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Abstract: Regular physical exercise and a healthy diet are major determinants of a healthy lifespan.
Although aging is associated with declining endurance performance and muscle function, these
components can favorably be modified by regular physical activity and especially by exercise training
at all ages in both sexes. In addition, age-related changes in body composition and metabolism,
which affect even highly trained masters athletes, can in part be compensated for by higher exercise
metabolic efficiency in active individuals. Accordingly, masters athletes are often considered as a role
model for healthy aging and their physical capacities are an impressive example of what is possible
in aging individuals. In the present review, we first discuss physiological changes, performance
and trainability of older athletes with a focus on sex differences. Second, we describe the most
important hormonal alterations occurring during aging pertaining regulation of appetite, glucose
homeostasis and energy expenditure and the modulatory role of exercise training. The third part
highlights nutritional aspects that may support health and physical performance for older athletes.
Key nutrition-related concerns include the need for adequate energy and protein intake for preventing
low bone and muscle mass and a higher demand for specific nutrients (e.g., vitamin D and probiotics)
that may reduce the infection burden in masters athletes. Fourth, we present important research
findings on the association between exercise, nutrition and the microbiota, which represents a rapidly
developing field in sports nutrition.

Keywords: aging; cardiorespiratory system; exercise; hormones; masters athletes; muscle; nutrition;
protein

1. Introduction

Nutrition and physical activity (PA) are the two main modifiable factors that deter-
mine health and well-being in modern civilization. These two factors are often studied and
considered as separate entities, although they are, in reality, inter-related in various ways.
To give some examples of this interplay, PA can shift the nutrient spectrum that human
metabolism utilizes; lack of PA leads to accumulation of ectopic fat in liver, muscle, and
potentially other organs [1,2]; malnutrition hampers physical and mental performance;
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overfeeding leads to expansion of fat deposits, thus increasing body inertia and deterio-
rating physical fitness [3]. One motivation for this review, therefore, is to raise awareness
of the interplay between nutrition and PA /performance for readers with either of the
two backgrounds.

The topic of diet and PA becomes particularly relevant in combination with aging,
as aging is generally associated with generalized inflammation and exaggerated disease
burden [4]. Ample evidence suggests that regular exercise and optimized nutrition can
help to reduce disease burden [5-7]. Therefore, the World Health Organization (WHO)
has taken action to promote PA across the entire age spectrum [8], and many governments
have developed national strategies also with the interest to mitigate age-related morbidity.
However, older people become typically more and more sedentary with increasing age,
and it is often challenging to engage them in regular physical exercise.

In this sense, masters athletes can offer interesting insights. These people train for
and compete in athletic events beyond the typical age of retirement from sports. Many of
them follow rigorous training regimens, often over decades or even their entire adult life.
Beyond their intrinsic motivation to be physically active, they are driven by the desire to
excel in sports, but also to maintain their health. The scientific literature has long neglected
this topic, and only the past decade has seen an increasing number of publications on all
aspects of masters athletics (Figure 1).

Fublications on Masters Athletes

&
"E i @
E L]
=
=
L
g2 = 4
ﬁ
=
=
a [
[~]
[T B
1 P 1 TT 119 TTIT
1980 1980 2000 2010 2020

Year

Figure 1. Publications on masters athletes, plotted against year of publication. Date are the result of
a literature research on public Medline on 1 October 2021, using the following search terms: ((master
athlete (Title/ Abstract)) OR (masters athlete (Title/ Abstract)) OR (veteran athlete (Title/ Abstract)).

Naturally, a plethora of questions arise with regard to the nutritional support for
these aging athletes. Thus, as with any athlete, also the masters athletes wish to reduce
their body fat, in order to optimize athletic performance. But what are the energetic re-



Nutrients 2021, 13, 1409

3o0f 34

quirements, given that resting metabolic rate (RMR) typically dwindles with age? How
can the requirements for the intake of protein, vitamins and other micronutrients be met
when the total intake is reduced for the sake of body composition? Which nutrients
are physiologically opportune for optimized performance, and which ones should be
recommended to facilitate recovery and prevention of injury? The field of nutritional
support for athletes has traditionally focused on young elite athletes, and there is no
clear answer to these and other questions pertinent to the topic. Hence, the present
paper attempts to collate the relevant information in order to (a) provide recommen-
dations where evidence is available, and to (b) flag the most important open question
for future research.

2. Physiological Changes in Older Athletes
2.1. Oxygen Delivery and Utilization Systems

The exercising skeletal muscles rely on continuous oxygen supply that is precisely
matched to the metabolic requirements of the exercise intensity. If, at any intensity, the
oxygen supply becomes limited, anaerobic metabolism compensates for the lacking oxygen,
indicated by increasing lactate concentration [9,10]. Oxygen has to be transported from the
ambient air to the oxygen-respiring mitochondria of the working muscles. This is involving
a series of steps, namely oxygen diffusion (driven by the existing pressure gradient) from
the alveoli into the pulmonary capillary blood, the oxygenated blood (oxygen is primarily
bound to hemoglobin) is pumped by the heart to the skeletal muscles, where oxygen
is converted to adenosine triphosphate (ATP), providing energy to power the working
muscles (Figure 2). Oxygen delivery (DO,) to the muscles is determined by the cardiac
output (heart rate x stroke volume, Q), the hemoglobin concentration (Hb) and the level of
its saturation (SaO,), according to the equation:

0, =Q x Hb x SaO, x K

K indicates the Hiifner coefficient for hemoglobin-oxygen binding capacity which is 1.33 mL/g.
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Figure 2. The lung-heart-muscle axis involved in oxygen delivery and utilization. Main cardiores-
piratory parameters specifying organ function at rest and during exercise: minute ventilation (VE),
cardiac output (Q), and oxygen extraction in the skeletal muscle. Parameters listed below the organs
represent those which are primarily affected by the aging process. Oxygen, O,; carbon dioxide, CO;;
tidal volume, VT; breathing frequency, Bf; hemoglobin concentration, Hb; arterial oxygen saturation,
Sa0;y; heart rate, HR; adenosine triphosphate, ATP.
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The extraction of oxygen utilized by the mitochondria is represented by the arterio-
venous oxygen difference (a-v O, difference). As the need for oxygen is increasing with
increasing exercise intensity, minute ventilation, cardiac output, muscle perfusion and
oxygen extraction all have to increase. According to the Fick principle for individual
aerobic capacity, the highest achievable rate of oxygen uptake (VO;max) equals Q x a-v
O; extraction. All organs involved in oxygen transport and utilization may contribute to
VO,max decline in the aging athlete.

2.1.1. The Pulmonary System

Although data on the breathing reserve (BR; maximal voluntary ventilation related
to minute ventilation during maximal exercise) do not indicate a considerable ventilatory
limitation of VO;max in healthy older individuals [11], it can become a limiting factor
in some highly trained aged athletes [12]. In addition, diffusion capacity of the lung is
predictive of marathon performance, and it decreases markedly with age, an effect from
which masters athletes are not exempt [13]. Probably as a consequence of this, exercise-
induced hypoxemia is more prevalent in highly fit older individuals compared to the
healthy general population and fatiguing work of the respiratory muscles may provoke
vasoconstriction in the leg muscles and compromise Q [14]. Thus, VO,max restriction by
the pulmonary system depends on the level of fitness (the higher the more likely) and the
age-related degree of decrease in respiratory function along with structural changes, i.e.,
declining respiratory muscle strength and endurance, enhanced rigidity of the chest wall,
loss of elastic recoil, reduction of the alveolar surface area and the number of capillaries
perfusing the lung [11,15,16]. A low BR, reduced forced expiratory volume in one second
(FEV1) and exercise-induced hypoxemia are potential markers for pulmonary limitations
of VOomax in the older athlete [17] (Figure 2).

2.1.2. The Cardiovascular System

It is obvious that a precise interplay between pulmonary ventilation, DO, and the
extraction of oxygen by the muscle tissue is a prerequisite for properly matching oxygen
need and demand. The contribution of the cardiovascular system, in particular Qmayx, is
considered as the main determinant of VO,max in young people when including large
skeletal muscle groups, e.g., leg cycling, running or cross-country skiing [18,19]. The
demand of oxygen by these working muscles increases tremendously (about 10 to 20-fold,
depending on the individual fitness) from rest to maximal work [10]. Consequently, a large
amount of oxygenated blood has to be transported to muscles driven by the pumping heart.
Thus, a 72% contribution of Qmax to VO,max changes has been demonstrated in sedentary
young and older subjects of both sexes, and the Qmax increased to 81-89% in trained
young and older subjects of both sexes [18]. The age-related decrease in cardiovascular
function (particularly decline of Q which is HR x SV) will considerably affect VO,max.
HRmax decreases according to the formula (208 (beats per min)—0.7 x age) in healthy
sedentary and trained subjects, probably due to the decrease in intrinsic heart rate [20]. In
addition, lower SV associated with reduced left ventricular (LV) compliance (diminished
diastolic function) was shown in healthy sedentary people but seems to be preserved in
masters athletes [21]. Impaired ability to modulate sympathetic vasoconstrictor activity
(functional sympatholysis) and a reduced exercise hyperemia are also characteristics of
aging. Again, regular PA was shown to offset these impairments [22].

2.1.3. Skeletal Muscle and Mitochondria

Capillarization of skeletal muscles and muscle oxidative capacity decrease likewise
with aging at least in rather sedentary subjects [23,24]. However, long-term engaging in
endurance sports can largely prevent the reduction in muscle capillarization and muscle
oxidative enzymatic activity with aging, e.g., in 65- to 75-year-old athletes [25]. The oxida-
tive capacity of skeletal muscles is not considered as an important limitation of VO,max
because it exceeds the amount of oxygen consumed during whole body exercise [26]. Thus,
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benefits of regular training on adaptations in the skeletal muscle rather promote improved
submaximal exercise performance than VO,max. Such adaptations include increases in
capillary supply and mitochondrial key enzyme activities favoring a higher rate of fat
oxidation and a concomitant reduction in the glycolytic flux, as well as a tighter control of
the acid-base status [10]. Consequently, the anaerobic threshold (submaximal endurance
performance) declines at a slower rate with aging (especially in trained individuals) than
VO;max [27,28]. A noteworthy observation is the inverse relationship between mechanical
efficiency and VO;max (shown in elite cyclers), which was attributed to variations in the
amount of efficient type I and less efficient type II fibers of working muscles [29].

2.2. Body Composition and Metabolism

Although aging is generally associated with a loss of lean muscle mass, exercise can
modulate such losses. According to population-based studies, the prevalence of sarcopenia
in healthy adults aged 60 years and older is about 10% for men and 10% for women,
respectively [30]. Intriguingly, in a cross-sectional study including 156 female and male
masters athletes aged between 40-79 years, no individual was categorized as sarcopenic,
i.e., below normal levels of muscle mass and muscle strength or performance, according to
the definition of the European Working Group for Sarcopenia in Older People [31,32]. Data
from cross-sectional studies indicate that lean muscle mass and muscle strength did not
decline with age in individuals aged 40-81 years who trained 4 to 5 times per week [33].
These data could indicate that declines in physical function may not be related to age alone
but are rather confounded by muscle disuse and decreased levels of PA in the elderly
general population [34]. On the other hand, two previous cross-sectional studies based on
an anthropometric assessment of lower limb muscle volume [35] in male 115 track and
field masters [36] and in 54 male master weight lifters [37] indicated a volume reduction of
approximately 6% per age decade. This figure has been confirmed by a recent longitudinal
study in 71 track-and-field master athletes with a mean follow-up of 4.2 years that found a
reduction in calf muscle cross section, as assessed with computed tomography, by 0.6% per
year in men, but no significant change in women [38]. Moreover, a recent cross-sectional
study in 256 track and field masters aged 35-91 years in which whole body skeletal muscle
mass was assessed via bio-electrical impedance indicates a reduction by 3.2% and 2.8%
per decade in women in men, respectively [39], which was equalized by a commensurate
increase in fat mass. On the other hand, older athletes of 68 years showed 17% lower body
fat percentage and 12% greater leg lean mass, respectively [40]. In the general population,
fat-free mass is expected to decrease the 6th decade of life onwards by approximately
2% per decade in men but not in women, while both men and women gain fat mass by
7.5% per decade [41]. Thus, whilst masters athletes likely experience muscle wasting and
adipose tissue accumulation, their body composition may still be better preserved than in
the non-athletic counterparts.

The question arises, which factors may trigger the age-related adipose tissue accumu-
lation. Lifelong training increased the proportion of type I muscle fibres with a concomitant
decrease of carbohydrate oxidation independent of intensity level in older athletes com-
pared to younger man [42]. While fat oxidation capacity was similar in both groups, older
athletes compensated with a higher exercise metabolic efficiency [42]. While sports and
recreational activity decreased to a higher extent in men than in women over a course of
~10 years, activity levels as well as baseline age were inversely related to changes in fat
mass in women only [41]. Low RMR may predispose to future weight gain. As PA con-
tributes considerably to total energy expenditure, the question is whether regular exercise
can curb age-related reductions in RMR. Although it is difficult to disentangle changes
in metabolic rate from alterations of body composition with aging, evidence suggests
that RMR is lower in older men and women, even after adjusting for differences in body
composition, waist-to-hip ratio and smoking status [43,44]. A paper, based on the cohort
of 256 track and field masters athletes mentioned above, has found that the effect of age
on RMR is mostly attributable to changes in body composition [45]. While fat-free mass
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is a main determinant of RMR, other factors that are unrelated to differences in body
composition can also explain differences in RMR of young and older individuals. Although
the decline of RMR also occurs in highly physically active individuals, it is associated
with reductions of exercise volume and energy intake that occur with age. However, these
age-related adaptations are blunted in individuals who maintain these two components
at a similar level as young physically active men [46]. Also, a higher aerobic capacity is
related to a higher RMR in older athletes [47]. In a sample of 65 healthy women ranging
from 21-72 years, those individuals who were regularly performing endurance exercise
were spared from an age-related decline in RMR assessed by indirect calorimetry compared
to their sedentary counterparts [48]. This metabolic difference may in part explain lower
body weight and fat mass in active, older individuals.

In summary, the decline in metabolic rate, along with simultaneous declines and
inclines, respectively, in lean mass and fat mass in the elderly can only in part be ascribed
to the aging process per se. Rather, these effects seem confounded by declining levels of
PA and inadequate energy intake in this population. Although body composition of older
athletes is considerably better than that of less physically active age-matched individuals,
the age-related decline and alterations in body composition and metabolism also takes place
in this group and can in part be compensated for by higher exercise metabolic efficiency.

2.3. Effects of Aging on the Endocrine System and Metabolic Pathways

The aging process is accompanied by several endocrine alterations, along with changes
in nearly all biological systems, including body composition, functional performance and
bone mass. These aging-induced effects are often confounded by other factors, such as
chronic diseases or changes of dietary patterns, and malnutrition often occur concomitantly
during the process of aging. This section is not intended to give a thorough overview of
endocrine changes, but discusses the most important hormonal alterations occurring during
aging pertaining regulation of appetite, glucose homeostasis and energy expenditure and
the modulatory role of PA.

2.3.1. Thyroid Hormones

The important role of thyroid hormones in determining energy expenditure and basal
metabolic rate has long been recognized [49]. With aging, there is a general increase of
the incidence of thyroid diseases [50]. Apart from this increase and according to several
population studies, aging is associated with subclinical hypothyroidism, i.e., increased
levels of thyroid-stimulating hormone (TSH) with free thyroxine (FT4) levels remaining in
the normal range [51,52]. Some authors even ascribe a beneficial adaptation of physiological
aging to these reduced TSH levels in the elderly by preventing excessive catabolism [53].
While the free triiodothyronine resistance index was negatively associated with aging
in males, TSH levels were positively associated with age in females [54]. These results
underline a possible sex-specific effect of alterations of thyroid hormones with aging.

Although endocrine effects have to be separated from alterations of body composition
and PA behavior with aging, RMR is lower in older individuals, potentially even after
adjusting for differences in body composition [43]. The age-related decline of RMR, how-
ever, cannot fully be ascribed to alterations of body composition or differences in thyroid
hormone status [55].

2.3.2. Hypothalamic Growth Hormone-Insulin-Like Growth Factor-I Axis

This axis includes the secretion of growth hormone (GH; somatotropin) from the
somatotropes of the pituitary gland into the circulation, and the successive stimulation
of insulin-like growth factor-1 (IGF-1). This endocrine system drives anabolic effects on
protein synthesis and growth and hence plays an important role in maintaining muscle
mass. In elderly individuals, GH secretion, together with IGF-1 levels decrease starting
with the third decade [56]. There is also a reduction in GH releasing hormone (GHRH)-
induced GH secretion, likely reflecting changes of neurotransmitter control and reduced
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hypothalamic GHRH synthesis related to the aging brain [57]. Regular physical exercise
is thought to modulate activity of the GH-IGF-1 axis throughout the lifespan, potentially
preserving muscle mass in the elderly. With regard to that, GH responses to a cycling sprint,
resistance or endurance exercise bout were compared in young and middle- aged men.
While resting GH concentration and objective parameters of exertion were not different
between groups, GH response to exercise was greater in the young compared to their older
counterparts [58]. When investigating the effect of a 12-week resistance training program
on GH and testosterone secretion in young (23 years) and older (63 years) individuals, the
authors found that, regardless of age, this training modality elicits GH and testosterone
secretion. Response and magnitude, however, was different between the two groups [59].
Mechano growth factor (MGF), a splice variant of the IGF-1 gene, is supposed to be an
important local factor promoting satellite cell proliferation in muscle. Although short-term
(5-week) resistance exercise failed to increase expression of MGF in elderly as compared
to young individuals [60], longer-term training of 12-weeks was still able to upregulate
expression of this factor in the elderly [61]. Exercise training can stimulate the GH-IGF-1
axis as well as MGF in the elderly, albeit somewhat less so in older as compared to younger
individuals. This may reflect an age-related desensitization to mechanical loading. It has to
be noted that short study duration, differences in training motivation or the inability to
achieve a sufficient absolute exercise intensity in the elderly as well as a sex-bias towards
male study participants may bias these findings.

2.3.3. Hormones Regulating Appetite and Food Intake

Above the age of 65 years, there seems to be a decrease in appetite and food intake,
which predisposes to undernutrition. A negative energy balance has implications for
chronic disease progression and mortality rate [62]. Hormones mediating the anorexic
effect of aging include cholecystokinin (CCK), leptin, and ghrelin. CCK is a gastrointesti-
nal peptide hormone produced by enteroendocrine cells of the duodenum that mediate
satiating effects by binding to receptors in the central nervous system. Aging is associated
with increased CCK concentrations as well as a greater sensitivity to the satiety-inducing
effect of this hormone [63]. In line with that, whey protein ingestion resulted in greater
plasma concentrations of CCK and gastric inhibitory peptide in older compared to younger
individuals [64]. In addition, the increased activity of the anorexigenic hormone leptin, an
adipokine derived from adipose tissue in humans as well as the reduced activity of the
orexigenic hormone ghrelin, a gastrointestinal molecule derived from the stomach, seem to
further reduce hunger and thereby hamper energy intake in the elderly [65,66]. Obesity is
another factor that can dysregulate the endocrine role of leptin secretion from adipocytes,
so that hyperleptinemia due to high fat mass fails to negatively regulate food intake, a
state termed leptin resistance [67]. A recent study showed that higher fitness levels in
older individuals were associated with lower leptin levels and inflammation, regardless
of adiposity, suggesting a protective effect of physical fitness towards development of
leptin resistance [68]. Nevertheless, the modulatory role of PA on hormones governing
appetite and food intake in the elderly remains understudied. In general, individuals with
higher levels of PA experience blunted satiety and amplified hunger compared to those
being less physically active, likely in order to compensate for the increased PA induced
energy expenditure [69]. It seems, however, that chronic exercise can affect perceptions of
hunger and energy intake independent of body composition and sex. Individuals being
physically active may be more sensitive to regulating energy balance by improved adjust-
ments of energy intake and density of food [70]. The paucity of data on this subject in
older athletes of both sexes, however, does not allow definitive conclusions with regard to
this age group.

2.3.4. Insulin, Glucose and Metabolic Pathways Mediating Glucose Homeostasis

Insulin is the most important hormone mediating control of glucose homeostasis,
i.e., cellular uptake, utilisation and endogenous production. Aging is associated with
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deteriorating glucose homeostasis [71]. It has been suggested that, starting from the fourth
decade, fasting plasma glucose increases by about 0.055 mmol/L per decade, alongside
with a gradual rise of glucose concentrations obtained after 120 min of a 75 g oral glucose
tolerance test [72]. Further to that, aging is a risk factor for brain insulin resistance, i.e.,
impaired sensitivity of central nervous pathways to insulin [73]. Interestingly, high insulin
action in the brain influences long-term weight management and is associated with a
favorable body fat distribution [74]. In general, insulin is secreted in a pulsatile manner.
During the basal as well as insulin-stimulated state, both amplitude and number of pulses
are reduced with aging [75]. This goes hand in hand with decreased effectiveness in
reducing hepatic glucose output and increased liver insulin clearance [76]. Glucagon
concentrations, in turn, do not seem to be affected by age [77]. However, the rise in hepatic
glucose production after glucagon stimulation, i.e., hepatic sensitivity to glucagon, is
increased in elderly individuals compared to their younger counterparts [78].

Seminal studies from the lab of John Holloszy and colleagues point towards the
importance of physical training for maintaining glucose tolerance. The researchers studied
older lean and overweight untrained as well as trained individuals compared to young
untrained and trained individuals. They found that oral glucose tolerance, defined as the
area under the glucose curve, was twofold poorer in the untrained older individuals as
compared to the other groups. Also, the insulin response to glucose was higher in the
untrained groups as compared to the older and younger trained groups [79]. These results
are suggestive of reduced glucose tolerance and insulin sensitivity with aging and a counter
regulatory role of lifelong exercise training.

A similar, more recent study used the glucose clamp technique to assess insulin
sensitivity in younger (age range 24-47 years) and older (age range 60-75 years) athletes as
well as younger and older normal-weight and obese individuals. Insulin sensitivity was
highest and similar in young and older athletes, followed by normal weight individuals
and lowest in obese young and old individuals [80]. This study underlines the fact that
body composition and physical inactivity, but not age per se are related to the development
of insulin resistance. As glucose disposal decreases over the lifespan, several factors
contributing to reduced insulin action have to be considered. These include a rise in total
body fat, in particular visceral fat, and reductions of caloric intake, PA and consequent
decrements in lean mass or certain drugs and age-related diseases.

