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Glossary of Terms
Adipokine

Factors secreted by adipose tissue which act through a network of autocrine, paracrine

and endocrine pathways to regulate metabolic homeostasis.
Biomarker

A Dbiological molecule found in blood, other body fluids or tissues that is measured and

evaluated as an indicator of normal or pathological processes.
Countermeasure

An action or process taken to offset or mitigate another.
Gluconeogenesis

Synthesis of glucose from non-carbohydrate precursors including lactate, glycerol and

amino acids.

Glucose Intolerance

An impaired ability for glucose disposal.
Glucose Tolerance

Ability to dispose of a glucose load.
Glycogenolysis

Process by which glycogen is broken down into glucose to provide immediate energy to

maintain blood glucose levels during fasting.
Hepatokine

Factors secreted by the liver that can influence metabolic processes by exerting autocrine,

paracrine and endocrine actions.
Insulin Resistance

A multi-faceted disruption of the action of insulin in skeletal muscle, adipose tissue,
vasculature, brain, and the liver, leading to hyperinsulinemia and reduced glucose

disposal.
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Lipogenesis

Metabolic process through which carbon precursors of Acetyl Co-A are synthesised into

fatty acids.

Lipolysis

Hydrolysis of triglycerides into free fatty acids and glycerol.
Myokine

Factors secreted by skeletal muscle which regulate whole-body metabolism in an

autocrine, paracrine, or endocrine manner.
VOZmax

The highest rate of oxygen uptake and utilization by the body during intense, maximal

exercise that no further increases in work rate bring on additional rises in oxygen uptake.
VOZpeak

The highest value of oxygen uptake attained upon an incremental or other high-intensity

exercise test, designed to bring the subject to the limit of tolerance.
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BDC: Baseline data collection phase (15 days): BDC-15 to and including BDC-1.

HDT: Head-down-tilt bed rest phase (60 days): HDT+1 to and including HDT+60.

R: Recovery phase: In house phase (15 days): R+0 to and including R+14.

XXiil



Abstract

Introduction. Six-degree head-down-tilt (HDT) bed rest is a valuable experimental
model for examining the physiological adaptations of gravity deprivation (spaceflight,
physical inactivity, sedentary behaviour, immobilisation and ageing) including muscle
atrophy, a shift in myofiber type composition, reduced cardiovascular and functional
capacity and metabolic dysfunction. Establishing an exercise prescription which
conserves time but mitigates these deleterious physiological adaptations is of profound
importance for life in space and life on Earth. The overall aim was to examine the changes
in physical characteristics, metabolic characteristics and circulating novel biomarkers of
insulin sensitivity and insulin resistance in healthy young males, pre- and post-60 days of
6° HDT bed rest, with and without reactive jump training (RJT), a novel low volume,
high-intensity jump training protocol.

Methodology. A total of 23 male subjects (29 + 6 years, 181 + 6 cm, 77 £ 7 kg) were
randomised to a control (CTRL, n=11) or RJT (JUMP, n = 12) group and exposed to 60
days of 6° HDT bed rest. RJT was performed 6 days per week and on average, each
session consisted of 48 countermovement jumps and 30 hops, performed with maximal
effort at a load equal to 80 — 90% body weight in a sledge jump system (< 4 minutes total
exercise time). Body composition, VOzgeak, muscle strength were measured and an oral
glucose tolerance test (OGTT) was performed to estimate insulin sensitivity pre- and post-
HDT bed rest. Circulating lipids, fetuin-A, retinol binding protein-4 (RBP4), irisin,
adropin, adiponectin, acylation stimulating protein (ASP), apelin, apolipoprotein-J (apo-
J) and fibroblast growth factor-21 (FGF-21) were quantified in fasting serum. A
subanalysis was performed a posteriori to investigate individual metabolic response post-
HDT bed rest.

Results. Body weight, lean mass and VO2peax decreased in both groups post-HDT bed
rest, with greater reductions observed in CTRL (p < 0.05). Significant main effects of
time were found for increases in triglycerides, LDL-cholesterol and fetuin-A and
decreases were observed in HDL-cholesterol, whole-body insulin sensitivity (Matsuda
index) and tissue-specific insulin sensitivity, irisin, adropin, adiponectin and FGF-21
post-HDT bed rest (p < 0.05). In the subgroup with decreased insulin sensitivity, fetuin-
A, RBP4, fasting insulin and glucose increased and irisin, adropin, adiponectin, FGF-21
and liver and adipose tissue insulin sensitivity decreased post-HDT bed rest (p < 0.05).
In the subgroup with increased insulin sensitivity, adiponectin and FGF-21 decreased and
liver insulin sensitivity increased post-HDT bed rest (p < 0.05).

Discussion. RJT preserved muscle mass and function, but could not mitigate the decline
in insulin sensitivity or induce favourable changes in circulating novel biomarkers
following HDT bed rest. In the subgroup with decreased insulin sensitivity, blunted
insulin action and impaired peripheral glucose uptake were identified post-HDT bed rest.
In the opposing subgroup with increased insulin sensitivity, an improvement in liver
insulin sensitivity was found post-HDT bed rest. Fetuin-A, RBP4, irisin and adropin are
candidate biomarkers for examining changes in insulin sensitivity in response to
intervention.

Conclusion. This study provides insights into the physiological adaptation to HDT bed
rest, including whole-body and tissue-specific insulin sensitivity, and highlights the
importance of future studies to explore individual responses to obtain personalised
information for the optimisation of exercise prescription to maintain health in all
conditions of gravity deprivation in space and on Earth.
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Chapter 1. Introduction

1.1. Introduction

The physiological adaptations in space and during head-down-tilt (HDT) bed rest, the
most integrated ground-based analogue of microgravity, have been well-described and
include muscle atrophy, a shift in myofiber type composition (slow-twitch oxidative to
fast-twitch glycolytic muscle fibers), bone loss, reduced cardiovascular and functional
capacity and metabolic dysfunction, among others (Bergouignan et al., 2011; Narici and
de Boer, 2011; Ade et al., 2015; Vico and Hargens, 2018; Furukawa et al., 2021). In
addition to aerospace medicine research, HDT bed rest involving healthy individuals is a
suitable model for investigating the physiological adaptations to physical inactivity and
high levels of sedentary time (i.e. the reduced use of gravity), as well as confinement and
isolation from normal daily life and social networks. These conditions have been common
place in the current COVID-19 pandemic, as entire populations have been asked to self-
isolate and live in home-confinement for extended periods of time, leading to a dramatic
increase in physical inactivity and sedentary behaviour, as well as emotional and physical
stress, with ramifications on overall health and well-being (Choukér and Stahn, 2020;
King et al., 2020; Narici et al., 2021). Furthermore, the physiological adaptations in
spaceflight and HDT bed rest resemble those that occur during the ageing process (for
example, declines in maximal aerobic capacity, sarcopenia, dynapenia and increased
chronic disease risk), particularly when combined with limited or a lack of ambulatory
activity (i.e. the reduced use of gravity over decades as a function of age) that can lead to
a viscous cycle of physiological deconditioning, functional decline and hospitalisation
(Chodzko-Zajko et al., 2009; Goswami, 2017). Prolonged inactivity, extreme
sedentariness and bed rest are also experienced by individuals who have been
immobilised as a result of, for example, a stroke, coma or spinal cord injury (Konda et
al., 2019). Thus, the potential exists for a convergence of knowledge of the physiological
adaptations to microgravity and the reduced use of gravity, ageing, confinement and
isolation, to provide novel perspectives and inform countermeasure and rehabilitation

protocol development.

Exercise is a well-regarded countermeasure that has been implemented to preserve

physiological function following spaceflight and HDT bed rest (Macaulay et al., 2016).



However, despite on-going investigations and refinement of exercise prescription, no
exercise countermeasure to date has fully mitigated the deleterious physiological
adaptations associated with microgravity and gravitational deprivation. As astronaut time
IS at a premium, it is important to understand the minimum amount of exercise that is
required to induce a substantial positive influence on overall physiological health
(Hackney et al., 2015). One type of time-efficient exercise training that has the potential
to elicit an osteogenic and hypertrophic stimulus and exert protective effects on
cardiovascular and metabolic health is jumping. Reactive jump training is a form of low
volume, high-intensity interval training incorporating whole-body exercises with high
power output and rates of force development. Therefore, it is essential to investigate the
efficacy of this novel exercise protocol and training device, particularly using the
standardised conditions of ground-based HDT bed rest. Such investigations also have key
implications for exercise prescription in Earth-based contexts including physical

inactivity, sedentary behaviour, ageing, and immobilisation due to injury or illness.

There is evidence that underlying mechanisms, such as insulin resistance, play an
important role in the regulation of systemic metabolism in HDT bed rest and spaceflight
(Gratas-Delamarche et al., 2014). Insulin resistance can be described as a pathological
defect in insulin signalling pathways, resulting in inappropriate cellular response to
insulin in insulin-dependent tissues such as the liver, skeletal muscle and adipose tissue
(Bourebaba and Marycz, 2019). It is also associated with increased circulating
concentrations and deposition of lipids, impaired oxidative capacity and metabolic
inflexibility (lower fasting fat oxidation and/oran impaired ability to oxidize
carbohydrate during feeding or insulin-stimulated conditions). These whole-body and
cellular changes have been observed following HDT bed rest studies, even when energy
balance is maintained (Bergouignan et al., 2006; Bergouignan et al., 2009; Bergouignan
et al., 2011; Kenny et al., 2017; Rudwill et al., 2018), suggesting physical inactivity and
high levels of sedentary time and the physiological and metabolic adaptations to these are
drivers of insulin resistance under these conditions. The severity of insulin resistance
varies considerably between individuals and between the key organs and tissues of
metabolic importance (Unnikrishnan, 2004; Abdul-Ghani et al., 2007; Hansen et al.,

2020). Therefore, investigating and understanding individual responses in insulin



sensitivity could provide personalised information on the pathophysiology of insulin

resistance and individualised interventions to maintain optimal health.

A key strategy for monitoring metabolic homeostasis iS communication between
peripheral tissues via secreted proteins, which perform autocrine, paracrine, and
endocrine actions. Disruption of proper protein production and target-tissue action
underpin the development of metabolic dysfunction including insulin resistance (Priest
and Tontonoz, 2019). The quantitative measurement of circulating protein biomarkers,
defined as indicators of a biological state or condition (Siderowf, 2001), is a relatively

easy and minimally-invasive means of examining the etiology of insulin resistance.

The liver, adipose tissue and skeletal muscle are involved in the regulation of metabolic
homeostasis by producing and secreting proteins (collectively referred to as organokines)
known as hepatokines, adipokines and myokines (Priest and Tontonoz, 2019; Chung and
Choi, 2020). These pleiotropic molecules regulate glucose and lipid metabolism,
inflammation, oxidative stress, endothelial dysfunction and fat distribution by exerting
various autocrine, paracrine and endocrine actions (Chung and Choi, 2020). Organokines
including adropin, irisin, adiponectin, fibroblast growth factor 21 (FGF-21),
apolipoprotein-J/clusterin (apo-J), acylation stimulating protein (ASP) and apelin
improve insulin sensitivity, while fetuin-A and retinol binding protein 4 (RBP4) impair
insulin sensitivity. Accordingly, the balance between the secretions of these two different
types of organokines will either promote or deter metabolic dysfunction. Physical
inactivity and high levels of sedentary time impair the secretion of health-enhancing
organokines and promote the secretion of organokines that contribute to the development
of metabolic diseases. Contrastingly, exercise training enhances the secretion of
organokines that induce favourable changes in local and systemic metabolism (Leal et al.,
2018). Hence, investigation of these circulating organokines and thus the behaviour of
key metabolic organs may improve our understanding of the complex relationship of
these metabolic networks and inter-organ communication and provide insights into
individual responses in insulin sensitivity and metabolic deregulation following HDT bed

rest.



Adiponectin, an adipokine, is one of the most extensively researched biomarkers to date
and investigation into the regulation and physiological effects has enhanced our
understanding of systemic metabolic homeostasis. In this view, it is possible that
quantification of circulating adiponectin may provide insights into the dysregulation of
glucose and lipid metabolism and the associated disruption of inter-organ communication
after physical inactivity and high levels of sedentary time. Adiponectin and FGF-21, a
hepatokine and multifunctional metabolic regulator, have been studied previously
following bed rest providing an opportunity to extend these findings and determine
whether these organokines are candidate biomarkers to assess physiological
responsiveness to HDT bed rest (Hamburg et al., 2007; Rudwill et al., 2018; Petrocelli et
al., 2020). Their response to HDT bed rest may also assist in the interpretation of the
novel biomarker response to prolonged inactivity and extreme levels of sedentary time.
Fetuin-A, RBP4, adropin, irisin, apo-J, ASP and apelin play key roles in the regulation of
metabolic health and may be very useful in helping us to understand the pathophysiology
of insulin resistance, but these novel biomarkers have not been measured previously in
response to HDT bed rest. Identifying biomarkers or a panel of biomarkers that can
successfully track changes in metabolic physiology in response to HDT bed rest and
countermeasures is a fundamental component in understanding and mitigating the

physiological adaptation to physical inactivity and extreme levels of sedentary time.

1.2. Aims

The primary aim of this study is to examine changes in physical characteristics, metabolic
characteristics and circulating concentrations of novel biomarkers of insulin sensitivity

and insulin resistance in healthy young males, pre- and post-60 days of 6° HDT bed rest.

The secondary aim is to determine the impact of reactive jump training (RJT), a low
volume, high-intensity jump training protocol, on the physical characteristics, metabolic
characteristics and circulating concentrations of novel biomarkers of insulin sensitivity

and insulin resistance in healthy young males, pre- and post-60 days of 6° HDT bed rest.



1.3. Objectives

1.

To investigate changes in body weight, body composition, peak aerobic capacity and
muscle strength pre- and post-60 days of 6° HDT bed rest in young healthy males,
with and without RJT.

To examine changes in glucose tolerance, insulin sensitivity and lipid metabolism
pre- and post-60 days of 6° HDT bed rest in young healthy males, with and without
RJT.

To quantify changes in circulating fetuin-A, RBP4, irisin, adropin, adiponectin, ASP,
apelin, apo-J and FGF-21 pre- and post-60 days of 6° HDT bed rest in young healthy
males, with and without RJT.



Chapter 2. Literature Review

2.1. Introduction

Spaceflight, characterised by prolonged exposure to microgravity (g), has a profound
impact on human physiology. The physiological adaptations have been well-described
and include muscle atrophy, increased bone resorption, altered neurovestibular function,
cardiovascular deconditioning and metabolic dysregulation, among others (Demontis et
al., 2017; Tanaka et al., 2017). As space flights become longer and more frequent, it is
becoming increasingly important to investigate these deleterious multi-system effects,
and measures to counter these changes, which are critical for astronaut health and well-
being, as well as safety and mission success (Mahadevan et al., 2021). Performing
physiological research in space is challenging and is subject to multiple confounding
factors including operational constraints, limited experimental controls and opportunities
for repetition and validation and a small number of subjects (Shelhamer et al., 2020).
Consequently, space agencies have used ground-based analogues of human spaceflight to

enable higher quality, well-controlled and safer research.

Six-degree HDT bed rest is considered as the most integrated, Earth-based experimental
model that reproduces several of the physiological adaptations induced by spaceflight
(Guinet et al., 2020; Pandiarajan and Hargens, 2020). As opposed to horizontal bed rest,
the focus of HDT bed rest is to induce the head-ward fluid shift observed in microgravity
by altering the gravity vector over the body from anterior to posterior (Pandiarajan and
Hargens, 2020). This analogue is also used to develop and test countermeasures through
the evaluation of devices and strategies to simultaneously protect multiple physiological
systems (Hargens and Vico, 2016). Spaceflight and HDT bed rest research has provided
valuable data for understanding human physiology, particularly for public health and in
clinical and nursing contexts (Pavy-Le Traon et al., 2007). Vernikos (2017; 2021) coined
the term “The Gravity Deprivation Syndrome (GDS)” to highlight that spaceflight,
physical inactivity, sedentary behaviour, immobilisation induced by injury or illness and
the limited mobility of ageing fall on a continuum of reduced gravity exposure (from
microgravity to the reduction of gravity to the reduced use of the gravity vector over
decades of ageing), which affects all physiological systems, acting through common

pathways and mechanisms. These aforementioned situations induce an atrophic



condition, which is not merely visually evident as musculoskeletal loss but also
metabolically, morphologically and functionally. The atrophic effect differs only in the
rate in which it is induced, determined by the lifestyle use of the gravity vector. The
extreme common result is sarcopenia and frailty, which are characteristic features of the
ageing process, which limit mobility and independence and can accelerate the
deterioration of cardiometabolic, musculoskeletal, cognitive and mental health and well-
being (Vernikos, 2017; Kirwan et al., 2020; Vernikos, 2021). Therefore, HDT bed can be
considered as an important and unique model of human physiology, to explore the
physiological adaptations of the GDS and investigate the underlying mechanisms of these

changes which can improve our understanding and treatment of same.

2.2. Head-Down-Tilt (HDT) Bed Rest
The history of bed rest predates spaceflight. Bed rest was first introduced in the 19"

century as a medical treatment to minimise the physiological demands on the body and
allow time for rest and healing to aid recovery (Pavy-Le Traon et al., 2007; Parry and
Puthucheary, 2015). However, during World War 11, doctors observed that soldiers who
were made ambulatory quickly after injury or surgery recovered more rapidly than those
who remained in bed rest (Pavy-Le Traon et al., 2007). Thereafter, there was a gradual
reduction in the practice of using bed rest as a medical treatment. In conjunction with the
beginning of human spaceflight in 1961, water immersion was used as a ground-based
model to simulate microgravity exposure. This analogue requires submersion in water
from the neck down and utilises the hydrostatic pressure of the water environment to
counteract intravascular hydrostatic pressure gradients, which is impractical in terms of
long-term immersion (Pavy-Le Traon et al., 2007; Pandiarajan and Hargens, 2020).
Subsequently, six-degree HDT bed rest became the ‘gold-standard’ spaceflight analogue
to investigate the physiological adaptations induced by weightlessness. The focus of HDT
bed rest is to induce the head-ward fluid shift and body unloading that occurs in
microgravity (Koppelmans et al., 2015). Currently, HDT bed rest is considered the most
integrated analogue for Earth-based studies of spaceflight and the physiological responses
to short-, medium- and long-duration HDT bed rest are investigated by the European

Space Agency (ESA) and National Aeronautics and Space Administration (NASA).



2.3. Physiological Adaptations to Physical Inactivity, High Levels of
Sedentary Time, Bed Rest and Spaceflight

HDT bed rest induces multi-system effects which parallel those observed with
microgravity exposure. These changes are well-described and include muscle atrophy,
bone loss, altered cardiovascular capacity and impaired functional capacity, among
others. The following subsections summarise the physiological adaptations observed

during HDT bed rest and spaceflight.

