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A B S T R A C T   

Molecules such as cytokines, energetic substrates, and hormones found in the immune cell environment, espe
cially lymphocytes and monocytes, are crucial for directing energy metabolism. In turn, changes in energy 
metabolism occur in a synchronized manner with the activation of certain signaling pathways, thereby this 
crosstalk is responsible for determining the functionality of immune cells. The immunometabolism field has 
grown over time and that is becoming increasingly promising in several populations; here we discuss the 
mechanisms involved in sedentary and physically active middle-aged individuals and master athletes. In this 
context, this review shows that the physical activity status and lifelong exercise seems to be good strategies for 
the promotion of metabolic and functional adaptations in T lymphocytes and monocytes, counteracting in
flammatory environments caused by expanded adipose tissue and sedentary behavior, as well as delaying the 
immunosenescence caused by aging.   

1. Introduction 

In the mid-twentieth century, the prominent growth of obesity and 
physical inactivity democratized globally; more adults and older people 
are becoming obese and insufficiently active (Dietz et al., 2015; Varela 
et al., 2018). Population-based studies estimated that in 2014, about 266 
million (10.8 %) men and 375 million (14.9 %) women were obese in the 
world, compared with 34 million (3.2 %) men and 71 million (6.4 %) 
women in 1975 (NCD-RisC, 2017), with a consequent adverse economic 
impact estimated to be 2 trillion dollars annually (Dobbs et al., 2014). 
Most people are aware of the health benefits of being physically active, 
reducing the population level of physical inactivity by 10 % would 
prevent around half a million deaths annually and costs 67.5 billion 
dollars annually in health care expenditures and lost productivity 
worldwide (Lee et al., 2012). 

Sedentarism and physical inactivity are two behavioral factors that 
increase the probability to develop non-communicable disease (NCD) 
(Pedersen, 2009; WHO, 2010). Therefore, engagement in exercise 

training reduces the risk of hypertension (Booth et al., 2017), diabetes 
mellitus type 2 (Lewis et al., 2009), different types of cancers (Ding et al., 
2016; Ekelund et al., 2016; Freedland and Aronson, 2004; Hallal et al., 
2012) and, the ageing-related low-grade chronic inflammation 
“inflammaging” (Calçada et al., 2014; Chen and Yung, 2019; Conte 
et al., 2020; Santoro et al., 2020; WHO, 2018). Moreover, obesity 
together with physical inactivity lead to early immunosenescence (de 
Souza Teixeira et al., 2020). Thus, it is the vital importance to advance 
coordinated public health policy initiatives to combat the obesity and 
physical inactivity epidemic (Ding et al., 2016). 

Physical fitness status has as much potential to shape future human 
history as the epidemics and pandemics of the past (Ortega, 2016). 
Managing this threat depends on understanding how to maximize the 
potential of our sophisticated immune system in the service of human 
health (Simpson et al., 2015). Innate and adaptive immune systems are 
recognized mostly as the immunological cellular response, which in
cludes T cells, B cells, dendritic cells (DCs), monocytes, and macro
phages (MØ) (Nicholson, 2016; Solana et al., 2012). Among the 
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immunological cells, here we will discourse about the monocytes and T 
lymphocytes. Thus, this comprehensive review will contemplate the 
different responses of T lymphocytes and monocytes according to 
physical fitness status throughout life. 

2. Immunometabolic response according to physical fitness 
status – a big picture 

The immunometabolism field has emerged as one of the most 
exciting fields of immunological research. Early in this field, the meta
bolic pathways seemed to be scientifically interesting but unlikely to 
impinge on research interests into the complexity of the immune 
response (O’Neill et al., 2016). Overall, immune cells are, at least in part, 
relatively quiescent in the steady state but share the ability to rapidly 
respond to infection, inflammation or other perturbations (Pearce and 
Pearce, 2013). The transition of the immune cell between quiescent and 
activated state requires nutrients available to support and direct the 
functional changes (Jung et al., 2019; Pearce and Pearce, 2013). During 
immune response, the immune cells are sustained by their specific 
changes in cellular metabolism, in which glucose be used to fuel this 
response through two different pathways, such as conversing glucose to 
pyruvate in the cytoplasm and generating nicotinamide adenine dinu
cleotide (NADH) and flavin adenine dinucleotide (FADH2) via the 
tricarboxylic acid (TCA) cycle, which donate electrons to the electron 
transport chain to fuel oxidative phosphorylation (OXPHOS) (Jung 
et al., 2019; Pearce and Pearce, 2013; Thompson, 2011). The cells also 
have the flexibility to metabolize other substrates, such as glutamine via 
glutaminolysis or fatty acids (FA) via β-oxidation. Under hypoxic con
ditions, cells can produce adenosine triphosphate (ATP) solely by the 
breakdown of glucose via glycolysis, pyruvate being diverted primarily 
toward lactate rather than acetyl-CoA (Jung et al., 2019; Pearce and 
Pearce, 2013; Thompson, 2011). Therefore, as might be expected, cells 
have several options for producing ATP in different metabolic pathways. 