In this context, it is important to also scrutinize cellular mechanisms responsible
for age-induced reductions in insulin-stimulated glucose uptake. In brief, upon binding
to its receptor, insulin stimulates autophosphorylation of the insulin receptor, tyrosine
phosphorylation of the insulin receptor substrate-1 (IRS-1) and association with phos-
phoinositide 3-kinase (PI3K) and subsequent phosphorylation of Akt2 at serine 473 and
threonine 308 sites and AS160 phosphorylation, which finally promotes glucose transporter
type 4 (GLUT4) translocation to the plasma membrane to stimulate glucose uptake [81].
Aging can selectively affect elements of this signalling cascade. For instance, Akt phos-
phorylation by insulin was ~40% lower in healthy, lean, elderly individuals compared to
young body mass index (BMI)-, fat mass- and habitual PA-matched volunteers [82]. This
was in line with a 25% reduction in insulin-stimulated rates of muscle glucose uptake.
Another study found that AS160 phosphorylation under insulin-stimulated conditions was
reduced, together with ~30% lower whole-body insulin sensitivity, in aged compared to
young individuals [83]. Participation in an exercise training program of either strength or
endurance exercise improved whole-body insulin sensitivity and abrogated impairments
in AS160 phosphorylation in these individuals. Different factors have been discussed that
could contribute to this reduction in insulin action in elderly individuals. Among these, a
reduction in oxidative capacity [84], impaired mitochondrial metabolic flexibility during
insulin stimulation [82], oxidative stress [85] or dysfunctional regulation of mitochondrial
dynamics [86] may contribute to alterations of mitochondria with aging. These changes in
turn promote increased deposition of ectopic lipids within the myocyte as intramyocellular
lipids (IMCL). This site of lipid deposition has repeatedly been shown to be particularly
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detrimental to insulin action [87]. Compared to younger volunteers, IMCL content, as-
sessed by 'H magnetic resonance spectroscopy, was 70% higher in elderly individuals [82].
Decrements in mitochondrial activity together with excess caloric intake promote lipid
synthesis and storage and yield bioactive diacylglycerols, which are known to accumulate
within the plasma membrane, where they recruit novel protein kinase C isoforms that
facilitate inhibitory phosphorylation of IRS1 [81]. Ceramides, another important class of
bioactive lipids, may inhibit Akt phosphorylation [81]. These intracellular processes impair
the insulin signalling pathway and eventually contribute to impaired insulin-stimulated
cellular glucose uptake.

In summary, aging is associated with deteriorating glucose homeostasis. While insulin
secretion is diminished over the lifespan, glucagon action is only marginally affected.
Besides decrements in hormones mediating control of glucose homeostasis, decreased PA,
together with reduced mitochondrial function will promote ectopic lipid deposition in
muscle, which further impairs insulin signalling and glucose uptake.

2.4. Bone and Bone Metabolism

Bone is a hard tissue that derives its tensile stiffness from the organic extracellular
matrix and its stiffness in shear and compression from an inorganic calcium-phosphate
compound (so-called bone apatite). Whilst the majority of the organic matrix consists of
type 1 collagen (>90%), there are also other collagens as well as other protein constituents,
such as proteoglycans, carboxylated osteocalcin, osteopontin and TGF-f (Transforming
growth factor beta (TGF-f3)). The role of these latter constituents is only just evolving
and seems to be primarily related to endocrine and regulatory functions, rather than
serving mechanical purposes. Four different types of cells govern biological activity in
bone. Ostoeblasts lay down bone protein onto existing bone surfaces, and they also initiate
mineralization. When such bone formation drifts cease, osteocytes either become dormant
as bone lining cells, or they transform into osteocytes that are fully covered by bone matrix
and thus remote to the bone’s surface. However, osteocytes still communicate via gap
junctions with other osteocytes and lining cells, which allows trafficking of electrolytes
and small organic compounds. Osteocytes are also thought to sense mechanical strains, to
transfer that information into biological signals that help to adapt bone to its mechanical
purposes, and also to initiate the repair of bone microdamage through the process of
bone remodeling [88,89]. Osteoclasts, finally, trans-differentiate from peripheral blood
mononuclear cells and have capacity to dissolve the inorganic matrix through acidification,
and subsequently also the protein phase in order to resorb bone tissue.

The four types of bone cells work in co-operation with each other. Thus, the activity
of osteoclasts is under the control of osteoblasts through receptor activator of NFKB ligand
(RANKL), as well as under the control of osteocytes by sclerostin [90]. In addition, TGF-3
from the bone matrix stimulates activation of osteoblasts [91]. The reciprocal control of
osteoblastic activity by osteoclasts is less well established, but may involve compounds such
as ephrinB2 and other factors [92]. These cell-cell interactions seem fundamental for the
bone remodeling process [93]. Herein, osteoclastic bone resorption precedes osteoblastic
bone formation, a process that is often triggered by material microdamage [94], thus
helping to repair damaged bone. Modeling, on the other hand, serves the purpose of
‘shaping” bones through formation and resorption that occurs on opposing surfaces of
the bone, thus resulting in bone ‘drifts’ [95]. Thus, remodeling and modeling are two
diverse processes. Whilst modeling is the main contributor to bone turn-over at young
age, the bone turn-over after closure of the growth plate is mostly due to remodeling. With
regards to aging, it is also noteworthy that bone turn-over is typically greater in young
than in older people [96]. This is partly due to a slowing of the remodeling process, i.e., the
entire cycle from activation of osteoclasts until closure of the resorption cavity, which takes
approximately 90 days in young people but 120 days in old people [93]. In addition, it has
been demonstrated that the ability to respond to bone microdamage becomes blunted with
increasing age [97].
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It is important to understand that the largest forces that bones experience emerge
from regional muscle forces and impact loading, rather than from body weight per se. As
a result, muscle mass and bone mass are well-adapted to each other [98]. This mutual
relationship between muscle and bone is largely driven through the bone’s response to local
tissue strains [99]. Thus, the mechanostat theory proposes that bone counteracts excessive
deformations with enhanced bone formation, whereas sub-threshold deformations are
answered by streamlining the bone’s structure [100]. In addition, evidence suggests also
an independent effect of strain rate on bone accrual. There are also several signaling
pathways that interact with muscle and bone. For example, bone morphogenetic protein 1
(BMP1) has been shown to positively affect muscle growth in mice [101]. TGF-{3, which
initially had been known for its stimulating role for osteoblasts, has now been recognized to
negatively affect calcium handling within skeletal muscle, and to thereby hamper muscles
electro-mechanical coupling [102]. Moreover, undercarboxylated osteocalcin from the bone
enhances insulin production, cognitive functioning and muscular fuel utilization [103].
Thus, there are several compounds from bone’s non-collagen protein phase that unfold
important systemic actions on skeletal muscle and athletic performance.

In addition to the mechanical determinants, bone is also under control of several
endocrine systems. Both sex hormones have important effects, with the estrogens and an-
drogens being more effective on the endocortical and periosteal surfaces, respectively [104].
From an evolutionary perspective, estrogens may serve the role of “packing’ bone minerals
that are not mechanically required [98], so that sufficient calcium depots are available when
breastfeeding taps on the calcium resources [105]. In this regard, the complete withdrawal of
estrogen after menopause is a catastrophic event for the female skeleton, leading to bone loss
and an incidence rate for vertebral and femoral fractures of 1% per year, respectively [106].
In female endurance athletes, the so-called female athlete triad may occur, where underfeed-
ing is associated with amenorrhea, low bone mineral density and fractures, even at young
age [107]. In addition to sex steroids, there are also other hormones impinging on bone,
such as parathyroid hormone, the D-hormone and insulin-like growth factors. Bones are
responsive to exercise [108], which is primarily thought to be through mechanical effects.
Rapid running and jumping elicits larger strains and strain rates than static exercises [109],
and power athletes have stronger leg bones than endurance athletes [110-112]. The largest
effects have been observed for the humerus, the structure of which can be twice as strong
in tennis and baseball players in the active as compared in the passive arm [113,114]. Side-
to-side differences in the legs of jumpers are much smaller than in the arm [115], which
could be due to the fact that jumpers load both legs substantially during run-ups, whereas
tennis players place only small loads on their passive arms.

With advancing age, bone mass is lost in the general population, a phenomenon that
is much more pronounced in the spine and in the upper extremity than in the legs [116].
Bone benefits acquired through exercise at young age can still persist several decades
after cessation of exercise training [117]. Conversely, when taking up an exercise activity
during adulthood, i.e., after fusion of the growth plates, then it is still possible to moderately
enhance bone mass and bone strength in the loaded bones, as demonstrated by observations
in masters tennis players achieved in adulthood [118]. As to another question, namely
what happens to masters athletes if exercise is continued across the life span, results from
cross-sectional studies suggest that the bone benefits attained at young age [119] persist
into old age, although they may fade away with advancing age [120]. A recent longitudinal
study in 71 track and field masters with 4-year follow-up, however, demonstrates that
tibia bone mass and strength can be preserved, or even increased in male power athletes,
whilst male endurance athletes and female track-and-field masters lose tibia epiphyseal
bone mass at a rate of approximately 5% per decade [38]. It has to be considered, however,
that some of the female masters athletes in that study were aged between 50 and 60 years,
i.e., within the perimenopausal decade, and that this study could not discern between the
effects of aging and of menopause. It therefore seems fair to conclude that engagement
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in track and field events such as sprint running and jumping has potential to maintain or
increase bone health into old age.

3. Performance and Trainability of Older Athletes
3.1. Performance Decline in the Aging Athlete

Declines in cardiovascular fitness and physical performance are the main features
of aging human beings [121,122]. The decline starts in the third to fourth decade and
depends on genetic and life-style characteristics, in particular on PA through life-span. High
cardiorespiratory fitness (CRF: aerobic capacity, VO;max) and regular PA are associated
with longevity even when adjusted for relevant confounders [122,123]. Differences of the
slope in performance decline between aging athletes and their sedentary peers are still a
matter of debate, but absolute performance levels remain considerably high in masters
athletes of both sexes at all ages [28]. Whereas most studies primarily focused on age-
dependent changes in running and swimming performance [124,125], only a few have
considered a broader range of sports [126]. Data derived from mean winning performance
times in track and field events of 10,000 participants in Senior Olympic Games demonstrate
a slow decline from the age of 50 to 75 years which became dramatically steeper after the age
of 75 [126]. Those findings have been expanded by a recent study suggesting an additional
steepening of the endurance performance (in track and field events) in very old masters
athletes aged 80+ [127]. Whereas no differences in performance decline in sprint versus
endurance events were found for men, sprint performance declined more steeply than that
of endurance in women [128]. However, when accounting for kinetic energy contributions
to the metabolic costs, sprint and distance running world records depicted remarkably
similar age trends [129]. A similar decline was shown in mountain runners from 50 to
70+ years; this decline was, however, slightly more pronounced in females compared to
males [28]. Although the performance decline in this study seemed to be slightly steeper
in masters athletes than in sedentary persons of the general population, it is important to
note that endurance performance remained about 3.5 times higher in older athletes [28].
A recent review confirmed, based on current data from masters athletes, that most of
the physiological mechanisms determining VO,max (i.e., pulmonary and cardiovascular
function, blood oxygen transport capacity, skeletal muscle capillary density and oxidative
capacity) are profoundly modulated by regular PA during the entire life-span [9]. In contrast
to cardiovascular and skeletal muscle adaptations to PA and exercise training, pulmonary
adaptations seem to play a rather minor role for the maintenance of performance in the
aging athletes [9,10]. In summary, all these findings indicate that endurance performance
(i.e., VOpmax) inevitably declines when getting older but can be favorably modified by
regular PA and especially by exercise training at all ages in both sexes (Figure 3).

3.2. Sex Differences in Performance, Decline Rates, and Training Effects
3.2.1. Aerobic Fitness

Upper limits of VO,max values can exceed 90 mL/min/kg in young male elite
athletes [134] compared to about 35 to 37 mL/min/kg in the general population aged
35-45 years [135]. Above the third age decade, VO,max values decline by approximately
10% per decade but this decline may be considerably modulated by training [9,10]. Ex-
traordinarily high aerobic capacity has been reported in lifelong physically active very old
individuals of both sexes. For instance, VO,max values of 38 (1) vs. 21 (£1) mL/min/kg
were shown for 81-year-old male endurance athletes (n = 9) vs. age-matched healthy
untrained persons [136]. Even more impressive, a VOp;max of 42.3 mL/min/kg has been
recently reported in a 83-year old female masters runner [137]. On top, a 101-yr old athlete
improved his VO,max following 2 years of specific training (to 103 years of age) from 31 to
35 mL/min/kg [138]. Baker and Tang compared the aging-related rates in performance
decline of masters records of both sexes [126]. The age of males/females when perfor-
mance had declined to 50% of the maximum performance at 30-35 years were 90/84 years
for walking, 87/84 years for swimming, 78/72 years for jumping, and 74/60 years for
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weight lifting [126]. The larger sex differences in weight lifting compared to walking or
swimming might be attributable to differences between lower and upper body perfor-
mance (composition). While 12% sex difference was reported for running, swimming and
cycling [139,140], the sex difference was 17% in cross country skiing (skating technique),
again indicating different lower and upper body performance between sexes [135]. The
relative (to body mass) VO,max differs by about 10% between male and female athletes,
which is primarily explained by the higher percentage of body fat and lower hemoglobin
levels in women [135,141]. Although this indicates similar overall effectiveness of the
oxygen delivery and utilization systems in men and women, specific differences in cardiac
and skeletal muscle adaptations exist. With regard to cardiac adaptation to regular exercise
training, greater LV end-diastolic cavity sizes and LV mass are observed in trained versus
untrained individuals, which is more pronounced in male athletes [142]. Sex differences in
LV mass cannot completely be explained by the lower body size of the female athletes, but
may at least partly result in the larger blood pressure increase at peak exercise in men [143].
Performance in sprint cycling (200 m) was effectively halved (from the maximum perfor-
mance at 30-35 years) at an age of 80 years in males compared to an age of 59 years in
female masters athletes [126]. Regular exercise training of masters athletes can prevent
the shrinking of type I muscle fibers [144], and minimize loss of type II fibers, and it may
also prevent fiber type grouping [145] following denervation-reinnervation cycles with
aging in both sexes. Notably, females seem to develop a slower muscle fiber phenotype
due to progressive slowing of discharge rates [146], likely explaining the relatively large
sex difference in the decline of sprint cycling performance [126] (see below).

20

30 40 50 60 70 80 90
Age (years)

Figure 3. Schematic presentation of the age-related performance decline, i.e., in aerobic capacity (VO,max) and maximal

grip strength, for both sexes, depending on physical training status, ranging from well-trained to sedentary. The figure is
based on the meta-analysis from Fitzgerald et al. (1997) [130], with contributions from Burtscher et al. (2008) [28], Booth et al.
(2010) [131], Landi et al. (2017) [132], and (defining frailty threshold as VO,max of 18 mL/min/kg) Carr et al. (2006) [133].
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3.2.2. Muscular Strength

Muscular strength and power are important contributors to physical fitness with an
independent role in the prevention of many chronic diseases and early deaths [147]. The
aging process results in decline of muscle mass and strength by about 1% per year starting
in the fourth decade [148]. Peak instantaneous power declines by approximately 7% per
decade when assessed via vertical jump test in endurance runners, in sprinters as well as in
the general population, and very similar are reported for ergometric lower extremity power
testing [36,144,149,150]. Muscle wasting, however, differs largely between individuals due
to differences associated with the aging process per se but can be significantly modified
by PA levels and exercise training. Most important characteristics associated with aging
are the muscle architecture and fiber type composition, tendon properties and vascular
control of the contracting muscle [147,151]. In athletes, the onset of declining power-
lifting performance is more pronounced and progresses more rapidly than endurance
performance, i.e., men’s and women’s power-lifting performance starts decreasing by 3%
per year in the 4th decade and by 1% per year thereafter [152]. As shown for endurance
training on cardiovascular fitness, rapid and pronounced effects of resistance training
on muscle mass, muscle strength and power are well established in young and elderly
individuals as well [147]. Accordingly, higher levels of muscle strength and power in the
aging athletes are not surprising but seem predominantly due to hypertrophy of remaining
fibers as the loss of fiber numbers seems not to be preventable by lifelong PA [153]. The
magnitude of differences between sexes in muscular strength is well documented and
may almost entirely be explained by the difference in muscle size of equally trained men
and women [154], indicating similar muscle quality characteristics for both sexes. The
overall muscle mass and power is greater in men than women and the absolute changes in
muscle mass following resistance training are also larger in men, but the relative changes
in strength and muscle hypertrophy are similar in both sexes [155]. From a cross-sectional
study including a wide age range of men and women, better preservation of eccentric peak
torque and enhanced capacity to store and utilize elastic energy with aging was shown
for females compared to males [156]. While eccentric actions in a hypertrophy-targeted
resistance training seem to be slightly more effective than concentric actions, both types
of training should be included [157]. Skeletal muscles of males compared to females
are generally stronger and more powerful, but muscles of males might be more easily
fatigable. While those sex differences are primarily caused by differences in contractile
mechanisms, other mechanisms, e.g., muscle perfusion, voluntary activation, etc., also
represent contributing factors (Figure 4) [158].

3.2.3. Mitochondria

Mitochondria are highly adaptive organelles and dynamically respond to environmen-
tal stimuli, such as nutritional states and physical exercise. Growth of mitochondrial mass,
achieved by mitochondrial biogenesis, is regulated by a number of molecules including
the co-transcriptional factor peroxisome-proliferator-activated receptor y co-activator-1a
(PGC-1e) [159]. Conversely, mitochondrial mass can be reduced by mitophagy, a process
contributing to clearance of defective mitochondria and thus to mitochondrial quality con-
trol. Mitochondrial numbers are, furthermore, regulated by mitochondrial dynamics (i.e.,
fusion and fission) [160] that do not necessarily change mitochondrial mass. Physical activ-
ity is known to boost mitochondrial biogenesis and turnover, as well as respiration [161]
and mitochondrial quality is positively associated with physical performance [162-164].
AMP-activated protein kinase (AMPK) regulates PGC-1« [165] and mitochondrial qual-
ity control [166] and is therefore an important mediator of mitochondrial biogenesis by
PA. Mitochondrial functions, such as for example ATP production, are compromised in
advanced age [167]. Accordingly, aging is also associated with oxidative stress and with
inflammation [168], as well as with impaired mitochondrial biogenesis. The latter is at least
in part mediated by reduced AMPK activity with increasing age [169], an effect that can be
prominently attenuated in the skeletal muscle by exercise [170].
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Figure 4. Mechanisms potentially contributing to the less fatigability of skeletal muscles in females. Modified according

to Hunter [158].

Although sex dimorphisms of mitochondria have been described, they are still a
matter of debate and the functional consequences are not well understood. In aged rat
brain a higher mitochondrial mass has been reported in males, while females had more
efficient mitochondria with a better redox balance, which was in line with reduced levels
of uncoupling proteins (UCP4 and UCP5) that are implicated in oxidative stress reduc-
tion [165]. This sexual mitochondrial dimorphism may be associated with higher life
span and protection from some age-related neurological diseases [171]. Similarly, more
efficient mitochondria in female rats have been described in the liver [172,173], cardiac
muscle [174] and skeletal muscle [175]. A review of sex-related differences in mitochondria
by Ventura-Clapier and colleagues [176] provides an overview on several further rodent
studies in which mitochondria of female in most tissues appear to be more efficient and less
affected by oxidative stress as compared to males [176]. On the other hand, the transcrip-
tion of mitochondrial biogenesis-related factors has been reported to be tissue-specifically
different in mice; with no differences in the liver but higher levels of related RNAs in
brain and kidney of male as compared to female mice [177]. In humans, mitochondrial
biogenesis could be higher in blood of females than in blood of men [178]. Conversely, ATP
production rates in skeletal muscles have been observed to be lower in women than in men
in another study [179].

In conclusion, the sex dimorphism of mitochondria appears to vary between cell types,
tissues and species, as well as with age and health or physical fitness status. To better
understand sex-related differences in terms of for example mitochondrial ATP production,
reactive oxygen species (ROS)-production/oxidative stress or mitochondrial biogenesis
and in particular functional consequences require more detailed research. However, the
importance of mitochondrial integrity and efficiency for human health is well established
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and mitochondprial quality and biogenesis can be enhanced, e.g., by PA, in both men and
women [180-182]. Figure 5 depicts the pleiotropc effects of physical exercise and nutrition
on physiology of master’s athletes.
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Figure 5. Pleiotropic effects of physical exercise and nutrition on healthy aging. The right side depicts effects of aging on

endocrine function, appetite regulation, glucose metabolism, body composition and mitochondria. The left side illustrates

how physical exercise can potentially mitigate effects of aging on the human body of masters athletes. 1, positive change; |,
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4. Nutritional Considerations for Masters Athletes

Masters athletes are often considered as a role model for successful aging and their
physical capacities provide useful insight into strategies for healthy aging [183]. Although
training is the primary stimulus for exercise-induced adaptations, nutrition can have
a major impact on the physiological adaptations that result from exercise training and
competition. However, nutrition for the older athletes needs to consider the physiological
and diet-related challenges associated with aging and exercise (e.g., changing gut function
and nutrient requirements with age) that affect training capacity or nutrient absorption.
The most important challenges that masters athletes may face to stay competitive is, first,
the maintenance of energy balance, including the risk of low energy availability and,
second, anabolic resistance, where the synthetic response to muscle contraction and/or
protein ingestion is blunted. For example, a protein-energy deficit can quickly lead to a
loss of muscle mass, strength and function together with a transient depression of immune
function so that exercise performance is compromised [184]. Furthermore, changes in
body composition and hormones in the andropausal/menopausal transition can influence
both muscle and bone. The aging muscle is a significant predictor for falls and fractures.
Immobilization of a limb due to injury results in a sudden and dramatic muscle wasting
and bone loss in conjunction with an inflammatory response, both of which may have
detrimental metabolic and functional consequences. This section therefore highlights
nutritional aspects that may support health and physical performance for older athletes.
Key nutrition-related concerns include the need for adequate energy and protein intake
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for preventing low bone and muscle mass and a higher demand for specific nutrients (e.g.,
vitamin D and probiotics) that may reduce the inflammatory burden in masters athletes.
In older adults, gut microbiota composition may represent a marker of health status and
probably a predictor of functional decline. With this review, we highlight important
research findings on the association between exercise, nutrition and the microbiota, which
represents a rapidly developing field in sports nutrition.