2.3.1. Fluid Shift

In an upright stance, gravity creates a hydrostatic gradient with a mean arterial pressure
of 70mmHg at the head, 100mmHg at the heart and 200mmHg in the lower limbs and
feet (Figure 1) (Demontis et al., 2017). In space, this hydrostatic force is lost and arterial
pressure is equalised throughout the body, leading to a subsequent translocation of venous
fluid (1-2 litres) toward the head (Moore and Thornton, 1987; Clément, 2011a; Noskov,
2013; Nelson et al., 2014; Baker et al., 2019; Gallo et al., 2020; Bailey et al., 2021). This
shift of fluid towards the head distends the heart and stimulates the baroreceptors of the
central vasculature, triggering the suppression of the renin-angiotensin-aldosterone
mechanism and reduction of renal sympathetic nerve activity and antidiuretic hormone
(ADH) secretion (Williams et al., 2009). These events trigger the increased release of
atrial natriuretic peptide (ANP) leading to a reduction in plasma volume (Williams et al.,
2009). In microgravity, the loss of plasma volume does not result from increased diuresis
or natriuresis, but rather likely from decreased interstitial pressures and upper body vascular
pressures which together induce transcapillary fluid movement into the upper body
interstitium (Watenpaugh, 2001; Vernice et al., 2020). In the first 24 hours, plasma volume
decreases by approximately 17%, coupled with a gradual loss of red cell mass, leading to
a net blood volume loss of around 10% (Williams et al., 2009). The facial fullness and
unique puffy appearance of the head, in addition to the reduced volume of fluid in the
lower limbs, resulting from fluid redistribution is described anecdotally as the “puffy
face-bird leg” syndrome (Williams et al., 2009). Astronauts typically suffer from sinus
and nasal congestion, loss of smell and taste, headaches, increased pressure inside the
eyes and “space motion sickness”, gradually solved over 48 to 72 hours (Clément, 2011a;
Demontis et al., 2017).



Unlike spaceflight, HDT bed rest redistributes arterial pressure across the posterior of the
body, rather than being focused in the head to feet direction (Pandiarajan and Hargens,
2020). This posture does not completely abolish gravitational force but the headward fluid
shift and cardiovascular adaptations are akin to those during microgravity exposure.
Although, dissimilar to microgravity, HDT bed rest does not induce a loss in tissue weight

(Pandiarajan and Hargens, 2020).

A) Gravity B) Microgravity
C) Horizontal Bed Rest
70 mmHg 100 mmHg
100 mmHg 100 mmHg
100 mmHg 100 mmHg 100 mmHg
D) Head-Down-Tilt Bed Rest
—
200 mmEg 100 mmHg 105 mmHg 100 mmHg 95 mmHg

Figure 1. Hypothetical arterial blood pressures and fluid accumulation at the level of the head, heart and

feet in a) gravity environment, b) microgravity, ¢) horizontal bed rest and d) head-down-tilt bed rest.

This diagram has been adapted from Hargens and Vico (2016).

2.3.2. Cardiovascular and VOzpeak Changes Associated with Bed Rest

There are multiple adaptive changes in the cardiovascular system in response to real or
simulated weightlessness including, but not limited to, the reduction in plasma volume,
red cell mass and stroke volume, decrease in left ventricular mass, altered vascular
compliance, orthostatic intolerance, and a decrease in maximal or peak aerobic capacity
(Ade et al., 2015; Rabineau et al., 2020). Maximal oxygen uptake (VO2zmax) can be defined
as the highest rate at which oxygen can be taken up and utilised by the body during intense
exercise and indicates the cardiopulmonary capacity of an individual (Sagiv et al., 2010).
Peak oxygen uptake (VOzpeak) is directly reflective of VOzmax and describes the highest
value of oxygen consumption and utilisation during an incremental or other high-intensity

exercise test, that is designed to bring the individual to the limit of tolerance (Cade et al.,

9



2018). VOzmax is an independent predictor of all-cause and cardiovascular disease
mortality, and there is a compelling link between impaired cardiorespiratory fitness and

components of the metabolic syndrome (MetSyn) (Lee et al., 2010; Myers et al., 2019).

The Fick equation defines VO2zmax as the product of cardiac output (Q) multiplied by
arteriovenous oxygen difference (a-vO: difference) (Sindall, 2020). Q is the product of
heart rate (HR) and stroke volume (SV) and is measured in litres per minute. Q reflects
the central factors that determine VOzmax Which include the transport of oxygen from
ambient air into the lungs, diffusion into the arterial blood supply and transport to the
periphery through circulatory mechanisms (Sindall, 2020). Conversely, a-vO. difference
reflects the peripheral factors that determine VO:zmax, relating to the processes within
skeletal muscle that permit oxygen diffusion from arterial blood into the mitochondria to
enable regeneration of adenosine triphosphate (ATP) and aerobic energy production.
Taken together, VO2zmax is a product of maximal oxygen supply and maximal oxygen
extraction (Sindall, 2020).

The magnitude of change in VO2zmax is dependent on the length of unloading and the
training status of the individual, such that well-trained individuals show the fastest rates
of decline (Ade et al., 2015; Ried-Larsen et al., 2017; Clark et al., 2020). Convertino
(1997) proposed a linear decline in VOzmax of 0.9% per day over 30 days of bed rest.
Although informative, this model of VO2zmax decline was not appropriate for estimating
the decrease in VOamax in longer duration studies. Subsequently, Capelli et al. (2006)
reported that while most of the decrease in VOzmax 0ccurs in the first 14 days of HDT bed
rest, the rate of decline becomes progressively smaller as the duration of HDT bed rest
increases. The average daily rate of VOamax decline was 0.99%, 0.39% and 0.35%,
amounting to a reduction of 14%, 16% and 32% for 14, 42 and 90 days of HDT bed rest,
respectively. These findings suggest that the VO2zmax decrease with HDT bed rest tends
toward an asymptote, rather than a linear decrease (Capelli et al., 2006). Similar
reductions in VOzpeak have been reported in non-exercising subjects from other studies,
including an 18% (p < 0.01) and 16% (p < 0.001) decline in VOgzpeak in men and women,
respectively, following 30 days HDT bed rest (Lee et al., 2007; Lee et al., 2009).

10



The main reasons for the initial decline (during the first 14 days) in VOzmax is related to
the reduction in maximal oxygen delivery, as a result of decreases in Q and haemoglobin,
in response to the HDT bed rest-induced cephalad fluid shift (Capelli et al., 2006).
Conversely, the slow component (after 14 days) of the decrease in VOamax is due to an
impairment in intracellular oxidative metabolism, caused by a decrease in mitochondrial
content and oxidative enzyme capacity, and a reduction in capillary volume leading to
alterations in peripheral oxygen delivery and oxygen diffusion capacity (Capelli et al.,
2006; Salvadego et al., 2011; Ade et al., 2015; Salvadego et al., 2016; Salvadego et al.,
2018; Clark et al., 2020). Impaired vascular function and redistribution of maximal
cardiac output are contributing factors to the decrease in oxygen diffusing capacity (Ade
et al., 2015). These peripheral changes occur in concert with HDT-induced muscle
atrophy, particularly a reduction in slow-twitch muscle fiber isoforms (Capelli et al.,
2006; Clark et al., 2020). In accord with this hypothesis, and after 35 days HDT bed rest,
the decrease in supine VOzmax Was associated with reduced peripheral gas exchange
(decreased mitochondrial volume), while a higher decline in upright VOzmax Was related
to a combination of decreased maximal oxygen delivery and impaired peripheral gas
exchange (Bringard et al., 2010). The authors reported a 39% decrease in upright VOzmax,
which is larger than the decline reported in the abovementioned studies. This discrepancy
was related to the timing of VO2zmax assessment, which was one hour after re-ambulation
compared to R+3 or R+4 (Lee et al., 2007; Lee et al., 2009), possibly allowing time for

initial cardiovascular recovery.

A limited number of studies have investigated the effect of spaceflight exposure on
changes in VOzmax. Most recently, Ade et al. (2017) investigated changes in VOamax in
nine astronauts (4 women and 5 men, age, 49.5 + 5.1 years) following long-duration
spaceflight. The mean flight duration was 168.6 + 19.2 days. VO2zmax, Obtained by graded
maximal cycle ergometry, decreased significantly post-flight (-16%, p = 0.008). A
significant decrease in Q (-7%, p = 0.05), despite unchanged haemoglobin concentrations,
resulted in a significant decrease in convective oxygen transport (QO2 p = 0.02).
Additionally, there was a significant decrease in oxygen diffusing capacity (DO, p =
0.04) and differences in arterial and venous oxygen content (CaO2-CvO», p = 0.007).
Maximal heart rate, ventilation and respiratory exchange ratio (RER) did not change post-

flight. Linear regression analysis revealed that the change in VO2max Was significantly and
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positively correlated with the change in DO (> = 0.47, p = 0.04). Taken together,
exposure to spaceflight leads to a significant decrease in VO2zmax, relating, in part, to
decrements along the oxygen transport pathway (Ade et al., 2017). Furthermore, the
results of this study are congruent with the hypothesis that the decrease in VO2max is non-
linear, reaching an asymptote within a few weeks (Capelli et al., 2006). A similar
reduction in VOzmax Was reported by Moore et al. (2014), which used many of the same
subjects in the previous publication. Following shorter duration spaceflight, Trappe et al.
(2006) observed a 10% reduction in VOzpeak in four astronauts after a space shuttle
mission (17 days), while Levine et al. (1996) reported a 22% reduction in VOamax in Six
astronauts post-flight (9 or 14 days). Similar to HDT bed rest, the magnitude of decrease
in VO2max May be affected by the duration of the mission and timing of post-flight testing
(Ade et al., 2017). Other factors contributing to the discrepancies between studies may
include differences in gender and baseline fitness, daily living activities and individual

variation (Trappe et al., 2006).

2.3.3. Muscle Physiology Deconditioning

Skeletal muscle is a highly plastic tissue which adapts to physiological stressors such as
changes in contractile activity, mechanical load and nutritional state (Khodabukus, 2021).
While physical activity and exercise can induce gains in muscle mass and function,
immobilisation, bed rest and spaceflight can lead to skeletal muscle deconditioning (Arc-
Chagnaud et al., 2020). Muscle deconditioning is a consequence of an imbalance in
muscle protein homeostasis, which elicits a myriad of structural and functional alterations
including the loss of muscle mass, myofiber atrophy and the loss of muscle strength and
power. In addition, disused muscles undergo metabolic remodeling, affecting the
myofiber typology and contractile properties (Arc-Chagnaud et al., 2020). These skeletal
muscle adaptations are a liability for astronauts, who are required to perform physical
work in space and move abruptly from microgravity to planetary gravity, and individuals
recovering from illness or injury on Earth, that need to resume normal weight-bearing
activities (Adams et al., 2003).
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2.3.3.1. Structural Alterations in Muscle: Muscle Atrophy and Myosin Heavy Chain
Type Changes

2.3.3.1.1. Muscle Atrophy

In simulated or actual microgravity, muscle atrophy is associated with a decline in muscle
fiber size, with no change in fiber number (Clément, 2011c). Postural muscles, which are
chronically contracted in gravity to support the weight of the body, are most susceptible
to unloading compared to non-postural muscles (Qaisar et al., 2020). Additionally,
substantial differences exist in the rate of atrophy among the postural muscles themselves,
such that extensor muscles are more affected than flexor muscles (Clément, 2011c). A
common observation is that the ankle plantar flexors (soleus and gastrocnemius) undergo
the largest reduction in muscle volume (Narici and de Boer, 2011). On Earth, ankle
plantarflexors balance the full weight of the body, whereas the hip extensors balance the
weight of the trunk, upper extremities and head only. Therefore, ankle plantarflexors
experience the largest change in load compared to previous loading history leading to the
greatest atrophy (Berg et al., 2007). Muscle atrophy is a consequence of a disparity
between protein synthesis and breakdown. Typically, muscle atrophy results from a
predominant downregulation of protein synthesis, with no clear contribution from muscle
protein breakdown (Wall et al., 2013). However, findings from a hindlimb unloading
study suggest that muscle protein breakdown occurs at a higher rate in the soleus muscle
(which is predominately made up of type I myofibers), suggesting that muscle protein
breakdown is more apparent in slow oxidative postural muscles, consisting of primarily
type 1 myofibers, compared to muscles of mixed fiber type such as the tibilias anterior
and vastus lateralis and therefore experiences the greatest atrophy and may further
contribute to disparities in different muscle groups in response to disuse (Baehr et al.,
2017).

The response to unloading differs in human and mammalian muscle tissue. Adult rats
have a 3 to 4 fold higher total protein turnover than adult humans, and protein synthetic
rates are 2.5 fold greater. Thus, atrophy may occur at an accelerated and heightened rate
in animals compared with humans (Phillips et al., 2009). In rodent models, soleus muscle
mass has been reported to decrease by 37% after only 4 to 7 days of spaceflight (Fitts et
al., 2000). In the same time frame in humans, soleus-gastrocnemius and quadriceps cross-

sectional area (CSA) only decreased by 6% following 8 day spaceflight exposure
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(LeBlanc et al., 1995). Following 5 days HDT bed rest, calf and thigh CSA decreased by
approximately 2 — 3% (Mulder et al., 2015). Similarly, unilateral limb unloading (ULLS)
caused a significant reduction in quadriceps CSA of 5.2% after 14 days and of 10% after
23 days, suggesting an approximate loss of 0.4% per day (de Boer et al., 2007).

Some authors speculate there is a continuous loss of muscle mass, such that the longer
the flight duration, the greater the muscle atrophy experienced (LeBlanc et al., 2000).
Conversely, others have argued that the loss of muscle mass is exponential with the
duration of the flight and that a plateau is reached after a certain period of time. In
accordance with this hypothesis, multiple studies have reported that the rates of muscle
mass loss are heightened within in the first 30 days, at an approximate rate of ~0.6%/day,
after which rates of loss begin to slow and a plateau is achieved, whilst others assert that
the plateau is not attained for approximately 120 to 180 days (Fitts et al., 2000; di
Prampero and Narici, 2003).

2.3.3.1.2. Myosin Heavy Chain (MHC) Phenotypes

Muscle atrophy is associated with intrinsic changes in muscle fibers and alterations in
myosin heavy chain (MHC) phenotypes (Trappe et al., 2004). Such changes are
associated with alterations in contractile properties and isolated fiber changes, which may

reduce the force- and power-generating capacity (Baldwin and Haddad, 2001).

In mammals and rodents, slow-twitch muscles such as the soleus, predominately express
the slow type I MHC isoform as well as a small proportion of the type lla isoform. In
humans, the soleus muscle exhibits an approximately equal distribution of type I and type
Ila isoforms. In human fast-twitch muscles such as the vastus lateralis, there is commonly
a mixed expression of type I, lla and IIx MHC isoforms (Baldwin and Haddad, 2001). In
addition, some muscles contain a mix of more than one phenotype (MHC I/lla, lla/llx,
I/11a/11x) which are known as hybrid fibers (Baldwin and Haddad, 2001; Bagley et al.,
2012). Hybrid fibers are believed to represent the transition stage between one phenotype
to another; for instance, MHC | will become I/1la, before transitioning to Ila (Pette and
Staron, 1997).
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Rats exhibit preferential atrophy of type | fibers, over type Il fibers, while in humans, the
type Il fibers are at least, or if not more so, inclined to atrophy after short duration space
flight (Fitts et al., 2001). After 5 days space flight, changes in mean fiber CSA was 11%
and 24% smaller in the type | and type Il fibers, respectively. Furthermore, following 11
days of space shuttle flight, mean fiber CSA was 16 - 36% smaller with a relative effect
of type 1lb > lla > | (Edgerton et al., 1995). However, it seems that following a period of
long duration disuse, the atrophy in human muscle expresses the same pattern as rodents.
This was evident in a study conducted by Trappe et al., (2004) in which single fiber
diameter in the MHC | and MHC lla fibers were 15 and 8% smaller (p < 0.05),
respectively, following 84 days HDT bed rest.

2.3.3.1.3. Fiber Type Switch

Whilst examining MHC phenotype atrophy, it is essential to examine the microgravity-
induced MHC phenotype switch. Following periods of unloading, rodent models display
a clear shift from type | fibers (more oxidative) to type Il fibers (more glycolytic) and an
increase in hybrid fibers (Fitts et al., 2000; Baldwin and Haddad, 2001; Brooks and
Myburgh, 2012). These changes are thought to be a consequence of changes in
transcriptional processes associated with MHC expression (Bagley et al., 2012). This shift
may result in decreased capillary density in both fiber types, reduced muscle performance,
decreased muscle endurance and undesirable metabolic adaptations, such as impaired
insulin sensitivity, myokine production and substrate utilisation (Bagley et al., 2012;
Brooks and Myburgh, 2012).

In the previously mentioned 84 day HDT study by Trappe et al., (2004), there was an
increase in hybrid fibers in the vastus lateralis, at the expense of the MHC 1 fibers which
decreased by 29% and 19% (p < 0.05) in the control and exercise group, respectively.
This finding compliments rodent-based research suggesting that anti-gravity muscles,
such as the soleus, which is composed predominately of type | fibers, are most affected
by weightlessness (Fitts et al., 2000). Further analysis on the results of this study
highlighted that unloading had a larger than expected role in preserving muscle mass,
power and function. Single muscle fiber power in the fibers of the vastus lateralis

decreased in the type I fibers by 60% and by 25% in the type 1l fibers (p < 0.05) (Trappe
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et al., 2004). In the years following, Trappe et al., (2009) examined changes in the
gastrocnemius and soleus muscles of crew members returning from a six-month stay on
the ISS. Similarly, muscle mass decreased (-13 + 2%, p < 0.05) and a “microgravity-
induced fiber type shift” occurred, causing a 12-17% (p < 0.05) shift in the MHC
phenotype of the gastrocnemius and soleus. MHC 1 fibers decreased primarily with a

redistribution among the faster phenotypes.

2.3.3.1.4. Nitrogen Concentrations

A biological indicator of a reduction in muscle mass following spaceflight or bed rest is
the loss of nitrogen, an essential element of protein (Clément, 2011c). The examination
of urinary nitrogen can be used as an indicator for muscle protein breakdown, and more
specifically, the analysis of excreted 3-methylhistidine, creatine and sarcosine (Clément,
2011c). Multiple researchers have examined urinary nitrogen and found that a negative
nitrogen balance exists in parallel to a reduction in protein synthesis and muscle mass
(LeBlanc et al., 2000; Mulder et al., 2015).

2.3.3.2. Functional Alterations in the Muscle: Muscle Force, Strength and Power
2.3.3.2.1. Muscle Force and Strength

Many of the preceding structural alterations within the muscle and muscle fibers lead to
and account for significant alterations in the function of the muscle. A disproportionate
loss of muscle force, to that of muscle size, is often evident after a period of long-term
bed rest indicating that atrophy alone cannot account solely for the inactivity-induced
muscle weakness (Reeves et al., 2002; Pavy-Le Traon et al., 2007). Altered motor control,
changes in contractile elements and properties of the muscles and impaired
electromechanical signalling are implicated in functional alterations (Pavy-Le Traon et
al., 2007).

In both human and animal studies, significant decrements in muscle strength have
resulted from exposure to bed rest and other simulation models, in as little as 5 to 7 days
(Mulder et al., 2015). A disproportionate loss of muscle force, to that of muscle size, is
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often evident after long-duration bed rest indicating that atrophy alone cannot account
solely for the hypo-activity induced muscle weakness (Reeves et al., 2002; Pavy-Le Traon
etal., 2007). Voluntary force production is a function of neurological and skeletal muscle
properties and composition and thus these mechanisms must be accountable for the loss
of muscle strength. Kawakami et al. (2001) sought to delineate changes in the muscle of
nine healthy males, as a consequence of HDT bed rest with respect to their size and
composition and investigate alterations in neural activation. Following 20 days HDT, the
control group exhibited a significant reduction in quadriceps mean PCSA of 8% (p <
0.05) and a decrease in mean knee extension force of 11% (p < 0.05). These results show
that bed rest-induced a greater decrease in muscle strength than that of muscle size,
advocating the existence of inadequate motor unit activation, which is known to be
attenuated by bed rest and inactivity. In addition to this, subsequent linear regression
suggested that the loss of force could have been related to changes in neural activation
(Kawakami et al., 2001).