The nutrients availability is regulated by two crucial cellular domain, 
the mechanistic target of rapamycin complex 1 and 2 (mTORC1− 2) and 
5′adenosine monophosphate-activated protein kinase (AMPK), which is 
highly required for supplying energy to support monocytes, macro
phages, T cells (CD4+ and CD8+) and natural killer cells (NK) func
tionality, as well as rapidly dividing T cells (Fukuzumi et al., 1996; 
Herzig and Shaw, 2018; Newsholme et al., 1986, 1987; Powell et al., 
2012). The ability of immune cells to access nutrients will depend on 
their ability to express appropriate transporters and enzymes within the 
metabolic pathways that permit the utilization of that nutrient (Pearce 
and Pearce, 2013; Thompson, 2011). mTORC is a serine-threonine 
protein kinase member of phosphatidylinositol-4− 5-bisphosphate 3-ki
nase (PI3K) family (Kim et al., 2002) and has a central role in control
ling catabolic and anabolic progress by available nutrients and 
nutrients-induced signal in eukaryotes (Hara et al., 2002); (Kim et al., 
2002). mTORC1 is characterized by containing three main components, 
such as the regulatory-associated protein of mTOR (Raptor) and 
mammalian lethal with sec13 protein 8 (mLST8) (Hara et al., 2002); 
(Kim et al., 2002); (Kim et al., 2003)). The Raptor component is 
responsible for facilitating the recruitment of mTORC1 through binding 
to the TOR signaling as a central role on several canonical mTORC1 
(Nojima et al., 2003) . On the other hand, mLST8 is related to the cat
alytic domain and may stabilize the cycle of activation of the kinase 
(Yang and Chi, 2012). Rapamycin displays immunosuppressant activity 
and down-regulates the cell growth, proliferation, and metabolism 
through downstream mTORC1 targets, consequently down-regulating 
the activity of ribosomal protein S6 kinase beta-1 (RPS6KB1) and 
up-regulating the eukaryotic translation initiation factor 4E-binding 
protein 1 (4E-BP1), these proteins are characterized by promoting 
mRNA translation to stimulate cell growth, phagocytosis and control of 
metabolism (Guarami et al., 2003). The immunosuppressive drug 
rapamycin (a specific inhibitor of mTOR) is widely used to restrict 
allograft rejection reactions (Saunders et al., 2001), and most 

mechanistic studies to date have been focused on understanding the 
action of rapamycin on CD4+ T lymphocytes responses. 

Monocyte is mononuclear cells of the innate immune system devel
oped in the bone marrow from myeloid progenitors and released into the 
bloodstream in the form of CC-chemokine receptor 2 (CCR2)-dependent 
(Shi and Pamer, 2011). In the bloodstream, quiescent monocytes present 
high rate of amino acid glutamine utilization, which provide a satis
factory "patrolling" function within the blood vessels (Auffray et al., 
2007; Jakubzick et al., 2013; Newsholme et al., 1985). The monocytes 
are currently subdivided into monocytes migratory or classical 
(CD14highCD16− ) with high expression of CD14 and release of 
interleukin-10 (IL-10), patrolling or non-classic monocyte 
(CD14+CD16high) with a great expression of CD16 and secretion of 
tumor necrosis factor alpha (TNF-α), IL-1β and IL-6, and intermediate 
monocyte (CD14high CD16+) with majority expression of CD14 and 
secretion of IL-10 and TNF-α (Ziegler-Heitbrock et al., 2010). The rela
tive proportion of monocyte subdivisions changes in disease is often 
associated with an increase in CD16+ monocytes (Kapellos et al., 2019). 
Although the monocyte subdivisions mentioned above are constantly 
used, recent studies have found additional phenotypes and providing a 
better understanding of the functionality of these cells (Aw et al., 2018; 
Hamers et al., 2019; Wolf et al., 2019). 

In an inflammatory scenario, there is an increase in the recruitment 
and differentiation of monocytes in dendritic cells (DCs) in lymphoid 
and non-lymphoid tissues, to combat possible microbial pathogens 
through the release of inducible nitric oxide synthase (iNOS) and TNF-α 
(Serbina et al., 2003). Another signaling pathway that is extremely 
discussed in the literature is the influx of monocytes in tissues and 
subsequent differentiation and polarization for macrophages to recon
stitute the tissue homeostasis (Li et al., 2018). The differentiation of 
monocytes into macrophages is related to a conformational change in 
their metabolism, size, and protein expression (Curi et al., 2017). The 
macrophage final state is regulated by the tissue microenvironment, 
presenting characteristics that widely vary on a large spectrum marked 
by the pro-inflammatory and repairing extremities, known as classical 
activation (M1) and alternative activation (M2), respectively (Silveira 
et al., 2016). 