4.1. Dietary Protein and Energy Requirements

It is well known that a balanced diet that provides enough energy to allow physical
exercise is of utmost importance to stay healthy, and this is a yet more crucial factor for
athletes with specific dietary needs. In sports nutrition, energy availability is defined as the
energy available to promote good health once the energy cost of exercise is deducted from
energy intake, relative to an athlete’s fat-free mass. Low energy availability (<30 kcal/kg
of lean body mass/day) is associated with a number of disorders seen in both female and
male athletes, including reduced metabolic rate, hormonal changes (e.g., satiety hormones,
reproductive hormones, GH and IGF-1), poor bone health and impairments of muscle
protein synthesis, immune health and performance [185,186]. Females may have special or
different needs due to differences in body size and nutritional status (e.g., energy avail-
ability or iron status) as well as due to fluctuations in sex steroid hormones, for example
via menopause [187]. Furthermore, physiological changes associated with aging per se
such as a gradual decrease in lean body mass and subsequently in RMR, loss of appetite,
changes in the composition and function of the gut microbiota but also diminished salivary
secretion may increase the risk of inadequate energy intake and might require modification
of the master athletes” diet [188]. Although regular PA may lower the risk of inadequate
energy intake and has the potential to maintain muscle mass and RMR with aging [46,48],
recent findings including athletic populations suggest that masters athletes are still at risk
of nutritional deficit [189]. In this study in master triathletes, post-exercise energy and
protein intakes relative to body mass were significantly lower than the recommended
dietary allowance (RDA) for younger athletes, with —40% for energy (22.7 k] /kg), and
—25% for protein (19.6 g), which may affect post-exercise recovery. Furthermore, dietary
analysis revealed that female masters athletes in particular consumed significantly less
carbohydrates (0.7 g/kg) post-exercise than recommended (1.0 to 1.2 g/kg).

4.1.1. Optimizing Post-Exercise Recovery

Carbohydrates provide key substrates for the muscle and central nervous system
during rest and exercise. It is still unclear if the recommended carbohydrate intake of
1.2 g/kg/h [190] is sufficient for this, or if a surplus could enhance post-exercise mus-
cle glycogen resynthesis and whether female athletes or older individuals are affected
differently. Until now, there is no evidence that post-exercise carbohydrate fuelling rec-
ommendations differ between ages and sexes. Thus, it is likely that carbohydrate loading
strategies act in the same way in masters athletes, provided that they consume at least
8.0 g/kg body mass/day for daily fuel needs and recovery [190], additionally 30 to 70 g
carbohydrates per hour of exercise—depending on exercise intensity and duration—for
immune system recovery after intense exercise boots [191].

Proteins are essential nutrients for recovery from exercise. Post-exercise protein in-
gestion stimulates muscle protein synthesis (MPS), and the balance between synthesis and
breakdown of muscle proteins determines recovery and adaptation to the exercise stimulus.
Thus, sufficient provision of amino acids is critical to build muscle mass and strength with
exercise training, as well as enhancing other adaptations [192]. In particular resistance
exercise augments the ability of muscle to respond to protein intake. The optimal daily
dietary protein intake depends on many factors, including age, sex, body size, habitual
energy and nutrient intake as well as habitual exercise and PA. Moreover, acute dietary
factors such as the quality of protein, defined by the spectrum of amino acids contained,
the amount of protein ingested and the timing of protein ingestion and also the intake of
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other nutrients can influence the response of muscle to protein intake [193]. It is clear that
the essential amino acids are critical for optimal stimulation of MPS, but also as signals
to stimulate the process. The essential amino acid leucine is of particular interest as it is a
powerful signal for stimulation of the mammalian target of rapamycin (mTORC) 1 pathway,
which is responsible for the initiation of protein translation and is thus often used as a
proxy measure for MPS [194]. The recommended protein intake for professional athletes is
between 20-25 g of high-quality protein consumed after exercise [195], preferably through
the ingestion of whole foods [196], which are rich in dietary protein, vitamins, minerals, and
other macronutrients (e.g., whole milk or eggs). Recent data suggest that this amount may
be suboptimal and insufficient for older people [197]. Thus, dietary protein recommenda-
tions for older adults should be increased (i.e., >30 g/meal or >1.2 g/kg body mass/day),
which contain higher amounts of leucine (i.e., 78.5 mg/kg body mass/day) than current
recommendations [198], and also considered on a meal-by-meal (every 3—4 h) basis [199,200].
Experts even suggested higher protein intakes for masters athletes (3540 g/meal) to meet a
daily target of ~1.5-1.6 g/kg body mass/day to optimize lean mass gains during resistance
training [201]. Protein intakes in female masters athletes with energy intakes less than
1800 kcal/day are likely to be too low. To preserve lean tissue during periods of energy
restriction, protein requirements are greater (i.e., 1.6-2.4 g/kg body mass/day) than during
periods of energy balance [202]. Vegetarian athletes can increase the muscle anabolic poten-
tial by blending animal and plant protein sources [203], and vegan athletes should combine
various plant-based proteins in a 50/50 ratio to provide a more balanced amino acid profile
(e.g., maize/soybean, rice/soybean, rice/pea) or by fortifying plant-based proteins with
leucine (3 g/meal) [204,205].

4.1.2. Mastering Anabolic Resistance

At old age, the stimulating effects of exercise on MPS become blunted, which is
referred to as anabolic resistance [206]. It was also recently demonstrated that masters
triathletes aged >50 years display lower MPS rates following a bout of downhill running
than younger triathletes, suggesting slower acute recovery with aging [207]. However,
the latter study was not designed to address the impact of chronic exercise training on
muscle anabolism with aging. The only study to date to investigate MPS in masters athletes
compared to untrained older individuals reported that endurance-trained masters athletes,
with an average of ~50 years of continuous training, do not display an elevated capacity
to upregulate intramuscular signalling and integrated myofibrillar protein synthesis in
response to unaccustomed resistance exercise training [208]. This is somewhat surprising,
since masters athletes typically display superior physiological function and indices of
muscle morphology compared with healthy untrained older individuals (see above, [209]).
Obviously, lifelong exercise is the best approach to achieve whole-body health, but even
starting later on in life will help delay age-related muscle weakness and physical disability.

There is a great interest how modifiable factors, such as diet and PA, can modulate the
rate of age-related muscle loss. Stable isotope approaches revealed that the older muscle
displays a reduced responsiveness to anabolic properties of amino acid feeding [210,211].
Older women in particular exhibit a blunted MPS response to feeding [206]. This anabolic
resistance is now widely believed to be a key factor responsible for age-related muscle
loss [212]. However, performing exercise in close temporal proximity to protein ingestion,
and increasing the amount of protein ingested per meal (see above) can—at least to some
extent—overcome anabolic resistance [213,214]. In support of this, cross sectional data
show that senior athletes who consume protein modestly above the RDA experience
higher muscle strength and quality than those consuming the RDA [215]. Moreover,
supplementing with a daily dose of ~3.5 g omega-3 fatty acids has been shown to stimulate
MPS and may improve muscle mass and function in healthy older adults [216,217].
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4.2. Bone Health and Injury Recovery

In addition to its mechanical susceptibility, bone is also a nutritionally modulated
tissue and nutritional inadequacies are a risk factor for low bone mass in athletic individ-
uals [218]. What is less clear is the influence of feeding practices on the bone response
to intense exercise and training, and the current knowledge is well covered in the recent
review by Sale et al. [219]. Evidence suggests that an energy availability >30 kcal/kg of
lean body mass/day minimize negative effects on the bone and an energy availability of
45 kcal/kg of lean body mass/day is optimal to support bone health in the athlete [220].
This requirement is particular important to prevent the female athlete triad and to thereby
prevent fatigue fractures [107]. Apart from energy availability, low carbohydrate avail-
ability negatively affects the bone, while consuming carbohydrate before, during or after
exercise attenuates bone resorption to intense exercise and training in the athlete [221].
Masters athletes require protein intakes higher than the RDA (between 1.2 and 1.6 up to
2.2 g/kg body mass/day) through its support for muscle mass and function [201], but
also via the increase in circulating hormones and growth factors, such as IGF-1, which
have an anabolic effect on bone [222]. Nevertheless, it seems unlikely that a diet high in
animal protein (~2 g/kg) is harmful for bone health, provided that dietary calcium intake
is adequate [223]. Findings even indicate beneficial effects of animal protein sources on
bone strength in older adults with exercise training [224]. In addition, diets high in animal
protein appear to protect against bone loss during periods of weight loss [225]. Fermented
dairy products, in particular, exert beneficial effects on bone growth and mineralization,
attenuation of bone loss, and reduce fracture risk [226]. Perhaps more attention should be
paid to increasing fruit and vegetable intake in older athletes, because of their potassium
alkali salts that the body metabolizes to bicarbonate [227,228], rather than reducing animal
protein sources. An important direct or indirect mediator of bone and skeletal health is
vitamin D. Vitamin D is mainly obtained through sunlight ultraviolet-B exposure (UVB) of
the skin, with a small amount typically coming from the diet. It is now clear that vitamin
D has important roles beyond its well-known effects on calcium and bone homeostasis.
Vitamin D deficiency and insufficiency are common in athletes [229] and associated with
a greater risk of low bone mass and bone injuries, such as fatigue fractures [230], which
appeared to be protected by calcium (2000 mg/day) and vitamin D (800 IU/day) supple-
mentation [231]. Higher doses with at least 1500-2000 IU/day vitamin D are required in
athletes with insufficient status (circulating 25(OH)D < 40 nmol/L) [232].

4.2.1. Muscle Disuse Atrophy

Skeletal muscle injuries account for over 40% of all sports-related injuries, with a two
times higher risk in male than female athletes [233]. Fatigue fractures are the most common
bone injuries in athletes (0.7% to 20% of all injuries), especially in women with reduced
energy availability [218], and often occur during periods of high-volume and high-intensity
training that are characterized by excessive and rapid increases in training and competition
load [234]. Fatigue fractures emerge from prolonged mechanical overuse, so that bone’s
capacity to repair microdamage through the remodelling process is overwhelmed by the
emergence of new bone microdamage sites, which ultimately results in bone material
fatigue [94]. Thus, the factors that predispose to fatigue fractures include the intensity;,
frequency and duration of loading exercises, as well as short recovery periods between
loading cycles [235]. Based on the current epidemiological evidence, the masters athlete’s
age, per se, does not increase the prevalence and risk of injury within competition [236],
although little is known about injuries during training, including the incidence of fatigue
fractures. It is rather that inadequate energy intake and/or deficits in muscle strength,
flexibility or aerobic fitness increases the risk of sustained sports injuries.

Muscle disuse due to prolonged best rest (e.g., hospitalization, recovery from surgery),
limb immobilization or reduced PA due to illness result in rapid muscle atrophy (~0.5%
of muscle mass per day of immobilization) and deconditioning of muscle tissue [237,238].
Furthermore, short-term (5 days) muscle disuse has been demonstrated to lower post-
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absorptive and post-prandial MPS rates and to induce anabolic resistance to protein inges-
tion in healthy young adults [239]. Thus, muscle disuse represents a unique metabolic and
nutritional challenge for the young but even more so for the masters athlete as energy and
macronutrient requirements are altered considerably. Although robust data on the conse-
quences of these changing metabolic demands and the efficacy of nutritional interventions
in injured athletes are still lacking, models of muscle disuse (i.e., bed-rest, step reduction)
have revealed insights into the likelihood for deleterious metabolic adaptations that occur
during a short-term reduction in PA with increased sedentary behavior [2,240,241]. A
recent study in young adults with a habitually active lifestyle (>10,000 steps/day) provided
direct evidence of a number of unfavourable adaptations to body composition with loss
of lean mass (~0.3 kg) and accretion of abdominal and liver fat, with development of
whole-body insulin resistance, after 2 weeks of physical inactivity (>80% step reduction) [2].
Older adults with lower baseline lean mass and slower rate of recovery following physical
inactivity may be even more prone to these acute periods of muscle disuse when compared
to young people [2,241].

4.2.2. Role of Nutrition for Injury Recovery

While sports nutrition has typically focused on augmenting performance and adapta-
tions, far less attention has been given to nutrition for the injured athlete. Injury, per se,
results in significant stress response and increases energy expenditure by 15% to 50%, de-
pending on the type and severity of the injury. During the first stage following an injury, an
inflammatory response is initiated accompanied by an increase in catabolic hormones (i.e.,
cortisol and catecholamines) and a decrease in anabolic hormones (i.e., GH, testosterone),
resulting in a catabolic environment that can lead to a sudden and large loss of lean body
mass [242].

Nutritional strategies have been proposed to help improve recovery from exercise-
induced injuries involving immobilization and/or reduced activity [243-247]. One of
the key considerations during the injury is to ensure that sufficient energy is consumed
to prevent excessive muscle disuse atrophy and to support repair, without significantly
increasing body fat. Hence, identifying energy needs during injury via indirect calorimetry
or estimated using predictive equations is an important first step to maintain the caloric
balance. Thereby, total daily energy expenditure can be calculated as: resting metabolic rate
x stress factor (bone fracture, minor surgery = 1.2) x activity coefficient (sedentary = 1.2,
lightly active = 1.4) [245]. Especially in the older athlete, where the muscle could develop
anabolic resistance, it is crucial to ensure a higher protein intake for repair. The recom-
mendation is 1.6-2.5 g/kg body mass, evenly spread across the day, every 3—4 h around a
rehabilitation session, and before sleep, in amounts of 20-35 g, which contain high amounts
of leucine (2.5-3 g), and additionally casein prior to sleep [246,248,249]. Other nutrients,
such as creatine monohydrate (10 g/day for 2 weeks), fish oil-derived omega-3 fatty acids
(4 g/day), and B-hydroxy-3-methylbutyrate (3 g/day) have been proposed as beneficial
for the treatment of injury [248]. However, although dietary-supplement strategies may
be useful if caloric intake and appetite is reduced, nutritional considerations to promote
injury recovery should be explored in a food first approach, rather than a reliance on
supplements [243].

4.3. Immune Function and Risk of Infection

Age-related declines of both the innate as well as the adaptive immune system con-
tribute to the increased susceptibility of older individuals to acute and chronic infections,
autoimmune diseases, and systemic inflammatory diseases. While a lack of PA, decreased
muscle mass, and poor nutritional status facilitate immunosenescence (namely, a decline
of naive T cells and the CD4/CDS8 T-cell ratio, an increase in memory/effector T-cells and
senescent/exhausted T-cells) and inflammaging (characterized by elevated levels of IL-6,
TNF-«, and IL-1§3), moderate exercise training positively affects the composition of the
T cell compartment, the function of various leukocyte subpopulations, and counteracts
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hallmarks of immunosenescence [250]. Thus, maintaining regular PA throughout life helps
to maintain function of the immune system during aging, which could play a role in
preventing infection. A recent study in masters cyclists aged 55 to 80 years found that
compared with inactive older adults, the cyclists showed reduced evidence of a decline
in thymic output and inflammaging [251]. Masters cyclists showed higher serum levels
of the thymo-protective cytokine IL-7 and lower IL-6, which promotes thymic atrophy. In
addition, maintaining high levels of aerobic fitness during aging may help prevent the accu-
mulation of senescent T-cells [252]. While moderate exercise reduces the risk of illness [253],
prolonged intense exercise is associated with a transient depression of immune function
and can lead to immune impairment in athletes associated with an increased susceptibility
to infections (mainly of the upper respiratory tract) [254]. There has been much interest in
how dietary strategies can improve immunity in athletes. So far, there is limited evidence
that the dietary practices of athletes such as low energy or carbohydrate availability sup-
press immunity. Athletes are recommended to follow a balanced diet to avoid a nutrient
deficiencies required for proper immune function [255]. A metabolomics approach offered
by Nieman and Mitmesser [191] highlights the potential impact of high carbohydrate-
polyphenol food sources to counter post-exercise inflammation and to enhance oxidative
and anti-viral capacity, with reduced upper respiratory illness (URI) rates [256]. Another
intervention by which the immunomodulatory effects of high-intensity training might be
countered is by manipulating dietary protein intake. For example, a reduced incidence of
URI was observed in elite cyclists undertaking 2 weeks of high-intensity exercise training
while consuming a high protein diet (3 g/kg body mass/day) [257]. The authors concluded
that it is possible that immune surveillance might be maintained during heavy training by
consuming a high protein diet. The new theoretical perspective offered by Walsh et al. [258]
sharpens the focus on tolerogenic nutritional supplements (e.g., probiotics, vitamin C and
vitamin D) shown to reduce the burden of infection in athletes at a non-damaging level.
In the present section, we focus on vitamin D and probiotics, with a particular interest
in the gut microbiota because of the close relationship between the microbiome and the
immune system.

4.3.1. Anti-Inflammatory Vitamin D

There has been increasing interest in the benefits of supplementing vitamin D during
the winter months as studies demonstrate vitamin D insufficiency (25(OH)D < 50 nmol/L)
in more than half of all athletes living at northerly latitudes [259]. It is important to avoid
vitamin D deficiency (25(OH)D < 30 nmol/L) in order to maintain immunity and pre-
vent URI, particularly in settings where profound vitamin D deficiency is common [260].
URI tend to be more prevalent in female endurance athletes when engaging in similarly
high training loads than their male counterparts (~11 h/week of moderate-vigorous activ-
ity) [261,262]. Evidence supports an optimal circulating 25(OH)D of 75 nmol/L to prevent
URI in athletes and military personnel and, furthermore, to enhance immune function
and to induce anti-inflammatory actions through the induction of regulatory T cells and
the inhibition of pro-inflammatory cytokine production [263]. Reducing inflammation is
a key mechanism that can improve age-related skeletal muscle changes through either
direct catabolic effects or indirect mechanisms (e.g., higher GH and IGF-1 concentrations,
less anorexia) [264]. A recent study in sarcopenic older adults participating in a 12-week
controlled resistance training program found a significant beneficial effect of daily sup-
plementation with whey protein (22 g), essential amino acids (including 4 g leucine), and
vitamin D (100 IU) compared to placebo, with a gain of 1.7 kg in fat free mass, significant
decreases in C-reactive protein concentrations, and significant increases in IGF-I concentra-
tions, accompanied by a reduced risk of malnutrition [265]. Although the authors were not
able to assess the effects of vitamin D supplementation separately from essential amino
acid supplementation, this study suggests that whey protein, essential amino acid and
vitamin D supplementation, together with resistance training, can reduce inflammatory
markers and improve anabolic markers in sarcopenic elderly. Interestingly, long-term
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supplementation with calcium-vitamin D fortified milk may negate these benefits because
of the concomitant gains in fat mass [266]. Despite the decline in vitamin D production
with aging, vitamin D sufficiency can be achieved in older athletes by regular sunlight
exposure in the summer and daily 1000 IU vitamin D3 supplementation in the winter
months [267].

4.3.2. Gut Microbiota and Probiotics

The concept of a healthy resilient gut microbiome relies on its high richness and
biodiversity [268]. The intestinal microbiota plays an important role in many metabolic
processes that are beneficial to the host such as synthesis of vitamins and production
of short chain fatty acids (SCFA), but also in the development of the mucosal immune
system [269]. On the other hand, it has also been associated with chronic inflammation
resulting from impairment of mucosal barrier, thereby contributing to the development
of inflammatory, autoimmune and metabolic diseases [270]. Lower bacterial diversity
has been observed with advanced age, and accumulating evidence suggests that the gut
microbiota is linked to health status in aging [271]. Diet, particularly protein intake, and
exercise can modify the composition, diversity and metabolic capacity of the gut micro-
biota [272-274] and may, thus, provide a practical means of enhancing gut and systemic
immune function. It has been reported that exercise-induced changes in the microbiota (e.g.,
increased butyrate-regulating bacterial taxa and microbiome SCFA-producing capacity)
are more substantial in lean versus obese adults and are largely reversed once exercise
training discontinued [274], suggesting an association between microbial diversity, body
composition, and physical function. Cardiorespiratory fitness (VOpmax) has been observed
to correlate with gut microbial diversity and fecal butyrate, a SCFA associated with gut
health, in healthy young adults [275], and with intestinal Bacteroides in healthy elderly
women [276]. Thus, VO,max seems to be a good predictor of gut microbial diversity and
metabolic function in healthy humans. Recent findings from the American Gut Project
revealed that chronic exercise training benefits older adults by maintaining the stability of
the gut microbiota (microbial composition and function) induced by aging [277]. Recent
data demonstrated that masters athletes can be seen as a model of healthy aging also
from the perspective of the microbiota [278]. Compared to community-dwelling older
adults, senior orienteering athletes displayed a more homogeneous composition of gut
microbiota, with higher levels of F. prausnitzii that is associated with positive health bene-
fits, such as good gastrointestinal health, as well as psychological well-being that is most
likely due to changes in the gut-brain axis [279]. Conversely, a substantial proportion of
endurance athletes report gastrointestinal problems (e.g., abdominal discomfort, diarrhoea)
during long-distance runs or competitive events and these symptoms may be related to gut
ischaemia-associated leakage of bacterial endotoxins into the circulation [280]. Excessive
exercise, but also other factors, such as drugs or illness, may be linked with dysbiosis of
the gut microbiome, promoting inflammation and a catabolic state that can negatively
influence muscle mass and function, particularly during aging [281].

Probiotics are live microorganisms that are thought to confer immunomodulation
properties on both local and systemic immunity. Probiotics have been found to modify
the population of the gut microflora and have been shown to increase some aspects of
mucosal and systemic immunity in healthy humans such as altered cytokine production,
increased natural killer cell cytotoxic activity, increased secretory immunoglobulin A
(IgA) levels, and enhanced resistance to infections [282]. On the other hand, probiotics
exert important anti-inflammatory ‘tolerogenic’ effects that may reduce the infection risk
of athletes at a harmless level [258] and there is now some evidence from a number
of studies in support of this [283-287].The proposed mechanism behind the protective
effects of probiotics against infections in athletes may be attributable to modulation of
the gut microbiota (enhanced intestinal barrier function and protection from pathogens)
the mucosal immune system (enhanced bioactive metabolite production, such as SCFA
and neurotransmitters) and lung macrophage and T lymphocyte functions [288,289]. Data
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from our own study indicate that some of these effects appeared to be connected with
alterations in tryptophan metabolism [287]. Daily supplementation with a multi-species
probiotics (1 x 10! colony-forming units (CFUs) during 12 weeks of winter training limited
exercise-induced drops in tryptophan levels and reduced the incidence of URI. Trained
young athletes who developed URI demonstrated higher degradation rates of tryptophan
compared to those without URL A previous study undertaken by well-trained cyclists
reported sex differences with probiotic supplementation (1 x 10° CFUs of L. fermentum
PCC®) for 11 weeks with a significant reduction in lower respiratory illness symptoms
(duration and severity) in males, but with some evidence of an increase in symptoms in
females, while the effects of probiotic supplementation on URI were unclear in males and
females [290]. Although anti-inflammatory effects of probiotics exist in young athletes,
these results cannot be directly extrapolated to masters athletes due to changes in the
immune system that occur with ageing. The influence of probiotics on immune function and
infection risk in the elderly has been studied only sporadically. The most comprehensive
study so far in free-living elderly aged >65 years demonstrated a clear association between
probiotic (3 x 107 CFUs of L. delbrueckii ssp. bulgaricus 8481) consumption for 6 months
and enhanced systemic immunity in older people [291]. Clinical benefits by probiotics are
reported from respiratory infection studies where in one study the rate of common cold
infections was decreased by dietary intake of yoghurt fermented with L. delbrueckii ssp.
bulgaricus OLL1073R-1 [292] and in another study the duration but not the incidence of
episodes decreased with L. casei DN-114001 [293]. Theoretically, combining probiotics with
omega-3 fatty acids may offer a promising nutritional strategy to counteract metabolic
challenges associated with aging via the gut microbiota, especially relevant for older people
that suffer from anabolic resistance, systemic inflammation, and mood disorders (through
the gut-brain axis) [279,294,295]. However, more research is required to understand the
connection between exercise, nutrition and the gut microbiota in the elderly population in
general and in master athletes in particular.