In addition to altered motor and neural control, changes in contractile elements and
properties of the muscles, reduced intrinsic force of the single muscle fiber and impaired
electro-mechanical signalling and force-generating cross-bridges have also been
suggested to contribute to the loss in strength (de Boer et al., 2007; Pavy-Le Traon et al.,
2007). Furthermore, Di Prampero et al., (2001) proposed that the ability to maintain
tetanic forces, i.e. sustained muscle force, and decrease in the ratio between forces and
muscle CSA may be due to a reduction in the efficiency of the electromechanical
coupling, an insufficient neuromuscular response, a reduction in the fiber specific tension
capacity and an increase in the amount of non-contractile tissue within the muscle (Di

Prampero et al., 2001).

Similar to sarcopenia, disuse atrophy may result in a reduction in fascicle (bundle of
muscle fibers surrounded by perimysium) length and pennation angle which is strongly
associated with the loss of both in series and in-parallel sarcomeres (Reeves et al., 2002).
Pennation angle refers to the angle of insertion of the fascicles into the deep aponeurosis.
Decreased fascicle length has been pinpointed to obstruct shortening during contraction,

with consequent negative implications for the force-length and force-velocity
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relationships of the muscle (Reeves et al., 2002). Accordingly, reductions in knee
extensor torque and strength and a shift in the torque-velocity relationship were reported
following 23 days ULLS (de Boer et al., 2007). In a 90 day HDT bed rest study, fascicle
length and pennation angle of the gastrocnemius muscle decreased by 10% (p < 0.001)
and 13% (p < 0.002), respectively, in the non-exercising control group. These reductions
caused a significant reduction in plantar flexor force (-55%, p < 0.001) (Reeves et al.,
2002).

2.3.3.2.2. Muscle Power

Muscle power is a function of force and velocity. The loss of muscle mass and strength
contribute to the reduction in muscle power reported following inactivity and high levels
of sedentary time. Kortebein et al., (2007) reported that isotonic knee extensor strength
was significantly reduced (-13.2 = 4.1%, p = 0.004) following 10 days bed rest, coupled
with a considerable decline in stair climbing power (-14 + 4.1%, p = 0.01), in healthy
older men and women. The same is true for explosive power events. For instance, a 24.1%
reduction in jumping peak power was identified following 56 days bed rest (p < 0.05)
(Buehring et al., 2011). Using a similar measure of peak jump power, a decrement of 27%
was identified following 90 days of HDT bed rest (p < 0.001) (Rittweger et al., 2007).

Many authors have postulated that this reduction may be due to diminished motor unit
recruitment patterns, electromechanical efficiency or predisposition to muscle damage (di
Prampero and Narici, 2003; Narici and Maganaris, 2007). Ferretti et al (2001)
investigated the relationship between the reduction of lower limb CSA and decline in
instantaneous muscle power (Wp) during vertical jump performance following 42 days
HDT bed rest. The researchers concluded that the reduction in CSA of the extensor
muscles could explain the significant decrease in Wp after HDT bed rest, with impaired
neural activation and fiber-specific tension accounting for the remaining variance. Single
fiber specific tension and the mechanical properties of tendons can also impair the length-
force relationship contributing to decreased whole muscle-specific force (Narici and
Maganaris, 2007).
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In addition to the above hypotheses, muscle damage, weakness and pain following re-
ambulation have been highlighted as potential contributing factors for further
deterioration in peak power measured following the transition back to the 1G environment
or re-establishment of the upright posture following HDT bed rest (di Prampero and
Narici, 2003). Buehring et al., (2011) emphasized that the timing of muscle function tests
is extremely important in obtaining accurate measurements of power and muscle function,

and inappropriate timing may affect the subsequent results and analysis.

2.3.4. Skeletal Alterations

Bone is a highly specialised supporting framework that undergoes constant and sequential
remodeling through the action of osteoclasts, osteoblasts and osteocytes (Florencio-Silva
et al., 2015). The balance between bone resorption and formation is influenced by a
multitude of genetic, vascular, nutritional, hormonal and mechanical factors (Kini and
Nandeesh, 2012). Mechanical loading is paramount for the maintenance of the dynamic
skeleton. Physical activity on Earth permits muscular action to transmit tension to the
bone, which is subsequently detected by the osteocyte network within the osseous fluid
(Kini and Nandeesh, 2012). Opposingly, the reduction of gravitational force and
mechanical loading that occurs during HDT bed rest and spaceflight results in reduced
muscular activity leading to muscle atrophy and the decreased ability of muscle to rapidly
produce high forces on bone (Lu et al., 1997; Robling, 2009; Avin et al., 2015; Novotny
et al., 2015). This causes increased bone resorption, while bone formation is either
unchanged or decreased (Kramer et al., 2012; Kini and Nandeesh, 2012). This adaptive
process was proposed by Frost as the mechanostat theory, which suggests that the strain
(i.e. deformation) of bone is maintained within a certain threshold and must be exceeded
to drive bone formation and an increase in bone mass and strength (Frost, 1987).

Bone mineral density (BMD) is a composite measurement of bone mineral content
(BMC) and CSA of bone (van der Schouw, 2009). As expected, the greater losses in BMD
during bed rest and spaceflight occur in the lower limb skeletal sites. A recent review of
8 randomised controlled bed rest studies (duration 30 — 119 days) found that bed rest
significantly decreased BMD at the hip (-5%) and the tibial epiphysis (-6%). These

changes were accompanied with significant losses in quadriceps and calf muscles post-
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bed rest (Konda et al., 2019). Further to this, some studies have attempted to investigate
the loss that occurs in specific components of bone. Divergence exists in this regard, with
some studies reporting a greater loss of trabecular bone (a highly porous form of bone
tissue which surrounds pores filled with bone marrow) (Armbrecht et al., 2011; Belavy
et al., 2011) compared to cortical bone (the dense outer surface of bone), whilst another
study found larger reductions of cortical bone compared with trabecular bone in the tibia

following bed rest (Rittweger et al., 2010).

In spaceflight, bone loss is about 1 — 2% per month (Clément, 2011c). Examination of
ISS crewmembers on long-duration (4 — 6 months) space missions, identified a loss of
BMD of 0.8 — 0.9% per month and 1.2 — 1.5% per month at the lumbar spine and hip,
respectively (Lang et al., 2004). Using volumetric quantitative computed tomography
(vQCT), compartmental assessment of the hip found that 90% of mineral loss came from
cortical bone, which decreased by 1.6 — 1.7% per month. Trabecular volumetric BMD
decreased at a rate of 2.2 — 2.7% per month, and while the loss of trabecular bone density
was small in absolute terms, it was larger than the loss of integral and cortical bone and
tended to be highest in the femoral neck (Lang et al., 2004). Currently, there is no
indication that bone loss is abrogated with longer duration flights (Clément, 2011c). The
uncoupling of bone resorption and formation can lead to an increase in calcium excretion
and decrease in calcium absorption, causing a negative calcium balance (LeBlanc et al.,
2007). Additionally, bone loss leads to an increase in fracture risk, which poses a problem
from long-duration space missions, particularly when performing extravehicular
activities. Similarly, the loss of BMD increases fragility and fracture risk in ageing and
sedentary populations. In contrast to bed rest and spaceflight, bone loss is approximately

0.5 — 2.0% per year in osteoporosis (Clément, 2011c).

A consistent finding is the large variation in the loss of bone density between bone sites
and between individuals (Rittweger et al., 2005; Smith et al., 2009; Williams et al., 2009).
These observations are reported in spaceflight and bed rest studies. As physical activity,
body composition and diet are strictly controlled in bed rest, it is possible that genetic
variation may play an important role (Smith et al., 2009).
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2.3.5. Conclusion of Physiological Adaptations

The physiological adaptations in space and during HDT bed rest, the pre-eminent ground-
based analogue of microgravity, have been well-described and include muscle atrophy,
bone loss and reduced cardiovascular and functional capacity, among others (Demontis
et al., 2017; Tanaka et al., 2017). Research conducted during HDT bed rest and
spaceflight provides valuable data for the general population, particularly in the contexts
of physical inactivity, sedentary behaviour, ageing and immobilisation due to illness and
injury, as these conditions induce similar physiological adaptations at a rate dependent on
the use of the gravity vector (Vernikos, 2017; Vernikos, 2021). The HDT bed rest model
also represents an essential opportunity to understand the health consequences of both
microgravity and the reduced use of gravity and to test the effectiveness of
countermeasures to simultaneously protect multiple physiological systems (Hargens and
Vico, 2016) and these will be discussed later.
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2.4. Metabolic Responses to Physical Inactivity, High Levels of
Sedentary Time, Bed Rest and Spaceflight
2.4.1. Metabolism

This section begins with an overview of normal glucose and lipid metabolism in
metabolically healthy individuals in order to subsequently understand the metabolic
dysregulation that occurs in response to physical inactivity, high levels of sedentary time,
HDT bed rest and spaceflight.

2.4.1.1. Normal Glucose Metabolism

The maintenance of normal glucose concentrations in the bloodstream is dependent upon
precise regulation of glucose utilisation and endogenous glucose production or dietary
glucose delivery (Giugliano et al., 2008). Plasma glucose is derived from three sources:
post-prandial intestinal absorption, glycogenolysis (breakdown of glycogen) and
gluconeogenesis (formation of glucose from sources such as lactate and amino acids).
Glucose may be stored as glycogen, undergo glycolysis to pyruvate or be released into
the circulation by the liver and kidneys to be used by other cells in the body (Giugliano
et al., 2008). The process of maintaining plasma glucose at a constant level or within a
small marginal range is known as glucose homeostasis. Glucose homeostasis is governed
by pancreatic and gut-secreted hormones that exert effects on multiple target tissues
including the brain, skeletal muscle, liver and adipose tissue. These glucoregulatory
hormones include glucagon, insulin, amylin, glucagon-like peptide 1 (GLP-1), glucose-
dependent insulinotropic peptide (GIP), epinephrine, cortisol and growth hormone. The
two key glucoregulatory hormones that control the bi-hormonal model of glucose
homeostasis are glucagon and insulin (Figure 2) (Aronoff et al., 2004).

Glucagon is a potent hyperglycaemic and ketogenic hormone that is secreted from the
pancreatic a-cells. In the fasted state, glucagon acts on the liver to increase hepatic
glucose production through glycogenolysis and gluconeogenesis (Aronoff et al., 2004;
Giugliano et al., 2008). Additionally, glucagon stimulates the release of free fatty acids
(FFA) from the adipose tissue and subsequent ketogenesis in the liver (Nussey and
Whitehead, 2001; Wilcox, 2005). Insulin is the pivotal glucoregulatory hormone, released

from the pancreatic B-cells in response to elevated post-prandial blood glucose and amino
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acids concentrations (Aronoff et al., 2004). The principal targets of the metabolic actions
of insulin are the liver, adipose tissue and skeletal muscle (Nussey and Whitehead, 2001).
In the liver, insulin promotes glycogen synthesis by upregulating glycogen synthetase and
suppressing glycogen phosphorylase but has no effect on hepatic glucose uptake.
Contrastingly, insulin permits glucose uptake in the skeletal muscle and adipose tissue by
stimulating intracellular glucose transporter protein 4 (GLUT4) and increasing its cell-
surface expression. Within the muscle, glucose is converted to glycogen. In adipose
tissue, glucose is converted to fatty acids for storage as triglycerides. Insulin also plays a
role in promoting the uptake of amino acids into skeletal muscle and the stimulation of
protein synthesis. Simultaneously, insulin inhibits hepatic glycogen breakdown, lipolysis
in the adipose tissue and the release of amino acids from the muscle (Nussey and
Whitehead, 2001).
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Figure 2. A schematic representation of the maintenance of glucose homeostasis by glucagon and insulin.
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Adapted from Roder et al. (2016).

2.4.1.2. Insulin Signalling Cascade

The biological action of insulin depends upon the cascade of events subsequent to the
interaction of insulin with its specific receptor (Figure 3). The insulin receptor is a
glycosylated tetramer comprising two extracellular insulin binding a-subunits and two -

subunits that cross the cell membrane and express tyrosine kinase activity (Bugianesi et
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al., 2005). Insulin binding permits the autophoshorylation of the receptor and tyrosine
phosphorylation of the insulin receptor proteins (IRS-1 and IRS-2), which initiate a
cascade of reactions leading to the binding of phosphoinositide 3 kinase (PI3K),
activation of protein kinase B or Akt and translocation of intracellular GLUT4 to the cell
membrane (Bugianesi et al., 2005; Wilcox, 2005; Mul et al., 2015). GLUT4 permits the
transport of glucose along the concentration gradient from the extracellular space to the
cytoplasm. During exercise, glucose transport is stimulated by pathways that are
independent of PI3K and activated by 5’ adenosine monophosphate—activated kinase
(AMPK) (Bugianesi et al., 2005).

Q Insulin O

Insulin Receptor

Figure 3. The insulin signalling cascade and the activation of GLUTA4.

Adapted from Mul et al. (2015).

In addition to the PI3K-Akt pathway, insulin binding to the insulin receptor can cause a
conformational change and phosphorylation of Shc (Src-homology collagen) proteins.
Shc proteins activate the RAS-MAPK pathway (Boucher et al.,, 2014). Once
phosphorylated Shc, recruits another protein known as growth factor receptor-bound
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protein 2 (GRB2) which induces the activation of the RAS-RAF-MEK-ERK pathway.
IRS-1 and IRS-2 proteins can also indirectly bind GRB2 and activate this pathway (Saad,
2018). The ERK pathway is involved in gene transcription, mitogenesis and proliferation,
while the PI3K-Akt pathway is linked to the metabolic actions of insulin and nitric acid
production (Saad, 2018; Draznin, 2020).

2.4.1.3. Normal Lipid Metabolism
Fat accumulation is regulated by a balance between the processes of fat synthesis (i.e.
lipogenesis) and fat breakdown (i.e. lipolysis and fatty acid oxidation) (Figure 4)
(Kersten, 2001; Song et al., 2018).

2.4.1.3.1. Lipogenesis

Lipogenesis is the process of triglyceride synthesis that occurs primarily in adipose tissue
and to a lesser extent in the liver, muscle, heart and pancreas (Saponaro et al., 2015). The
process is stimulated by a high fat or high carbohydrate diet and inhibited by
polyunsaturated fatty acids and by fasting. These effects are partially regulated by
hormones, which attenuate (leptin, growth hormone, glucagon, catecholamines) or
stimulate (insulin) lipogenesis (Kersten, 2001; Saponaro et al., 2015). Triglyceride
synthesis requires the activation of FFA to Acyl-CoA through the formation of
monoacylglycerol (MAG) and diacylglycerol (DAG) by reacting with glycerol-3-
phosphate (G3P). In adipose tissue, G3P can be formed by glycolysis or from non-
carbohydrate sources (pyruvate, lactate or amino acids) catalysed by the enzyme
phosphoenolpyruvate carboxykinase (PEPCK) in a process called glyceroneogenesis. In

the liver, G3P can be synthesized by glycerol (Saponaro et al., 2015).

Triglycerides can be synthesized from either circulating FFA from the diet, peripheral
lipolysis or de novo lipogenesis (DNL) (Saponaro et al., 2015). DNL occurs
predominately in the liver but it can occur in the adipose tissue at lower rates. During
glycolysis, citric acid is formed and this is converted to acetyl-CoA by ATP-citrate lipase
(ACL) and subsequently to malonyl-CoA by acetyl-coA carboxylase (ACC). The multi-
enzymatic complex fatty acid synthase (FAS) then converts malonyl-CoA to palmitate,
the first fatty acid synthesized (Saponaro et al., 2015).
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2.4.1.3.2. Lipolysis

Lipolysis is a catabolic pathway that involves the hydrolysis of triglycerides into FFA and
glycerol which are released into circulation. This process requires the action of multiple
lipases. Triglyceride hydrolysis into DAG is regulated by adipose triglyceride lipase
(ATGL) and permits the release of one FFA. Following this, DAG is converted to MAG
by the enzyme monoacylglycerol lipase (MGL) with the release of one fatty acid or is
completely hydrolysed by hormone sensitive lipase (HSL) which permits the release of
two FFAs and glycerol (Saponaro et al., 2015).
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Figure 4. A schematic representation of the lipolytic and lipogenic pathways.

Adapted from Saponaro et al. (2015). Abbreviations: ACC, acetyl-CoA carboxylase; ACL, ATP-citrate lyase; ACSL, acyl-CoA
synthetase; AGPAT, acyl CoA acylglycerol-3-phosphate acyltransferases; ATGL, adipose triglyceride lipase; DAGK, diacylglycerol
kinase; DGAT, diacylglycerol acyltransferase; FAS, fatty acid synthase; GK, glucokinase; GPAT, glycerol-3-phosphate

acyltransferase; HSL, hormone-sensitive lipase; MGL, monoacylglycerol lipase; PAP1, phosphohydrolase 1; PAP2,
phosphohydrolase 2; PEPCK, phosphoenolpyruvate carboxykinase.

2.4.2. Insulin Resistance

Insulin resistance is one of the main hallmarks in the pathogenesis and etiology of type 2
diabetes mellitus (T2DM) and non-alcoholic fatty liver disease (NAFLD) (Rehman and
Akash, 2016). Insulin resistance can be explained as a subnormal biological response to
the action of insulin in skeletal muscle, adipose tissue, vasculature, brain and the liver,
leading to compensatory hyperinsulinemia and reduced glucose disposal (Saad, 2018).
However, as insulin has pleiotropic actions such as the modulation of lipid and protein

metabolism, ion and amino acid transport, cell differentiation and proliferation, apoptosis
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and nitric oxide synthesis, the whole array of functions must be considered in insulin
resistance and not just the effect on glucose metabolism (Saad, 2018). Additionally, it is
important to consider that the onset of insulin resistance is not uniform between the key
target organs or between individuals (Unnikrishnan, 2004; Abdul-Ghani et al., 2007).

2.4.2.1. Insulin Signalling Disruption in Insulin Resistance

The regulation of insulin signalling may be described as a balance between positive
regulation i.e. tyrosine phosphorylation of IRS proteins, and negative regulation, i.e.
serine phosphorylation of IRS proteins (Saad, 2018). Serine phosphorylation of IRS
proteins is detrimental to the normal conductance of insulin signalling and causes insulin
resistance. Insulin and insulin-like growth factor 1 (IGF-1) permit tyrosine
phosphorylation, while factors that cause insulin resistance such as increased tumor
necrosis factor alpha (TNF-a), elevated FFAs and hyperinsulinemia can promote serine
phosphorylation of the IRS-1 (Saad, 2018). These factors lead to the activation of the INK
(c-Jun N-terminal kinase) and IkB kinase (two isoforms- IKKe and IKKp) pathways
which results in the serine phosphorylation of IRS-1. IKKs will also indirectly activate
the nuclear factor kappa B (NF-kB) pathway resulting in the elevated secretion of pro-
inflammatory molecules which will contribute to insulin resistance. Activation of the JNK
and IKK kinases highlights the convergence of the metabolic and inflammatory pathways
and their contribution to insulin resistance. These kinases can also be upregulated in the
innate immune response by toll-like receptor (TLR) in response to liposaccharides (LPS),

peptidoglycan, double-stranded RNA and other microbial products (Saad, 2018).