Monocyte-derived macrophage polarization is directly influenced by 
molecules of the medium, such as lipopolysaccharides (LPS), interferon- 
gamma (IFN-γ), TNF-α, IL-10, IL-4, IL-13, leptin, and glucocorticoids 
released by pathogens, T cells, adipose tissue, and others active tissues 
(Curi et al., 2017). Regarding the release of molecules by the macro
phages, the pro-inflammatory state expresses, mainly, a variety of 
pro-inflammatory cytokines (IL-1β, IL-12, IL-6, IL-23, TNF-α) and iNOS 
to promote bactericidal, tumoricidal and antigen presentation actions 
(Lumeng et al., 2007). Additionally, another important feature of 
monocytes and macrophages in inflammatory processes is the high 
ability to present antigens and activate the adaptive immune system 
(Jakubzick et al., 2013). In repairing state, releases predominantly 
anti-inflammatory cytokines, such as IL-10 and transforming growth 
factor- beta (TGF-β) combined with increased arginase expression to 
promote tissue repair and regulate the inflammatory response (Curi 
et al., 2017). Similar to DCs, after incorporating and processing the 
antigens, monocytes use their structural machinery to activate the T cell 
receptor via peptide-MHC, with concomitant interaction of its cos
timulatory molecules such as CD80 and CD86 releasing protein media
tors to stimulate the activation, clonal expansion, and effector activity of 
T cells (Desch et al., 2014; Larson et al., 2016; León et al., 2007). In 
summary, monocytes and macrophages establish an important innate 
immune defense function systemically and tissue homeostasis. 

In situations of tissue stress, the inflammatory response stimulates 
the release of chemokines responsible for attracting monocytes to the 
site, a mechanism known since the 1950s (Harris, 1953). In locus, 
monocytes encounter a series of molecules released by tissue cells and 
pathogen products, which influence their differentiation and polariza
tion to an inflammatory phenotype presenting higher glycolytic demand 
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and marked by lower OXPHOS demand (Biswas and Mantovani, 2012). 
After clearance of pathogen, the metabolism of macrophages is 
reprogramed to repairer and exhibit anti-inflammatory function marked 
by increased OXPHOS (Biswas and Mantovani, 2012). However, what 
are the factors responsible for this immunometabolic and functional 
change in macrophages? The answer may lie in signaling key tran
scription factors that not only act on the transcription of inflammatory 
genes but also trigger glycolytic metabolism. 

The signaling pathway of Toll-like receptor 4 (TLR-4) plays a major 
role in the metabolic reprogramming of macrophages for the inflam
matory phenotype. One of the mechanisms is the direct overloading of 
glycolytic enzymes via transcription factors such as hypoxia-inducible 
factor 1 alpha (HIF-1α) and transcription nuclear factor-κB (NF-κB) 
(Tannahill et al., 2013). After binding LPS in the TLR-4, the transcription 
factor HIF-1α and NF-κB are activated and translocate to the nucleus for 
transcription of glycolytic enzymes and inflammatory cytokines (Tan
nahill et al., 2013). Key regulatory enzymes such as 6-Phosphofructo-2-
Kinase/Fructose-2,6-Biphosphatase 3 (PFKFB3) and fructose-2, 
6-bisphosphate and pyruvate kinase isoenzyme M2 (PKM2) are over
loaded and enhance glycolytic flow (Luo et al., 2011). The mTORC1 
energy sensor also participates in glycolytic modification through 
hexokinase 1-dependent activation, another enzyme that regulates 
glycolytic flow (Moon et al., 2015). 

Interestingly, in addition to their metabolic action, PKM2 and 
hexokinase 1 are capable of potentiating the inflammatory response. On 
the other hand, hexokinase 1 interacts with NLR family pyrin domain 
containing 3 (NLRP3) and contributes to the activation of caspases and 
release of IL-1β and IL-18 (Moon et al., 2015). These results were 
corroborated with suppression of caspase activation and maturation of 
IL-1β after inhibition of mTORC1 and hexokinase (Moon et al., 2015). 

The TLR-4 receptors signaling also positively regulates the glycolytic 
metabolism indirectly by reducing the rate of the electron transport 
chain. The TLR-4 signaling pathway stimulates iNOS and consequently 
increases the NO production, which compete against oxygen in the 
oxidation of cytochrome C, forming reactive oxygen species (ROS) and 
reducing the rate of electron transport chain TCA cycle (O’Neill and 
Hardie, 2013). Other metabolites produced by TCA cycle in inflamma
tory macrophages are citrate and succinate (Infantino et al., 2011), 
which are responsible for stabilizing HIF-1α, thereby potentiating the 
activation of the glycolytic pathway and expression of inflammatory 
molecules, an event defined as pseudo-hypoxia (Selak et al., 2005). 