5. Conclusions and Future Perspectives

In summary, physiological and diet-related challenges that occur with the aging
process can be positively influenced by chronic exercise training and appropriate nutrition.
Even though limited evidence exists on nutritional requirements for masters athletes, based
on the analysis of current nutrition guidelines for young athletes and older non-athletic
populations, recommendations can be suggested for older athletes (Figure 6). Particular
attention should be given to proper energy and protein intake for preventing low bone and
muscle mass and optimizing post-exercise recovery. Furthermore, a higher demand for
specific nutrients (e.g., vitamin D, probiotics omega-3 fatty acids) should be considered
in older athletes to improve both mucosal and systemic immunity, enhance resistance
towards inflammatory and metabolic diseases (including infections), and, last but not
least, to preserve psychological well-being, which itself can help boost the masters athletes’
immune system.

Although we have proposed nutritional recommendations for older athletes, there are
still many open questions concerning the nutritional requirements of masters athletes. For
example, how do older athletes train and eat and, what is the nutrition knowledge and
practice of masters athletes? What role does the diet play, for both decreasing fracture risk
and enhancing the healing process after fracture? In addition, further research is required
demonstrating the benefits of tolerogenic nutrients for their immunological effects in older
athletes. There is limited research available on how adaptations to exercise impact the
gut microbiota and how nutritional factors, such as restricted energy or higher protein
consumption, influence the gut microbiota in older athletes. As such, future longitudinal
studies should address what kind of diet and specific nutrients are most suitable for the
athletic lifespan to better assist masters athletes.



Nutrients 2021, 13, 1409

Bone Health

e Loss of bone mass

® Increased risk of
fatigue fracture

o Osteoarthritis

EA>30to ideal 45
kcal’kg LBM/d

Calcium + Vitamin D
supplementation
(25(OH)D
>50nmol/L)
Fermented dairy
products

.4

Skeletal
Muscle

® L oss of muscle mass,
strength and power

» Anabolic resistance

s More fatigable

R

Protein: 230g/meal
(=1.2g/kg BM/d)

Leucine: ~3g/meal
Omega-3 PUFA: 3g/d

Whole protein foods
(food-firstapproach)

4

Immune
System

® Immune aging

¢ Inflammation

e Increased risk of
infections (URI)

Y

CHO: =8g/kg BM/d

30-70g/h exercise

Vitamin D: 1,000 U
(winter months)

Probiotics: 10 CFU
(3 weeks prior travel
and competion)

-/

Gut Microbiota

e Gl disturbances

e Gut dysbiosis

o Mood disorders
(gut-brain axis)

Y
CHO + dietary fibers

Protein (plant-based)
and supplementation
(whey) combined
with exercise

Mediterranean-style
diet (T microbiota
diversity + stability)

Y/

Figure 6. Overview of physiological and diet-related challenges associated with aging and nutritional strategies to assist
masters athletes to stay healthy, optimize adaptation and post-exercise recovery. Body mass, BM; colony-forming units,
CFU; carbohydrates, CHO; energy availability, EA; gastrointestinal, GI; international units, IU; lean body mass, LBM;
polyunsaturated fatty acids, PUFA; upper respiratory illness, URI.

Author Contributions: B.S., D.P, J.R., ].B. and M.B. wrote and contributed to specific sections of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded in part by grants from the Austrian Federal Ministry of Education,
Science and Research represented by the Austrian Research Promotion Agency (FFG) as part of the
ERA-Net Cofund HDHL-INTIMIC (JPI HDHL).

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Breen, L.; Stokes, K.A.; Churchward-Venne, T.A.; Moore, D.R.; Baker, S.K.; Smith, K.; Atherton, PJ.; Phillips, S.M. Two weeks of
reduced activity decreases leg lean mass and induces “anabolic resistance” of myofibrillar protein synthesis in healthy elderly.
J. Clin. Endocrinol. Metab. 2013, 98, 2604-2612. [CrossRef] [PubMed]

Bowden Davies, K.A.; Sprung, V.S.; Norman, J.A.; Thompson, A.; Mitchell, K.L.; Halford, ].C.G.; Harrold, J.A.; Wilding, ].P.H.;
Kemp, G.J.; Cuthbertson, D.]. Short-term decreased physical activity with increased sedentary behaviour causes metabolic
derangements and altered body composition: Effects in individuals with and without a first-degree relative with type 2 diabetes.
Diabetologia 2018, 61, 1282-1294. [CrossRef] [PubMed]

Yamada, Y.; Buehring, B.; Krueger, D.; Anderson, R.M.; Schoeller, D.A.; Binkley, N. Electrical Properties Assessed by Bioelectrical
Impedance Spectroscopy as Biomarkers of Age-related Loss of Skeletal Muscle Quantity and Quality. J. Gerontol. Ser. A Biol. Sci.
Med. Sci. 2017, 72, 1180-1186. [CrossRef] [PubMed]

Furman, D.; Campisi, J.; Verdin, E.; Carrera-Bastos, P.; Targ, S.; Franceschi, C.; Ferrucci, L.; Gilroy, D.W.; Fasano, A;
Miller, G.W,; et al. Chronic inflammation in the etiology of disease across the life span. Nat. Med. 2019, 25, 1822-1832. [CrossRef]
Pedersen, B.K,; Saltin, B. Exercise as medicine-evidence for prescribing exercise as therapy in 26 different chronic diseases. Scand
J. Med. Sci. Sports 2015, 25 (Suppl. 3), 1-72. [CrossRef] [PubMed]

Booth, EW.,; Roberts, C.K.; Thyfault, ].P.; Ruegsegger, G.N.; Toedebusch, R.G. Role of Inactivity in Chronic Diseases: Evolutionary
Insight and Pathophysiological Mechanisms. Physiol. Rev. 2017, 97, 1351-1402. [CrossRef] [PubMed]

Health effects of dietary risks in 195 countries, 1990-2017: A systematic analysis for the Global Burden of Disease Study 2017.
Lancet 2019, 393, 1958-1972. [CrossRef]


http://doi.org/10.1210/jc.2013-1502
http://www.ncbi.nlm.nih.gov/pubmed/23589526
http://doi.org/10.1007/s00125-018-4603-5
http://www.ncbi.nlm.nih.gov/pubmed/29671031
http://doi.org/10.1093/gerona/glw225
http://www.ncbi.nlm.nih.gov/pubmed/28814064
http://doi.org/10.1038/s41591-019-0675-0
http://doi.org/10.1111/sms.12581
http://www.ncbi.nlm.nih.gov/pubmed/26606383
http://doi.org/10.1152/physrev.00019.2016
http://www.ncbi.nlm.nih.gov/pubmed/28814614
http://doi.org/10.1016/S0140-6736(19)30041-8

Nutrients 2021, 13, 1409 24 of 34

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

World Health Organization. Physical Activity for Health. Report to the Director-General. WHO Executive Board, 142nd Session; World
Health Organization: Geneva, Switzerland, 2018.

Valenzuela, P.L.; Maffiuletti, N.A.; Joyner, M.].; Lucia, A.; Lepers, R. Lifelong Endurance Exercise as a Countermeasure Against
Age-Related [Formula: See text] Decline: Physiological Overview and Insights from Masters Athletes. Sports Med. 2020, 50,
703-716. [CrossRef]

Burtscher, M. Exercise limitations by the oxygen delivery and utilization systems in aging and disease: Coordinated adaptation
and deadaptation of the lung-heart muscle axis-a mini-review. Gerontology 2013, 59, 289-296. [CrossRef]

Habedank, D.; Reindl, I; Vietzke, G.; Bauer, U.; Sperfeld, A.; Glaser, S.; Wernecke, K.D.; Kleber, FX. Ventilatory efficiency and
exercise tolerance in 101 healthy volunteers. Eur. J. Appl. Physiol. Occup. Physiol. 1998, 77, 421-426. [CrossRef] [PubMed]
McClaran, S.R.; Babcock, M.A.; Pegelow, D.F,; Reddan, W.G.; Dempsey, ].A. Longitudinal effects of aging on lung function at rest
and exercise in healthy active fit elderly adults. J. Appl. Physiol. 1995, 78, 1957-1968. [CrossRef]

Lavin, K.M.; Straub, A.M.; Uhranowsky, K.A.; Smoliga, ].M.; Zavorsky, G.S. Alveolar-membrane diffusing capacity limits
performance in Boston marathon qualifiers. PLoS ONE 2012, 7, e44513. [CrossRef] [PubMed]

Amann, M. Pulmonary system limitations to endurance exercise performance in humans. Exp. Physiol. 2012, 97,
311-318. [CrossRef]

Taylor, B.J.; Johnson, B.D. The pulmonary circulation and exercise responses in the elderly. Semin. Respir. Crit. Care Med. 2010, 31,
528-538. [CrossRef]

Burtscher, M.; Schocke, M.; Koch, R. Ventilation-limited exercise capacity in a 59-year-old athlete. Respir. Physiol. Neurobiol. 2011,
175, 181-184. [CrossRef]

Degens, H.; Maden-Wilkinson, T.M.; Ireland, A.; Korhonen, M.T.; Suominen, H.; Heinonen, A.; Radak, Z.; McPhee, ].S.; Rittweger,
J. Relationship between ventilatory function and age in master athletes and a sedentary reference population. Age 2013, 35,
1007-1015. [CrossRef]

Ogawa, T.; Spina, R.J.; Martin, W.H.; Kohrt, W.M.; Schechtman, K.B.; Holloszy, J.O.; Ehsani, A.A. Effects of aging, sex, and
physical training on cardiovascular responses to exercise. Circulation 1992, 86, 494-503. [CrossRef]

Di Prampero, P.E. Factors limiting maximal performance in humans. Eur. J. Appl. Physiol. 2003, 90, 420-429. [CrossRef] [PubMed]
Tanaka, H.; Monahan, K.D.; Seals, D.R. Age-predicted maximal heart rate revisited. ]J. Am. Coll. Cardiol. 2001, 37,
153-156. [CrossRef]

Arbab-Zadeh, A.; Dijk, E.; Prasad, A.; Fu, Q.; Torres, P.; Zhang, R.; Thomas, J.D.; Palmer, D.; Levine, B.D. Effect of aging and
physical activity on left ventricular compliance. Circulation 2004, 110, 1799-1805. [CrossRef] [PubMed]

Mortensen, S.P.; Nyberg, M.; Gliemann, L.; Thaning, P; Saltin, B.; Hellsten, Y. Exercise training modulates functional sympatholysis
and o-adrenergic vasoconstrictor responsiveness in hypertensive and normotensive individuals. J. Physiol. 2014, 592, 3063-3073.
[CrossRef] [PubMed]

Groen, B.B.; Hamer, H-M.; Snijders, T.; van Kranenburg, J.; Frijns, D.; Vink, H.; van Loon, L.J. Skeletal muscle capillary
density and microvascular function are compromised with aging and type 2 diabetes. J. Appl. Physiol. 2014, 116, 998-1005.
[CrossRef] [PubMed]

Bori, Z.; Zhao, Z.; Koltai, E.; Fatouros, 1.G.; Jamurtas, A.Z.; Douroudos, LI.; Terzis, G.; Chatzinikolaou, A.; Sovatzidis, A.;
Draganidis, D.; et al. The effects of aging, physical training, and a single bout of exercise on mitochondrial protein expression in
human skeletal muscle. Exp. Gerontol. 2012, 47, 417-424. [CrossRef]

Iversen, N.; Krustrup, P.; Rasmussen, H.N.; Rasmussen, U.F; Saltin, B.; Pilegaard, H. Mitochondrial biogenesis and angiogenesis
in skeletal muscle of the elderly. Exp. Gerontol. 2011, 46, 670-678. [CrossRef]

Saltin, B. Hemodynamic adaptations to exercise. Am. J. Cardiol. 1985, 55, 42D—-47D. [CrossRef]

Stathokostas, L.; Jacob-Johnson, S.; Petrella, R.].; Paterson, D.H. Longitudinal changes in aerobic power in older men and women.
J. Appl. Physiol. 2004, 97, 781-789. [CrossRef] [PubMed]

Burtscher, M.; Forster, H.; Burtscher, J. Superior endurance performance in aging mountain runners. Gerontology 2008, 54,
268-271. [CrossRef]

Lucia, A.; Hoyos, J.; Pérez, M.; Santalla, A.; Chicharro, J.L. Inverse relationship between VO2max and economy/ efficiency in
world-class cyclists. Med. Sci. Sports Exerc. 2002, 34, 2079-2084. [CrossRef]

Shafiee, G.; Keshtkar, A.; Soltani, A.; Ahadi, Z.; Larijani, B.; Heshmat, R. Prevalence of sarcopenia in the world: A systematic
review and meta- analysis of general population studies. J. Diabetes Metab. Disord. 2017, 16, 21. [CrossRef] [PubMed]
Cruz-Jentoft, A.].; Baeyens, ].P.; Bauer, ].M.; Boirie, Y.; Cederholm, T.; Landi, F; Martin, E.C.; Michel, J.-P; Rolland, Y.; Schneider,
S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report of the European Working Group on Sarcopenia
in Older People. Age Ageing 2010, 39, 412-423. [CrossRef] [PubMed]

Fien, S.; Climstein, M.; Quilter, C.; Buckley, G.; Henwood, T.; Grigg, J.; Keogh, ].W.L. Anthropometric, physical function and
general health markers of Masters athletes: A cross-sectional study. Peer] 2017, 5, e3768. [CrossRef]

Wroblewski, A.P.; Amati, F; Smiley, M.A.; Goodpaster, B.; Wright, V. Chronic exercise preserves lean muscle mass in masters
athletes. Phys. Sportsmed 2011, 39, 172-178. [CrossRef] [PubMed]

Milanovi¢, Z.; Panteli¢, S.; Trajkovié, N.; Sporis, G.; Kosti¢, R.; James, N. Age-related decrease in physical activity and functional
fitness among elderly men and women. Clin. Interv. Aging 2013, 8, 549-556. [CrossRef] [PubMed]


http://doi.org/10.1007/s40279-019-01252-0
http://doi.org/10.1159/000343990
http://doi.org/10.1007/s004210050354
http://www.ncbi.nlm.nih.gov/pubmed/9562292
http://doi.org/10.1152/jappl.1995.78.5.1957
http://doi.org/10.1371/journal.pone.0044513
http://www.ncbi.nlm.nih.gov/pubmed/22984520
http://doi.org/10.1113/expphysiol.2011.058800
http://doi.org/10.1055/s-0030-1265894
http://doi.org/10.1016/j.resp.2010.10.003
http://doi.org/10.1007/s11357-012-9409-7
http://doi.org/10.1161/01.CIR.86.2.494
http://doi.org/10.1007/s00421-003-0926-z
http://www.ncbi.nlm.nih.gov/pubmed/12910345
http://doi.org/10.1016/S0735-1097(00)01054-8
http://doi.org/10.1161/01.CIR.0000142863.71285.74
http://www.ncbi.nlm.nih.gov/pubmed/15364801
http://doi.org/10.1113/jphysiol.2014.273722
http://www.ncbi.nlm.nih.gov/pubmed/24860173
http://doi.org/10.1152/japplphysiol.00919.2013
http://www.ncbi.nlm.nih.gov/pubmed/24577061
http://doi.org/10.1016/j.exger.2012.03.004
http://doi.org/10.1016/j.exger.2011.03.004
http://doi.org/10.1016/0002-9149(85)91054-9
http://doi.org/10.1152/japplphysiol.00447.2003
http://www.ncbi.nlm.nih.gov/pubmed/15047671
http://doi.org/10.1159/000148649
http://doi.org/10.1249/01.MSS.0000039306.92778.DF
http://doi.org/10.1186/s40200-017-0302-x
http://www.ncbi.nlm.nih.gov/pubmed/28523252
http://doi.org/10.1093/ageing/afq034
http://www.ncbi.nlm.nih.gov/pubmed/20392703
http://doi.org/10.7717/peerj.3768
http://doi.org/10.3810/psm.2011.09.1933
http://www.ncbi.nlm.nih.gov/pubmed/22030953
http://doi.org/10.2147/CIA.S44112
http://www.ncbi.nlm.nih.gov/pubmed/23723694

Nutrients 2021, 13, 1409 25 of 34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Jones, PR.; Pearson, J. Anthropometric determination of leg fat and muscle plus bone volumes in young male and female adults.
J. Physiol. 1969, 204, 63p—66p.

Grassi, B.; Cerretelli, P.; Narici, M.V.; Marconi, C. Peak anaerobic power in master athletes. Eur. J. Appl. Physiol. Occup. Physiol.
1991, 62, 394-399. [CrossRef] [PubMed]

Pearson, S.J.; Young, A.; Macaluso, A.; Devito, G.; Nimmo, M.A.; Cobbold, M.; Harridge, S.D. Muscle function in elite master
weightlifters. Med. Sci. Sports Exerc. 2002, 34, 1199-1206. [CrossRef]

Ireland, A.; Mittag, U.; Degens, H.; Felsenberg, D.; Ferretti, J.L.; Heinonen, A.; Koltai, E.; Korhonen, M.T.; McPhee, ].S.; Mekjavic,
I; et al. Greater maintenance of bone mineral content in male than female athletes and in sprinting and jumping than endurance
athletes: A longitudinal study of bone strength in elite masters athletes. Arch. Osteoporos. 2020, 15, 87. [CrossRef]

Alvero Cruz, ].R.; Brikis, M.; Chilibeck, P.; Frings-Meuthen, P.; Vico Guzman, J.; Mittag, U.; Michely, S.; Mulder, E.; Tanaka, H.;
Tank, J.; et al. Age-Related Decline in Vertical Jumping Performance in Masters Track and Field Athletes: Concomitant Influence
of Body Composition. Front. Physiol. 2021, in press. [CrossRef]

Piasecki, J.; Ireland, A.; Piasecki, M.; Deere, K.; Hannam, K.; Tobias, J.; McPhee, ].S. Comparison of Muscle Function, Bone
Mineral Density and Body Composition of Early Starting and Later Starting Older Masters Athletes. Front. Physiol. 2019,
10, 1050. [CrossRef]

Hughes, V.A ; Frontera, W.R.; Roubenoff, R.; Evans, W.J.; Singh, M.A.F. Longitudinal changes in body composition in older men
and women: Role of body weight change and physical activity. Am. J. Clin. Nutr. 2002, 76, 473-481. [CrossRef]

Dubé, J.J.; Broskey, N.T.; Despines, A.A.; Stefanovic-Racic, M.; Toledo, F.G.S.; Goodpaster, B.H.; Amati, F. Muscle Characteristics
and Substrate Energetics in Lifelong Endurance Athletes. Med. Sci. Sports Exerc. 2016, 48, 472-480. [CrossRef] [PubMed]

Piers, L.S.; Soares, M.].; McCormack, L.M.; O'Dea, K. Is there evidence for an age-related reduction in metabolic rate? J. Appl.
Physiol. 1998, 85, 2196-2204. [CrossRef]

Krems, C.; Lithrmann, PM.; Stra8burg, A.; Hartmann, B.; Neuhduser-Berthold, M. Lower resting metabolic rate in the elderly
may not be entirely due to changes in body composition. Eur. J. Clin. Nutr. 2005, 59, 255-262. [CrossRef] [PubMed]
Frings-Meuthen, P.; Henkel, S.; Boschmann, M.; Chilibeck, P.D.; Alvero Cruz, ].R.; Hoffmann, F.; Mostl, S.; Mittag, U.; Mulder, E.;
Rittweger, N.; et al. Resting Energy Expenditure of Master Athletes: Accuracy of Predictive Equations and Primary Determinants.
Front. Physiol. 2021, 12, 641455. [CrossRef] [PubMed]

Van Pelt, R.E.; Dinneno, EA.; Seals, D.R.; Jones, P.P. Age-related decline in RMR in physically active men: Relation to exercise
volume and energy intake. Am. J. Physiol. Endocrinol. Metab. 2001, 281, E633-E639. [CrossRef]

Sullo, A.; Cardinale, P,; Brizzi, G.; Fabbri, B.; Maffulli, N. Resting metabolic rate and post-prandial thermogenesis by level of
aerobic power in older athletes. Clin. Exp. Pharmacol. Physiol. 2004, 31, 202-206. [CrossRef] [PubMed]

Van Pelt, R.E.; Jones, P.P; Davy, K.P; DeSouza, C.A.; Tanaka, H.; Davy, B.M.; Seals, D.R. Regular Exercise and the Age-Related
Decline in Resting Metabolic Rate in Women®*. |. Clin. Endocrinol. Metab. 1997, 82, 3208-3212. [CrossRef]

Kim, B. Thyroid hormone as a determinant of energy expenditure and the basal metabolic rate. Thyroid Off. ]. Am. Thyroid Assoc.
2008, 18, 141-144. [CrossRef]

Cooper, D.S.; Biondi, B. Subclinical thyroid disease. Lancet 2012, 379, 1142-1154. [CrossRef]

Bremner, A.P; Feddema, P.; Leedman, PJ.; Brown, SJ.; Beilby, ].P; Lim, EM.; Wilson, S.G.; O’Leary, P.C.; Walsh, J.P. Age-
related changes in thyroid function: A longitudinal study of a community-based cohort. J. Clin. Endocrinol. Metab. 2012, 97,
1554-1562. [CrossRef]

Waring, A.C.; Arnold, A.M.; Newman, A.B.; Buzkov4, P,; Hirsch, C.; Cappola, A.R. Longitudinal changes in thyroid function
in the oldest old and survival: The cardiovascular health study all-stars study. J. Clin. Endocrinol. Metab. 2012, 97, 3944-3950.
[CrossRef] [PubMed]