2.4.3. Insulin Resistance in Peripheral Tissues

Impairment of normal insulin action can perturb metabolic homeostasis in insulin
responsive tissues, with significant effects on the adipose tissue, liver and skeletal muscle
(Suksangrat et al., 2019). In the context of glucose metabolism, insulin resistance can
impair the suppression of hepatic glucose production, reduce glucose disposal in the
skeletal muscle and adipose tissue and attenuate the suppression of lipolysis and very-
low density lipoprotein (VLDL) production thereby increasing circulating non-esterified
fatty acids (NEFA) and triglycerides, which can further exacerbate insulin resistance
(Yki-Jarvinen, 2010; Suksangrat et al., 2019).
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2.4.3.1. Insulin Resistance in Adipose Tissue

Adipose tissue insulin resistance is the inability of insulin to stimulate glucose and lipid
uptake and suppress lipolysis in adipocytes (Samuel and Shulman, 2016). However,
compared to skeletal muscle, the contribution of adipocytes to insulin-stimulated glucose
disposal via GLUT4 is quantitatively minor (~10% vs. 60-70%). In an insulin resistant
state, the inability of insulin to suppress hormone sensitive lipase (HSL) and lipolysis in
adipocytes upregulates circulating FFAs (Semenkovich, 2006; Ormazabal et al., 2018).
An increased release of FFAs can interfere with insulin signalling and promote ectopic
fat accumulation in the liver and skeletal muscle (Park and Seo, 2020). In addition to
FFAs, adipocytes can secrete numerous cytokines, such as interleukin-6 (IL-6), TNF-a,
plasminogen activator inhibitor 1 (PAI-1), angiotensinogen and leptin, exacerbating
insulin resistance (Wilcox, 2005).

2.4.3.1.1. Insulin Resistance and Lipoprotein Changes

Elevated FFA delivery to the liver from adipose tissue and increased DNL through
compensatory hyperinsulinemia, permits the post-translational stabilisation of
apolipoprotein B-100 (ApoB) and enhances the formation and release of VLDL, resulting
in hypertriglyceridemia (Adeli et al., 2001; Semenkovich, 2006; Ormazabal et al., 2018).
Under normal conditions, insulin can inhibit VLDL synthesis and degrade ApoB through
the activation of PI3K but these roles are attenuated in insulin resistance. Further to this,
insulin resistance is known to downregulate lipoprotein lipase (LPL) activity, which
impacts VLDL clearance from circulation (Ormazabal et al., 2018). Within the blood
vessels, the triglycerides in VLDL are transferred to low-density lipoprotein cholesterol
(LDL) and high-density lipoprotein cholesterol (HDL) by cholesterol ester transfer
protein (CETP), producing triglyceride-rich particles. These triglyceride-rich particles are
then hydrolysed by hepatic lipase forming small, dense LDL and HDL which are linked
with a pro-atherogenic phenotype. The triglyceride-rich HDL are removed quickly from
circulation by the kidneys, leaving fewer HDL particles to accept cholesterol from the
vasculature to return to the liver (Adeli et al., 2001; Semenkovich, 2006; Jung and Choi,
2014; Ormazabal et al., 2018).
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2.4.3.2. Insulin Resistance in Skeletal Muscle

Skeletal muscle insulin resistance is associated with decreased glucose uptake and
glycogen synthesis and increased triglyceride accumulation. Impaired insulin-stimulated
glucose disposal is traceable to defects in proximal insulin signalling, specifically the
insulin receptor, IRS-1, PI3K and Akt activity, which attenuate insulin’s ability to
stimulate GLUT4 translocation and glycogen synthesis (Petersen and Shulman, 2018). In
young, lean humans exhibiting skeletal muscle insulin resistance, ingested glucose that is
not taken up by skeletal muscle is diverted to the liver, where it is used as a substrate for
hepatic DNL, leading to increased triglyceride synthesis and circulating triglycerides, as
well as reduced HDL concentrations (Petersen et al., 2007; Samuel and Shulman, 2016).
Increased circulating FFA delivery from adipose tissue and expression of pro-
inflammatory cytokines TNF-a and interleukin-1 beta (IL-1p) can enhance inflammatory
signalling in myocytes, through the activation of protein kinase C (PKC), JNK and the
nuclear factor kappa-light-chain-enhancer of activated B cells (IKK/NF-kB) pathways,
leading to further disruption of insulin signalling (Wu and Ballantyne, 2017).

2.4.3.3. Insulin Resistance in the Liver

Hepatic insulin resistance can be explained as the impaired ability of insulin to suppress
hepatic glucose production (Yki-Jarvinen, 2010). The accumulation of toxic lipids such
as DAGs and ceramides activate protein kinase Ce (PKCe) which binds and inactivates
insulin receptor tyrosine kinase and reduces IRS-2 tyrosine phosphorylation. In
downstream signalling, this causes reduced insulin activation of PI3K, RAC-B
serine/threonine protein kinase (AKT2), glycogen synthase kinase-3 (GSK-3) and
forkhead box protein O1 (FOXO1) leading to a decrease in hepatic glycogen synthesis
and impaired suppression of hepatic gluconeogenesis (Savage et al., 2007; Yki-Jarvinen,
2010). In addition, DNL is increased in hepatic insulin resistance and is regulated by
mammalian target of rapamycin (mTOR) and sterol-regulatory element binding protein-
1c (SREBP-1c) pathways (Armandi et al., 2021). Together, these changes result in
hyperglycaemia, hyperlipidaemia and hepatic steatosis. Accordingly, the amount of intra-
hepatic lipid (IHL) is strongly linked to liver and whole-body insulin resistance (Mu et
al., 2018; Trouwborst et al., 2018).
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2.4.4. Metabolic Regulation and Energy Balance in Bed Rest

In line with other ESA bed rest studies, dietary intake and physical activity levels are
standardised and controlled prior to and throughout all study phases. For this study, and
similar studies (Kenny et al., 2017; Rudwill et al., 2018; Kenny et al., 2020), subjects are
maintained in energy balance. The aim of this unique approach is that fat accumulation
does not occur as a consequence of reduced energy expenditure in HDT bed rest and thus
fat accumulation is not a confounding factor on physiological or metabolic outcomes.
Accordingly, decreases in body weight are reflective of muscle atrophy as fat mass is
unchanged (Zahariev et al., 2005).

2.4.5. Sedentary Behaviour, Physical Inactivity, HDT Bed Rest and Metabolic
Physiology

2.4.5.1. Distinction between Sedentary Behaviour and Physical Inactivity

Sedentary behaviour, light-intensity physical activity (LPA), moderate-intensity physical
activity (MPA) and vigorous-intensity physical activity (VPA) are part of the same energy
expenditure spectrum and movement continuum, but each are clearly distinctive (Figure
5) (Tremblay et al., 2010; van der Ploeg and Hillsdon, 2017). Sedentary behaviour can be
described as “any waking behaviour characterized by an energy expenditure < 1.5
metabolic equivalents (METS), while in a sitting, reclining or lying posture” (Tremblay
et al., 2017; Bull et al., 2020). LPA is defined as “physical activity that is performed
between 1.5 and 3 METs” and includes both static (e.g. standing) and ambulatory
activities (e.g. slow walk). MPA refers to “physical activity that is performed between 3
and < 6 METs” (e.g. walking at < 4mph on a level and firm surface). VPA describes
“physical activity that is performed at > 6 METs” (e.g. running, cycling and resistance

training) (Bull et al., 2020).
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Figure 5. The movement continuum and energy expenditure spectrum between sedentary behaviour and

physical activity.

Adapted from Tremblay et al. (2010).

According to the most recent physical activity guidelines, adults (aged 18 — 64 years)
should undertake at least 150 — 300 minutes of moderate-intensity aerobic physical
activity, or at least 75 — 150 minutes of vigorous-intensity aerobic physical activity; or an
equal combination of both, throughout the week. In addition, adults are advised to do
muscle strengthening activities on 2 or more days per week, at a moderate or greater
intensity that involve all major muscle groups (Bull et al., 2020). Physical inactivity is,
therefore, defined as “an insufficient physical activity level to meet the present physical

activity recommendations” (Bull et al., 2020).

Overall, it is the balance between sedentary behaviour and physical activity that is
important for health. For example, an individual can be physically active but highly
sedentary. The opposite is also possible, for instance, an individual could be physically
inactive but not sedentary. These situations have different ramifications for physical and
metabolic health, but individuals who are physical inactive and highly sedentary are at

the highest risk of chronic disease development (van der Ploeg and Hillsdon, 2017).
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2.4.5.2. Sedentary Behaviour and Metabolic Physiology

Sedentary behaviour is common to every domain of modern daily life; transportation,
occupational and leisure time activities. High volumes of sedentary time have a
deleterious impact on cardiometabolic health. The significant reduction of energy
expenditure is one of mechanisms by which sedentary behaviour induces deleterious
physiological effects (Archer et al., 2017). When an individual is in a sitting, reclining or
lying posture, the contractile activation of the musculoskeletal system is profoundly
diminished. As the energy demand of skeletal muscle is dependent upon contractile
activity, there is a substantial decline in the uptake of nutritive energy molecules (i.e.
glucose, insulin and triglycerides) from blood by the skeletal muscles as a result of disuse.
This will cause a rise in circulating concentrations of glucose, insulin and triglycerides.
Increased concentrations of these metabolites in blood can stimulate pathological
oxidative processes that lead to the production of reactive oxygen species (ROS) and
oxidative damage to the intima, which underpin the development of atherosclerosis
(Archer et al., 2017). Additionally, sedentary behaviour diminishes the metabolic
functionality and oxidative capabilities of all muscle fibers, however, the specific impact
on slow-twitch (oxidative) postural muscle fibers contributes to the reduced uptake and
oxidation of circulating lipids and heightened oxidative damage. Reduced insulin
sensitivity and suppressed activity of LPL in skeletal muscle can further exacerbate
sedentarism-induced metabolic dysregulation and contribute to detrimental increases in
visceral adiposity, increased inflammatory state and release of pro-inflammatory
cytokines and injury of the endothelial cells of the vasculature. Ultimately, increased
sedentary behaviour impairs the ability of skeletal muscle to remove glucose and lipids
from the blood (Archer et al., 2017).

In adults, high amounts of sedentary behaviour are independently associated with all-
cause, cardiovascular disease and cancer mortality and incidence of cardiovascular
disease, cancer and T2DM (Bull et al., 2020). Of note, these associations are more
pronounced at lower levels of moderate- and vigorous-intensity physical activity (MVPA)
compared with higher levels, highlighting that higher levels of MVPA can attenuate the
detrimental association between sedentary behaviour and poor health outcomes
(Dempsey et al., 2020). However, based on evidence of a non-linear dose-response

relationship, limiting the total time spent being sedentary and increasing LPA, increasing
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MVPA, or a combination of both, can provide health benefits (Dempsey et al., 2020).
Despite new recommendations to limit the amount of time spent sedentary from the
WHO, there are currently no quantitative thresholds of sedentariness, to accurately
distinguish sedentary individuals from non-sedentary individuals and insufficient
evidence to determine whether specific health benefits vary by the type or patterns of
sedentary behaviour or to determine the influence of frequency and duration of breaks in
sedentary behaviour on overall physiological health, highlighting the importance of future
research (Magnon et al., 2018; Bull et al., 2020). Additionally, experimental evidence on
the independent effect of sedentary behaviour is lacking due to the challenges of isolating

sedentary behaviour from those of physical inactivity (Le Roux et al., 2021).

2.4.5.3. Physical Inactivity and Metabolic Physiology

Physical inactivity is a public health risk of the modern lifestyle. Inactivity and a resultant
low level of energy expenditure in skeletal muscle are key players in the complex
phenomenon of inactivity-induced metabolic dysregulation (Thyfault and Krogh-
Madsen, 2011). The transition to physical inactivity results in decreased peripheral insulin
sensitivity and central adiposity, with the latter consequence occurring as a result of a
chronic positive energy balance. Insulin resistance can impair the suppression of glucose
production in the liver, reduce glucose disposal in the skeletal muscle and adipose tissue
and attenuate the suppression of lipolysis and VLDL production thereby increasing
circulating NEFA and triglycerides, which can further exacerbate insulin resistance (Yki-
Jarvinen, 2010; Suksangrat et al., 2019). Central and ectopic fat accumulation cause an
increase in the release of reactive oxygen species and pro-inflammatory cytokines (e.g.
TNF-a and IL-6) resulting in systemic oxidative stress, low-grade inflammation and
promotion of insulin resistance (Gratas-Delamarche et al., 2014). Concomitantly,
physical inactivity causes a decrease in cardiorespiratory fitness and muscle mass and
strength and alters muscle fiber phenotype leading to an overall decline in overall
physiological and metabolic function, as well as mobility and functional independence
(Bowden Davies et al., 2019). In support of these mechanisms, overwhelming evidence
from epidemiological studies shows that physical inactivity is a major risk factor for early
mortality and common chronic diseases including obesity, insulin resistance, T2DM, the
MetSyn and cardiovascular disease, among others (Booth et al., 2012; Le Roux et al.,
2021).
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Overall, sedentary behaviour is not physical inactivity by a different definition, as it has
distinct health consequences compared to those from not exercising enough (van der
Ploeg and Hillsdon, 2017). However, it is clear that individuals who are both physically
inactive and highly sedentary are at the highest risk of poor health and require lifestyle
advice and intervention. It is acknowledged that both of these activity behaviours occur
in HDT bed rest and both have independent physiological consequences, therefore, it is
very difficult to isolate the impact of sedentary behaviour or physical inactivity per se on
the observed changes following HDT bed rest. More needs to be done in this regard in
future HDT bed rest studies, possibly with the inclusion of ambulatory control groups
(e.g. subjects who are physically active but highly sedentary or subjects who are

physically inactive but not sedentary).

2.4.5.4. HDT Bed Rest and Metabolic Physiology

HDT bed rest induces physiological effects of combined physical inactivity and high
levels of sedentary time that are associated with altered whole-body and tissue-specific
functioning. Substantial reductions in muscle mass, muscle strength and cardiorespiratory
fitness, as well as alterations in myofiber type composition, are associated with
deleterious changes in physiological function following HDT bed rest. These changes are
also implicated in HDT bed rest-induced metabolic dysfunction. Reduced insulin
sensitivity (primarily in skeletal muscle), impaired oxidative capacity, increased
circulating and deposition of lipids, and metabolic inflexibility (lower fasting fat
oxidation and/or an impaired ability to oxidize carbohydrate during feeding or insulin-
stimulated conditions) are eminent consequences of HDT bed rest, even in the absence of
measurable changes in energy balance (Bergouignan et al., 2006; Bergouignan et al.,
2009; Bergouignan et al., 2011; Kenny et al., 2017; Rudwill et al., 2018; Le Roux et al.,
2021). These changes can increase the flux of dietary fatty acids to the liver leading to
ectopic fat storage which has further implications for insulin sensitivity. Fat accumulation
in the liver can drive DNL and increase the synthesis of VLDL, further exacerbating
hyperlipidaemia and ectopic fat accumulation. Consequently, the steatotic liver will
become insulin resistant leading to the worsening of hyperinsulinemia (Bergouignan et
al., 2006; Le Roux et al., 2021). Similar metabolic alterations are associated with the
etiology of multiple chronic diseases including obesity, T2DM, NAFLD and the MetSyn.

These observations therefore support a key role of the combined effect of chronic
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inactivity and extreme sedentariness in the onset and progression of metabolic
dysfunction following HDT bed rest (Le Roux et al., 2021).

2.4.6. Ageing and Metabolism

Physiological function begins to gradually decline throughout adult life. Ageing is a
natural biological process, characterised by structural and functional deterioration in most
physiological systems, which makes the individual fragile and vulnerable to disease
(Demontis et al., 2017; van den Beld et al., 2018). Metabolic dysfunction is a hallmark of
ageing, underpinned by insulin resistance and changes in body composition (Barzilai et
al., 2012). Ageing is associated with the loss of bone and muscle mass and strength,
coupled with an increase in fat mass (van den Beld et al., 2018). Age-related increases in
fat mass, as well as the redistribution of subcutaneous to intra-abdominal visceral depots
and other ectopic sites including in the bone marrow, skeletal muscle and liver, contribute
to impaired fatty acid handling and adipose tissue inflammation and dysfunction (Sepe et
al., 2011). These impairments lead to a further reduction in adipogenesis, more
lipotoxicity and activation of cellular stress pathways which, in turn, perpetuate
inflammatory responses of pre-adipocytes and immune cells, leading to a vicious cycle
and overall systemic dysfunction (Sepe et al., 2011). The physiological adaptations
observed following spaceflight and HDT bed rest are similar to those that occur over
decades of ageing (declines in cardiorespiratory fitness, sarcopenia, dynapenia and
metabolic dysfunction), compounded by physical inactivity and high levels sedentary
time (or reduced use of gravity over decades as a function of age) in older populations
(Vernikos, 2017; Vernikos, 2021). Uncorrected, these changes can not only hasten ageing
but are commonly associated with chronic diseases such as T2DM, cardiovascular
disease, dementia, osteoporosis and arthritis (Vernikos, 2017; Sathya and Pandima Devi,
2020). Thus, the data collected from HDT bed rest will provide important insights into
age-related declines in metabolic homeostasis and provide an opportunity for expanding

knowledge in both space and ageing physiology.

2.4.7. Inter-Organ Communication to Regulate Metabolism
Systemic metabolism is governed by a complex series of pathways that regulate energy

and nutrient intake and utilisation. Numerous organ systems within the human body must
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communicate and work in concert to absorb, store and utilise chemical energy for the
maintenance of metabolic homeostasis (Priest and Tontonoz, 2019). Dysregulation of
these pathways will lead to pronounced metabolic dysregulation and pathologies such as
obesity, T2DM, fatty liver and the MetSyn. The liver, adipose tissue and skeletal muscle
are involved in the maintenance of metabolic homeostasis by producing and secreting
proteins (collectively referred to as organokines) known as hepatokines, adipokines and
myokines, respectively (Priest and Tontonoz, 2019; Chung and Choi, 2020). Organokines
are pleiotropic molecules that regulate inflammation, glucose and lipid metabolism,
oxidative stress, endothelial dysfunction and fat distribution via autocrine, paracrine and
endocrine actions. They can also act on distant receptors independent of traditional
metabolic functioning (Chung and Choi, 2020). Organokines have previously been
classified into two categories; pro-inflammatory and anti-inflammatory (Ouchi et al.,
2011). The balance between the secretions of these different types of organokines will
either promote or deter metabolic dysfunction. Accordingly, physical inactivity can
suppress the secretion of health enhancing organokines and promote the secretion of
organokines that contribute to development of metabolic disease. Conversely, physical
activity promotes the secretion of organokines that induce favourable changes in local
and systemic metabolism (Leal et al., 2018). Therefore, understanding the production and
target-tissue action of these secreted proteins is fundamental in the challenge to oppose
metabolic dysregulation and onset of diseases such as obesity, insulin resistance, T2DM
and NAFLD.