In contrast to inflammatory phenotype, the regulatory phenotype of 
macrophages exhibits the Krebs cycle intact next to the electron trans
port chain and acquires greater use of FA (Wang et al., 2018). It has been 
shown that the increase in FA oxidation is orchestrated by the signal 
transducer and activator of transcription 6/ peroxisome 
proliferator-activated receptor gamma coactivator 1-beta (STAT6 / 
PGC-1β) signaling pathway, transcription factors that can be activated 
through cytokines such as IL-4, known for immunoregulatory signaling 
(Vats et al., 2006). The increase in mitochondrial biogenesis and 
beta-oxidation via PGC-1β and release of anti-inflammatory cytokines 
(via STAT6) seem to mediate metabolic reprogramming for a predomi
nance of oxidative phosphorylation found in M2 macrophages (Vats 
et al., 2006). 

Other transcription factors, such as the peroxisome proliferator- 
activated receptor family (PPAR) and AMPK, present a crucial role in 
regulating these signaling pathways. AMPK has been considered as a 
possible master regulator of macrophage polarization (O’Neill and 
Hardie, 2013), due to its inhibition of mTORC1 and consequent desta
bilization of HIF-1α (Gwinn et al., 2008) and indirect inhibition of the 
NF-κB p65 subunit (Yeung et al., 2004). As for PPAR, the γ isoform 
(PPARγ) participates in the polarization of regulatory macrophages, 
mainly by the negative regulation of inflammatory signaling pathways 
of transcription factors such as STAT, NF-κB, and activator-protein 1 
(AP-1) and regulation of repressors in the absence of ligands (Pascual 
et al., 2005; Zhang et al., 2015). The increase in the use of FA and 

oxidative phosphorylation in regulatory macrophages does not exclude 
the use of glutamine and glucose as carbon sources. 

The α-ketoglutarate produced from glutaminolysis suppresses NF-κB 
via hydroxylation of IKKβ, impairing pro-inflammatory responses (Liu 
et al., 2017). The same study showed that α-ketoglutarate stimulates M2 
polarization via epigenetic and metabolic reprogramming dependent on 
histone demethylase JMFD3. N-glycolization is also important for M2 
polarization after stimulation with IL-4, mediating the increased 
expression of murine M2 canonical markers (Liu et al., 2017). Besides, 
stimulation with IL-4 increased the expression of carbohydrate 
kinase-like protein (CARKL), a sedoheptulose kinase that catalyzes the 
formation of sedoheptulose 7-phosphate (S7P) (an intermediate in the 
pentose phosphate pathway). CARKL is related to the reduction of rate 
pentose phosphate pathway and the release of pro-inflammatory cyto
kines after stimulation with LPS (Haschemi et al., 2012). Indeed, the 
metabolic response of immune cells is not only shaped by infection but 
also by constant changes in the tissue environment, which allow these 
cells to alter their metabolism and function as needed, such as macro
phage’s ability to polarize and repolarize (Tarique et al., 2015). 

Regarding adaptive immunity, T cells are a critical cells types 
recognizing and signaling to antigen-specific responses through its re
ceptor recognition combined with co-stimulation by professional 
antigen-presenting cells (APCs) (Almeida et al., 2016). In this sense, T 
lymphocytes co-signaling receptors have been defined as cell surface 
molecules that can transduce signals into T lymphocytes to co‑s
timulatory or co‑inhibitory receptors (L. Chen and Flies, 2013; Pearce, 
2010). The T lymphocytes receptors are very responsive according to 
metabolic stress conditions, mainly involves increased glycolysis 
coupled with lactate production, glutaminolysis-driven mitochondrial 
respiration, serine, and one-carbon metabolism to support the differ
entiation into T cytotoxic (CD8+) and T helper lymphocytes (Th) (Ger
riets et al., 2015; Klysz et al., 2015; Makowski et al., 2020), while to 
differentiate to regulatory T cells (Tregs) depend mainly on mitochon
drial respiration for their survival and immunosuppressive functions 
(Gerriets et al., 2015; Makowski et al., 2020). 

Regarding Th lymphocytes, they are further differentiated based 
upon the production of cytokines into Th1 which produce IFN-γ, Th2 
synthesizing IL-13, IL-4, and IL-5, Th17 producing IL-2, IL-17, and IL-22, 
and Tregs synthesizing IL-10 and TGF-β (Koch and Radtke, 2011). T 
cytotoxic lymphocytes present CD8 as a surface marker and produce 
perforins and some cytokines controlling the progress of immune cells 
(Oestreich and Weinmann, 2012). Naïve T lymphocytes are quiescent, 
present low rate glycolytic demands, and use predominantly OXPHOS to 
generate ATP (Gatza et al., 2011; O’Sullivan and Pearce, 2015). Upon T 
lymphocyte antigen receptor-mediated recognition by MHC and 
co-stimulatory signals by type I transmembrane protein CD28 expressed 
on the surface of the majority of naïve CD4 and CD8 (L. Chen and Flies, 
2013), T lymphocytes become activated and adopt the glucose as pri
mary energy supply even when sufficient oxygen is present to utilize 
OXPHOS, this process is termed as Warburg pathway (Poznanski et al., 
2018; Warburg, 1956). Under these circumstances, the nutrients avail
able are used for the generation of building blocks for clonal expansion 
and for effector functions, such as the secretion of cytokines and cyto
lytic molecules important for clearing pathogens and no longer used 
solely for survival and homeostasis (Almeida et al., 2016; Chang and 
Pearce, 2016). 