Mariotti, S.; Barbesino, G.; Caturegli, P; Bartalena, L.; Sansoni, P.; Fagnoni, F.; Monti, D.; Fagiolo, U.; Franceschi, C.; Pinchera, A.
Complex alteration of thyroid function in healthy centenarians. J. Clin. Endocrinol. Metab. 1993, 77, 1130-1134. [CrossRef]
Suzuki, S.; Nishio, S.-I.; Takeda, T.; Komatsu, M. Gender-specific regulation of response to thyroid hormone in aging. Thyroid Res.
2012, 5, 1. [CrossRef]

Meunier, N.; Beattie, ].H.; Ciarapica, D.; O’Connor, ].M.; Andriollo-Sanchez, M.; Taras, A.; Coudray, C.; Polito, A. Basal metabolic
rate and thyroid hormones of late-middle-aged and older human subjects: The ZENITH study. Eur. . Clin. Nutr. 2005,
59 (Suppl. 2), S53-S57. [CrossRef] [PubMed]

Le Roith, D.; Butler, A.A. Insulin-like growth factors in pediatric health and disease. J. Clin. Endocrinol. Metab. 1999, 84,
4355-4361. [CrossRef]

Ghigo, E.; Arvat, E.; Gianotti, L.; Lanfranco, F; Broglio, F.; Aimaretti, G.; Maccario, M.; Camanni, F. Hypothalamic growth
hormone-insulin-like growth factor-I axis across the human life span. ]. Pediatric Endocrinol. Metab. 2000, 13 (Suppl. 6),
1493-1502. [CrossRef]

Gilbert, K.L.; Stokes, K.A.; Hall, G.M.; Thompson, D. Growth hormone responses to 3 different exercise bouts in 18- to 25- and 40-
to 50-year-old men. Appl. Physiol. Nutr. Metab. 2008, 33, 706-712. [CrossRef]

Craig, B.W.; Brown, R.; Everhart, J. Effects of progressive resistance training on growth hormone and testosterone levels in young
and elderly subjects. Mech. Ageing Dev. 1989, 49, 159-169. [CrossRef]

Hameed, M.; Orrell, R.W.; Cobbold, M.; Goldspink, G.; Harridge, S.D. Expression of IGF-I splice variants in young and old
human skeletal muscle after high resistance exercise. . Physiol. 2003, 547, 247-254. [CrossRef]


http://doi.org/10.1007/BF00626609
http://www.ncbi.nlm.nih.gov/pubmed/1893901
http://doi.org/10.1097/00005768-200207000-00023
http://doi.org/10.1007/s11657-020-00757-w
http://doi.org/10.3389/fphys.2021.643649
http://doi.org/10.3389/fphys.2019.01050
http://doi.org/10.1093/ajcn/76.2.473
http://doi.org/10.1249/MSS.0000000000000789
http://www.ncbi.nlm.nih.gov/pubmed/26460630
http://doi.org/10.1152/jappl.1998.85.6.2196
http://doi.org/10.1038/sj.ejcn.1602066
http://www.ncbi.nlm.nih.gov/pubmed/15494736
http://doi.org/10.3389/fphys.2021.641455
http://www.ncbi.nlm.nih.gov/pubmed/33828487
http://doi.org/10.1152/ajpendo.2001.281.3.E633
http://doi.org/10.1111/j.1440-1681.2004.03979.x
http://www.ncbi.nlm.nih.gov/pubmed/15053814
http://doi.org/10.1210/jc.82.10.3208
http://doi.org/10.1089/thy.2007.0266
http://doi.org/10.1016/S0140-6736(11)60276-6
http://doi.org/10.1210/jc.2011-3020
http://doi.org/10.1210/jc.2012-2481
http://www.ncbi.nlm.nih.gov/pubmed/22879629
http://doi.org/10.1210/jcem.77.5.8077303
http://doi.org/10.1186/1756-6614-5-1
http://doi.org/10.1038/sj.ejcn.1602299
http://www.ncbi.nlm.nih.gov/pubmed/16254583
http://doi.org/10.1210/jcem.84.12.6208
http://doi.org/10.1515/jpem-2000-s624
http://doi.org/10.1139/H08-034
http://doi.org/10.1016/0047-6374(89)90099-7
http://doi.org/10.1113/jphysiol.2002.032136

Nutrients 2021, 13, 1409 26 of 34

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

Hameed, M.; Lange, K.H.; Andersen, J.L.; Schjerling, P; Kjaer, M.; Harridge, S.D.; Goldspink, G. The effect of recombinant human
growth hormone and resistance training on IGF-I mRNA expression in the muscles of elderly men. J. Physiol. 2004, 555, 231-240.
[CrossRef] [PubMed]

Cruz-Jentoft, A.J.; Kiesswetter, E.; Drey, M.; Sieber, C.C. Nutrition, frailty, and sarcopenia. Aging Clin. Exp. Res. 2017, 29,
43-48. [CrossRef]

MacIntosh, C.G.; Andrews, ].M.; Jones, K.L.; Wishart, ].M.; Morris, H.A.; Jansen, J.B.; Morley, ].E.; Horowitz, M.; Chapman, .M.
Effects of age on concentrations of plasma cholecystokinin, glucagon-like peptide 1, and peptide YY and their relation to appetite
and pyloric motility. Am. J. Clin. Nutr. 1999, 69, 999-1006. [CrossRef]

Giezenaar, C.; Hutchison, A.T.; Luscombe-Marsh, N.D.; Chapman, I.; Horowitz, M.; Soenen, S. Effect of Age on Blood Glucose and
Plasma Insulin, Glucagon, Ghrelin, CCK, GIP, and GLP-1 Responses to Whey Protein Ingestion. Nutrients 2017, 10, 2. [CrossRef]
Chapman, .M. Endocrinology of anorexia of ageing. Best Pract. Res. Clin. Endocrinol. Metab. 2004, 18, 437-452. [CrossRef]
Johnson, K.O.; Shannon, O.M.; Matu, J.; Holliday, A.; Ispoglou, T.; Deighton, K. Differences in circulating appetite-related
hormone concentrations between younger and older adults: A systematic review and meta-analysis. Aging Clin. Exp. Res. 2020,
32,1233-1244. [CrossRef]

Zhang, Y.; Scarpace, PJ. The role of leptin in leptin resistance and obesity. Physiol. Behav. 2006, 88, 249-256. [CrossRef]
Nicholson, E.; Allison, D.J.; Bullock, A.; Heisz, J.J. Examining the obesity paradox: A moderating effect of fitness on adipose
endocrine function in older adults. Mech. Ageing Dev. 2020, 193, 111406. [CrossRef] [PubMed]

Gregersen, N.T.; Moller, B.K.; Raben, A.; Kristensen, S5.T.; Holm, L.; Flint, A.; Astrup, A. Determinants of appetite ratings: The role
of age, gender, BMI, physical activity, smoking habits, and diet/weight concern. Food Nutr. Res. 2011, 55. [CrossRef]

Dorling, J.; Broom, D.R; Burns, S.F; Clayton, D.]J.; Deighton, K.; James, L.J.; King, ].A.; Miyashita, M.; Thackray, A.E.; Batterham,
R.L.; et al. Acute and Chronic Effects of Exercise on Appetite, Energy Intake, and Appetite-Related Hormones: The Modulating
Effect of Adiposity, Sex, and Habitual Physical Activity. Nutrients 2018, 10, 1140. [CrossRef] [PubMed]

Reaven, G.M.; Chen, N.; Hollenbeck, C.; Chen, Y.D. Effect of age on glucose tolerance and glucose uptake in healthy individuals.
J. Am. Geriatr. Soc. 1989, 37, 735-740. [CrossRef] [PubMed]

Van den Beld, A.W.; Kaufman, ].M.; Zillikens, M.C.; Lamberts, S.W.J.; Egan, ] M.; van der Lely, A.]. The physiology of endocrine
systems with ageing. Lancet Diabetes Endocrinol. 2018, 6, 647—658. [CrossRef]

Kullmann, S.; Heni, M.; Hallschmid, M.; Fritsche, A.; Preissl, H.; Haring, H.U. Brain Insulin Resistance at the Crossroads of
Metabolic and Cognitive Disorders in Humans. Physiol. Rev. 2016, 96, 1169-1209. [CrossRef] [PubMed]

Kullmann, S.; Valenta, V.; Wagner, R.; Tschritter, O.; Machann, J.; Haring, H.-U.; Preissl, H.; Fritsche, A.; Heni, M. Brain insulin
sensitivity is linked to adiposity and body fat distribution. Nat. Commun. 2020, 11, 1841. [CrossRef]

Meneilly, G.S.; Veldhuis, ].D.; Elahi, D. Disruption of the pulsatile and entropic modes of insulin release during an unvarying
glucose stimulus in elderly individuals. J. Clin. Endocrinol. Metab. 1999, 84, 1938-1943. [CrossRef]

Basu, R; Dalla Man, C.; Campioni, M.; Basu, A.; Klee, G.; Toffolo, G.; Cobelli, C.; Rizza, R.A. Effects of age and sex on postprandial
glucose metabolism: Differences in glucose turnover, insulin secretion, insulin action, and hepatic insulin extraction. Diabetes
2006, 55, 2001-2014. [CrossRef] [PubMed]

Elahi, D.; Muller, D.C.; Tzankoff, S.P.; Andres, R.; Tobin, ].D. Effect of age and obesity on fasting levels of glucose, insulin,
glucagon, and growth hormone in man. J. Gerontol. 1982, 37, 385-391. [CrossRef]

Simonson, D.C.; DeFronzo, R.A. Glucagon physiology and aging: Evidence for enhanced hepatic sensitivity. Diabetologia 1983, 25,
1-7. [CrossRef] [PubMed]

Seals, D.R.; Hagberg, ].M.; Allen, W.K.; Hurley, B.E; Dalsky, G.P,; Ehsani, A.A.; Holloszy, ].O. Glucose tolerance in young and
older athletes and sedentary men. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1984, 56, 1521-1525. [CrossRef]

Amati, F; Dubé, ].].; Coen, PM.; Stefanovic-Racic, M.; Toledo, EG.S.; Goodpaster, B.H. Physical inactivity and obesity underlie
the insulin resistance of aging. Diabetes Care 2009, 32, 1547-1549. [CrossRef]

Roden, M.; Shulman, G.I. The integrative biology of type 2 diabetes. Nature 2019, 576, 51-60. [CrossRef] [PubMed]

Petersen, K.F,; Morino, K.; Alves, T.C.; Kibbey, R.G.; Dufour, S.; Sono, S.; Yoo, P.S.; Cline, G.W.; Shulman, G.I. Effect of aging on
muscle mitochondrial substrate utilization in humans. Proc. Natl. Acad. Sci. USA 2015, 112, 11330-11334. [CrossRef]

Consitt, L.A.; Van Meter, J.; Newton, C.A.; Collier, D.N.; Dar, M.S.; Wojtaszewski, ].E; Treebak, J.T.; Tanner, C.J.; Houmard, J.A.
Impairments in site-specific AS160 phosphorylation and effects of exercise training. Diabetes 2013, 62, 3437-3447. [CrossRef]
Conley, K.E.; Jubrias, S.A.; Esselman, P.C. Oxidative capacity and ageing in human muscle. J. Physiol. 2000, 526,
203-210. [CrossRef]

Gianni, P; Jan, K.J.; Douglas, M.J.; Stuart, PM.; Tarnopolsky, M.A. Oxidative stress and the mitochondrial theory of aging in
human skeletal muscle. Exp. Gerontol. 2004, 39, 1391-1400. [CrossRef]

Sharma, A.; Smith, H.J.; Yao, P.; Mair, W.B. Causal roles of mitochondrial dynamics in longevity and healthy aging. Embo. Rep.
2019, 20, e48395. [CrossRef]

Krssak, M.; Falk Petersen, K.; Dresner, A.; DiPietro, L.; Vogel, S.M.; Rothman, D.L.; Roden, M.; Shulman, G.I. Intramyocellular
lipid concentrations are correlated with insulin sensitivity in humans: A 1H NMR spectroscopy study. Diabetologia 1999, 42,
113-116. [CrossRef] [PubMed]

Henriksen, K.; Neutzsky-Wulff, A.V.; Bonewald, L.F.,; Karsdal, M.A. Local communication on and within bone controls bone
remodeling. Bone 2009, 44, 1026-1033. [CrossRef] [PubMed]


http://doi.org/10.1113/jphysiol.2003.051722
http://www.ncbi.nlm.nih.gov/pubmed/14565994
http://doi.org/10.1007/s40520-016-0709-0
http://doi.org/10.1093/ajcn/69.5.999
http://doi.org/10.3390/nu10010002
http://doi.org/10.1016/j.beem.2004.02.004
http://doi.org/10.1007/s40520-019-01292-6
http://doi.org/10.1016/j.physbeh.2006.05.038
http://doi.org/10.1016/j.mad.2020.111406
http://www.ncbi.nlm.nih.gov/pubmed/33278406
http://doi.org/10.3402/fnr.v55i0.7028
http://doi.org/10.3390/nu10091140
http://www.ncbi.nlm.nih.gov/pubmed/30131457
http://doi.org/10.1111/j.1532-5415.1989.tb02235.x
http://www.ncbi.nlm.nih.gov/pubmed/2666485
http://doi.org/10.1016/S2213-8587(18)30026-3
http://doi.org/10.1152/physrev.00032.2015
http://www.ncbi.nlm.nih.gov/pubmed/27489306
http://doi.org/10.1038/s41467-020-15686-y
http://doi.org/10.1210/jc.84.6.1938
http://doi.org/10.2337/db05-1692
http://www.ncbi.nlm.nih.gov/pubmed/16804069
http://doi.org/10.1093/geronj/37.4.385
http://doi.org/10.1007/BF00251887
http://www.ncbi.nlm.nih.gov/pubmed/6884612
http://doi.org/10.1152/jappl.1984.56.6.1521
http://doi.org/10.2337/dc09-0267
http://doi.org/10.1038/s41586-019-1797-8
http://www.ncbi.nlm.nih.gov/pubmed/31802013
http://doi.org/10.1073/pnas.1514844112
http://doi.org/10.2337/db13-0229
http://doi.org/10.1111/j.1469-7793.2000.t01-1-00203.x
http://doi.org/10.1016/j.exger.2004.06.002
http://doi.org/10.15252/embr.201948395
http://doi.org/10.1007/s001250051123
http://www.ncbi.nlm.nih.gov/pubmed/10027589
http://doi.org/10.1016/j.bone.2009.03.671
http://www.ncbi.nlm.nih.gov/pubmed/19345750

Nutrients 2021, 13, 1409 27 of 34

89.
90.

91.
92.
93.
94.
95.

96.

97.

98.
99.

100.
101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Bonewald, L.F. The amazing osteocyte. J. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner. Res. 2011, 26, 229-238. [CrossRef] [PubMed]
Robling, A.G.; Niziolek, PJ.; Baldridge, L.A.; Condon, K.W.; Allen, M.R.; Alam, I.; Mantila, S.M.; Gluhak-Heinrich, ].; Bellido,
T.M.; Harris, S.E.; et al. Mechanical stimulation of bone in vivo reduces osteocyte expression of Sost/sclerostin. . Biol. Chem.
2008, 283, 5866-5875. [CrossRef]

Mundy, G.R. The effects of TGF-beta on bone. Ciba Found. Symp. 1991, 157, 137-143, discussion 143-151.

Matsuo, K.; Irie, N. Osteoclast-osteoblast communication. Arch. Biochem. Biophys. 2008, 473, 201-209. [CrossRef] [PubMed]

Ott, S.M. Chapter 19-Histomorphometric Analysis of Bone Remodeling. In Principles of Bone Biology, 2nd ed.; Bilezikian, J.P.,
Raisz, L.G., Rodan, G.A., Eds.; Academic Press: San Diego, CA, USA, 2002; p. 303.

Burr, D.B.; Martin, R.B.; Schaffler, M.B.; Radin, E.L. Bone remodeling in response to in vivo fatigue microdamage. J. Biomech 1985,
18, 189-200. [CrossRef]

Frost, H.M. Skeletal structural adaptations to mechanical usage (SATMU): 1. Redefining Wolff’s law: The bone modeling problem.
Anat. Rec. 1990, 226, 403-413. [CrossRef] [PubMed]

Buehlmeier, J.; Frings-Meuthen, P.; Mohorko, N.; Lau, P.; Mazzucco, S.; Ferretti, J.L.; Biolo, G.; Pisot, R.; Simunic, B.; Rittweger, J.
Markers of bone metabolism during 14 days of bed rest in young and older men. J. Musculoskelet. Neuronal. Interact. 2017, 17,
399-408. [PubMed]

Diab, T.; Condon, K.W,; Burr, D.B.; Vashishth, D. Age-related change in the damage morphology of human cortical bone and its
role in bone fragility. Bone 2006, 38, 427-431. [CrossRef]

Schiessl, H.; Frost, HM.; Jee, W.S. Estrogen and bone-muscle strength and mass relationships. Bone 1998, 22, 1-6. [CrossRef]
Rubin, C.T.; Lanyon, L.E. Kappa Delta Award paper. Osteoregulatory nature of mechanical stimuli: Function as a determinant for
adaptive remodeling in bone. . Orthop. Res. Off. Publ. Orthop. Res. Soc. 1987, 5, 300-310. [CrossRef]

Frost, H.M. Bone “mass” and the “mechanostat”: A proposal. Anat. Rec. 1987, 219, 1-9. [CrossRef]

Sartori, R.; Schirwis, E.; Blaauw, B.; Bortolanza, S.; Zhao, J.; Enzo, E.; Stantzou, A.; Mouisel, E.; Toniolo, L.; Ferry, A.; et al. BMP
signaling controls muscle mass. Nat. Genet. 2013, 45, 1309-1318. [CrossRef]

Regan, ].N.; Trivedi, T.; Guise, T.A.; Waning, D.L. The Role of TGFf in Bone-Muscle Crosstalk. Curr. Osteoporos. Rep. 2017, 15,
18-23. [CrossRef]

Lee, N.K,; Sowa, H.; Hinoi, E.; Ferron, M.; Ahn, ].D.; Confavreux, C.; Dacquin, R.; Mee, PJ.; McKee, M.D.; Jung, D.Y.; et al.
Endocrine regulation of energy metabolism by the skeleton. Cell 2007, 130, 456—469. [CrossRef] [PubMed]

Vanderschueren, D.; Venken, K.; Ophoff, J.; Bouillon, R.; Boonen, S. Clinical Review: Sex steroids and the periosteum—
Reconsidering the roles of androgens and estrogens in periosteal expansion. J. Clin. Endocrinol. Metab. 2006, 91,
378-382. [CrossRef]

Prentice, A. Calcium intakes and bone densities of lactating women and breast-fed infants in The Gambia. Adv. Exp. Med. Biol.
1994, 352, 243-255. [CrossRef] [PubMed]

Cauley, J.A. Estrogen and bone health in men and women. Steroids 2015, 99, 11-15. [CrossRef]

Nattiv, A.; Loucks, A.B.; Manore, M.M.; Sanborn, C.F.; Sundgot-Borgen, J.; Warren, M.P. American College of Sports Medicine
position stand. The female athlete triad. Med. Sci. Sports Exerc. 2007, 39, 1867-1882. [CrossRef] [PubMed]

Khan, K. Physical Activity and Bone Health; Human Kinetics: Champaign, IL, USA, 2001.

Milgrom, C.; Finestone, A.; Simkin, A.; Ekenman, I.; Mendelson, S.; Millgram, M.; Nyska, M.; Larsson, E.; Burr, D. In-vivo
strain measurements to evaluate the strengthening potential of exercises on the tibial bone. J. Bone Jt. Surg. Br. Vol. 2000, 82,
591-594. [CrossRef]

Nikander, R.; Sievanen, H.; Heinonen, A.; Kannus, P. Femoral neck structure in adult female athletes subjected to different
loading modalities. J. Bone Miner. Res. Off. |. Am. Soc. Bone Miner. Res. 2005, 20, 520-528. [CrossRef]

Nichols, ].E; Palmer, J.E.; Levy, S.S. Low bone mineral density in highly trained male master cyclists. Osteoporos. Int. 2003, 14,
644-649. [CrossRef]

Wilks, D.C.; Gilliver, S.F; Rittweger, J. Forearm and tibial bone measures of distance- and sprint-trained master cyclists. Med. Sci.
Sports Exerc. 2009, 41, 566-573. [CrossRef]

Ireland, A.; Maden-Wilkinson, T.; McPhee, J.; Cooke, K.; Narici, M.; Degens, H.; Rittweger, ]. Upper limb muscle-bone asymmetries
and bone adaptation in elite youth tennis players. Med. Sci. Sports Exerc. 2013, 45, 1749-1758. [CrossRef]

Warden, S.]. Extreme skeletal adaptation to mechanical loading. J. Orthop Sports Phys. 2010, 40, 188. [CrossRef]

Ireland, A.; Korhonen, M.; Heinonen, A.; Suominen, H.; Baur, C.; Stevens, S.; Degens, H.; Rittweger, ]. Side-to-side differences in
bone strength in master jumpers and sprinters. J. Musculoskelet. Neuronal. Interact. 2011, 11, 298-305.