The following sections (2.4.8 to 2.4.10 inclusive) provide a comprehensive review of the
current literature on a specifically identified and selected panel of adipokines
(adiponectin, ASP, apelin), myokines (irisin) and hepatokines (fetuin-A, RBP4, apo-J),
FGF-21 and adropin) that are known to influence insulin sensitivity. This in-depth review
will provide details on the metabolic function of each individual biomarker and discuss
its regulation in metabolic disease, exercise training, bed rest, physical inactivity,
sedentary behaviour and ageing. Of note, emerging evidence has shown that fetuin-A,
RBP4, adropin, irisin, apo-J, ASP and apelin play key roles in tissue-specific and whole-
body insulin sensitivity but have not been measured previously in response to HDT bed
rest. Adiponectin and FGF-21 have been examined in past bed rest studies and the

findings of these studies, as well as the implications for metabolic health, will be
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discussed. It is acknowledged that a large volume of research is presented in the sections
below and so for the reader’s convenience, and to assist in the interpretation of this
research, a summary section is provided to synthesise the presented literature at the end

of each individual biomarker review.

2.4.8. Adipokines
2.4.8.1. Adiponectin

Adiponectin is a 30 kDa multimetric peptide, that is expressed and secreted
predominately by adipocytes, and is crucial for energy homeostasis (Coles, 2016).
Adiponectin circulates in three forms with different molecular weights; low-molecular
weight (LMW) homotrimer, moderate molecular weight (MMW) hexamer, and high
molecular weight (HMW) multimer (Achari and Jain, 2017; Khoramipour et al., 2021).
A smaller form of adiponectin that consists of a globular domain can also be found in
circulation but is often in negligible amounts. In circulation, adiponectin levels are high,
accounting for up to 0.01% of total plasma protein (Nigro et al., 2014).

2.4.8.1.1. Metabolic Actions of Adiponectin

Adiponectin is one of the most extensively studied biomarkers to date. There is a large
number of published studies in humans, animals, isolated tissues and cultured cells that
have reported that adiponectin exerts anti-diabetic, anti-inflammatory and anti-
atherosclerotic effects, all of which have been comprehensively reviewed (Stern et al.,
2016; Achari and Jain, 2017; Khoramipour et al., 2021). This makes adiponectin
potentially a very useful biomarker to study in addition to novel biomarkers of insulin
resistance, as it may assist in the interpretation of changes in novel biomarkers in response

to intervention.

2.4.8.1.1.1. Adiponectin Functions in Metabolic Organs

The pleiotropic actions of adiponectin result in different effects in peripheral organs
(Figure 6). The liver and skeletal muscle are major targets for adiponectin. In the liver,
adiponectin decreases hepatic lipogenesis and increases B-oxidation through the
activation of AMPK (Stern et al., 2016). Independent of AMPK, adiponectin inhibits
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gluconeogenesis, thereby decreasing glucose output, and reduces ceramide accumulation
in the liver by enhancing ceramidase activity (Stern et al., 2016). In skeletal muscle,
adiponectin promotes insulin sensitivity and increases fatty acid oxidation and glucose
uptake (Khoramipour et al., 2021). Adiponectin acts primarily on skeletal muscle to
augment influx and combustion of FFA, thereby reducing muscle triglyceride content. As
a consequence of decreased serum FFA and triglyceride levels, hepatic triglyceride
content is decreased. Reduced triglyceride content can improve insulin signalling
transduction and therefore improve insulin sensitivity (Yamauchi etal., 2001). In addition
to the liver and skeletal muscle, adiponectin can act in an autocrine/paracrine manner to
improve insulin sensitivity in adipose tissue (Fang and Judd, 2018). Adiponectin
promotes triglyceride storage in subcutaneous adipose tissue thereby reducing excessive
lipid deposition in the liver and skeletal muscle and permitting systemic improvements in
insulin sensitivity and inflammation and preservation of B-cell mass in mice (Kim et al.,
2007). Adiponectin has been shown to downregulate cytokine secretion and shift
macrophage polarisation from the pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype (Dietze-Schroeder et al., 2005; Ohashi et al., 2010).
Additionally, adiponectin can increase GLUT4-mediated glucose uptake in adipose tissue
(Stern et al., 2016).

Overall, adiponectin can enhance whole-body insulin sensitivity through direct actions in
the liver, skeletal muscle and adipose tissue. In addition, adiponectin can promote
glucose-stimulated insulin secretion, prevent B-cell apoptosis and promote survival, as
well as increase endothelial nitric oxide synthase (eNOS) activity and reduce oxidative
stress in endothelial cells (Fang and Judd, 2018).
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Figure 6. The metabolic actions of adiponectin under normal physiological conditions characterised by

normal weight and a favourable metabolic profile.

Abbreviations: SAT, subcutaneous adipose tissue; TG, triglycerides.

2.4.8.1.2. Adiponectin in Metabolic Disease

The secretion of adiponectin from adipocytes is reduced in metabolic dysfunction, leading
to decreased circulating levels of adiponectin (Andrade-Oliveira et al., 2015). Several
hormones associated with obesity and insulin resistance including insulin,
catecholamines, TNF-o as well as other pro-inflammatory cytokines (e.g. IL-6)
downregulate the expression of adiponectin, thereby contributing to reduced circulating
concentrations (Stefan and Stumvoll, 2002; Andrade-Oliveira et al., 2015). Accordingly,
lower circulating concentrations of adiponectin have been found in individuals with
obesity, insulin resistance, atherosclerosis, T2DM and the MetSyn (Arita et al., 1999;
Hotta et al., 2000; Baratta et al., 2004; Goropashnaya et al., 2009; von Frankenberg et al.,
2014; Ma et al., 2020).

An examination of the relationship between adipose tissue depots, fat cell size and
secretion of adiponectin in obesity found that despite an obesity-induced reduction in
adiponectin secretion, subcutaneous adipose tissue contributes more greatly to serum

adiponectin than visceral adipose tissue (Meyer et al., 2013). Therefore, because of its
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larger mass and greater secretion rate, even slight reductions in adiponectin production in
subcutaneous adipose tissue have the potential to considerably lower circulating levels of
adiponectin in obesity. There was evidence of reduced secretion of adiponectin from
visceral adipose tissue from obese subjects, but as this adipose tissue depot only makes
up 20% of total body fat, it is unlikely to account for more than 20% of the reduction in
serum adiponectin suggesting other unknown factors may be associated with lower

adiponectin levels in visceral obesity (Meyer et al., 2013).

In obese men with T2DM (n = 48, age 44 + 9 years, BMI 31 + 3 kg/m?), there was a
significant inverse relationship between circulating adiponectin and insulin resistance (r
=-0.59, p <0.001) indicating that lower concentrations of adiponectin are associated with
higher insulin resistance (lzadi et al., 2011). Moreover, there was a significant inverse
correlation between circulating adiponectin and fasting blood glucose (r = -0.67, p <
0.001) highlighting that a reduction in adiponectin is associated with high fasting glucose
levels, which is a key determinant of T2DM in individuals with obesity (lzadi et al.,
2011).

A meta-analysis including data from 13 prospective studies, 14598 participants and 2623
cases of incident diabetes, reported that higher circulating adiponectin levels are
associated with a lower risk of T2DM (Li et al., 2009). This inverse association was
consistent for multiple ethnicities and did not differ based on adiponectin assay, method
of diabetes ascertainment, study size, follow up, BMI or the proportion of men and
women (Li et al., 2009). In line with this, Yamamoto et al. (2014) examined the
association between serum adiponectin and T2DM risk in 4591 subjects (aged 25-73
years, 4124 men and 467 women) who underwent a baseline health screening and a 3 year
follow up. After 3 years, 214 diabetic cases were newly diagnosed. Of these 214 subjects,
87% had prediabetes at baseline. Between-group comparisons showed that subjects who
developed T2DM were significantly older, had a higher family history of T2DM, BMI,
visceral fat area, waist circumference, fasting glucose, glycated haemoglobin (HbALc),
fasting insulin and homeostatic model assessment of insulin resistance (HOMA-IR) but
lower adiponectin levels compared to subjects without T2DM (p < 0.05). Baseline serum

adiponectin was significantly and inversely associated with the 3-year incidence of
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T2DM. This association persisted even after adjustment for risk factors of T2DM (age,
sex, BMI, family history, smoking, drinking, physical activity) and measures of
abdominal obesity (visceral fat area). However, when adjusted for HOMA-IR and HbAlc
this association was attenuated and became non-significant. The findings of this study
show that lower levels of circulating adiponectin are associated with higher risk of T2DM,
independent of common risk factors and overall and intra-abdominal fat deposition
(Yamamoto et al., 2014).

In a two-stage study using data from two separate cohorts (n = 172 in cohort 1 and n =
422 in cohort 2), von Frankenberg et al (2014) demonstrated that circulating
concentrations of total adiponectin and HMW adiponectin were lower in the presence of
the MetSyn (p < 0.01) and circulating concentrations of total and HMW adiponectin
decrease with an increasing number of MetSyn components (p < 0.01). This association
was independent of age, sex, smoking status, alcohol consumption, physical inactivity,
waist circumference and insulin resistance in both studies. Circulating concentrations of
adiponectin appear to be, in part, determined by HDL levels, triglycerides and abdominal
obesity (von Frankenberg et al., 2014).

Overall, the paradoxical decrease in circulating adiponectin plays a central role in the
development of obesity, insulin resistance, atherosclerosis, T2DM and the MetSyn in

humans.

2.4.8.1.3. Adiponectin and Exercise Training
The effect of acute and chronic exercise on circulating concentrations of adiponectin have
been studied extensively in healthy and clinical populations and the finding of these

studies are discussed below.

2.4.8.1.3.1. Adiponectin and Acute Exercise
Studies investigating the impact of acute exercise training have reported conflicting
results. Saunders et al. (2012) reported that acute aerobic exercise, irrespective of
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intensity (low or high; 50% and 75% of VOgpeak, respectively), markedly increased
circulating adiponectin in inactive, abdominally obese men (low, n = 18, age 38.4 £ 11.2
years, BMI 33.0 + 3.8 kg/m?; high, n = 20, age 39.0 + 7.6 years, BMI 34.0 + 3.6 kg/m?)
immediately after and 30 minutes post-exercise. The exercise-induced increase in
circulating adiponectin was not associated with changes in any markers of
cardiometabolic risk including triglycerides, LDL, HDL, insulin or glucose (data not
shown, p > 0.05) (Saunders et al., 2012). Contrastingly, Jamurtas et al. (2006) reported
that acute aerobic exercise (cycling at an intensity relative to 65% VOazmax for 45 minutes)
did not alter circulating adiponectin levels in healthy, overweight young males (n = 9,
mean age 31.6 years, mean BMI 28.9 kg/m?). In addition, circulating resistin and cortisol
levels did not change following acute exercise. Insulin levels and HOMA-IR were
significantly decreased immediately post-exercise (p < 0.05), but glucose concentrations
did not change after exercise (p > 0.05). Examination of metabolic variables 24 and 48
hours post-exercise found no significant changes in adiponectin, resistin, cortisol,
glucose, insulin or HOMA-IR at these time points (p > 0.05). There were no significant
correlations between adiponectin and any of the measured metabolic variables pre- or

post-exercise (Jamurtas et al., 2006).

In line with these findings, a single bout of moderate intensity aerobic exercise (cycling
at 60% VOzpeak for 60 — 120 minutes, with the variable duration intended to bring about
a wide range in exercise-induced changes in insulin sensitivity) did not change total or
HMW adiponectin levels in healthy men and women (p > 0.05; n = 27, mean age 29 years,
mean BMI 24.7 kg/m?) (Magkos et al., 2010). Despite this, plasma glucose was
significantly lower (~5%, p = 0.001) and insulin sensitivity, estimated using the HOMAZ2-
IS score, was 20% higher (p = 0.006) after exercise compared to baseline levels. Plasma
insulin did not change (p = 0.083). The exercise-induced improvement in insulin
sensitivity was not related to changes in total adiponectin, HMW adiponectin or the ratio
of HMW-to-total adiponectin (p > 0.05). Together, these studies suggests that the
improvement in insulin sensitivity following a single bout of exercise is not mediated by

changes in plasma adiponectin (Magkos et al., 2010).
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Ferguson et al. (2004) examined the effect of a single exercise session (cycling at an
intensity of 65% VOzmax for 60 minutes) on circulating adiponectin levels and compared
exercise-induced metabolic changes in healthy males (n = 8, mean age 27.5 years, mean
BMI 22.1 kg/m?) and females (n = 8, mean age 27.8 years, mean BMI 26.3 kg/m?),
matched for VO2zmax. At baseline, male subjects had significantly higher body weight but
lower %fat and BMI (p < 0.01). Resting adiponectin concentrations did not correlate
significantly with %fat, VOzmax, Or fasting insulin (p > 0.05). Following acute exercise,
glucose concentrations increased significantly in males and female subjects (p < 0.05),
however, when adjusted for PV these changes were no longer significant (p > 0.05).
Adiponectin levels did not change following exercise (p > 0.05). Exercise-induced
changes in plasma adiponectin showed considerable inter-individual differences, with
subjects displaying an increase, decrease or no change in circulating adiponectin. TNF-a.
increased significantly in male and female subjects post-exercise (24.8% and 11.9%
respectively, p <0.05), and no gender differences was identified. There was no significant
main effect of time for plasma insulin, however there was a significant main effect of
group (p = 0.04), with female subjects exhibiting a greater decline in plasma insulin
following exercise compared to male subjects. The results of this study suggest that
plasma adiponectin levels do not change with acute exercise in healthy male and female
subjects. However, this study provides evidence of inter-individual variation in
circulating adiponectin following a single cycling session. Furthermore, the authors
proposed that the increase in plasma TNF-a during exercise may downregulate
adiponectin levels, as TNF-a is known to negatively regulate adiponectin production
(Ferguson et al., 2004).

In addition to aerobic exercise, the response of adiponectin to acute resistance training
has also been examined. Varady et al. (2010) explored whether a single resistance training
session could influence circulating adiponectin levels in sedentary and trained men. Male
subjects (n = 43) were split into four separate groups based on their previous exercise
history; sedentary (n = 10), weight-trained (n = 10), runners (n = 12) or weight-trained
and runners (n = 11). Subjects in each group were young (26 to 28 years old), lean (%fat
17-22% and mean BMI 25 kg/m?) healthy males. Acute resistance exercise involved a
progressive leg press weight training session consisting of low weight (~30 — 40% of the

1-repetition maximum (1RM) for both of the weight-trained groups, and two to three
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plates for other groups) for 2 sets of 8 — 12 repetitions each and then near-maximal
exertion for 4 sets of 8 — 12 repetitions each, with 2 minutes rest between sets. There were
no significant between-group differences in age, anthropometric measurements (body
weight, height, BMI, waist circumference, %fat or fat-free mass), metabolic parameters
(circulating adiponectin, total cholesterol, LDL, HDL, triglycerides, C-reactive protein
(CRP)) or systolic and diastolic blood pressure at baseline (p > 0.05). Acute resistance
exercise significantly increased circulating adiponectin concentrations in the weight-
trained group and in the weight-trained and runner group (30 = 7% and 37 = 9%,
respectively, p <0.05). Adiponectin levels did not change in the sedentary or runner group
post-exercise (p > 0.05). Total cholesterol, LDL, HDL, triglycerides, CRP or systolic and
diastolic blood pressure did not change following exercise (p > 0.05). In the weight
trained group and the weight-trained and runner group, the increase in adiponectin was
associated with higher levels of HDL cholesterol after acute resistance exercise (r = 0.71,
p = 0.001). The relationship between circulating adiponectin and brachial flow-mediated
dilation (FMD) was also explored as part of this study. Reduced FMD is a hallmark of
coronary artery disease. At baseline, brachial artery FMD was similar among the 4
experimental groups. Brachial FMD decreased significantly in the sedentary group,
whereas brachial FMD increased significantly in the weight-trained, runners and weight-
trained and runners after acute resistance training (p < 0.05). Exercise-induced
improvements in FMD were associated with increases in adiponectin (r = 0.61, p = 0.01)
in the weight-trained and weight-trained and runner groups only. The evidence from this
study shows that acute resistance training can increase adiponectin concentrations in
previously weight-trained men, and increased adiponectin levels are associated with
enhanced endothelial function and elevated HDL concentrations suggestive of cardio-
protective effects (Varady et al., 2010).

At present, studies investigating the effect of acute exercise have reported an increase or
no change in circulating adiponectin in healthy, normal weight individuals and
individuals with overweight/obesity. The mechanisms underlying the acute exercise-
induced changes in adiponectin are unclear and therefore further studies are needed to
understand alterations in adiponectin and insulin sensitivity following different

modalities of acute exercise in healthy and clinical populations.
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2.4.8.1.3.2. Adiponectin and Chronic Exercise

Research collected in systematic reviews and meta-analyses has shown that exercise
training, particularly aerobic exercise, can significantly increase circulating adiponectin
in individuals with prediabetes and T2DM (Becic et al., 2018) and overweight and obesity
(Yu et al., 2017). In addition, elevated concentrations of adiponectin have been reported

in healthy individuals following aerobic exercise training.

Lim et al. (2008) examined the effect of a 10-week long aerobic training intervention (3
sessions per week of cycling exercise at an intensity of 60 — 80% of VOzmax for 60
minutes) on circulating concentrations of adiponectin and changes in glucose metabolism
in young (n = 36, age 22.4 + 2.8 years, BMI 21.4 + 2.9 kg/m?) and middle-aged women
(n = 38, age 59.8 + 5.9 years, BMI 25.1 + 2.9 kg/m?). At baseline, older subjects had
significantly higher BMI, waist circumference, blood pressure, fasting insulin, total
cholesterol, triglycerides, LDL, HOMA-IR and adiponectin and significantly lower HDL,
and VO2max compared to younger subjects (p < 0.05). None of the subjects had diabetes,
however three subjects in the younger age group and three subjects in the older age group
had impaired fasting glucose (IFG). Two subjects in the older age group were also found
to have impaired glucose tolerance (IGT). After 10 weeks of aerobic exercise, both age
groups significantly reduced fasting glucose, area under the curve for glucose (AUCG),
fasting insulin, total cholesterol, LDL, HOMA-IR and significantly increased VOzmax,
adiponectin and HDL concentrations (p < 0.05). However, body weight, BMI, waist
circumference, blood pressure and triglycerides significantly decreased in older subjects
only after exercise training (p < 0.05). In both age groups, the increase in adiponectin
correlated with decreases in fasting insulin and HOMA-IR and the increase in VOzmax
(data not shown). In older subjects, the increase in adiponectin correlated with decreases
in fasting glucose and obesity indices such as body weight, BMI and waist circumference

(data not shown).