Signals from the T lymphocytes receptors, co-stimulatory molecules, 
and growth-factor cytokines lead to the activation of transcriptional 
genes for important effector functions, mediating the induction of 
glycolysis to support cell growth, proliferation and function (Linke et al., 
2017; Waickman and Powell, 2012). In this sense, these signals also lead 
to an activation of the mTORC mediating the cell growth, proliferation, 
and function of T lymphocytes (Linke et al., 2017; Waickman and 
Powell, 2012). Nevertheless, inhibition of metabolic reprogramming 
during effector T cell differentiation, as occurs during nutrient depri
vation, either leads to insufficient 
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activation/differentiation/proliferation or in some cases results in the 
generation of Tregs. 

2.1. No time to lose in sedentary behavior during middle-age 

In the last few decades, our society has become known as an "aging 
society" due to the imminent reduction in birth rates and increased 
longevity; one in four adults will be aged over 65 years by 2050 (Shaw 
et al., 2010). Early as middle-age (~ 40 years) men and women naturally 
experience the decline of cardiorespiratory fitness (CRF) (Astrand et al., 
1973; Radak et al., 2019), strength, endurance and functional muscle, 
and muscle size (Frontera et al., 2000, 1991). On the other hand, 
middle-aged men and women experience the increase of time spend in 
sedentary behavior (Diaz et al., 2016) and body adiposity (Santos et al., 
2020; Wu et al., 2001). The combination of non-working skeletal mus
cle, reduced CRF and increased adiposity are associated with the risk of 
infection and no communicable diseases (Butcher et al., 2001; Shaw 
et al., 2010). Therefore, our “aging society” does not seems to be 
“healthier aging”. 

The processes of adipose tissue expansion lead to the initiation of 
metabolic stress signals, such as inhibitor of κ kinase (IKK) pathway, c- 
jun N-terminal kinase (JNK) pathway, and protein kinase R (PKR) 

pathway, since the storage of capacity of VAT is limited. A further 
overload lead to fat accumulation in ectopic tissue such as the liver, 
skeletal muscle, and heart (Oishi and Manabe, 2016). These combined 
processes are commonly defined as “lipotoxicity”, leading to activation 
of TRAF-MyD88/Ik-β/NF-κB cascade signaling in adipocytes, the 
expression of monocytes chemoattractant protein-1 (MCP-1) regulating 
the migration and infiltration of monocytes and macrophages, promot
ing a local inflammation by an increased invasion of leukocytes and the 
enhanced production of reactive oxygen and nitrogen species 
(ROS/RNS), followed by the subsequent release pro-inflammatory cy
tokines (TNF-α and IL-1β) (Longo et al., 2019; Oishi and Manabe, 2016). 
The constant adipocytes-induced pro-inflammatory mediators affect the 
skeletal muscle and immune cells (Macdougall et al., 2018). 
Pro-inflammatory cytokines circulating trigger the insulin resistance 
and upregulate the catabolic pathway signaling mediated by AMPK and 
caspases 8/3 cascade signaling leading to increase of apoptosis, and 
inhibition of anabolic stimulus of mTORC in skeletal muscle (Hara and 
Kondo, 2015) promoting the energy declines (Vander Haar et al., 2007), 
while in brain metabolism signaling, leptin, a hormone secreted by ad
ipose tissue, regulates the appetite and satiety (Warren et al., 2012). 
Higher endogenous levels of leptin (hyperleptinemia) activate the neu
ropeptide Y and agouti-related peptide (NPY/AgRP) stimulating 

Fig. 1. Mechanisms associated in muscle - visceral fat - brain crosstalk on immunometabolism and immunosenescent response in sedentary middle-age individuals. 
NPY: neuropeptide y, AgRP: agouti-related protein, POMP: proteasome maturation protein, TNF- α: tumor necrosis factor alpha, IL-1: interleukin 1, NF-kB: nuclear 
factor kB, LPS: lipopolysaccharide, MyD88: myeloid differentiation protein-88, TRAF: TNF receptor associated factors, IkB: inhibitor of kB, IL-6: interleukin 6, MCP-1: 
monocyte chemoattractant protein-1, AMPK: AMP-activated protein kinase, mTORC1: mechanistic target of rapamycin complex 1, JAK2: janus kinase 2, ObRb: leptin 
receptor, MAPK: mitogen-activated protein kinase, STAT3: signal transducer and activator of transcription 3, ROS/RNS: reactive oxygen/nitrogen species, TLR-4: 
tool-like receptor 4, INFR: interferon receptor, iNOS: induced nitric oxide synthesis, PI3K: phosphoinositide 3-kinases, Pip3: phosphatidylinositol (3,4,5)-tri
sphosphate (PtdIns(3,4,5)P3), AKT: protein kinase B, mTORC2: mechanistic target of rapamycin complex 2, STAT4: signal transducer and activator of transcription 4, 
Tbx21: T-box transcription factor 21, Eomes: eomesodermin, IL-2: interleukin 2, IL-22: interleukin 22, IL-17: interleukin 17. 
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orexigenic peptides which intensify the food intake, and promote insulin 
resistance (Friedman, 2016). 