Riggs, B.L.; Melton, L.J.; Robb, R.A.; Camp, ].J.; Atkinson, E.J.; McDaniel, L.; Amin, S.; Rouleau, P.A.; Khosla, S. A population-
based assessment of rates of bone loss at multiple skeletal sites: Evidence for substantial trabecular bone loss in young adult
women and men. ]. Bone Miner. Res. Off. ]. Am. Soc. Bone Miner. Res. 2008, 23, 205-214. [CrossRef] [PubMed]

Warden, S.J.; Mantila Roosa, S.M.; Kersh, M.E.; Hurd, A.L.; Fleisig, G.S.; Pandy, M.G.; Fuchs, R K. Physical activity when
young provides lifelong benefits to cortical bone size and strength in men. Proc. Natl. Acad. Sci. USA 2014, 111, 5337-5342.
[CrossRef] [PubMed]

Ireland, A.; Maden-Wilkinson, T.; Ganse, B.; Degens, H.; Rittweger, J. Effects of age and starting age upon side asymmetry in the
arms of veteran tennis players: A cross-sectional study. Osteoporos. Int. 2014, 25, 1389-1400. [CrossRef]


http://doi.org/10.1002/jbmr.320
http://www.ncbi.nlm.nih.gov/pubmed/21254230
http://doi.org/10.1074/jbc.M705092200
http://doi.org/10.1016/j.abb.2008.03.027
http://www.ncbi.nlm.nih.gov/pubmed/18406338
http://doi.org/10.1016/0021-9290(85)90204-0
http://doi.org/10.1002/ar.1092260402
http://www.ncbi.nlm.nih.gov/pubmed/2184695
http://www.ncbi.nlm.nih.gov/pubmed/28250244
http://doi.org/10.1016/j.bone.2005.09.002
http://doi.org/10.1016/S8756-3282(97)00223-8
http://doi.org/10.1002/jor.1100050217
http://doi.org/10.1002/ar.1092190104
http://doi.org/10.1038/ng.2772
http://doi.org/10.1007/s11914-017-0344-5
http://doi.org/10.1016/j.cell.2007.05.047
http://www.ncbi.nlm.nih.gov/pubmed/17693256
http://doi.org/10.1210/jc.2005-1766
http://doi.org/10.1007/978-1-4899-2575-6_22
http://www.ncbi.nlm.nih.gov/pubmed/7832054
http://doi.org/10.1016/j.steroids.2014.12.010
http://doi.org/10.1249/mss.0b013e318149f111
http://www.ncbi.nlm.nih.gov/pubmed/17909417
http://doi.org/10.1302/0301-620X.82B4.0820591
http://doi.org/10.1359/JBMR.041119
http://doi.org/10.1007/s00198-003-1418-z
http://doi.org/10.1249/MSS.0b013e31818a0ec8
http://doi.org/10.1249/MSS.0b013e31828f882f
http://doi.org/10.2519/jospt.2010.0404
http://doi.org/10.1359/jbmr.071020
http://www.ncbi.nlm.nih.gov/pubmed/17937534
http://doi.org/10.1073/pnas.1321605111
http://www.ncbi.nlm.nih.gov/pubmed/24706816
http://doi.org/10.1007/s00198-014-2617-5

Nutrients 2021, 13, 1409 28 of 34

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Wilks, D.C.; Winwood, K.; Gilliver, S.F.; Kwiet, A.; Chatfield, M.; Michaelis, I.; Sun, L.W.; Ferretti, J.L.; Sargeant, A.].;
Felsenberg, D.; et al. Bone mass and geometry of the tibia and the radius of master sprinters, middle and long distance runners,
race-walkers and sedentary control participants: A pQCT study. Bone 2009, 45, 91-97. [CrossRef] [PubMed]

Wilks, D.C.; Winwood, K,; Gilliver, S.E; Kwiet, A.; Sun, L.W.; Gutwasser, C.; Ferretti, ].L.; Sargeant, A.J.; Felsenberg, D.; Rittweger,
J. Age-dependency in bone mass and geometry: A pQCT study on male and female master sprinters, middle and long distance
runners, race-walkers and sedentary people. J. Musculoskelet. Neuronal Interact. 2009, 9, 236-246. [PubMed]

Strasser, B.; Burtscher, M. Survival of the fittest: VO. Front. BioSci. 2018, 23, 1505-1516. [CrossRef]

Burtscher, J.; Burtscher, M. Run for your life: Tweaking the weekly physical activity volume for longevity. Br. J. Sports Med. 2019.
[CrossRef] [PubMed]

Kodama, S.; Saito, K.; Tanaka, S.; Maki, M.; Yachi, Y.; Asumi, M.; Sugawara, A.; Totsuka, K.; Shimano, H.; Ohashi, Y.; et al.
Cardiorespiratory fitness as a quantitative predictor of all-cause mortality and cardiovascular events in healthy men and women:
A meta-analysis. JAMA 2009, 301, 2024-2035. [CrossRef] [PubMed]

Tanaka, H.; Seals, D.R. Invited Review: Dynamic exercise performance in Masters athletes: Insight into the effects of primary
human aging on physiological functional capacity. J. Appl. Physiol. 2003, 95, 2152-2162. [CrossRef]

Tanaka, H.; Seals, D.R. Endurance exercise performance in Masters athletes: Age-associated changes and underlying physiological
mechanisms. J. Physiol. 2008, 586, 55-63. [CrossRef] [PubMed]

Baker, A.B.; Tang, Y.Q. Aging performance for masters records in athletics, swimming, rowing, cycling, triathlon, and weightlifting.
Exp. Aging Res. 2010, 36, 453-477. [CrossRef] [PubMed]

Ganse, B.; Drey, M.; Hildebrand, E.; Knobe, M.; Degens, H. Performance Declines Are Accelerated in the Oldest-Old Track and
Field Athletes 80 to 94 Years of Age. Rejuvenation Res. 2020. [CrossRef]

Wright, V.J.; Perricelli, B.C. Age-related rates of decline in performance among elite senior athletes. Am. J. Sports Med. 2008, 36,
443-450. [CrossRef] [PubMed]

Rittweger, J.; Di Prampero, P.E.; Maffulli, N.; Narici, M.V. Sprint and endurance power and ageing: An analysis of master athletic
world records. Proc. Biol. Sci. 2009, 276, 683—689. [CrossRef]

Fitzgerald, M.D.; Tanaka, H.; Tran, Z.V.; Seals, D.R. Age-related declines in maximal aerobic capacity in regularly exercising vs.
sedentary women: A meta-analysis. J. Appl. Physiol. 1997, 83, 160-165. [CrossRef] [PubMed]

Booth, EW.; Zwetsloot, K.A. Basic concepts about genes, inactivity and aging. Scand. ]. Med. Sci. Sports 2010, 20, 1-4. [CrossRef]
Landji, F; Calvani, R.; Tosato, M.; Martone, A.M.; Fusco, D.; Sisto, A.; Ortolani, E.; Savera, G.; Salini, S.; Marzetti, E. Age-Related
Variations of Muscle Mass, Strength, and Physical Performance in Community-Dwellers: Results From the Milan EXPO Survey. .
Am. Med. Dir. Assoc. 2017, 18, 88.e17-88.€24. [CrossRef]

Carr, D.B; Flood, K,; Steger-May, K.; Schechtman, K.B.; Binder, E.F. Characteristics of frail older adult drivers. . Am. Geriatr. Soc.
2006, 54, 1125-1129. [CrossRef] [PubMed]

Burtscher, M.; Nachbauer, W.; Wilber, R. The upper limit of aerobic power in humans. Eur. J. Appl. Physiol. 2011, 111, 2625-2628.
[CrossRef] [PubMed]

Sandbakk, @.; Ettema, G.; Holmberg, H.C. Gender differences in endurance performance by elite cross-country skiers are
influenced by the contribution from poling. Scand. ]. Med. Sci. Sports 2014, 24, 28-33. [CrossRef] [PubMed]

Trappe, S.; Hayes, E.; Galpin, A.; Kaminsky, L.; Jemiolo, B.; Fink, W.; Trappe, T.; Jansson, A.; Gustafsson, T.; Tesch, P. New records
in aerobic power among octogenarian lifelong endurance athletes. . Appl. Physiol. 2013, 114, 3-10. [CrossRef] [PubMed]
Cattagni, T.; Gremeaux, V.; Lepers, R. The Physiological Characteristics of an 83-Year-Old Champion Female Master Runner. Int.
J. Sports Physiol. Perform. 2019, 1-5. [CrossRef]

Billat, V.; Dhonneur, G.; Mille-Hamard, L.; Le Moyec, L.; Momken, I.; Launay, T.; Koralsztein, ].P; Besse, S. Case Studies in Physi-
ology: Maximal oxygen consumption and performance in a centenarian cyclist. J. Appl. Physiol. 2017, 122, 430-434. [CrossRef]
Seiler, S.; De Koning, J.J.; Foster, C. The fall and rise of the gender difference in elite anaerobic performance 1952-2006. Med. Sci.
Sports Exerc. 2007, 39, 534-540. [CrossRef]

Coast, J.R.; Blevins, J.S.; Wilson, B.A. Do gender differences in running performance disappear with distance? Can. J. Appl. Physiol.
2004, 29, 139-145. [CrossRef]

Calbet, J.A.; Joyner, M.]. Disparity in regional and systemic circulatory capacities: Do they affect the regulation of the circulation?
Acta Physiol. 2010, 199, 393-406. [CrossRef]

Yilmaz, D.C.; Buyukakilli, B.; Gurgul, S.; Rencuzogullari, I. Adaptation of heart to training: A comparative study using
echocardiography & impedance cardiography in male & female athletes. Indian J. Med. Res. 2013, 137, 1111-1120.

Karjalainen, J.; Méantysaari, M.; Viitasalo, M.; Kujala, U. Left ventricular mass, geometry, and filling in endurance athletes:
Association with exercise blood pressure. |. Appl. Physiol. 1997, 82, 531-537. [CrossRef]

Korhonen, M.T.; Cristea, A.; Alén, M.; Hakkinen, K.; Sipil4, S.; Mero, A.; Viitasalo, ].T.; Larsson, L.; Suominen, H. Aging, muscle
fiber type, and contractile function in sprint-trained athletes. J. Appl. Physiol. 2006, 101, 906-917. [CrossRef]

Messa, G.A.M.; Piasecki, M.; Rittweger, J.; McPhee, ].S.; Koltai, E.; Radak, Z.; Simunic, B.; Heinonen, A.; Suominen, H.; Korhonen,
M.T,; et al. Absence of an aging-related increase in fiber type grouping in athletes and non-athletes. Scand. . Med. Sci. Sports 2020,
30, 2057-2069. [CrossRef] [PubMed]

Piasecki, J.; Inns, T.B.; Bass, J.J.; Scott, R.; Stashuk, D.W.; Phillips, B.E.; Atherton, PJ.; Piasecki, M. Influence of sex on the
age-related adaptations of neuromuscular function and motor unit properties in elite masters athletes. J. Physiol. 2020. [CrossRef]


http://doi.org/10.1016/j.bone.2009.03.660
http://www.ncbi.nlm.nih.gov/pubmed/19332164
http://www.ncbi.nlm.nih.gov/pubmed/19949281
http://doi.org/10.2741/4657
http://doi.org/10.1136/bjsports-2019-101350
http://www.ncbi.nlm.nih.gov/pubmed/31630092
http://doi.org/10.1001/jama.2009.681
http://www.ncbi.nlm.nih.gov/pubmed/19454641
http://doi.org/10.1152/japplphysiol.00320.2003
http://doi.org/10.1113/jphysiol.2007.141879
http://www.ncbi.nlm.nih.gov/pubmed/17717011
http://doi.org/10.1080/0361073X.2010.507433
http://www.ncbi.nlm.nih.gov/pubmed/20845122
http://doi.org/10.1089/rej.2020.2337
http://doi.org/10.1177/0363546507309673
http://www.ncbi.nlm.nih.gov/pubmed/18055922
http://doi.org/10.1098/rspb.2008.1319
http://doi.org/10.1152/jappl.1997.83.1.160
http://www.ncbi.nlm.nih.gov/pubmed/9216959
http://doi.org/10.1111/j.1600-0838.2009.00972.x
http://doi.org/10.1016/j.jamda.2016.10.007
http://doi.org/10.1111/j.1532-5415.2006.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/16866686
http://doi.org/10.1007/s00421-011-1885-4
http://www.ncbi.nlm.nih.gov/pubmed/21373867
http://doi.org/10.1111/j.1600-0838.2012.01482.x
http://www.ncbi.nlm.nih.gov/pubmed/22621157
http://doi.org/10.1152/japplphysiol.01107.2012
http://www.ncbi.nlm.nih.gov/pubmed/23065759
http://doi.org/10.1123/ijspp.2018-0879
http://doi.org/10.1152/japplphysiol.00569.2016
http://doi.org/10.1249/01.mss.0000247005.17342.2b
http://doi.org/10.1139/h04-010
http://doi.org/10.1111/j.1748-1716.2010.02125.x
http://doi.org/10.1152/jappl.1997.82.2.531
http://doi.org/10.1152/japplphysiol.00299.2006
http://doi.org/10.1111/sms.13778
http://www.ncbi.nlm.nih.gov/pubmed/32706412
http://doi.org/10.1113/JP280679

Nutrients 2021, 13, 1409 29 of 34

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Strasser, B.; Volaklis, K.; Fuchs, D.; Burtscher, M. Role of Dietary Protein and Muscular Fitness on Longevity and Aging. Aging
Dis. 2018, 9, 119-132. [CrossRef]

Goodpaster, B.H.; Park, S.W.; Harris, T.B.; Kritchevsky, S.B.; Nevitt, M.; Schwartz, A.V.; Simonsick, E.M.; Tylavsky, EA.; Visser, M.;
Newman, A.B. The loss of skeletal muscle strength, mass, and quality in older adults: The health, aging and body composition
study. J. Gerontol. A Biol. Sci. Med. Sci. 2006, 61, 1059-1064. [CrossRef] [PubMed]

Michaelis, I.; Kwiet, A.; Gast, U.; Boshof, A.; Antvorskov, T,; Jung, T.; Rittweger, J.; Felsenberg, D. Decline of specific peak jumping
power with age in master runners. |. Musculoskelet Neuronal. Interact. 2008, 8, 64-70.

Runge, M.; Rittweger, J.; Russo, C.R.; Schiessl, H.; Felsenberg, D. Is muscle power output a key factor in the age-related decline in
physical performance? A comparison of muscle cross section, chair-rising test and jumping power. Clin. Physiol. Funct. Imaging
2004, 24, 335-340. [CrossRef] [PubMed]

Lexell, J. Human aging, muscle mass, and fiber type composition. J. Gerontol. A Biol Sci. Med. Sci. 1995, 50, 11-16. [CrossRef]
Galloway, M.T.; Kadoko, R.; Jokl, P. Effect of aging on male and female master athletes’ performance in strength versus endurance
activities. Am. J. Orthop 2002, 31, 93-98. [PubMed]

Faulkner, J.A.; Davis, C.S.; Mendias, C.L.; Brooks, S.V. The aging of elite male athletes: Age-related changes in performance and
skeletal muscle structure and function. Clin. J. Sport Med. 2008, 18, 501-507. [CrossRef] [PubMed]

Bishop, P.; Cureton, K.; Collins, M. Sex difference in muscular strength in equally-trained men and women. Ergonomics 1987, 30,
675-687. [CrossRef]

Cureton, K.J.; Collins, M.A.; Hill, D.W.; McElhannon, EM. Muscle hypertrophy in men and women. Med. Sci. Sports Exerc. 1988,
20, 338-344. [CrossRef] [PubMed]

Lindle, R.S.; Metter, E.J.; Lynch, N.A,; Fleg, ].L.; Fozard, J.L.; Tobin, ].; Roy, T.A.; Hurley, B.F. Age and gender comparisons of
muscle strength in 654 women and men aged 20-93 yr. ]. Appl. Physiol. 1997, 83, 1581-1587. [CrossRef]

Schoenfeld, B.].; Ogborn, D.I.; Vigotsky, A.D.; Franchi, M.V.; Krieger, ] W. Hypertrophic Effects of Concentric vs. Eccentric Muscle
Actions: A Systematic Review and Meta-analysis. ]. Strength Cond Res. 2017, 31, 2599-2608. [CrossRef] [PubMed]

Hunter, S.K. The Relevance of Sex Differences in Performance Fatigability. Med. Sci. Sports Exerc. 2016, 48, 2247-2256.
[CrossRef] [PubMed]

Popov, L.-D. Mitochondrial biogenesis: An update. J. Cell Mol. Med. 2020, 24, 4892—-4899. [CrossRef] [PubMed]

Schrepfer, E.; Scorrano, L. Mitofusins, from Mitochondria to Metabolism. Mol. Cell 2016, 61, 683-694. [CrossRef]

Hood, D.A.; Memme, ].M.; Oliveira, A.N.; Triolo, M. Maintenance of Skeletal Muscle Mitochondria in Health, Exercise, and
Aging. Annu. Rev. Physiol. 2019, 81, 19—41. [CrossRef]

Granata, C.; Oliveira, R.S,; Little, J.P.; Renner, K.; Bishop, D.]. Mitochondrial adaptations to high-volume exercise training are
rapidly reversed after a reduction in training volume in human skeletal muscle. FASEB . 2016, 30, 3413-3423. [CrossRef]
Jacobs, R.A.; Rasmussen, P.; Siebenmann, C.; Diaz, V.; Gassmann, M.; Pesta, D.; Gnaiger, E.; Nordsborg, N.B.; Robach, P.; Lundby,
C. Determinants of time trial performance and maximal incremental exercise in highly trained endurance athletes. J. Appl. Physiol.
2011, 111, 1422-1430. [CrossRef]

Jacobs, R.A.; Lundby, C. Mitochondria express enhanced quality as well as quantity in association with aerobic fitness across
recreationally active individuals up to elite athletes. ]. Appl. Physiol. 2013, 114, 344-350. [CrossRef]

Jornayvaz, ER.; Shulman, G.I. Regulation of mitochondrial biogenesis. Essays Biochem. 2010, 47, 69-84. [CrossRef] [PubMed]
Radak, Z.; Torma, E; Berkes, I.; Goto, S.; Mimura, T.; Posa, A.; Balogh, L.; Boldogh, I.; Suzuki, K.; Higuchi, M.; et al. Exercise
effects on physiological function during aging. Free Radic. Biol. Med. 2019, 132, 33-41. [CrossRef]

Petersen, K.F; Befroy, D.; Dufour, S.; Dziura, J.; Ariyan, C.; Rothman, D.L.; DiPietro, L.; Cline, G.W.; Shulman, G.I. Mitochondrial
dysfunction in the elderly: Possible role in insulin resistance. Scierice 2003, 300, 1140-1142. [CrossRef]

Campisi, J.; Kapahi, P.; Lithgow, G.J.; Melov, S.; Newman, J.C.; Verdin, E. From discoveries in ageing research to therapeutics for
healthy ageing. Nature 2019, 571, 183-192. [CrossRef]

Reznick, RM.; Zong, H.; Li, J.; Morino, K.; Moore, 1.K.; Hannah, J.Y,; Liu, Z.-X.; Dong, J.; Mustard, K.J.; Hawley, S.A. Aging-
associated reductions in AMP-activated protein kinase activity and mitochondrial biogenesis. Cell Metab. 2007, 5, 151-156.
[CrossRef] [PubMed]

Vainshtein, A.; Hood, D.A. The regulation of autophagy during exercise in skeletal muscle. ]. Appl. Physiol. 2016, 120,
664—673. [CrossRef]

Guevara, R.; Santandreu, EM.; Valle, A.; Gianotti, M.; Oliver, J.; Roca, P. Sex-dependent differences in aged rat brain mitochondrial
function and oxidative stress. Free Radic. Biol. Med. 2009, 46, 169-175. [CrossRef]

Valle, A.; Guevara, R.; Garcia-Palmer, FJ.; Roca, P,; Oliver, ]. Sexual dimorphism in liver mitochondrial oxidative capacity is
conserved under caloric restriction conditions. Am. J. Physiol. Cell Physiol. 2007, 293, C1302-C1308. [CrossRef]

Justo, R.; Boada, J.; Frontera, M.; Oliver, J.; Bermudez, J.; Gianotti, M. Gender dimorphism in rat liver mitochondrial oxidative
metabolism and biogenesis. Am. J. Physiol. Cell Physiol. 2005, 289, C372—-C378. [CrossRef] [PubMed]

Colom, B.; Oliver, J.; Roca, P.; Garcia-Palmer, FJ. Caloric restriction and gender modulate cardiac muscle mitochondrial H,O,
production and oxidative damage. Cardiovasc Res. 2007, 74, 456—465. [CrossRef] [PubMed]

Colom, B.; Alcolea, M.; Valle, A.; Oliver, J.; Roca, P.; Garcia-Palmer, F. Skeletal muscle of female rats exhibit higher mitochondrial
mass and oxidative-phosphorylative capacities compared to males. Cell. Physiol. Biochem. 2007, 19, 205-212. [CrossRef]


http://doi.org/10.14336/AD.2017.0202
http://doi.org/10.1093/gerona/61.10.1059
http://www.ncbi.nlm.nih.gov/pubmed/17077199
http://doi.org/10.1111/j.1475-097X.2004.00567.x
http://www.ncbi.nlm.nih.gov/pubmed/15522042
http://doi.org/10.1093/gerona/50a.special_issue.11
http://www.ncbi.nlm.nih.gov/pubmed/11876284
http://doi.org/10.1097/JSM.0b013e3181845f1c
http://www.ncbi.nlm.nih.gov/pubmed/19001883
http://doi.org/10.1080/00140138708969760
http://doi.org/10.1249/00005768-198808000-00003
http://www.ncbi.nlm.nih.gov/pubmed/3173042
http://doi.org/10.1152/jappl.1997.83.5.1581
http://doi.org/10.1519/JSC.0000000000001983
http://www.ncbi.nlm.nih.gov/pubmed/28486337
http://doi.org/10.1249/MSS.0000000000000928
http://www.ncbi.nlm.nih.gov/pubmed/27015385
http://doi.org/10.1111/jcmm.15194
http://www.ncbi.nlm.nih.gov/pubmed/32279443
http://doi.org/10.1016/j.molcel.2016.02.022
http://doi.org/10.1146/annurev-physiol-020518-114310
http://doi.org/10.1096/fj.201500100R
http://doi.org/10.1152/japplphysiol.00625.2011
http://doi.org/10.1152/japplphysiol.01081.2012
http://doi.org/10.1042/bse0470069
http://www.ncbi.nlm.nih.gov/pubmed/20533901
http://doi.org/10.1016/j.freeradbiomed.2018.10.444
http://doi.org/10.1126/science.1082889
http://doi.org/10.1038/s41586-019-1365-2
http://doi.org/10.1016/j.cmet.2007.01.008
http://www.ncbi.nlm.nih.gov/pubmed/17276357
http://doi.org/10.1152/japplphysiol.00550.2015
http://doi.org/10.1016/j.freeradbiomed.2008.09.035
http://doi.org/10.1152/ajpcell.00203.2007
http://doi.org/10.1152/ajpcell.00035.2005
http://www.ncbi.nlm.nih.gov/pubmed/15800054
http://doi.org/10.1016/j.cardiores.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17376413
http://doi.org/10.1159/000099208

Nutrients 2021, 13, 1409 30 of 34

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Ventura-Clapier, R.; Moulin, M.; Piquereau, J.; Lemaire, C.; Mericskay, M.; Veksler, V.; Garnier, A. Mitochondria: A central target
for sex differences in pathologies. Clin. Sci. 2017, 131, 803-822. [CrossRef]

Zawada, I.; Masternak, M.M,; List, E.O.; Stout, M.B.; Berryman, D.E.; Lewinski, A.; Kopchick, ].J.; Bartke, A.; Karbownik-Lewinska,
M.; Gesing, A. Gene expression of key regulators of mitochondrial biogenesis is sex dependent in mice with growth hormone
receptor deletion in liver. Aging 2015, 7, 195. [CrossRef] [PubMed]

Van Leeuwen, N.; Beekman, M.; Deelen, J.; van den Akker, E.B.; de Craen, A.].; Slagboom, P.E.; t Hart, L.M. Low mitochondrial
DNA content associates with familial longevity: The Leiden Longevity Study. Age 2014, 36, 9629. [CrossRef] [PubMed]
Karakelides, H.; Irving, B.A.; Short, K.R.; O’Brien, P.; Nair, K.S. Age, obesity, and sex effects on insulin sensitivity and skeletal
muscle mitochondrial function. Diabetes 2010, 59, 89-97. [CrossRef] [PubMed]