Following the primary analysis, all subjects were divided into two groups based on their
individual response of adiponectin to the aerobic exercise intervention. Adiponectin
responders were defined as subjects which displayed an increase in adiponectin after

aerobic training. Adiponectin increased in 24 of the 36 younger subjects (67%) and 29 of

46



the 38 older subjects (76%). After exercise, adiponectin concentrations were increased by
56.6% in the younger responder group and by 73.0% in the older responder group (p <
0.05). Measurements relating to obesity and insulin resistance including body weight,
BMI and HOMA-IR were decreased to a greater extent in the adiponectin responders
compared with the non-responders (p < 0.05). The increase in adiponectin was negatively
correlated with the decreases in fasting insulin, HOMA-IR and AUCG and positively
correlated with the increase in VO2zmax in the older adiponectin responder’s only (data not
shown). Regression analysis found that the increase in VOamax and decrease in HOMA-
IR were independently associated with the increase in adiponectin after the exercise
intervention (p = 0.009 and p = 0.043, respectively). Overall, the results of this study
show that 10 weeks of aerobic training significantly increased circulating adiponectin in
both younger and older women, and the higher levels of adiponectin were independently

associated with improvements in aerobic fitness and insulin resistance (Lim et al., 2008).

Contrastingly, some studies have reported non-significant changes in circulating
adiponectin despite improved insulin sensitivity after an exercise intervention and these
findings are discussed below. The effect of 12 weeks aerobic training and resistance
training on changes in serum adiponectin and insulin resistance were compared in 24
overweight/obese men (Ahmadizad et al., 2007). Subjects were randomly assigned to 3
groups: aerobic training group (n = 8, age 41.3 + 5.1 years, BMI 27.9 + 2.2 kg/m?),
resistance training group (n = 8, age 40.9 + 3.2 years, BMI 28.3 + 2.3 kg/m?) and the
control group (n = 8, age 38.6 + 3.2 years, BMI 29.4 + 4.6 kg/m?). Aerobic training
consisted of 3 sessions per week of running at an intensity of 75 — 85% maximal heart
rate (HRmax) for 20 — 30 minutes per day. Resistance training involved 3 sessions per
week of circuit training, in which subjects performed 11 exercises for 4 sets of 12
repetitions, at an intensity of 50 — 60% 1RM and total duration of 50 — 60 minutes per
session. Prior to the intervention, there was no significant differences in age, body weight,
BMI, %fat, waist to hip ratio and VOzmax between the three groups. Baseline metabolic
parameters including HOMA-IR and serum adiponectin were also similar among the
three groups. Following 12 weeks of training, there was a significant increase in VOamax
in the aerobic training and resistance training groups (p < 0.05), but no change in the
control group. Body weight, BMI and waist to hip ratio did not change in any group post-

intervention. However, there was a significant reduction in %fat in the aerobic training
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and resistance training groups (p < 0.05). Fasting glucose did not change in any group,
however, fasting insulin and HOMA-IR decreased significantly following aerobic and
resistance training (p < 0.05) but remained unchanged in the control group. When the
change in HOMA-IR was compared between the three groups, there was a significant
difference between the changes in the exercising groups compared to the control group
(p < 0.05). However, the reduction in HOMA-IR was not significantly different in the
aerobic and resistance training groups. Serum adiponectin did not change in response to
aerobic or resistance training. Additionally, there was no significant differences identified
for the changes in each of the three groups. At baseline, serum adiponectin correlated
inversely with BMI (r = -0.74, p < 0.001), %fat (r = -0.64, p < 0.001), waist to hip ratio
(r = -0.59, p < 0.002) and insulin resistance (r = -0.41, p < 0.016). However, these
associations were not apparent when changes in response to training were assessed. In
summary, aerobic and resistance training improved insulin resistance in healthy,
overweight/obese men but this improvement was not accompanied by elevations in
circulating adiponectin or reductions in body composition measurements (Ahmadizad et
al., 2007).

Croymans et al. (2013) investigated the impact of 12 weeks of resistance training (3 times
per week for 1 hour, with training overload determined by linear periodization) on
changes in circulating adiponectin and OGTT derived markers of insulin sensitivity in 28
sedentary, young men (median age 22 years and BMI 30.9 kg/m?). Following the
intervention, BMI, lean body mass and resting energy expenditure significantly increased,
whereas trunk fat mass, total fat mass and %fat significantly decreased (p < 0.05).
However, there was no significant change in body weight or waist circumference.
Relative 1RM chest, leg, and row strength significantly increased as well as the overall
relative strength score (p < 0.0001). AUCG and area under the curve for insulin (AUCI)
significantly decreased after resistance training (p = 0.004 and p = 0.025, respectively).
The reductions were significant at OGTT time points 60 and 90 minutes for glucose and
90 and 120 minutes for insulin (all p < 0.001). Muscle insulin sensitivity and the
disposition index (an index of B-cell function) significantly increased following resistance
training (both p = 0.003). Conversely, hepatic insulin resistance, the insulinogenic index
(early insulin response), adiponectin, leptin, amylin did not change. Examination of

changes in muscle protein content identified a significant median percent increase in
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hexokinase 2 (HK2), GLUT4 and AKT?2 (all p < 0.05) following the intervention, but no
change in IRS-1 or glycogen synthase kinase 3 (GSK3p) (p > 0.05). Together, these
results show that resistance training improves OGTT-derived muscle insulin sensitivity
and B-cell function, but not hepatic insulin resistance in young, overweight/obese men.
Additionally, there was evidence of increased skeletal muscle content of proteins
involved in insulin signalling toward increased glucose transport. The enhancement of
muscle insulin sensitivity occurred in concert with improvements in lean body mass and
reductions in total and trunk fat mass following resistance training, despite the absence
of changes in body weight and circulating adiponectin (Croymans et al., 2013).
Unfortunately, adipose tissue insulin resistance was not estimated in this study and
therefore is not available for interpretation. There are similarities between the findings of
this study and the previously reviewed study by Ahmadizad et al. (2007) such that there
was no change in circulating adiponectin in response to exercise training that did not alter
body weight or body mass, despite an improvement in insulin action. Therefore, it is
possible that adiponectin may exert beneficial effects on insulin sensitivity with weight
loss but not with exercise training, a hypothesis supported by other studies (Hulver et al.,
2002).

Nikserecht et al. (2014) compared the effects of 12 weeks of non-linear resistance training
(NRT, 3 sessions per week for 40 — 65 minutes per session with flexible periodisation)
and aerobic interval training (AIT, 3 sessions per week of 4 x 4 minute interval runs at 80
— 90% HRmax, interspersed with 3 minutes recovery at 55 — 65% HRmax) and 4 weeks
detraining on changes in circulating adiponectin, inflammatory markers and physical
characteristics. Obese men, matched for age, %fat and VOzmax, Were randomly assigned
to NRT (n = 12, age 40.4 £ 5.2 years), AIT (n = 10, age 39.6 + 3.7 years) or the control
group (n =11, age 38.9 £ 4.1 years). At baseline, all anthropometric measurements were
moderately and inversely correlated with adiponectin levels (all r = >-0.38, data not
shown). Following 12 weeks of training, significant differences in body mass, %fat, waist
circumference, waist-to-hip ratio and VO:zmax Were found by ANOVA. Body mass
decreased significantly after AIT (3.3%), compared with the NRT (p = 0.01) and control
(p = 0.001) groups, and %fat was reduced following AIT (7.8%) and NRT (7.4%),
compared with the control group (both p =0.001). After 4 weeks of detraining, body mass
and %fat did not return to baseline values. In comparison to the control group, AIT and
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NRT causes a significant reduction in waist circumference after the intervention (p =
0.001 and p = 0.005, respectively) and returned to baseline values after 4 weeks of
detraining in the NRT group, but not the AIT group. There was a significant decrease in
waist-to-hip ratio in the AIT group following 12 weeks of training compared to the control
group (p = 0.02), but this measurement returned to baseline after the detraining period.
VOzmax increased significantly in the AIT and NRT groups compared with the control
following the intervention (both, p < 0.01) and the increase was significantly greater
following AIT compared with NRT (p = 0.004). Detraining led to a significant decrease
in VO2zmax in both training groups (both p < 0.001), however, VO2zmaxWas still higher than
the control in the AIT group (p = 0.003) but had returned to baseline levels in the NRT
group (p =0.72).

After 12 weeks of training, there were significant time effects (both p = 0.001) and
time*intervention interaction effects (p = 0.002 and p = 0.023) detected for adiponectin
and insulin, respectively. Compared to the control group, there was a significant increase
in circulating adiponectin in the AIT group (23.7%, p = 0.03) but no significant change
found in the NRT (p = 0.029) after 12 weeks. Adiponectin concentrations decreased
significantly in response to detraining in both exercise groups (both p < 0.001). Fasting
insulin decreased significantly in the AIT and NRT groups after the intervention when
compared with the control group (both p < 0.05), but returned to baseline levels in both
groups following detraining. A significant main effect of time (p = 0.001) and interaction
effect (p = 0.042) was found for soluble intercellular cell adhesion molecule 1 (SICAM-
1). There was a significant decrease in SICAM-1 in the AIT (49%) and NRT (56%) after
12 weeks compared with the control group (p = 0.04 and p = 0.01, respectively). After
detraining, SICAM-1 had returned to baseline levels. A significant main effect of time (p
= 0.001) and interaction effect (p = 0.008) was further identified for IL-6. Exercise
training did not significant alter IL-6 levels in the AIT or NRT group. However, there
was a significant increase in IL-6 following the detraining period the AIT and NRT
groups (both p =0.01) in comparison to the control group. There were no significant main
effect of time or intervention or an interaction effect for CRP or TNF-a found. The
findings of this study show that 12 weeks of NRT and AIT significantly improved body
composition, VOzmax and was effective in reducing fasting insulin and sSICAM-1 in

healthy, obese men. Inflammatory markers TNF-o, CRP and IL-6 remained unchanged
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and circulating adiponectin increased significantly after AIT only. Body mass was also
significantly decreased following AIT. After 4 weeks of detraining, VOzmax and
adiponectin significantly decreased whereas IL-6 concentrations significantly increased
in both exercise groups. Body mass and %fat remained lower than baseline values after
the detraining period but other anthropometric measurements, fasting insulin and sSICAM-
1 returned to pre-intervention values. The authors proposed that the increase in
adiponectin could be explained partly by the reduction in body mass and/or the larger
increase in VO2zmax in the AIT group after the exercise intervention (Nikseresht et al.,
2014).

Investigations on the effect of chronic exercise training on changes in circulating
adiponectin have reported discrepant findings, with studies reporting either no change or
an increase in adiponectin following an exercise intervention in individuals with normal
weight or overweight/obesity. In studies reporting significant increases in adiponectin
following exercise training, favourable changes in body weight, insulin resistance and

VO2max have been reported.

2.4.8.1.4. Adiponectin and Bed Rest, Physical Inactivity and Ageing

Changes in circulating adiponectin have been investigated in response to short- and
medium-duration bed rest but conflicting results have been reported. Rudwill et al. (2018)
examined the effect of 21 days of strict HDT bed rest, with and without whey protein
supplementation, on circulating adiponectin, fasting metabolic variables and body
composition in 10 healthy, young males (mean age 31 years, mean BMI 24 kg/m?). HDT
bed rest significantly decreased body mass through a reduction in fat-free mass,
particularly leg lean mass (time effects, p < 0.05). Fat mass remained stable indicating
the maintenance of energy balance. Triglycerides, NEFA, leptin, LDL: HDL, AUCG,
AUCI, quantitative insulin-sensitivity check index (QUICKI) and liver insulin sensitivity
did not change. However, there was a significant main effect of time for reductions in
muscle insulin sensitivity, total adiponectin and HMW adiponectin after HDT bed rest
(all, p <0.001). The significant reduction of both total and HMW adiponectin, despite fat
mass remaining constant, is indicative of decreased insulin sensitivity after 21 days of
bed rest (Rudwill et al., 2018).
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In other studies, the effect of horizontal bed rest on changes in adiponectin have been
explored. Petrocelli et al. (2020) characterised the response of circulating adiponectin,
FGF-21 and ceramides to 5 days of controlled bed rest in younger (7 males, 6 females;
age 23.4 + 3.2 years, BMI 22.1 * 3.4 kg/m?) and older adults (11 males, 9 females; age
67.8 + 5.5 years, BMI 24.9 + 2.7 kg/m?). In contrast to HDT bed rest, this model was
designed to mimic an inpatient hospital stay. Older adults had higher fat mass, fasting
glucose, adiponectin, FGF-21, ceramides and total ceramides at baseline (p < 0.05).
Following 5 days of bed rest, lean mass and leg lean mass decreased significantly in the
older adults only (age*interaction, both p < 0.01). There was a significant main effect of
time for the decrease in insulin sensitivity (Matsuda), adiponectin and FGF-21 following
bed rest (p < 0.01). In older adults, total ceramide levels decreased significantly after 5
days of bed rest (p = 0.005). Elevated ratios of ceramides are associated with increased
cardiovascular risk. Ceramide ratios increased significantly in older adults after 5 days of
bed rest (p < 0.05). The ratios of C16:0/C24:0 and C24:1/C24:0 were significantly higher
in older adults compared to younger adults on day 5 (p < 0.05). LDL, HDL, triglycerides,
total cholesterol, fasting glucose, fasting insulin or HOMA-IR did not change post-bed
rest. In older adults, the percentage increases in C16:0/C24:0 and C20:0/C24:0 correlated
inversely with the percentage decrease in adiponectin following bed rest (r = -0.400, p =
0.009 and r = -0.403, p = 0.007, respectively). When all subjects were combined, the
percentage decrease in adiponectin correlated positively with the percentage decrease in
FGF-21 (r = 0.300, p = 0.014). Overall, the findings of this study show that 5 days bed
rest reduced insulin sensitivity concomitant with reductions in adiponectin and FGF-21
in younger and older adults. The elevation of ceramide ratios was associated with
reductions in adiponectin in older adults after bed rest. Adiponectin has been shown to
lower ceramide levels through the activation of ceramidase and therefore a reduction in
adiponectin may impair this function and lead to the exacerbation of insulin resistance
(Petrocelli et al., 2020).

In another 5 day bed rest study, changes in adiponectin and metabolic parameters were
assessed in 20 healthy individuals (14 men and 6 women, mean weight 70.4 + 11.4kg)
(Hamburg et al., 2007). Bed rest significantly increased fasting glucose, fasting insulin,
HOMA-IR, AUCG, AUCI, total cholesterol, LDL, systolic blood pressure and decreased
insulin sensitivity (Gutt index) (p < 0.05). Body weight, heart rate, HDL, diastolic blood
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pressure, IL-6, CRP, tumor necrosis factor receptor 1l (TNF receptor-11) and adiponectin
did not change after bed rest. These results show that short-duration bed rest induced
insulin resistance in healthy male and female subjects, but was no associated with changes
in inflammatory markers or adiponectin levels (Hamburg et al., 2007).

Ageing is associated with several hormonal and metabolic alterations which exacerbate
metabolic dysfunction. Adamczak et al. (2005) examined plasma adiponectin
concentrations in apparently healthy men and women divided into 3 groups: younger than
50 years, between 50 — 70 years, and older than 70 years of age and reported that plasma
adiponectin did not change with ageing in females, however there was a significant
increase in plasma adiponectin in elderly males over 70 years of age. The authors
postulated that the increase in circulating adiponectin in elderly males may be a defence
mechanism against atherosclerosis and glucose intolerance, which are common features
of ageing. In line with this, a review by Arai and colleagues (2019) proposed that in
individuals with catabolic states, such as chronic heart failure or sarcopenia, adiponectin
Is upregulated as a compensatory mechanism to attenuate inflammation and oxidative
stress. When this compensation fails and a state of adiponectin resistance ensues, high
adiponectin levels predict high mortality in the advanced stage of disease or ageing.
Conversely, in centenarians, higher circulating adiponectin concentrations are associated
with a favourable metabolic phenotype including elevated HDL concentrations and
enhanced insulin sensitivity, suggesting positive effects of this adipokine on enhancing
longevity. However, as most studies on centenarians are based on a cross-sectional
design, it is not yet known if high adiponectin concentrations are a cause or consequence
of long life (Arai et al., 2019). Further longitudinal research is required to obtain a further

understanding of the role of adiponectin in ageing and longevity.

2.4.8.1.5. Summary of the Comprehensive Review on Adiponectin

Adiponectin is an adipokine with insulin-sensitising, anti-inflammatory and
atherosclerotic-protective properties. Adiponectin is an abundant serum protein in
humans and plays a key role in metabolic homeostasis through communication between
adipose tissue and other metabolic organs including the liver and skeletal muscle. In the

liver, adiponectin reduces gluconeogenesis and lipogenesis and enhances fatty acid
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oxidation. In skeletal muscle, adiponectin stimulates glucose uptake and fatty acid
oxidation. Adiponectin promotes local effects in adipose tissue including fat storage in
subcutaneous adipose tissue, increases glucose uptake and attenuates cytokine secretion
and inflammation. Additionally, adiponectin enhances glucose-stimulated insulin
secretion and B-cell survival and increases eNOS activity and decreases oxidative stress.
Adiponectin levels are paradoxically decreased in states of metabolic dysfunction
including obesity, insulin resistance, T2DM and the MetSyn. Unexpectedly, elevated
concentrations of adiponectin have been proposed to indicate a compensatory response to
attenuate metabolic distress in catabolic states or the presence of adiponectin resistance
which can predict all-cause mortality in advance stages of disease or ageing. Conflicting
findings have been reported in studies investigating the effect of acute and chronic
exercise on changes in circulating adiponectin. Following acute exercise, circulating
adiponectin increases or does not change in individuals with normal weight or
overweight/obesity. However, the mechanisms underlying the acute exercise-induced
changes are currently unknown. Studies investigating chronic exercise have reported
either no change or an increase in circulating adiponectin after an exercise intervention in
individuals with and without overweight/obesity. In studies reporting a significant
increase in adiponectin following exercise training, favourable changes in body weight,
insulin resistance and VOzmax have been reported. A significant decrease in circulating
adiponectin has been shown previously in response to 21 days of HDT bed rest,
supporting a reduction in insulin sensitivity which has been repeatedly observed

following short- and long-duration bed rest (Bergouignan et al., 2011; Kenny et al., 2017).

2.4.8.2. Apelin

Apelin was first identified in 1998 as a ligand of the orphan G protein-coupled receptor
APJ (Tatemoto et al., 1998). The apelin gene encodes a 77-amino acid prepropeptide.
After cleavage, the proprotein of 55-amino acid residues generates multiple active
forms/fragments including apelin-36, apelin-17 and apelin-13 (Castan-Laurell et al.,
2011). Apelin-13 can also be post-translationally altered by the transformation of
glutamine to form the pyroglutamated apelin-13 ([Pyr1]-apelin-13) (Castan-Laurell et al.,
2012). These peptides all have distinct activities but the shorter peptides (C terminal
structure with fewer than 13 residues) coordinate APJ binding and the biological actions

of apelin (Tatemoto et al., 1998).
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2.4.8.2.1. Metabolic Actions of Apelin

Apelin is produced mainly by adipocytes, and therefore can be classified as an adipokine
(Wysocka et al., 2018). The beneficial effect of apelin on energy metabolism has been
studied predominately in murine models (Figure 7). Investigations using obese and
insulin-resistant mice have shown that apelin increases fatty acid oxidation and
mitochondrial mass (biogenesis) in skeletal muscle, through the activation of AMPK
(Castan-Laurell et al., 2012). AMPK activation can also contribute to enhanced glucose
uptake in skeletal muscle (Castan-Laurell et al., 2012) and human adipose tissue (Attané
et al.,, 2011). In mice, apelin has been shown to inhibit lipolysis (Yue et al., 2011),
however this function was not supported in human adipose tissue or isolated adipocytes
(Attané et al., 2011). The ability of apelin to improve glucose utilisation, fat oxidation,
mitochondrial mass and function suggests that apelin promotes insulin sensitivity and
protects against insulin resistance. However, more human experimental data is required

to support or refute these functions and the physiological mechanisms involved.