In summary, the perturbation of metabolism and pro-inflammatory 
state in adipose tissue results in metabolic reprogramming in skeletal 
muscle and immune cells. The vicious inflammatory state is mediated by 
monocytes, T cytotoxic, regulatory and helper lymphocytes (Longo 
et al., 2019) and repeated inflammatory event results in early exhaus
tion of immune cells leading to decline in number and function of im
mune cells and decline on vaccine response; this state induced by ageing 
have been termed as immunosenescence (Rodriguez et al., 2021). 
Immunosenescence process can be characterized by changes in 
age-related robust immunological biomarkers that are associated with 
negative clinical outcomes such as infection, cancer, cardiovascular 
disease and autoimmunity (Pawelec, 2017, 2018) (Fig. 1). 

Monocytes from elderly individuals show crucial differences in their 
number and function, such as increased non-classical monocytes, 
impaired phagocytosis, reduced HLA-DR and greater basal cytokine 
release (Hearps et al., 2012). Additionally, monocytes show age-related 
metabolic impairments such as reduced mitochondrial function and 
increased glucose uptake (Saare et al., 2020). Corroborating this evi
dence, the expression of genes related to the coding of ribosomal pro
teins, oxidative phosphorylation and transport of molecules between the 
mitochondrial membrane in monocytes is reduced in elderly individuals 
compared to young people (Saare et al., 2020). 

Many age-related functional changes found in monocytes are found 
in macrophages. There is evidence that shows an increase in the in
flammatory phenotype in older individuals (Hsieh et al., 2020). In aging, 
the largest number of inflammatory monocytes and macrophages is 
coherent, since it is related to chronic systemic inflammation and these 
cells (mainly macrophages) use their plasticity capacity to reprogram 
their metabolism and phenotype according to the environment (Tarique 
et al., 2015). However, both the ability to fight pathogens and the res
olution of inflammation are reduced in macrophages of older in
dividuals. Loss of phagocytic capacity (Linehan et al., 2014), 
presentation of antigens and wound healing are other dysfunctional 
features (Fulop et al., 2016). This condition is sustained even with the 
greatest capacity to release pro-inflammatory cytokines in the absence 
of stimuli (Fulop et al., 2016). The mechanisms proposed to explain 
these differences are related to epigenetic changes that macrophages, or 
even monocytes, have undergone in the environment they were in the 
past, favoring the gain of a trained memory (Fulop et al., 2016). Another 
alternative would be the relationship of the concentration of stimuli 
present in the environment, favoring the immune tolerance framework 
and, consequently, reducing some functions (Bauer et al., 2018). 
Research on the relationship between signaling and metabolic pathways 
that trigger the aforementioned changes is still scarce, however, we can 
suggest some. 

One of the proposed mechanisms responsible for immunosenescence 
is mitochondrial dysfunction (Bratic and Larsson, 2013), a feature pre
viously highlighted in macrophages and monocytes. Autophagy is a 
recognized anti-inflammatory mechanism (Deretic et al., 2013) and its 
mitochondrial fission and fusion processes (mitophagy) are essential for 
maintaining stable and functional mitochondria (Yarbro et al., 2020). In 
aging, macrophage inhibits mitophagy and mitochondrial fission, 
increasing the release of protons and the formation of ROS and in
termediates in the Krebs cycle (Yarbro et al., 2020). Upstream proteins 
that regulate cellular autophagy may be directly related to the process of 
age-related metabolic changes. In addition to being modulators of en
ergy metabolism and macrophage function, AMPK and mTOR are potent 
modulators of cellular autophagy pathways, with AMPK stimulating 
autophagy and mTOR inhibiting (Glick et al., 2010). In macrophages 
stimulated with LPS, activation of the AKT / mTOR signaling pathway 
was responsible for inhibiting autophagy and increasing the secretion of 
IL-6 (Zhang et al., 2020). Activation of AMPK via AICAR or Astragalus 
membranaceus (plant used in traditional Chinese medicine) increased 
autophagy and reduced the release of IL-6 after stimulation with LPS, 

thereby this effect was mediated by inhibitory regulation in mTOR 
conducted by AMPK (Zhang et al., 2020). In addition, the results were 
confirmed by a reduction in autophagy and anti-inflammatory response 
after selective AMPK block and an increase in autophagy and 
anti-inflammatory response after selective mTOR block. 

