA study as project manager, which
encompasses a team of more than 30 members across two research centers in the
University of Granada (Mixed University Institute of Sport and Health, and Biomedical
Research Center) and one Hospital (San Cecilio University Hospital, Granada). The
overall aim of the DIVA study was to investigate the diurnal variation of moderate-
intensity aerobic exercise on glucose regulation and energy metabolism in healthy men
and women, and to elucidate the underlying molecular mechanisms in the skeletal
muscle (ClinicalTrials.gov ID: NCT05369715). Recently, the DIVA study has been awarded
with the second prize in National Sports Medicine Research Awards (Cajatsur
Foundation, 2024). RSL also completed a research stay at the University of Clermont-
Auvergne (Clermont-Ferrand, France) under the mentorship of Prof. David Thivel
(September-December 2022). This stay was supported by the complementary mobility
scholarship for FPU program beneficiaries. At the University of Clermont-Auvergne she
received training in the study of appetite feelings and food reward in response to exercise.
After this stay, RSL received €1,000 in funding from the University of Granada: "Projects
for PhD Students" (2023), to validate the Spanish version of the most accepted tool for
measuring food reward, the "Leeds Food Preference Questionnaire”. RSL also undertook a
research stay at the Queensland University of Technology (Brisbane, Australia) from April
to August 2023, under the guidance of Prof. Niel King. This research stay provided her
with further training to examine the diurnal variation of the effect of exercise on energy

metabolism and particularly appetite related outcomes.



RSL has contributed to 4 research articles, with 1 as the first and corresponding author
(50% appearing in Q1 and 50% appearing in Q2). She has also submitted 9 meeting
abstracts, with 4 as the first author. Further, she maintains an active presence in
scientific dissemination, and she has been invited to participate as a content creator or

speaker in several public events.
EDUCATION
2020-2024 PhD Student in Biomedicine, University of Granada, Spain.

2019-2020 Master’s degree in Molecular Biology Applied to Biotechnology Companies
(Grade: 9.1/10) Faculty of Pharmacy, University of Granada, Spain.

2013-2017 Bachelor’s degree in Human Nutrition and Dietetics [(Grade: 8.8/10), Summa
Cum Laude in: Structural Biochemistry, Metabolic Biochemistry, Human Physiology,
Community Nutrition, Advanced Bromatology, Food Hygiene and Safety, Food
Parasitology, and Nutrition in Physical Activity and Sport], Faculty of Pharmacy,
University of Granada, Spain.

NATIONAL FELLOWSHIPS

2020-2024 FPU pre-doctoral research fellowship (FPU19/03745) for PhD studies.
Funded by the Spanish Ministry of Universities: 56,000€.

2018 Collaboration fellowship. Funded by the Spanish Ministry of Universities:
2.000,00€

INTERNATIONAL INTERNSHIPS

2022 Metabolic Adaptations to Exercise under Physio-pathological conditions Research
Group, Université Clermont-Auvergne, Clermont-Ferrand, France. Duration: 3 months.
Funded by the Spanish Ministry of Universities: 4200<€.

2018 Via University College, Aarhus, Denmark. Duration: 5 months. Funded by the
European Union (Erasmus+): 1500€.

PUBLICATIONS

Sevilla-Lorente R, Carneiro-Barrera A, Molina-Garcia P, Ruiz JR, Amaro-Gahete
FJ. Time of the day of exercise impact on cardiovascular disease risk factors in adults: a
systematic review and meta-analysis. ] Sci Med Sport. 2023. Q1. IF: 3.0. SPORT SCIENCES,
RANK: 22/127.

Ruiz JR, Sevilla-Lorente R, Amaro-Gahete FJ. Time for precision exercise
prescription: the same timing may not fit all. ] Physiol. 2023. Q2. IF: 3.1. PHYSIOLOGY,
RANK: 22/127.



Camacho-Cardenosa A, Clavero-Jimeno A, Martin-Olmedo ]JJ, Amaro-Gahete F,
Cupeiro R, Cejudo MTG, Garcia Pérez PV, Herndndez-Martinez C, Sevilla-Lorente R, et
al. Time-restricted eating and supervised exercise for improving hepatic steatosis and
cardiometabolic health in adults with obesity: protocol for the TEMPUS randomised
controlled trial. BMJ Open. 2024. Q2. IF: 2.4. MEDICINE, GENERAL & INTERNAL, RANK:
80/325.

Molina NM, Jurado-Fasoli L, Sola-Leyva A, Sevilla-Lorente R, Canha-Gouveia A,
Ruiz-Durdn S, Fontes J, Aguilera CM, Altmie S. Endometrial whole metabolome profile at
the receptive phase: influence of Mediterranean Diet and infertility. Front Endocrinol
(Lausanne). 2023. QL. IF: 3.1. ENDOCRINOLOGY & METABOLISM, RANK: 51/186.

CONFERENCE ABSTRACTS
Only the conference abstracts as first author are included:

Sevilla-Lorente R, Marmol-Perez A, Gonzalez-Garcia P, Rodriguez-Miranda N,
Riquelme-Gallego B, Aragon-Vela ], Martinez-Galvez JM, Molina-Garcia P, Alcantara JMA,
Garcia-Consuegra |, Cogliati S, Salmeron LM, Huertas JR, Lopez LC, Ruiz JR*, Amaro-
Gahete FJ*. *Equally contribution. Cell Symposium: Exercise Metabolism. Cell Symposia.
2024. Portugal.