In addition to its main role as an adipokine, there is evidence to show that apelin is acutely
released in response to exercise and acts in an autocrine fashion to induce skeletal muscle
hypertrophy (Besse-Patin et al., 2014; Vinel et al., 2018). Apelin production decreases
with age and is associated with age-related loss of muscle mass in mice and humans
(Vinel et al., 2018; Barbalho et al., 2020; de Oliveira dos Santos et al., 2021). The exact
mechanism(s) responsible for the reduction in apelin with ageing are unknown but
mechanical contraction, inflammation and senescence (a cell fate characterised by growth
arrest and other phenotypic alterations, including the development of a pro-inflammatory
secretome, that is implicated as a cause of a myriad of age-related diseases) have been
proposed as possible contributing factors (Vinel et al., 2018). Interestingly,
supplementation or overexpression of apelin in aged mice enhanced muscle capacities
(mitochondrial biogenesis and function) and myofiber hypertrophy (Vinel et al., 2018).
These beneficial autocrine effects of apelin in skeletal muscle may also contribute to

enhanced insulin sensitivity.
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Figure 7. The secretion and positive metabolic actions of apelin under normal physiological conditions
characterised by normal weight and a favourable metabolic profile.

2.4.8.2.2. Apelin in Metabolic Disease

Many studies have reported elevated concentrations of apelin in obesity, T2DM, NAFLD
and MetSyn (Boucher et al., 2005; Castan-Laurell et al., 2008; Aktas et al., 2011; Krist et
al.,, 2013; Karbek et al., 2014). Fasting and two-hour post-glucose load apelin
concentrations were significantly higher in subjects with IGT and T2DM, compared to
those with normal glucose tolerance (NGT) (Li et al., 2006). Further to this, increased
concentrations of apelin were found to be independently associated with incident diabetes
in men, but not in women (Ma et al., 2014). The authors proposed that this gender
difference may be related to the influence of sex hormones on apelin secretion, but future
studies are required to confirm this. The increased circulating concentrations of apelin in
metabolic dysfunction would suggest either a possible resistance to apelin in these
populations or that increased circulating concentrations of apelin are a compensatory
mechanism intended to decrease insulin resistance (Sheibani et al., 2012; Bertrand et al.,
2015).
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The apelin resistance, or compensatory apelin hypersecretion observed in metabolic
dysfunction, mirrors the insulin resistance, or compensatory insulin hypersecretion that
Is evident in metabolic dysfunction, highlighting a regulatory relationship between both
biomarkers. Further investigation of the literature in murine and human studies reveals a
direct regulation of apelin secretion by insulin (Boucher et al., 2005; Sheibani et al., 2012;
Bertrand et al., 2015; Nam et al., 2020). Boucher et al. (2005) stated that the exact origin
of this overproduction of apelin remains to be elucidated, but the striking up-regulation
of apelin by insulin in adipocytes suggests an adipocyte origin of increased apelin in
obesity. TNF-a is also shown to have a direct regulatory effect on apelin expression,
suggesting inflammation-induced regulation of apelin. This is confirmed in both murine
and human adipocytes (Daviaud et al., 2006). Since inflammation is present before the
onset of insulin resistance, inflammatory cytokines including TNF-a may cause the initial
rise in apelin concentrations, which is further exacerbated when insulin concentrations
rise with insulin resistance. When insulin sensitivity improves and circulating
concentrations of insulin decrease, circulating concentrations of apelin also decrease
(Bertrand et al., 2015). Therefore, consistent with the putative role of this adipokine, there

is accumulating evidence in humans that apelin functions to improve insulin sensitivity.

2.4.8.2.3. Apelin and Exercise Training
To date, the literature has predominately focused on examining exercise-induced changes
in circulating apelin in individuals with obesity and T2DM, and the findings from acute

and chronic exercise studies are discussed below.

2.4.8.2.3.1. Apelin and Acute Exercise

Son et al. (2019) recruited 34 women (21 lean and 13 overweight/obese) and 26 men (8
lean and 18 overweight/obese), age 30 — 59 years with a BMI between 18 — 30 kg/m? to
examine the effect of a single bout of exhaustive exercise on a treadmill (VOzmax test) on
apelin secretion. The acute bout of exhaustive exercise induced a significant increase in
circulating apelin immediately after exercise in overweight/obese men (p < 0.001). This
change was absent in lean men (p > 0.05) and there was a significant difference in apelin
concentrations between overweight/obese men and lean men immediately post-exercise

(p < 0.05). There were no significant differences in post-exercise apelin concentrations
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found in women with or without overweight/obesity (p > 0.05). The authors proposed that
these gender differences may be related to the compensatory upregulation associated with
obesity, higher muscle mass and strength in men as well as hormonal differences. When
all subjects were pooled, significant post-exercise correlations between plasma apelin (0
min) and lean mass, HOMA-IR, insulin secretion (HOMA-%B), lactate dehydrogenase,
grip strength and isokinetic knee flexion and extension (all variables, p < 0.05). These
correlations were not found at baseline and may suggest that apelin can be stimulated by
muscle contraction and increases with post-exercise hyperglycaemia following acute
exercise (Son et al., 2019). Further research is required to establish the effect of acute
exercise, using different modalities (e.g. resistance training or high-intensity interval
training (HIIT), on circulating apelin and its association with insulin sensitivity in

individuals with metabolic dysfunction.

2.4.8.2.3.2. Apelin and Chronic Exercise

Conflicting results have been reported following aerobic training interventions in
individuals with obesity and T2DM. Sheibani et al. (2012) investigated the effect of 8
weeks of aerobic training on plasma apelin concentrations in obese women (n = 20, age
38.6 + 2.5 years, BMI 32.2 + 1.4 kg/m?). The training intervention consisted of 50 minutes
of aerobic exercise (modality not defined) at an increasing intensity of 50 to 70% HRmax,
3 times per week for 8 weeks. Aerobic training significantly decreased plasma apelin
concentrations in obese women (p < 0.05). Additionally, significant decreases in body
weight, fat mass, fasting insulin and TNF-o were noticeable (p < 0.05). These results
suggest that exercise-induced improvements in body composition and reductions in
inflammation and insulin resistance may reduce apelin secretion in obesity (Sheibani et
al., 2012).

In a more recent study, the impact of 8 weeks of endurance exercise (4 sessions per week
of treadmill running at 65 — 70% VOzmax to burn 600 kilocalories) on changes in
circulating apelin and the association with metabolic parameters was examined in young,
normoglycaemic obese men (n = 28, age 25.04 + 3.01 years, BMI 28.41 + 2.37 kg/m?)
(Nam et al., 2020). Following the exercise intervention, body weight, BMI, %fat, %trunk
fat, waist circumference, fasting insulin, HOMA-IR, homeostatic model assessment of

beta-cell function (HOMA-B), LDL, systolic blood pressure, leptin and total adiponectin
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were significantly decreased, whereas QUICKI and the percentage of HMW adiponectin
were significantly increased (p < 0.05). Circulating apelin was significantly reduced after
aerobic training (p = 0.019). No significant post-intervention changes were found for
fasting glucose, AUCG, triglycerides, total cholesterol, HDL or diastolic blood pressure
(p > 0.05). The exercise-induced reduction in serum apelin correlated positively with the
reduction in waist circumference (f = 0.419, p = 0.027). Additionally, the reduction in
serum apelin correlated positively with reductions in fasting insulin (3 =0.607, p=0.001),
HOMA-IR (B = 0.440, p = 0.019), HOMA-B (B = 0.538, p = 0.003) and correlated
negatively with the increase in QUICKI (B = -0.491, p = 0.008). The associations with
markers of glucose homeostasis measures remained significant after adjustment for
changes in anthropometric measurements and conventional adipokines. These findings
show that a reduction in serum apelin is associated with a lower insulin demand and
improved insulin sensitivity in response to 8 weeks of aerobic training in normoglycaemic
obese and propose apelin as an exercise-induced biomarker of insulin sensitivity (Nam et
al., 2020).

Contrastingly, Besse-Patin et al. (2014) reported no significant change in circulating
apelin in response to 8 weeks of aerobic training (5 days per week of cycling and running
at a heart rate corresponding to 35 — 85% of VOzmax for 45 to 60 minutes per session) in
sedentary, obese males (n = 11, age 35.4 + 1.5 years, BMI 32.6 + 2.3 kg/m?). The exercise
intervention significantly increased VOamax (p = 0.022), reduced fat mass (p = 0.033) and
tended to increase fat free mass (p = 0.075). However, no significant post-intervention
changes were observed for body weight, fasting glucose, fasting insulin, AUCG, AUCI
or the Matsuda index. Analysis of the skeletal muscle transcriptome identified a
significant upregulation of APLN mRNA, the transcript that encodes apelin, following
aerobic training (n =9, p <0.01). The increase in APLN mRNA correlated significantly
and positively with the increase in insulin sensitivity (r = 0.81, p = 0.008) and negatively
with the decrease in fasting insulin (r =-0.70, p = 0.006). Conversely, there was no change
in APLN expression in adipose tissue (data not shown). These findings suggest that apelin
secreted by skeletal muscle may contribute to exercise-induced improvements in insulin
sensitivity in an autocrine and/or paracrine manner in obese subjects (Besse-Patin et al.,
2014).
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Krist et al. (2013) compared the effects of 12 weeks of aerobic training on changes in
serum apelin concentrations in 3 experimental groups; subjects with NGT (n =20, 9 males
and 11 females, age 32.8 + 2.5 years, BMI 24.3 + 0.3 kg/m?), IGT (n = 20, 9 males and
11 females, age 56.0 + 3.6 years, BMI 29.8 + 0.9 kg/m?) and T2DM (n = 20, 11 males
and 9 females, age 53.1 + 1.5 years, BMI 31 + 1 kg/m?). The exercise intervention
consisted of 3 sessions per week of running/cycling and swimming for a total of 60
minutes per session, at an intensity relative to an individual’s submaximal heart rate
measured during a VOamax test. At baseline, subjects in the IGT and T2DM were older
and had significantly higher BMI, fat mass percentage, fasting insulin, FFA and serum
apelin and lower whole-body glucose uptake compared with the NGT group (p < 0.05).
Fasting glucose was significantly higher in the T2DM group compared to the NGT group
prior to the intervention (p < 0.05).

Aerobic training led to a significant improvement in VOzmax in all subject groups (data
not shown). BMI and fasting glucose did not change in any group after exercise training
(p > 0.05). Fat mass percentage and fasting insulin decreased significantly in the IGT and
T2DM groups following aerobic training (p < 0.05). FFA decreased significantly in the
NGT and IGT groups after the intervention (p < 0.05). Whole-body glucose uptake
increased significantly in all groups after 8 weeks of training (p < 0.05). Further to this,
significant improvements in insulin sensitivity (determined by the glucose infusion rate
(GIR) during the steady state of an euglycemic-hyperinsulinemic clamp), HbA1c% and
circulating high-sensitivity CRP (hsCRP) were observed in the IGT and T2DM group
following the exercise intervention (data not shown). Aerobic training significantly
reduced apelin concentrations by 20% in the IGT and T2DM groups and 10% in the NGT
group (p < 0.05). Multivariate linear regression found that 25% of the reduction in serum
apelin following exercise training could be explained by improvements in GIR,
independent of changes in BMI (p < 0.01). The findings of this study imply that 12 weeks
of aerobic training can reduce apelin concentrations and may contribute to the
improvement in insulin sensitivity in individuals with varying degrees of glucose

tolerance, even in the absence of significant weight loss (Krist et al., 2013).
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Consistent with the results reported by Nikserecht et al. (2014) discussed in section
2.4.8.1.3.2, Nikserecht et al. (2016) reported that 12 weeks of non-linear resistance
training (NRT) and aerobic interval training (AIT) significantly improved waist
circumference, %fat, VOgpeak, maximal strength and measures of glucose and lipid
metabolism in obese men. After 4 weeks of detraining, body composition measurements,
glucose and LDL concentrations remained lower than baseline values. Findings from the
more recent publication show that circulating apelin increased significantly in the NRT
and AIT groups, compared to within-group baseline values, and remained elevated after
4 weeks of detraining (p < 0.05).

In summary, divergent changes in circulating apelin have been reported following chronic
exercise training in individuals with obesity and T2DM. However, in most training
studies reporting significant improvements in body composition and insulin sensitivity, a
significant reduction in circulating apelin concentrations has been reported. Discrepancies
may be partly explained by the metabolic health status of subjects, and differences in the
frequency, intensity, time and type of exercise being performed. Additional work is
required to further elucidate the effect of chronic exercise training on circulating apelin

and associated changes in insulin sensitivity in individuals with metabolic disease.

2.4.8.2.3.3. Apelin and Acute and Chronic Exercise in Healthy, Normal Weight
Populations

In healthy, normal weight populations, the effect of acute and chronic exercise training
on circulating apelin concentrations have also been investigated (Fujie et al., 2014; Kon
et al., 2019; Waller et al., 2019). Plasma apelin concentrations were not significantly
altered immediately following a VOamax test, despite significant elevations in glucose and
insulin post-exercise (both, p < 0.05) in apparently healthy males and females (n = 12; 7
males and 5 females, age 22.75 + 2.96 years, BMI 23.37 + 3.55 kg/m?) (Waller et al.,
2019). Contrastingly, acute sprint interval training (4 repetitions of 30 seconds maximal
cycling bouts with resistance set to 7.5% of the subjects body weight, interspersed with 4
minutes of recovery) significantly increased apelin concentrations immediately post-
exercise in healthy, normal weight men (p < 0.05; n = 8, mean age 20.3 years, mean BMI
23.2 kg/m?). However, the elevation in apelin concentrations was not maintained 15, 30

or 120 minutes after the exercise session (Kon et al., 2019). A significant increase in
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plasma apelin was reported following 8 weeks of aerobic training (3 sessions per week of
cycling at an intensity of 60 — 70% for 45 minutes) in healthy, normal weight middle-
aged and older adults (age 66.4 + 2.1 years, BMI 24.7 + 1.0 kg/m?) (Fujie et al., 2014).
Further research is needed to examine the effect of different types of exercise training
(acute and chronic high-intensity interval training, aerobic training and resistance
training) on apelin secretion and the association with insulin sensitivity in healthy, normal

weight populations.

2.4.8.2.4. Apelin and Bed Rest, Physical Inactivity and Ageing

To our knowledge, the impact of HDT bed rest on circulating apelin has not be studied
previously. Interestingly, many of the detrimental changes that occur in HDT bed rest
such as the loss in lower extremity muscle mass and strength, parallel the normal ageing
process, but occur at an accelerated rate (Kehler et al., 2019). The synthesis of apelin by
skeletal muscle decreases with age and is associated with age-related loss of muscle mass
in mice and humans (Vinel et al., 2018). In the study by Vinel et al. 2018, a cohort of
elderly people was split into two experimental groups and included 27 subjects without
muscle weakness (8 males and 19 females, mean age 75 years), and 33 subjects with
sarcopenia (10 males and 24 females, mean age 76.5 years). Comparison of the groups
identified significantly lower BMI (mean 23.2 kg/m? vs. 27.5 kg/m?, p = 0.002), lean mass
(mean 35.28 kg vs. 46.35 kg, p < 0.0001), appendicular skeletal mass (sum of lean tissue
in the arms and legs) divided by height squared (mean 5.983 vs. 7.721, p < 0.0001) and
Newman’s index (appendicular lean mass divided by height and total fat mass: mean -
1.885 vs. 2.200, p < 0.0001) in the sarcopenia group compared to the non-sarcopenia
group, respectively. No significant between-group differences were identified for
glucose, insulin, leptin, nerve growth factor, IL-8, IL-6, TNF-a, monocyte
chemoattractant protein or hepatocyte growth factor (p > 0.05). Circulating apelin
concentrations were significantly lower in individuals with sarcopenia, compared to those
without sarcopenia (p < 0.0001), and were associated with sarcopenia, independent of
body weight and fat mass. Consistent with these observations, in a mouse model of ageing
(at 3, 12 and 24 months of age), plasma apelin levels were lower in an age-dependent
manner and were associated with a specific loss of skeletal muscle apelin and its receptor
(Apln and Aplinr) mRNA expression. Lower age-associated apelin expression was also

confirmed in isolated muscle fibers from these mice, as well as cultured human
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differentiated myocytes from 3 young and 3 older healthy donors. These results highlight

a close relationship between ageing and skeletal muscle apelin (Vinel et al., 2018).

The loss of muscle mass can directly (through the storage of energy in atrophying muscle
as fat) and indirectly (low total energy expenditure) increase fat storage (Hunter et al.,
2019). Age-related increases in adiposity and accumulation of senescent cells exacerbate
the release of pro-inflammatory cytokines and interfere with insulin signalling, causing
insulin resistance (Barzilai and Ferrucci, 2012). In this situation, circulating apelin
concentrations would be expected to increase (as a result of increased secretion from
adipose tissue). In the study by Vinel et al. (2018) outlined above, individuals with
sarcopenia had a normal-overweight BMI (21.51 — 26.17 kg/m?) and were metabolically
healthy. No significant between-group differences in markers of metabolic function were
identified, however BMI was significantly greater in the individuals without sarcopenia
(24.30 — 29.41 kg/m?). As elevations of circulating apelin have been reported in obesity,
this difference may partly explain the lower concentrations of apelin in the individuals
with sarcopenia in this study. Additional research should be carried out to further explore
the effect of ageing and sarcopenia on apelin secretion in humans.

2.4.8.2.5. Summary of the Comprehensive Review on Apelin

Apelin is secreted predominately by adipocytes and has insulin-sensitising effects through
its ability to increase glucose utilisation in skeletal muscle and adipose tissue and enhance
fatty acid oxidation and mitochondrial biogenesis in skeletal muscle. Additionally, there
is evidence that apelin is a contraction-induced myokine that acts in an autocrine fashion
to stimulate myofiber hypertrophy and enhance muscle function. In adipocytes, apelin
appears to be directly regulated by insulin and TNF-a and numerous studies have reported
increased concentrations of apelin in obesity, T2DM, NAFLD and the MetSyn.
Accordingly, elevated concentrations of apelin have been proposed to reflect a possible
resistance to apelin in states of metabolic dysfunction or a compensatory mechanism
intended to attenuate insulin resistance. At present, there is a paucity of research
examining the effect of acute exercise on apelin secretion. However, multiple studies
investigating the impact of chronic aerobic and resistance training have reported

significant reductions in circulating apelin concomitant with improvements in body
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composition and insulin sensitivity in individuals with obesity and T2DM. The synthesis
of apelin by skeletal muscle has been proposed to decrease with age and is associated
with the age-related loss of muscle mass. However, changes in apelin secretion in
response to ageing and sarcopenia in humans requires further investigation. HDT bed rest
induces muscle atrophy, a shift in muscle fiber types towards a fast-twitch glycolytic
phenotype, a reduction in mitochondrial oxidative capacity and insulin resistance, even

when energy balance is maintained (Bergouignan et al., 2011).