Studies have demonstrated that rapamycin-induced mTOR inhibi
tion promotes the differentiation of CD4+ T lymphocytes into positive 
forkhead box transcription factor (FoxP3+) regulatory T lymphocytes 
(Kang et al., 2008; Zheng et al., 2007). Besides, rapamycin has impli
cated the requirement of mTOR kinase signaling in regulating effector 
versus regulatory of T lymphocytes CD4+, demonstrating its ability to 
regulate T-bet and eomesodermin expression (Delgoffe and Powell, 
2009). mTORC1 is activated not only by nutrients available but also by 
signaling pathways that coordinate cell growth through activation of 
insulin pathway and mitogenic signals (Hall, 2016; Schmelzle and Hall, 
2000). PI3K and signal transducer and activator of transcription 4 
(STAT4) signaling pathways increase mTORC1 activity, or determine 
the functional and memory results of T lymphocytes, regulating the 
expression of two crucial members of the T-box gene family of tran
scription factors expressed in immune cells (Tbx-21 and eomesodermin), 
as named T-bet (Pearce et al., 2003; Szabo et al., 2000). The balance 
between transcriptional factors T-bet and eomesodermin has been 
shown to determine effector and memory cell T lymphocytes fate 
(Intlekofer et al., 2005). 

Unlike mTORC1, mTORC2 controls proliferation and survival pri
marily (Jacinto et al., 2004). The RICTOR containing mTORC2 or its 
down-stream target and glucocorticoid-regulated kinase (SGK1) have 
been shown to promote the differentiation of Th2 lymphocytes (Delgoffe 
et al., 2011). However, mTORC2-deficient T lymphocytes promote 
memory T lymphocyte generation via nuclear accumulation of forkhead 
box protein O1 (Foxo1), which in turn decreases the expression of T-bet 
and eomesodermin (Zhang et al., 2016). The findings from Zang and 
co-authors (2016) raise the possibility that inhibition of mTORC2 may 
represent an effective strategy for generating robust memory responses. 
Therefore, it has been postulated that mTORC1, but not mTORC2, is 
critically required for the functional competency of Tregs (Chapman and 
Chi, 2014; De Rosa et al., 2015; Delgoffe et al., 2011; Zeng et al., 2013). 
Moreover, the deregulated nutrient sensing mTORC1/2, 
pro-inflammatory condition, exacerbate ROS/RNS and mitochondrial 
disfunction are tightly linked to altered intercellular communication 
leading to premature immunosenescence (Jenny, 2012). 

When CD4+ T cells react to a foreign antigen from a pathogen, they 
usually produce various lymphokines, causing an immune response that 
increase the activation and antibody production in response to T-cell 
receptor (TCR) stimulation. Senescent CD4+ T cells do not proliferate in 
response to TCR stimulation and produce abundant osteopontin, as well 
as inflammatory cytokines. These functional differences are mainly 
caused by the upregulation of CCAAT/enhancer binding protein α (C/ 
EBP) in T cells. C/EBPα is a master differentiation gene that functions in 
leukocytes or macrophages, but not expressed in regular T cells. Se
nescent T cells are indicated to be converted from this memory T-cell 
type by unique genetic programming that resembles the partial trans
differentiating of T cells. T cells usually react to a specific pathogen and 
maintain immunity (memory) for a long time as memory T cells; how
ever, aged T cells do not contribute to maintaining the immune system. 
During aging, the number of naïve T cells is decreased, whereas the 
number of memory T cells is increased (Pawelec et al., 2001). Pro
grammed death -1 (PD-1) in T cells, the number of which is increased in 
aging, are mainly part of the population of CD44high and CD62 L low T 
cells (Pawelec et al., 2001). CD4+ T cells gradually increase in number 
with age and become predominant at the senescent stage, and their 
predominance is associated with a decrease in the specific CD4+ T-cell 
response. In this sense, the big picture of body adiposity and spent time 
in sedentary behavior during middle-age reveals several concerns 
regarding an “aging society”. Under a pro-inflammatory state, pertur
bation of metabolism induced by adipose tissue expansion and sedentary 
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behavior interferes with macrophages polarization and T lymphocyte 
differentiation and the effector function in a vicious circle, leading to 
premature immunosenescence. 

2.2. Physically active during middle-age 

Regular physical activity or exercise during middle-age may either 
downregulate and upregulate the immune function and susceptibility to 
minor illnesses (Krüger and Mooren, 2007). The clinical benefit of the 
physical exercise session is an effective method of 
immuno-neuroendocrine stabilization that, in the long-term (training), 
is responsible for the immune function of the organism (Ortega, 2016). 