Sevilla-Lorente R, Mdrmol-Pérez A, Rodriguez-Miranda N, Riquelme-Gallego B,
Gonzalez-Garcia P, Martinez-Gélvez JM, Lopez LC, Huertas JR, Ruiz JR, Amaro-Gahete FJ.
Efecto de la hora del ejercicio sobre las sensaciones de apetito, insulina y glucosa en
sangre en hombres y mujeres con normopeso. VIII Simposio EXERNET: Ejercicio fisico
parala salud alo largo de la vida. Red Espaiiola de Investigacién en Ejercicio Fisico y
Salud. 2023. Espaiia.

Sevilla-Lorente R, Carneiro-Barrera A, Molina-Garcia P, Ruiz JR, Amaro-Gahete
FJ. Efecto de la hora del dia del ejercicio sobre los factores de riesgo cardiovascular: una
revision sistemdtica y meta-anadlisis. II Congreso Investigacién PTS. Fundacién PTS. 2022.
Espaia.

Sevilla-Lorente R, Marmol-Perez A) Medrano M, et al, Amaro-Gahete FJ.
Variacion diurna del efecto del ejercicio aerdbico sobre el metabolismo de la glucemia y la
oxidacidn de grasas en humanos: rol del sexo y el peso corporal. II Congreso Investigacion
PTS. Fundacion PTS. 2022. Espaiia.

PARTICIPATION IN RESEARCH PROJECTS

DIVA Project: “Diurnal Variation of Exercise on Metabolic Health”. PI: Jonatan Ruiz Ruiz.
Funding: Scientific Excellence Unit of Exercise, Nutrition, and Health. Project Manager.

LFPQ-SP Project: Psychometric properties and validity of the cultural adaptation of the
Spanish version of the 'Leeds Food Preference Questionnaire'. Funding: Research and
Transfer Plan of the University of Granada (Program P.20.b., 2022) and Scientific
Excellence Unit of Exercise, Nutrition, and Health (UCEENS). Project Manager.



TEMPUS Project: Time-restricted eating and supervised exercise for improving hepatic
steatosis and cardiometabolic health in adults with obesity. PI: Jonatan Ruiz Ruiz.
Funding: Spanish Ministry of Science, Innovation and Universities (PID2022-1415060B-
100, the European Regional Development Funds (ERDF), Agencia Estatal de
Investigacion, and Scientific Excellence Unit of Exercise, Nutrition, and Health
(UCEENS). Research Team Member.

METANUT Project: Female reproductive health and uterine metabolome: influence of
nutrition. PI: Nerea Molina Morales. Funding: Research and Transfer Plan of the
University of Granada (Program P.20.b., 2021). Research Team Member.

EXTREME Project (pilot study): Adherence, safety, tolerability, and general feasibility
of time-restricted eating in overweight/obese adults. PI: Jonatan Ruiz Ruiz. Funding:
Scientific Excellence Unit of Exercise, Nutrition, and Health. Research Team Member.

UNIVERSITY TEACHING

2021-2024 Human and Cellular Physiology (146 hours of teaching, 14.6 ECTS [European
Credit Transfer and Accumulation System]). Degree/Bachelor: Pharmacy, Human

Nutrition and Dietetics and Physical Activity and Sport Sciences, University of Granada
(Spain).

2021-2023 Physiopathology (25 hours of teaching, 2.5 ECTS [European Credit Transfer
and Accumulation System|). Degree/Bachelor: Pharmacy and Human Nutrition and
Dietetics, University of Granada (Spain).

2021 Clinical Physiology and Biochemistry (2.5 hours of teaching, 0.25 ECTS [European
Credit Transfer and Accumulation System]). Degree/Bachelor: Pharmacy, University of
Granada (Spain).

2021 Molecular Physiology of Animals (6.5 hours of teaching, 0.65 ECTS [European
Credit Transfer and Accumulation System]). Degree/Bachelor: Biochemistry, University
of Granada (Spain).

PRIZES AND AWARDS

2024 Second prize in National Sports Medicine Research Awards for the DIVA Project,
Cajatsur Foundation, University of Oviedo (Spain).

2023 The paper “Time of the day of exercise impact on cardiovascular disease risk factors
in adults: a systematic review and meta-analysis” was top 3 highlighted by the Editors of
Journal of Science and Medicine in Sport in March 2023.

2019 Honorary mention from the Faculty of Pharmacy for exceeding the 90th percentile
during bachelor’s degree in Human Nutrition and Dietetics, University of Granada

(Spain).

2019 International Excellence Award from the Faculty of Pharmacy, University of
Granada (Spain).



DISEMINATION AND INVITED SPEAKER

2023 Desgranando Ciencia. Asociacion de divulgacion cientifica con el objetivo de
acercar la ciencia y el pensamiento critico a la sociedad. Teatro Isabel la Catdlica,
Granada (Spain).

2021111 Jornadas “No todo es ciencia” de divulgacidn cientifica, pensamiento critico y
creativo. Universidad de Pablo Olavide, Sevilla (Spain).

2021 Health Campaing against Eating Disorders "No Seas Presa de la Talla", 2021,
Federacién de Mujeres Jévenes Funded by the Ministry of Social Rights and Agenda 2030.
Content creator: illustrations. https://mujeresjovenes.org/wp-
content/uploads/2024/03/Guia-de-recursos_No-seas-presa-de-la-talla.pdf

LANGUAGES

Certificate in Advanced English (CAE) by Cambridge. Council of Europe level C1.