2.4.8.3. ASP

Acylation stimulating protein (ASP, or C3adesArg) is an adipokine that plays a role in
the regulation of lipid metabolism (Scantlebury-Manning, 2012). ASP is produced via the
activation of the complement alternative pathway through the interaction of complement
factors C3, factor B and adipsin, which are expressed and produced by adipocytes
(Cianflone et al., 2003; Scantlebury-Manning, 2012; Saleh et al., 2019). ASP secretion
and the responsiveness of the adipocyte to ASP has been shown to increase with adipocyte

differentiation (Cianflone and Maslowska, 1995).

2.4.8.4.1. Metabolic Actions of ASP

In metabolically healthy individuals, ASP stimulates intracellular triglyceride synthesis
in adipose tissue through three different mechanisms (Figure 8) (Saleh et al., 2019).
Firstly, ASP can activate intracellular transport of glucose by increasing the translocation
of glucose transporters to the cell surface. Subsequently, intracellular glucose forms
glycerol, providing the backbone for FFA esterification. Secondly, ASP can stimulate
diglyceride acyltransferase (DGAT) thereby enhancing fatty acid esterification.
Enhanced fatty acid trapping by ASP mitigates feedback inhibition by fatty acids on LPL,
thereby increasing fatty acid uptake further. Thirdly, ASP can inhibit the activity of
hormone sensitive lipase (HSL) and intracellular lipolysis (Saleh et al., 2019). The
lipogenic effects of ASP were found to be independent and additive of insulin
(Germinario et al., 1993) and are permitted through an orphan G protein-coupled receptor
C5L2 (Kalant et al., 2005). ASP was also shown to increase glucose uptake through the
increased translocation of glucose transporters (GLUT1, GLUT3 and GLUT4) in rat L6
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myotubes, suggesting that skeletal muscle is also responsive to ASP (Tao et al., 1997).

However, these findings have not been confirmed in human skeletal muscle cells.

2.4.8.3.2. ASP in Metabolic Disease

Circulating ASP has been shown to increase in obesity, T2DM, NAFLD, cardiovascular
disease and MetSyn (Maslowska et al., 1999; Koistinen et al., 2001; Faraj et al., 2003;
Yesilova et al., 2005; Celik et al., 2013; Coelho et al., 2013; Mishra et al., 2017). However
obesity is not an essential feature of elevated ASP as circulating ASP is increased in
patients with T2DM and polycystic ovary syndrome (PCOS), independent of obesity
(Yang et al., 2006; Wu et al., 2009). FFA and triglycerides were independent predictors
of fasting ASP, accounting for 28% and 17% of the variance in a cohort of lean and obese
Caucasians and Pima Indians. Body fat accounted for an additional 5% variance (Weyer
and Pratley, 1999).

The action of ASP is a function of the concentrations of ASP as well as the expression
and sensitivity of the ASP receptor (CL52) in target tissues to ASP (Oktenli et al., 2007).
In humans, high levels of fasting ASP were associated with delayed postprandial
triglyceride and NEFA clearance following an oral fat load (Cianflone et al., 2004). This
paradox is similar to increased fasting insulin in subjects with glucose intolerance.
Accordingly, higher ASP concentrations represent an ASP resistant state, whereas low
ASP concentrations indicate increased sensitivity of the adipose tissue to ASP (Cianflone
et al., 2004).

Defective ASP signalling impairs “fat trapping”, which results in the large escape of FFA
into circulation. Increased flux of FFA to the liver results in hepatic apolipoprotein-B
(apo-B) and VLDL production. To prevent excessive triglyceride deposition in the liver,
part of VLDL is used by the muscle, but the excess flux to the adipose tissue results in
storage and increased ASP secretion (Sniderman et al., 1998; Faraj et al., 2003). Enhanced
triglyceride storage in adipose tissue increases adipocyte size causing macrophage
recruitment and pro-inflammatory processes. Furthermore, chronically elevated ASP

levels can lead to decreased insulin sensitivity through chronic activation of signalling
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pathways (Fisette and Cianflone, 2010). Overall, elevations in circulating ASP reflect a
deleterious state of ASP resistance that is related to adipose tissue dysfunction and which
subsequently leads to adipose tissue inflammation, insulin resistance and dyslipidaemia
(Paglialunga et al., 2008).
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Figure 8. A) Summary of positive metabolic actions of ASP under normal physiological conditions
characterised by normal weight, a favourable metabolic profile and ASP sensitivity. B) Negative metabolic

actions of ASP in metabolic dysfunction associated with ASP resistance.

Abbreviations: Apo-B, apolipoprotein, B; VLDL, very-low-density lipoprotein cholesterol; IR insulin resistance.

2.4.8.3.3. ASP and Exercise Training

To date, there is only one study investigating the effect of exercise training on circulating
concentrations of ASP. Schrauwen et al. (2005) investigated the effects of acute exercise
(3-hour cycling test at 40% of maximal power output), before and after a short-term
aerobic training intervention in 8 young, untrained healthy men (age 23.5 * 3.4 years,
BMI 22.4 + 2.7 kg/m?). The training intervention lasted 12 days and consisted of either 2
hours of endurance exercise (40 — 55% maximal power output) or 45 minutes of
intermittent exercise training (alternating 3 minute intervals of 70% and 35% maximal

power output), alternating on a daily basis. The intervention resulted in a significant
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decrease (25%) in fasting ASP levels (p < 0.001). During exercise, there was a significant
time vs. training effect identified for changes in ASP (p < 0.05). Prior to the intervention,
ASP levels decreased significantly during the 3-hour exercise bout (0 vs. 180 minutes, p
< 0.05). After training, ASP levels tended to increase slightly during exercise, but did not
reach statistical significance (0 vs. 180 minutes, p = 0.09). The time until half of the
glucose had disappeared was used as an indicator of insulin sensitivity but this measure
did not change post-intervention (p = 0.12). Despite this, baseline ASP levels correlated
significantly with glucose half time before (r =0.86, p < 0.01), and after training (r = 0.82,
p < 0.05). No significant post-intervention changes were identified for fasting FFA,
glycerol, glucose or triglycerides. Plasma FFA and plasma glycerol were significantly
increased in response to acute exercise, before and after training (p < 0.05), however the
area under FFA concentrations and glycerol concentrations versus time curve were
significantly lower after exercise training (p < 0.05). Plasma glucose and triglyceride
levels decreased significantly in response to acute exercise, before and after training (p <

0.05), but the area under the curve was not significantly different.

This study showed that short-term endurance training significantly reduced fasting ASP
concentrations in young, healthy men, and may represent improved ASP sensitivity in
adipose tissue. The positive correlation between ASP and glucose half time highlights
that lower levels of ASP were associated with higher insulin sensitivity, which could be
related to ASP’s ability to enhance glucose uptake in adipose tissue. Furthermore, the
increase in ASP during acute exercise post-intervention, which coincided with an
attenuated increase in FFA and glycerol, may be a physiological response to improve fatty
acid re-esterification or reduce lipolysis (Schrauwen et al., 2005). Therefore, it seems that
endurance training can improve ASP sensitivity in healthy men, however, future studies
on exercise training, using different modalities and in healthy and clinical populations,

are required to prove or confute these exercise-induced adaptations.

2.4.8.3.4. ASP and Bed Rest, Physical Inactivity and Ageing

To our knowledge, the effect of bed rest, physical inactivity and ageing on circulating
concentrations of ASP has not been investigated previously. HDT bed rest serves as a
useful model for examining the deleterious consequences of physical inactivity and

accelerated ageing on metabolic physiology. Previous HDT bed rest studies (21 to 90
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days in duration) have reported significant increases in NEFA (fasting), triglycerides
(fasting and post-prandial), insulin resistance and lipogenesis, as well as significantly
reduced adipose tissue lipolysis, even when energy balance was maintained (Bergouignan
et al., 2006; Bergouignan et al., 2009; Rudwill et al., 2018). These findings suggest that
extreme physical inactivity may induce ASP resistance and indicates a need to investigate

the changes in ASP in response to HDT bed rest.

2.4.8.3.5. Summary of the Comprehensive Review on ASP

ASP is an adipokine that increases triglyceride synthesis in adipose tissue. This effect is
achieved by promoting glucose uptake, enhancing FFA esterification and inhibiting
intracellular lipolysis. Similar to insulin resistance, a state of ASP resistance has been
proposed in a myriad of metabolic diseases, including obesity and T2DM. Ineffective
ASP signalling reduces fatty acid trapping in adipose tissue. Increased flux of FFA to the
liver upregulates apo-B and VLDL production, whereas increased fatty acid flux back to
adipose tissue results in fat storage and increased ASP secretion. Chronic elevations in
ASP augment adipose tissue inflammation, insulin resistance and dyslipidaemia. There is
little published data on the effect of exercise training on ASP, however, it appears that
short-term endurance training can decrease fasting ASP and is associated with
improvements in insulin sensitivity. Conversely, insulin resistance and increased

circulating and deposition of lipids are deleterious consequences of HDT bed rest.

2.4.9. Myokines

2.4.9.1. Irisin

Irisin is a polypeptide hormone that is secreted from skeletal muscle in response to
exercise. Physical activity promotes the activation of peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), which is responsible for the synthesis of
fibronectin type 11l domain-containing protein 5 (FNDC5). Transmembrane FNDC5 is
then cleaved and released in to circulation as irisin (Bostrém et al., 2012; Gamas et al.,
2015), and is homologous between mice and humans (Arhire et al., 2019). Adipose tissue
is also a source of irisin, however, in humans, the expression of FNDC5 is 200 times
lower in adipose tissue compared with skeletal muscle (Moreno-Navarrete et al., 2013,
Perakakis et al., 2017).
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2.4.9.1.1. Metabolic Actions of Irisin

Irisin has multi-spectrum functions on the metabolic organs including the adipose tissue,
skeletal muscle, liver and the pancreas (Figure 9). Irisin can promote energy expenditure
through the browning of white adipose tissue (Bostrom et al., 2012; Arhire et al., 2019).
This relevance of this function has been questioned in humans as adipose tissue
(subcutaneous and omental) is predominately made up of white depots, with a low
expression of brite-specific markers (Elsen et al., 2014), however, in vitro analysis of
human adipocytes showed at transcriptional, translational and metabolite level that irisin
was capable of inducing browning and controlling energy homeostasis (Huh et al.,
2014a). Additionally, irisin has been shown to promote lipolysis in vitro and in vivo and
this may be an important mechanism for reducing lipid accumulation (Xiong et al., 2015;
Perakakis et al., 2017). In another study, irisin had no significant effect on lipolysis in
vitro (Wang et al., 2015). Differences in cell culture and treatment, including
concentrations of irisin used and length of treatment time, may explain these

discrepancies and highlight that further research is warranted.

In muscle, irisin can activate the AMPK pathway by reducing intracellular ATP levels,
or by increasing reactive oxygen species (ROS) or intracellular calcium levels (Huh et
al., 2014b; Lee et al., 2015; Perakakis et al., 2017). Irisin has been proposed to reduce
gluconeogenesis and increase glycogenesis in the liver (Liu et al., 2015b). Additionally,
in human and mouse hepatocytes, irisin attenuated palmitic-acid induced lipogenesis and
lipid accumulation, as well as oxidative stress and inflammation (Park et al., 2015). It has
also been reported that irisin can reduce endoplasmic reticulum stress and contribute to
B-islet cell mass survival and function (Arhire et al., 2019). Taken together, the effect of
irisin on the main metabolic organs favours the maintenance of normoglycaemia and
normolipidaemia and therefore irisin can be considered as a biomarker which enhances

insulin sensitivity (Perakakis et al., 2017).
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Figure 9. The secretion and positive metabolic functions of irisin under normal physiological conditions,

characterised by normal weight and a favourable metabolic profile.

Abbreviations: TG, triglycerides; WAT, white adipose tissue.

2.4.9.1.2. Irisin in Metabolic Disease

The therapeutic potential of irisin has prompted many researchers to investigate the
changes in circulating irisin in obesity and T2DM in humans. Associations between irisin
levels, BMI and fat mass have been reported in multiple studies and these are discussed
below. Stengel and co-authors (2013) investigated irisin levels over a broad spectrum of
body weight, including subjects with anorexia nervosa, normal weight and morbid obesity
(Stengel et al., 2013). Circulating irisin levels were 14% lower in subjects with anorexia
nervosa compared to those with normal weight (p > 0.05) and concentrations in the
morbidly obese subjects with a BMI > 40 kg/m? were higher compared to those with
anorexia nervosa (p < 0.05) or normal weight (p > 0.05). Irisin levels positively and
significantly correlated with BMI, body weight, fat mass and fat free mass (Stengel et al.,
2013). Similar results were reported following a study on irisin in 145 female subjects
split into anorexia nervosa, normal weight and obese groups (Pardo et al., 2014). Irisin
concentrations were significantly higher in obese subjects (p < 0.05), and normal weight
had a slight but not significant increase in irisin compared to subjects with anorexia
nervosa (p > 0.05). Irisin also correlated significantly and positively with BMI, body

weight, fat mass and fat free mass (Pardo et al., 2014). Other studies have supported an
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increase in circulating irisin levels with obesity (Shoukry et al., 2016; Sahin-Efe et al.,
2018), while some have not and even reported negative correlations between irisin and
measures of adiposity (Moreno-Navarrete et al., 2013; Hou et al., 2015). Given the
beneficial role of irisin in metabolism, the elevated concentrations of irisin that are
evident in obesity may reflect (i) an increased secretion of irisin from the increased
muscle and adipose tissue mass that is present in obesity, or (ii) a hypersecretion of irisin
in an attempt to compensate for irisin resistance in this population. The latter response
would be in line with hypersecretion of insulin in response to insulin resistance present
in this population (Park et al., 2013; Hwang et al., 2016; Shoukry et al., 2016).

Lower concentrations of circulating irisin have been reported in prediabetes, newly-
diagnosed and long-term T2DM (Choi et al., 2013; Liu et al., 2013; Hwang et al., 2016;
Shoukry et al., 2016). A systematic review and meta-analyses of 17 cross-sectional and 6
case-control studies involving 1745 T2DM patients and 1339 non-T2DM controls, found
that circulating irisin was significantly lower in patients with T2DM (Du et al., 2016).
Three studies examined the effect of prediabetes (IFG) and/or IGT) on circulating
concentrations of irisin. Assyov et al. (2016) found circulating irisin levels differed
significantly between subjects with NGT, prediabetes and T2DM (p < 0.05) (Assyov et
al., 2016). Duran et al. (2015) reported that irisin levels were significantly lower in
subjects with both IFG and IGT and T2DM, compared to individuals with NGT (p < 0.05
and p < 0.01, respectively). However, irisin concentrations were comparable between
subjects with NGT and subjects with isolated IFG or IGT (Duran et al., 2015). These
studies would suggest that irisin levels decrease progressively with worsening of glucose
tolerance. In contrast, Yucel et al. (2013) failed to detect any significant differences in
irisin concentrations between patients with different stages of glucose intolerance (NGT,
IFG, IGT, IFG/IGT and T2DM) (Yucel et al., 2018). However, it must be pointed out that
the sample size in each group was lower in the third study. In subjects with NGT, multiple
linear regression identified that irisin was associated with HOMA-B (B = 1.872, p = 0.025)
and fasting glucose (B = 1.012, p < 0.001), after adjustment for 2 hour glucose, HbAlc,
insulin and HOMA-IR, suggesting irisin may play a role in -cell function (Yang et al.,
2014). In vitro and in vivo studies on mice have shown that irisin promotes the expression
of betatrophin, a novel liver and adipose tissue secreted protein, which promotes p-cell

proliferation and improves glucose tolerance (Zhang et al., 2014). Therefore, irisin may
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be important for regulating B-cell function and insulin secretion in healthy individuals
and this function may be impaired in T2DM. Additionally, lower concentrations of irisin
have also been related to compromised expression and secretion of irisin from skeletal
muscle in T2DM (Shoukry et al., 2016).

2.4.9.1.3. Irisin and Exercise Training

In 2012, Bostrom and colleagues observed for the first time that irisin is released in
response to exercise in humans. However, since then, research studies investigating the
effects of acute and chronic exercise training on circulating irisin have yielded conflicting

results.

2.4.9.1.3.1. Irisin and Acute Exercise

Acute sprinting exercise (2 — 3 sets of 80 meter sprints) significantly increased circulating
irisin 30 minutes post-exercise, consistent with decreased muscle ATP content and
increased markers of glycolytic and lipolytic metabolism in young healthy males (age
20.5 + 1.5 years, BMI 21.9 + 1.6 kg/m?) (Huh et al., 2012).

The effect of a single session of HIIT (5 x 4 minutes walking on a treadmill at 3km/hr
alternating with 4 x 4 minutes running at 90% HRmax for a total of 36 minutes), continuous
moderate-intensity exercise (walking/running on a treadmill at 65% HRmax for 36
minutes) and resistance training (3 sets of 8 — 12 repetitions at 75-80% 1RM for six
exercises targeting all major muscle groups for 45 minutes) on circulating irisin levels
was investigated in healthy overweight males (age 41.1 £+ 6.7 years, BMI 28.1 + 4.2
kg/m?) and males with the MetSyn (age 44.5 + 8.5 years, BMI 30.1 + 3.7 kg/m?) (Huh et
al., 2015). Circulating irisin was significantly different over time (p < 0.001) and there
was a significant interaction between exercise session and time (p < 0.001). In contrast,
neither a two-factor (time*group) or three-factor (time*group*session) ANOVA with
repeated measures over time identified any significant differences, meaning that exercise-
induced irisin changes were similar between healthy individuals and those with the
MetSyn. Comparison of the exercise sessions in terms of percentage change found
significant increases in irisin immediately after each session (p < 0.05). However,

resistance training was found to be most effective in increasing irisin, in comparison to
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the other two trials, and changes in lactate and creatine kinase were closely related to the

changes in irisin (Huh et al., 2015).

Another comparison study investigated the effects of resistance training (3 — 4 sets of 12
repetitions of 8 exercise targeting all the major muscle groups for 60 minutes), endurance
training (60 minutes pedalling at 65% VOzpeak), and combined resistance and endurance
training (30 minutes of endurance training preceded by 30 minutes of resistance training)
in healthy males (mean + SE: age; 23 £ 1 years, height; 172 £ 2 cm, weight; 70 + 2 kg)
(Tsuchiya et al., 2015). Plasma irisin concentrations were measured immediately (0) and
then 0.5, 1, 2, 3, 4 and 6 hours after exercise. The endurance and combined endurance
and resistance training protocols did not induce significant changes in irisin during the 6
hour period post-exercise. In the resistance training group, no significant post-exercise
difference in irisin was found immediately after exercise, but there was a significant
increase in irisin after one hour (p < 0.05). One-hour irisin was significantly higher in the
resistance training group compared to the other two groups (p < 0.05). AUCI during the
6 hours following exercise was also significantly higher following resistance training
compared to combined resistance and endurance training (p < 0.05). Multiple linear
regression analysis found that the AUCI was significantly associated with AUCG (r =
0.37, p < 0.05), lactate (r = 0.45, p < 0.05) and serum glycerol (r = 0.45, p < 0.05)
(Tsuchiya et al., 2015). In contrast to the abovementioned studies, a single resistance
training session (5 sets of 10 repetitions of bilateral knee extensions with a load of 10RM)
did not change circulating irisin levels post-exercise (immediately, 15 minutes- and 30
minutes-post) in men (age 34 + 7 years, BMI