Howald, H.; Hoppeler, H.; Claassen, H.; Mathieu, O.; Straub, R. Influences of endurance training on the ultrastructural
composition of the different muscle fiber types in humans. Pfliigers Arch. 1985, 403, 369-376. [CrossRef]

Howald, H.; Boesch, C.; Kreis, R.; Matter, S.; Billeter, R.; Essen-Gustavsson, B.; Hoppeler, H. Content of intramyocellular lipids
derived by electron microscopy, biochemical assays, and 1H-MR spectroscopy. J. Appl. Physiol. 2002, 92, 2264-2272. [CrossRef]
Tarnopolsky, M.A.; Rennie, C.D.; Robertshaw, H.A.; Fedak-Tarnopolsky, S.N.; Devries, M.C.; Hamadeh, M.J. Influence of
endurance exercise training and sex on intramyocellular lipid and mitochondrial ultrastructure, substrate use, and mitochondrial
enzyme activity. Am. |. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R1271-R1278. [CrossRef]

Tanaka, H.; Tarumi, T.; Rittweger, J. Aging and Physiological Lessons from Master Athletes. Compr. Physiol. 2019, 10,
261-296. [CrossRef]

Sloane, P.D.; Marzetti, E.; Landi, F.; Zimmerman, S. Understanding and Addressing Muscle Strength, Mass, and Function in
Older Persons. J. Am. Med. Dir. Assoc. 2019, 20, 1-4. [CrossRef]

Melin, A K.; Heikura, I.A.; Tenforde, A.; Mountjoy, M. Energy Availability in Athletics: Health, Performance, and Physique. Int J.
Sport Nutr. Exerc. Metab. 2019, 29, 152-164. [CrossRef]

Mountjoy, M.; Sundgot-Borgen, ] K.; Burke, L.M.; Ackerman, K.E.; Blauwet, C.; Constantini, N.; Lebrun, C.; Lundy, B.; Melin,
AK.; Meyer, N.L.; et al. IOC consensus statement on relative energy deficiency in sport (RED-S): 2018 update. Br. ]. Sports Med.
2018, 52, 687-697. [CrossRef]

Tarnopolsky, M.A. Sex differences in exercise metabolism and the role of 17-beta estradiol. Med. Sci. Sports Exerc. 2008, 40,
648-654. [CrossRef]

Cox, N.J.; Ibrahim, K.; Sayer, A.A.; Robinson, S.M.; Roberts, H.C. Assessment and Treatment of the Anorexia of Aging: A
Systematic Review. Nutrients 2019, 11, 144. [CrossRef] [PubMed]

Doering, T.M.; Reaburn, P.R.; Cox, G.R.; Jenkins, D.G. Comparison of Postexercise Nutrition Knowledge and Postexercise
Carbohydrate and Protein Intake Between Australian Masters and Younger Triathletes. Int. . Sport Nutr. Exerc. Metab. 2016, 26,
338-346. [CrossRef] [PubMed]

Burke, L.M.; Hawley, J.A.; Wong, S.H.; Jeukendrup, A.E. Carbohydrates for training and competition. J. Sports Sci. 2011,
29 (Suppl. 1), S17-527. [CrossRef] [PubMed]

Nieman, D.C.; Mitmesser, S.H. Potential Impact of Nutrition on Immune System Recovery from Heavy Exertion: A Metabolomics
Perspective. Nutrients 2017, 9, 513. [CrossRef]

Tipton, K.D. Efficacy and consequences of very-high-protein diets for athletes and exercisers. Proc. Nutr Soc. 2011, 70,
205-214. [CrossRef]

Trommelen, J.; Betz, M.W.; van Loon, L.J.C. The Muscle Protein Synthetic Response to Meal Ingestion Following Resistance-Type
Exercise. Sports Med. 2019, 49, 185-197. [CrossRef]

Drummond, M.J.; Dreyer, H.C.; Fry, C.S.; Glynn, E.L.; Rasmussen, B.B. Nutritional and contractile regulation of human skeletal
muscle protein synthesis and mTORC1 signaling. J. Appl. Physiol. 2009, 106, 1374-1384. [CrossRef]

Witard, O.C.; Jackman, S.R.; Breen, L.; Smith, K.; Selby, A.; Tipton, K.D. Myofibrillar muscle protein synthesis rates subsequent
to a meal in response to increasing doses of whey protein at rest and after resistance exercise. Am. J. Clin. Nutr. 2014, 99,
86-95. [CrossRef]

Burd, N.A,; Beals, ].W.; Martinez, I.G.; Salvador, A.F,; Skinner, S.K. Food-First Approach to Enhance the Regulation of Post-exercise
Skeletal Muscle Protein Synthesis and Remodeling. Sports Med. 2019, 49, 59-68. [CrossRef]

Holwerda, A.M.; Paulussen, K.J.M.; Overkamp, M.; Goessens, ].P.B.; Kramer, L.F.; Wodzig, WK.W.H.; Verdijk, L.B.; van Loon,
L.J.C. Dose-Dependent Increases in Whole-Body Net Protein Balance and Dietary Protein-Derived Amino Acid Incorporation into
Myofibrillar Protein During Recovery from Resistance Exercise in Older Men. . Nutr. 2019, 149, 221-230. [CrossRef] [PubMed]
Szwiega, S.; Pencharz, P.B.; Rafii, M.; Lebarron, M.; Chang, J.; Ball, R.O.; Kong, D.; Xu, L.; Elango, R.; Courtney-Martin, G. Dietary
leucine requirement of older men and women is higher than current recommendations. Am. J. Clin. Nutr. 2020. [CrossRef]
Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Cruz-Jentoft, A.].; Morley, ].E.; Phillips, S.; Sieber, C.; Stehle, P; Teta, D.; et al.
Evidence-based recommendations for optimal dietary protein intake in older people: A position paper from the PROT-AGE
Study Group. |. Am. Med. Dir. Assoc. 2013, 14, 542-559. [CrossRef] [PubMed]

Loenneke, J.P,; Loprinzi, P.D.; Murphy, C.H.; Phillips, S.M. Per meal dose and frequency of protein consumption is associated
with lean mass and muscle performance. Clin. Nutr. 2016, 35, 1506-1511. [CrossRef] [PubMed]


http://doi.org/10.1042/CS20160485
http://doi.org/10.18632/aging.100733
http://www.ncbi.nlm.nih.gov/pubmed/25855408
http://doi.org/10.1007/s11357-014-9629-0
http://www.ncbi.nlm.nih.gov/pubmed/24554339
http://doi.org/10.2337/db09-0591
http://www.ncbi.nlm.nih.gov/pubmed/19833885
http://doi.org/10.1007/BF00589248
http://doi.org/10.1152/japplphysiol.01174.2001
http://doi.org/10.1152/ajpregu.00472.2006
http://doi.org/10.1002/cphy.c180041
http://doi.org/10.1016/j.jamda.2018.11.020
http://doi.org/10.1123/ijsnem.2018-0201
http://doi.org/10.1136/bjsports-2018-099193
http://doi.org/10.1249/MSS.0b013e31816212ff
http://doi.org/10.3390/nu11010144
http://www.ncbi.nlm.nih.gov/pubmed/30641897
http://doi.org/10.1123/ijsnem.2015-0289
http://www.ncbi.nlm.nih.gov/pubmed/26696649
http://doi.org/10.1080/02640414.2011.585473
http://www.ncbi.nlm.nih.gov/pubmed/21660838
http://doi.org/10.3390/nu9050513
http://doi.org/10.1017/S0029665111000024
http://doi.org/10.1007/s40279-019-01053-5
http://doi.org/10.1152/japplphysiol.91397.2008
http://doi.org/10.3945/ajcn.112.055517
http://doi.org/10.1007/s40279-018-1009-y
http://doi.org/10.1093/jn/nxy263
http://www.ncbi.nlm.nih.gov/pubmed/30722014
http://doi.org/10.1093/ajcn/nqaa323
http://doi.org/10.1016/j.jamda.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/23867520
http://doi.org/10.1016/j.clnu.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27086196

Nutrients 2021, 13, 1409 31 of 34

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.
220.

221.

222.

223.

224.

225.

Morton, RW.; Murphy, K.T.; McKellar, S.R.; Schoenfeld, B.].; Henselmans, M.; Helms, E.; Aragon, A.A.; Devries, M.C.; Banfield, L.;
Krieger, ] W,; et al. A systematic review, meta-analysis and meta-regression of the effect of protein supplementation on resistance
training-induced gains in muscle mass and strength in healthy adults. Br. J. Sports Med. 2018, 52, 376-384. [CrossRef]

Hector, A.J.; Phillips, S.M. Protein Recommendations for Weight Loss in Elite Athletes: A Focus on Body Composition and
Performance. Int. |. Sport. Nutr. Exerc. Metab. 2018, 28, 170-177. [CrossRef] [PubMed]

Deane, C.S.; Bass, ].J.; Crossland, H.; Phillips, B.E.; Atherton, PJ. Animal, Plant, Collagen and Blended Dietary Proteins: Effects on
Musculoskeletal Outcomes. Nutrients 2020, 12, 2670. [CrossRef] [PubMed]

Van Vliet, S.; Burd, N.A.; Van Loon, L.J. The Skeletal Muscle Anabolic Response to Plant- versus Animal-Based Protein
Consumption. J. Nutr. 2015, 145, 1981-1991. [CrossRef]

Gorissen, S.H.M.; Witard, O.C. Characterising the muscle anabolic potential of dairy, meat and plant-based protein sources in
older adults. Proc. Nutr. Soc. 2018, 77, 20-31. [CrossRef]

Smith, G.I; Atherton, P; Villareal, D.T.; Frimel, T.N.; Rankin, D.; Rennie, M.].; Mittendorfer, B. Differences in muscle protein
synthesis and anabolic signaling in the postabsorptive state and in response to food in 65-80 year old men and women. PLoS
ONE 2008, 3, e1875. [CrossRef]

Doering, T.M.; Jenkins, D.G.; Reaburn, P.R.; Borges, N.R.; Hohmann, E.; Phillips, .M. Lower Integrated Muscle Protein Synthesis
in Masters Compared with Younger Athletes. Med. Sci. Sports Exerc. 2016, 48, 1613-1618. [CrossRef] [PubMed]

McKendry, J.; Shad, B.J.; Smeuninx, B.; Oikawa, S.Y.; Wallis, G.; Greig, C.; Phillips, S.M.; Breen, L. Comparable Rates of Integrated
Myofibrillar Protein Synthesis Between Endurance-Trained Master Athletes and Untrained Older Individuals. Front. Physiol.
2019, 10, 1084. [CrossRef] [PubMed]

McKendry, J.; Joanisse, S.; Baig, S.; Liu, B.; Parise, G.; Greig, C.A.; Breen, L. Superior Aerobic Capacity and Indices of Skeletal
Muscle Morphology in Chronically Trained Master Endurance Athletes Compared With Untrained Older Adults. J. Gerontol. A
Biol. Sci. Med. Sci. 2020, 75, 1079-1088. [CrossRef] [PubMed]

Burd, N.A.; Gorissen, S.H.; van Loon, L.J. Anabolic resistance of muscle protein synthesis with aging. Exerc. Sport Sci. Rev. 2013,
41,169-173. [CrossRef]

Wall, B.T.; Gorissen, S.H.; Pennings, B.; Koopman, R.; Groen, B.B.; Verdijk, L.B.; van Loon, L.J. Aging Is Accompanied by a
Blunted Muscle Protein Synthetic Response to Protein Ingestion. PLoS ONE 2015, 10, €0140903. [CrossRef] [PubMed]
Wilkinson, D.J.; Piasecki, M.; Atherton, PJ. The age-related loss of skeletal muscle mass and function: Measurement and
physiology of muscle fibre atrophy and muscle fibre loss in humans. Ageing Res. Rev. 2018, 47, 123-132. [CrossRef] [PubMed]
Cermak, N.M.; Res, P.T.; de Groot, L.C.; Saris, W.H.; van Loon, L.J. Protein supplementation augments the adaptive response of
skeletal muscle to resistance-type exercise training: A meta-analysis. Am. J. Clin. Nutr. 2012, 96, 1454-1464. [CrossRef]

Yang, Y.; Breen, L.; Burd, N.A.; Hector, A.J.; Churchward-Venne, T.A.; Josse, A.R.; Tarnopolsky, M. A; Phillips, S.M. Resistance
exercise enhances myofibrillar protein synthesis with graded intakes of whey protein in older men. Br. |. Nutr. 2012, 108,
1780-1788. [CrossRef] [PubMed]

Di Girolamo, E.G; Situlin, R.; Fiotti, N.; Tence, M.; De Colle, P.; Mearelli, F.; Minetto, M.A.; Ghigo, E.; Pagani, M.; Lucini, D.; et al.
Higher protein intake is associated with improved muscle strength in elite senior athletes. Nutrition 2017, 42, 82-86.
[CrossRef] [PubMed]

Smith, G.I; Atherton, P; Reeds, D.N.; Mohammed, B.S.; Rankin, D.; Rennie, M.J.; Mittendorfer, B. Dietary omega-3 fatty acid
supplementation increases the rate of muscle protein synthesis in older adults: A randomized controlled trial. Am. J. Clin. Nutr.
2011, 93, 402—412. [CrossRef] [PubMed]

Smith, G.I; Julliand, S.; Reeds, D.N.; Sinacore, D.R.; Klein, S.; Mittendorfer, B. Fish oil-derived n-3 PUFA therapy increases muscle
mass and function in healthy older adults. Am. J. Clin. Nutr. 2015, 102, 115-122. [CrossRef]

Papageorgiou, M.; Dolan, E.; Elliott-Sale, K.J.; Sale, C. Reduced energy availability: Implications for bone health in physically
active populations. Eur. |. Nutr. 2018, 57, 847-859. [CrossRef] [PubMed]

Sale, C.; Elliott-Sale, K.J. Nutrition and Athlete Bone Health. Sports Med. 2019, 49, 139-151. [CrossRef] [PubMed]

Ihle, R.; Loucks, A.B. Dose-response relationships between energy availability and bone turnover in young exercising women.
J. Bone Min. Res. 2004, 19, 1231-1240. [CrossRef]

Hammond, K.M.; Sale, C.; Fraser, W.; Tang, J.; Shepherd, S.O.; Strauss, J.A.; Close, G.L.; Cocks, M.; Louis, J.; Pugh, J.; et al.
Post-exercise carbohydrate and energy availability induce independent effects on skeletal muscle cell signalling and bone
turnover: Implications for training adaptation. J. Physiol. 2019, 597, 4779-4796. [CrossRef]

Locatelli, V.; Bianchi, V.E. Effect of GH/IGF-1 on Bone Metabolism and Osteoporsosis. Int. ]. Endocrinol. 2014, 2014, 235060. [CrossRef]
Kerstetter, ].E.; Kenny, A.M.; Insogna, K.L. Dietary protein and skeletal health: A review of recent human research. Curr. Opin.
Lipidol. 2011, 22, 16-20. [CrossRef]

Holm, L.; Olesen, ].L.; Matsumoto, K.; Doi, T.; Mizuno, M.; Alsted, T.J.; Mackey, A.L.; Schwarz, P,; Kjaer, M. Protein-containing
nutrient supplementation following strength training enhances the effect on muscle mass, strength, and bone formation in
postmenopausal women. J. Appl. Physiol. 2008, 105, 274-281. [CrossRef]

Bowen, J.; Noakes, M.; Clifton, PM. A high dairy protein, high-calcium diet minimizes bone turnover in overweight adults
during weight loss. J. Nutr. 2004, 134, 568-573. [CrossRef]


http://doi.org/10.1136/bjsports-2017-097608
http://doi.org/10.1123/ijsnem.2017-0273
http://www.ncbi.nlm.nih.gov/pubmed/29182451
http://doi.org/10.3390/nu12092670
http://www.ncbi.nlm.nih.gov/pubmed/32883033
http://doi.org/10.3945/jn.114.204305
http://doi.org/10.1017/S002966511700194X
http://doi.org/10.1371/journal.pone.0001875
http://doi.org/10.1249/MSS.0000000000000935
http://www.ncbi.nlm.nih.gov/pubmed/27433963
http://doi.org/10.3389/fphys.2019.01084
http://www.ncbi.nlm.nih.gov/pubmed/31543824
http://doi.org/10.1093/gerona/glz142
http://www.ncbi.nlm.nih.gov/pubmed/31155637
http://doi.org/10.1097/JES.0b013e318292f3d5
http://doi.org/10.1371/journal.pone.0140903
http://www.ncbi.nlm.nih.gov/pubmed/26536130
http://doi.org/10.1016/j.arr.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30048806
http://doi.org/10.3945/ajcn.112.037556
http://doi.org/10.1017/S0007114511007422
http://www.ncbi.nlm.nih.gov/pubmed/22313809
http://doi.org/10.1016/j.nut.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28870484
http://doi.org/10.3945/ajcn.110.005611
http://www.ncbi.nlm.nih.gov/pubmed/21159787
http://doi.org/10.3945/ajcn.114.105833
http://doi.org/10.1007/s00394-017-1498-8
http://www.ncbi.nlm.nih.gov/pubmed/28721562
http://doi.org/10.1007/s40279-019-01161-2
http://www.ncbi.nlm.nih.gov/pubmed/31696454
http://doi.org/10.1359/JBMR.040410
http://doi.org/10.1113/JP278209
http://doi.org/10.1155/2014/235060
http://doi.org/10.1097/MOL.0b013e3283419441
http://doi.org/10.1152/japplphysiol.00935.2007
http://doi.org/10.1093/jn/134.3.568

Nutrients 2021, 13, 1409 32 of 34

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.
243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

Geiker, N.R.W.; Mglgaard, C.; Iuliano, S.; Rizzoli, R.; Manios, Y.; Van Loon, L.].C.; Lecerf, ].M.; Moschonis, G.; Reginster, ].Y.;
Givens, L; et al. Impact of whole dairy matrix on musculoskeletal health and aging-current knowledge and research gaps.
Osteoporos Int. 2020, 31, 601-615. [CrossRef]

Frassetto, L.; Morris, R.C.; Sellmeyer, D.E.; Todd, K.; Sebastian, A. Diet, evolution and aging—The pathophysiologic effects of
the post-agricultural inversion of the potassium-to-sodium and base-to-chloride ratios in the human diet. Eur. . Nutr. 2001, 40,
200-213. [CrossRef]

New, S.A.; Robins, S.P.; Campbell, M.K.; Martin, ].C.; Garton, M.].; Bolton-Smith, C.; Grubb, D.A.; Lee, S.J.; Reid, D.M. Dietary
influences on bone mass and bone metabolism: Further evidence of a positive link between fruit and vegetable consumption and
bone health? Am. . Clin. Nutr. 2000, 71, 142-151. [CrossRef] [PubMed]

Close, G.L.; Russell, J.; Cobley, ].N.; Owens, D.].; Wilson, G.; Gregson, W.; Fraser, W.D.; Morton, J.P. Assessment of vitamin D
concentration in non-supplemented professional athletes and healthy adults during the winter months in the UK: Implications
for skeletal muscle function. J. Sports Sci. 2013, 31, 344-353. [CrossRef]

Ruohola, J.P; Laaksi, I; Ylikomi, T.; Haataja, R.; Mattila, V.M.; Sahi, T.; Tuohimaa, P; Pihlajaméki, H. Association between serum
25(OH)D concentrations and bone stress fractures in Finnish young men. J. Bone Min. Res. 2006, 21, 1483-1488. [CrossRef]
Lappe, J.; Cullen, D.; Haynatzki, G.; Recker, R.; Ahlf, R.; Thompson, K. Calcium and vitamin d supplementation decreases
incidence of stress fractures in female navy recruits. J. Bone Min. Res. 2008, 23, 741-749. [CrossRef] [PubMed]

Larson-Meyer, D.E.; Willis, K.S. Vitamin D and athletes. Curr. Sports Med. Rep. 2010, 9, 220-226. [CrossRef]

Edouard, P; Branco, P.; Alonso, ].M. Muscle injury is the principal injury type and hamstring muscle injury is the first injury
diagnosis during top-level international athletics championships between 2007 and 2015. Br. ]. Sports Med. 2016, 50, 619-630.
[CrossRef] [PubMed]

Fredericson, M.; Jennings, F.; Beaulieu, C.; Matheson, G.O. Stress fractures in athletes. Top. Magn. Reson. Imaging 2006, 17, 309-325.
[CrossRef] [PubMed]

Soligard, T.; Schwellnus, M.; Alonso, ].M.; Bahr, R.; Clarsen, B.; Dijkstra, H.P.; Gabbett, T.; Gleeson, M.; Hagglund, M.; Hutchinson,
M.R;; et al. How much is too much? (Part 1) International Olympic Committee consensus statement on load in sport and risk of
injury. Br. J. Sports Med. 2016, 50, 1030-1041. [CrossRef]

Ganse, B.; Degens, H.; Drey, M.; Korhonen, M.T.; McPhee, ].; Miiller, K.; Johannes, B.W.; Rittweger, ]. Impact of age, performance
and athletic event on injury rates in master athletics-first results from an ongoing prospective study. J. Musculoskelet Neuronal.
Interact. 2014, 14, 148-154.

Wall, B.T,; Dirks, M.L.; Snijders, T.; Senden, ].M.; Dolmans, J.; van Loon, L.J. Substantial skeletal muscle loss occurs during only 5
days of disuse. Acta Physiol. 2014, 210, 600-611. [CrossRef]

LeBlanc, A.D.; Schneider, V.S.; Evans, H.J.; Pientok, C.; Rowe, R.; Spector, E. Regional changes in muscle mass following 17 weeks
of bed rest. . Appl. Physiol. 1992, 73, 2172-2178. [CrossRef] [PubMed]

Wall, B.T.; Dirks, M.L.; Snijders, T.; Stephens, F.B.; Senden, ].M.; Verscheijden, M.L.; van Loon, L.J. Short-term muscle disuse
atrophy is not associated with increased intramuscular lipid deposition or a decline in the maximal activity of key mitochondrial
enzymes in young and older males. Exp. Gerontol. 2015, 61, 76-83. [CrossRef] [PubMed]

Rudrappa, S.S.; Wilkinson, D.J.; Greenhaff, P.L.; Smith, K.; Idris, I.; Atherton, P.J. Human Skeletal Muscle Disuse Atrophy: Effects
on Muscle Protein Synthesis, Breakdown, and Insulin Resistance-A Qualitative Review. Front. Physiol. 2016, 7, 361. [CrossRef]
Bowden Davies, K.A.; Pickles, S.; Sprung, V.S.; Kemp, G.J.; Alam, U.; Moore, D.R.; Tahrani, A.A.; Cuthbertson, D.J. Reduced phys-
ical activity in young and older adults: Metabolic and musculoskeletal implications. Adv. Endocrinol. Metab. 2019, 10. [CrossRef]
Demling, R.H. Nutrition, anabolism, and the wound healing process: An overview. Eplasty 2009, 9, €9. [PubMed]

Close, G.L.; Sale, C.; Baar, K.; Bermon, S. Nutrition for the Prevention and Treatment of Injuries in Track and Field Athletes. Int. ].
Sport Nutr. Exerc. Metab. 2019, 29, 189-197. [CrossRef]

Papadopoulou, S.K. Rehabilitation Nutrition for Injury Recovery of Athletes: The Role of Macronutrient Intake. Nutrients 2020,
12, 2449. [CrossRef] [PubMed]

Smith-Ryan, A.E.; Hirsch, K.R.; Saylor, H.E.; Gould, L.M.; Blue, M.N.M. Nutritional Considerations and Strategies to Facilitate
Injury Recovery and Rehabilitation. J. Athl. Train. 2020, 55, 918-930. [CrossRef] [PubMed]

Tipton, K.D. Nutritional Support for Exercise-Induced Injuries. Sports Med. 2015, 45 (Suppl. 1), 593-5104. [CrossRef] [PubMed]
Wall, B.T.; Van Loon, L.J. Nutritional strategies to attenuate muscle disuse atrophy. Nutr. Rev. 2013, 71, 195-208. [CrossRef]
Wall, B.T.; Morton, J.P.; van Loon, L.J. Strategies to maintain skeletal muscle mass in the injured athlete: Nutritional considerations
and exercise mimetics. Eur. . Sport Sci. 2015, 15, 53-62. [CrossRef]

Trommelen, J.; Van Loon, L.J. Pre-Sleep Protein Ingestion to Improve the Skeletal Muscle Adaptive Response to Exercise Training.
Nutrients 2016, 8, 763. [CrossRef]

Weyh, C.; Kriiger, K.; Strasser, B. Physical Activity and Diet Shape the Immune System during Aging. Nutrients 2020,
12, 622. [CrossRef]

Duggal, N.A,; Pollock, R.D.; Lazarus, N.R.; Harridge, S.; Lord, ].M. Major features of immunesenescence, including reduced
thymic output, are ameliorated by high levels of physical activity in adulthood. Aging Cell 2018, 17. [CrossRef]

Minuzzi, L.G.; Rama, L.; Chupel, M.U,; Rosado, F; Dos Santos, J.V.; Simpson, R.; Martinho, A.; Paiva, A.; Teixeira, A.M. Effects
of lifelong training on senescence and mobilization of T lymphocytes in response to acute exercise. Exerc. Immunol. Rev. 2018,
24,72-84.


http://doi.org/10.1007/s00198-019-05229-7
http://doi.org/10.1007/s394-001-8347-4
http://doi.org/10.1093/ajcn/71.1.142
http://www.ncbi.nlm.nih.gov/pubmed/10617959
http://doi.org/10.1080/02640414.2012.733822
http://doi.org/10.1359/jbmr.060607
http://doi.org/10.1359/jbmr.080102
http://www.ncbi.nlm.nih.gov/pubmed/18433305
http://doi.org/10.1249/JSR.0b013e3181e7dd45
http://doi.org/10.1136/bjsports-2015-095559
http://www.ncbi.nlm.nih.gov/pubmed/26887415
http://doi.org/10.1097/RMR.0b013e3180421c8c
http://www.ncbi.nlm.nih.gov/pubmed/17414993
http://doi.org/10.1136/bjsports-2016-096581
http://doi.org/10.1111/apha.12190
http://doi.org/10.1152/jappl.1992.73.5.2172
http://www.ncbi.nlm.nih.gov/pubmed/1474100
http://doi.org/10.1016/j.exger.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25457674
http://doi.org/10.3389/fphys.2016.00361
http://doi.org/10.1177/2042018819888824
http://www.ncbi.nlm.nih.gov/pubmed/19274069
http://doi.org/10.1123/ijsnem.2018-0290
http://doi.org/10.3390/nu12082449
http://www.ncbi.nlm.nih.gov/pubmed/32824034
http://doi.org/10.4085/1062-6050-550-19
http://www.ncbi.nlm.nih.gov/pubmed/32991705
http://doi.org/10.1007/s40279-015-0398-4
http://www.ncbi.nlm.nih.gov/pubmed/26553492
http://doi.org/10.1111/nure.12019
http://doi.org/10.1080/17461391.2014.936326
http://doi.org/10.3390/nu8120763
http://doi.org/10.3390/nu12030622
http://doi.org/10.1111/acel.12750

Nutrients 2021, 13, 1409 33 of 34

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.
265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

Nieman, D.C.; Henson, D.A.; Austin, M.D.; Sha, W. Upper respiratory tract infection is reduced in physically fit and active adults.
Br. J. Sports Med. 2011, 45, 987-992. [CrossRef]

Simpson, R.J.; Campbell, ].P.; Gleeson, M.; Kriiger, K.; Nieman, D.C.; Pyne, D.B.; Turner, ].E.; Walsh, N.P. Can exercise affect
immune function to increase susceptibility to infection? Exerc. Immunol. Rev. 2020, 26, 8-22. [PubMed]

Passos, B.N.; Lima, M.C.; Sierra, A.PR,; Oliveira, R.A.; Maciel, ].ES.; Manoel, R.; Rogante, ].I.; Pesquero, ].B.; Cury-Boaventura,
M.F. Association of Daily Dietary Intake and Inflammation Induced by Marathon Race. Mediat. Inflamm. 2019, 2019, 1537274.
[CrossRef] [PubMed]

Nieman, D.C.; Henson, D.A; Gross, S.J.; Jenkins, D.P,; Davis, ].M.; Murphy, E.A.; Carmichael, M.D.; Dumke, C.L.; Utter, A.C.;
McAnulty, S.R.; et al. Quercetin reduces illness but not immune perturbations after intensive exercise. Med. Sci. Sports Exerc.
2007, 39, 1561-1569. [CrossRef]

Witard, O.C,; Turner, J.E.; Jackman, S.R.; Kies, A.K.; Jeukendrup, A.E.; Bosch, J.A.; Tipton, K.D. High dietary protein restores
overreaching induced impairments in leukocyte trafficking and reduces the incidence of upper respiratory tract infection in elite
cyclists. Brain Behav. Immun. 2014, 39, 211-219. [CrossRef]

Walsh, N.P. Recommendations to maintain immune health in athletes. Eur. J. Sport Sci. 2018, 18, 820-831. [CrossRef]
Farrokhyar, F.; Tabasinejad, R.; Dao, D.; Peterson, D.; Ayeni, O.R.; Hadioonzadeh, R.; Bhandari, M. Prevalence of vitamin D
inadequacy in athletes: A systematic-review and meta-analysis. Sports Med. 2015, 45, 365-378. [CrossRef]

Martineau, A.R,; Jolliffe, D.A.; Greenberg, L.; Aloia, J.F.; Bergman, P.; Dubnov-Raz, G.; Esposito, S.; Ganmaa, D.; Ginde, A.A;
Goodall, E.C;; et al. Vitamin D supplementation to prevent acute respiratory infections: Individual participant data meta-analysis.
Health Technol. Assess. 2019, 23, 1-44. [CrossRef] [PubMed]

He, C.S.; Handzlik, M.; Fraser, W.D.; Muhamad, A.; Preston, H.; Richardson, A.; Gleeson, M. Influence of vitamin D status on
respiratory infection incidence and immune function during 4 months of winter training in endurance sport athletes. Exerc.
Immunol. Rev. 2013, 19, 86-101. [PubMed]

He, C.S.; Bishop, N.C.; Handzlik, M.K.; Muhamad, A.S.; Gleeson, M. Sex differences in upper respiratory symptoms prevalence
and oral-respiratory mucosal immunity in endurance athletes. Exerc. Immunol. Rev. 2014, 20, 8-22. [PubMed]

He, C.S.; Aw Yong, X.H.; Walsh, N.P.,; Gleeson, M. Is there an optimal vitamin D status for immunity in athletes and military
personnel? Exerc. Immunol. Rev. 2016, 22, 42-64. [PubMed]

Roubenoff, R. Catabolism of aging: Is it an inflammatory process? Curr. Opin. Clin. Nutr. Metab. Care 2003, 6, 295-299. [CrossRef]
Rondanelli, M.; Klersy, C.; Terracol, G.; Talluri, J.; Maugeri, R.; Guido, D.; Faliva, M.A.; Solerte, B.S.; Fioravanti, M.;
Lukaski, H.; et al. Whey protein, amino acids, and vitamin D supplementation with physical activity increases fat-free mass
and strength, functionality, and quality of life and decreases inflammation in sarcopenic elderly. Am. J. Clin. Nutr. 2016, 103,
830-840. [CrossRef]

Peake, J.; Nosaka, K.; Suzuki, K. Characterization of inflammatory responses to eccentric exercise in humans. Exerc. Immunol. Rev.
2005, 11, 64-85.

Logan, V.E; Gray, A.R,; Peddie, M.C.; Harper, M.].; Houghton, L.A. Long-term vitamin D3 supplementation is more effective
than vitamin D2 in maintaining serum 25-hydroxyvitamin D status over the winter months. Br. J. Nutr. 2013, 109, 1082-1088.
[CrossRef] [PubMed]

Heiman, M.L.; Greenway, F.L. A healthy gastrointestinal microbiome is dependent on dietary diversity. Mol. Metab. 2016, 5,
317-320. [CrossRef] [PubMed]

Rowland, I; Gibson, G.; Heinken, A.; Scott, K.; Swann, J.; Thiele, I.; Tuohy, K. Gut microbiota functions: Metabolism of nutrients
and other food components. Eur. J. Nutr. 2018, 57, 1-24. [CrossRef] [PubMed]

Tilg, H.; Zmora, N.; Adolph, T.E.; Elinav, E. The intestinal microbiota fuelling metabolic inflammation. Nat. Rev. Immunol. 2020,
20, 40-54. [CrossRef] [PubMed]

Stavropoulou, E.; Bezirtzoglou, E. Human microbiota in aging and infection: A review. Crit. Rev. Food Sci. Nutr. 2019, 59,
537-545. [CrossRef]

Rinninella, E.; Cintoni, M.; Raoul, P.; Lopetuso, L.R.; Scaldaferri, E.; Pulcini, G.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C.
Food Components and Dietary Habits: Keys for a Healthy Gut Microbiota Composition. Nutrients 2019, 11, 2393. [CrossRef]
Clarke, S.F.; Murphy, E.E; O’Sullivan, O.; Lucey, A.J., Humphreys, M.; Hogan, A.; Hayes, P.; O'Reilly, M.; Jeffery, LB.;
Wood-Martin, R.; et al. Exercise and associated dietary extremes impact on gut microbial diversity. Gut 2014, 63, 1913-1920.
[CrossRef] [PubMed]

Allen, J.M.; Mailing, L.J.; Cohrs, J.; Salmonson, C.; Fryer, ].D.; Nehra, V.; Hale, V.L.; Kashyap, P.; White, B.A.; Woods, ].A.
Exercise training-induced modification of the gut microbiota persists after microbiota colonization and attenuates the response to
chemically-induced colitis in gnotobiotic mice. Gut Microbes 2018, 9, 115-130. [CrossRef]

Estaki, M.; Pither, J.; Baumeister, P.; Little, ].P,; Gill, S.K.; Ghosh, S.; Ahmadi-Vand, Z.; Marsden, K.R.; Gibson, D.L. Cardiorespira-
tory fitness as a predictor of intestinal microbial diversity and distinct metagenomic functions. Microbiome 2016, 4, 42. [CrossRef]
Morita, E.; Yokoyama, H.; Imai, D.; Takeda, R.; Ota, A.; Kawai, E.; Hisada, T.; Emoto, M.; Suzuki, Y.; Okazaki, K. Aerobic Exercise
Training with Brisk Walking Increases Intestinal Bacteroides in Healthy Elderly Women. Nutrients 2019, 11, 868. [CrossRef]
Zhu, Q,; Jiang, S.; Du, G. Effects of exercise frequency on the gut microbiota in elderly individuals. Microbiologyopen 2020,
9, €1053. [CrossRef]


http://doi.org/10.1136/bjsm.2010.077875
http://www.ncbi.nlm.nih.gov/pubmed/32139352
http://doi.org/10.1155/2019/1537274
http://www.ncbi.nlm.nih.gov/pubmed/31686980
http://doi.org/10.1249/mss.0b013e318076b566
http://doi.org/10.1016/j.bbi.2013.10.002
http://doi.org/10.1080/17461391.2018.1449895
http://doi.org/10.1007/s40279-014-0267-6
http://doi.org/10.3310/hta23020
http://www.ncbi.nlm.nih.gov/pubmed/30675873
http://www.ncbi.nlm.nih.gov/pubmed/23977722
http://www.ncbi.nlm.nih.gov/pubmed/24974718
http://www.ncbi.nlm.nih.gov/pubmed/26853300
http://doi.org/10.1097/01.mco.0000068965.34812.62
http://doi.org/10.3945/ajcn.115.113357
http://doi.org/10.1017/S0007114512002851
http://www.ncbi.nlm.nih.gov/pubmed/23168298
http://doi.org/10.1016/j.molmet.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/27110483
http://doi.org/10.1007/s00394-017-1445-8
http://www.ncbi.nlm.nih.gov/pubmed/28393285
http://doi.org/10.1038/s41577-019-0198-4
http://www.ncbi.nlm.nih.gov/pubmed/31388093
http://doi.org/10.1080/10408398.2017.1379469
http://doi.org/10.3390/nu11102393
http://doi.org/10.1136/gutjnl-2013-306541
http://www.ncbi.nlm.nih.gov/pubmed/25021423
http://doi.org/10.1080/19490976.2017.1372077
http://doi.org/10.1186/s40168-016-0189-7
http://doi.org/10.3390/nu11040868
http://doi.org/10.1002/mbo3.1053

Nutrients 2021, 13, 1409 34 of 34

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

Fart, F; Rajan, S.K.; Wall, R.; Rangel, I.; Ganda-Mall, J.P,; Ting0, L.; Brummer, R.]J.; Repsilber, D.; Schoultz, I.; Lindqvist, C.M.
Differences in Gut Microbiome Composition between Senior Orienteering Athletes and Community-Dwelling Older Adults.
Nutrients 2020, 12, 2610. [CrossRef]

Bear, T.L.K,; Dalziel, ].E.; Coad, J.; Roy, N.C.; Butts, C.A.; Gopal, PK. The Role of the Gut Microbiota in Dietary Interventions for
Depression and Anxiety. Adv. Nutr. 2020, 11, 890-907. [CrossRef] [PubMed]

Jeukendrup, A.E.; Vet-Joop, K.; Sturk, A.; Stegen, J.H.; Senden, J.; Saris, W.H.; Wagenmakers, A.]J. Relationship between gastro-
intestinal complaints and endotoxaemia, cytokine release and the acute-phase reaction during and after a long-distance triathlon
in highly trained men. Clin. Sci. 2000, 98, 47-55. [CrossRef]

Ticinesi, A.; Lauretani, F.,; Tana, C.; Nouvenne, A.; Ridolo, E.; Meschi, T. Exercise and immune system as modulators of intestinal
microbiome: Implications for the gut-muscle axis hypothesis. Exerc. Immunol. Rev. 2019, 25, 84-95. [PubMed]

Wu, D.; Lewis, E.D.; Pae, M.; Meydani, S.N. Nutritional Modulation of Immune Function: Analysis of Evidence, Mechanisms,
and Clinical Relevance. Front. Immunol. 2018, 9, 3160. [CrossRef]

Cox, A.J.; Pyne, D.B,; Saunders, P.U.; Fricker, P.A. Oral administration of the probiotic Lactobacillus fermentum VRI-003 and
mucosal immunity in endurance athletes. Br. J. Sports Med. 2010, 44, 222-226. [CrossRef]

Gleeson, M.; Bishop, N.C.; Oliveira, M.; Tauler, P. Daily probiotic’s (Lactobacillus casei Shirota) reduction of infection incidence in
athletes. Int. |. Sport Nutr. Exerc. Metab. 2011, 21, 55-64. [CrossRef] [PubMed]

West, N.P; Horn, P.L.; Pyne, D.B.; Gebski, V].; Lahtinen, S.J.; Fricker, P.A.; Cripps, A.W. Probiotic supplementation for respiratory
and gastrointestinal illness symptoms in healthy physically active individuals. Clin. Nutr. 2014, 33, 581-587. [CrossRef] [PubMed]
Michalickova, D.; Minic, R.; Dikic, N.; Andjelkovic, M.; Kostic-Vucicevic, M.; Stojmenovic, T.; Nikolic, I.; Djordjevic, B. Lacto-
bacillus helveticus Lafti L10 supplementation reduces respiratory infection duration in a cohort of elite athletes: A randomized,
double-blind, placebo-controlled trial. Appl. Physiol. Nutr. Metab. 2016, 41, 782-789. [CrossRef] [PubMed]

Strasser, B.; Geiger, D.; Schauer, M.; Gostner, ] M.; Gatterer, H.; Burtscher, M.; Fuchs, D. Probiotic Supplements Beneficially Affect
Tryptophan-Kynurenine Metabolism and Reduce the Incidence of Upper Respiratory Tract Infections in Trained Athletes: A
Randomized, Double-Blinded, Placebo-Controlled Trial. Nutrients 2016, 8, 752. [CrossRef]

Pyne, D.B.; West, N.P.; Cox, A.].; Cripps, A.W. Probiotics supplementation for athletes-clinical and physiological effects. Eur. |.
Sport Sci. 2015, 15, 63-72. [CrossRef]

Colbey, C.; Cox, A.].; Pyne, D.B.; Zhang, P; Cripps, A.W.; West, N.P. Upper Respiratory Symptoms, Gut Health and Mucosal
Immunity in Athletes. Sports Med. 2018, 48, 65-77. [CrossRef]

West, N.P; Pyne, D.B.; Cripps, A.-W.; Hopkins, W.G.; Eskesen, D.C.; Jairath, A.; Christophersen, C.T.; Conlon, M. A ; Fricker, P.A.
Lactobacillus fermentum (PCC®) supplementation and gastrointestinal and respiratory-tract illness symptoms: A randomised
control trial in athletes. Nutr. J. 2011, 10, 30. [CrossRef]

Moro-Garcia, M.A.; Alonso-Arias, R.; Baltadjieva, M.; Fernandez Benitez, C.; Fernandez Barrial, M.A.; Diaz Ruisanchez, E,;
Alonso Santos, R.; Alvarez Sanchez, M.; Saavedra Mijan, J.; Lopez-Larrea, C. Oral supplementation with Lactobacillus delbrueckii
subsp. bulgaricus 8481 enhances systemic immunity in elderly subjects. Age 2013, 35, 1311-1326. [CrossRef]

Makino, S.; Ikegami, S.; Kume, A.; Horiuchi, H.; Sasaki, H.; Orii, N. Reducing the risk of infection in the elderly by dietary intake
of yoghurt fermented with Lactobacillus delbrueckii ssp. bulgaricus OLL1073R-1. Br. ]. Nutr. 2010, 104, 998-1006. [CrossRef]
Guillemard, E.; Tanguy, J.; Flavigny, A.; de la Motte, S.; Schrezenmeir, J. Effects of consumption of a fermented dairy product
containing the probiotic Lactobacillus casei DN-114 001 on common respiratory and gastrointestinal infections in shift workers in
a randomized controlled trial. . Am. Coll. Nutr. 2010, 29, 455-468. [CrossRef] [PubMed]

Lalia, A.Z.; Dasari, S.; Robinson, M.M.; Abid, H.; Morse, D.M.; Klaus, K.A.; Lanza, LR. Influence of omega-3 fatty acids on skeletal
muscle protein metabolism and mitochondrial bioenergetics in older adults. Aging 2017, 9, 1096-1129. [CrossRef]

Costantini, L.; Molinari, R.; Farinon, B.; Merendino, N. Impact of Omega-3 Fatty Acids on the Gut Microbiota. Int. ]. Mol. Sci.
2017, 18, 2645. [CrossRef]


http://doi.org/10.3390/nu12092610
http://doi.org/10.1093/advances/nmaa016
http://www.ncbi.nlm.nih.gov/pubmed/32149335
http://doi.org/10.1042/cs0980047
http://www.ncbi.nlm.nih.gov/pubmed/30753131
http://doi.org/10.3389/fimmu.2018.03160
http://doi.org/10.1136/bjsm.2007.044628
http://doi.org/10.1123/ijsnem.21.1.55
http://www.ncbi.nlm.nih.gov/pubmed/21411836
http://doi.org/10.1016/j.clnu.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24268677
http://doi.org/10.1139/apnm-2015-0541
http://www.ncbi.nlm.nih.gov/pubmed/27363733
http://doi.org/10.3390/nu8110752
http://doi.org/10.1080/17461391.2014.971879
http://doi.org/10.1007/s40279-017-0846-4
http://doi.org/10.1186/1475-2891-10-30
http://doi.org/10.1007/s11357-012-9434-6
http://doi.org/10.1017/S000711451000173X
http://doi.org/10.1080/07315724.2010.10719882
http://www.ncbi.nlm.nih.gov/pubmed/21504972
http://doi.org/10.18632/aging.101210
http://doi.org/10.3390/ijms18122645

	Introduction 
	Physiological Changes in Older Athletes 
	Oxygen Delivery and Utilization Systems 
	The Pulmonary System 
	The Cardiovascular System 
	Skeletal Muscle and Mitochondria 

	Body Composition and Metabolism 
	Effects of Aging on the Endocrine System and Metabolic Pathways 
	Thyroid Hormones 
	Hypothalamic Growth Hormone-Insulin-Like Growth Factor-I Axis 
	Hormones Regulating Appetite and Food Intake 
	Insulin, Glucose and Metabolic Pathways Mediating Glucose Homeostasis 

	Bone and Bone Metabolism 

	Performance and Trainability of Older Athletes 
	Performance Decline in the Aging Athlete 
	Sex Differences in Performance, Decline Rates, and Training Effects 
	Aerobic Fitness 
	Muscular Strength 
	Mitochondria 


	Nutritional Considerations for Masters Athletes 
	Dietary Protein and Energy Requirements 
	Optimizing Post-Exercise Recovery 
	Mastering Anabolic Resistance 

	Bone Health and Injury Recovery 
	Muscle Disuse Atrophy 
	Role of Nutrition for Injury Recovery 

	Immune Function and Risk of Infection 
	Anti-Inflammatory Vitamin D 
	Gut Microbiota and Probiotics 


	Conclusions and Future Perspectives 
	References