It is endorsed that during muscle contraction, the influx of calcium 
released by the sarcoplasmic reticulum stimulates an increased AMP/ 
ATP ratio signaling pathways of cytosolic proteins such as calcineurin, 
AMPK, and P38 mitogen-activated protein kinases (p38 MAPK), which 
culminate in the translocation of transcription factors (CREBP and 
NFAT/AP1) to the nucleus and subsequent expressing IL-6 (Pedersen, 
2017). The increase of IL-6 levels is preceded by a decrease of muscular 
glycogen stores during an exercise bout, and immediately after exercise 
bout it is possible to detect high endogenous levels of IL-6 systemically 
(Petersen and Pedersen, 2005) and sequentially increase of IL-1ra and 

IL-10. Indeed, the cumulative effect of exercise practice increases the 
antioxidant capacity by improving electron transport chain, OXPHOS 
and enhancing the activity of superoxide dismutase, catalase and 
glutathione peroxidase in skeletal muscle (Azizbeigi et al., 2015; Feb
braio and Pedersen, 2005). 

The paracrine, autocrine, and endocrine action of IL-6 is mediated by 
the gp130Rβ/IL-6Rα homodimer found in several cell types, including 
immune cells (Wolf et al., 2014). In adipose tissue, the exercise-induced 
IL-6 lead to activation of TLR-4 cascade signaling and translocation of 
PPAR-γ to promote the transcription of anti-inflammatory markers 
(IL-10, IL-1ra and adiponectin) in resident M2 macrophages (Ruffino 
et al., 2016). The production and release of anti-inflammatory markers 
induced by exercise restore the metabolism of adipose tissue via insulin 
and adiponectin sensitivity, and becoming a tissue less inflamed (Lurier 
et al., 2017). Nevertheless, the endocrine action of exercise practice 
leads to increase of adiponectin availability “hyperadiponectinemia” 
systemically stimulating the activation of anorexigenic neuropeptides 
and inhibiting the neuropeptides NPY and AgRP, which aids regulation 
of appetite and satiety, decreasing the food intake by improved satiety 
(Sotak, 2020) (Fig. 2). Therefore, regular physical exercise improves the 
metabolic efficiency and establishes an anti-inflammatory and antioxi
dant environment in tissues such as skeletal muscle, adipose tissue, and 

Fig. 2. Mechanisms associated in muscle - visceral fat - brain crosstalk on immunometabolism and immunosenescent response in physically active middle-age in
dividuals. NPY: neuropeptide y, AgRP: agouti-related protein, POMP: proteasome maturation protein, BDNF: brain-derived neurotrophic factor, LPS: lipopolysac
charide, MD2: myeloid differentiation factor 2, IkB: inhibitor of kB, PPAR-gamma: peroxisome proliferator-activated receptor gamma, IL-10: interleukin 10, 
OXPHOS: oxidative phosphorylation, CREBP: cAMP (cyclic adenosine monophosphate)-responsive element binding protein, NAFT: nuclear factor of activated T-cells, 
AP-1: activator protein 1, mnSOD: manganese superoxide dismutase, CAT: catalase, AMPK: AMP-activated protein kinase, NF-kB: nuclear factor kB, JAK2: janus 
kinase 2, ObRb: leptin receptor, MAPK: mitogen-activated protein kinase, STAT3/5: signal transducer and activator of transcription 3 and 5, IL-6: interleukin 6, IL-6R: 
interleukin 6 receptor, IL-10R: interleukin 10 receptor, PGC1- α : peroxisome proliferator-activated receptor gamma coactivator 1-alpha, IRF-4: interferon regulatory 
factor 4, IL-1ra: interleukin 1 receptor antagonist, ARG-1: arginase 1, TGF-β: transforming growth factor beta, SOCS: suppressor of cytokine signaling proteins, 
mTORC1: mechanistic target of rapamycin complex 1, PI3K: phosphoinositide 3-kinases, Pip3: phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3), AKT: 
protein kinase B, mTORC2: mechanistic target of rapamycin complex 2, Tbx21: T-box transcription factor 21, Eomes: eomesodermin, IL-15: interleukin 15. 
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brain (Suzuki, 2019). 
In the last decades, the central discussion of exercise immunology 

research field has incontrovertibly persisted that severe intensity in 
exercise session or cumulative periods of intensified training induce the 
impairment of immunity, exposing the host to an ‘open window’ of 
infection risk (Simpson et al., 2020). The rapid increase in peripheral 
blood T lymphocytes during exercise is one of the most replicated 
findings in exercise immunology (Gleeson, 2007). The transient 
lymphocytosis is largely comprised of CD8+ T lymphocytes and NK cells 
due to, at least in part, by the increases of cardiac output and hemo
dynamic shear forces induced by β2-adrenergic receptors, which are 
highly expressed in these cells (Krüger et al., 2008). Furthermore, 
studies have demonstrated that the exercise-induced lymphocytosis may 
be inhibited by administering β2-adrenergic antagonists (Fragala et al., 
2011; Landmann, 1992; Mills et al., 1999; Murray et al., 1992). In short, 
it has been documented that acute exhaustive exercise session can lead 
to a depressive effect on immune function (Gleeson, 2007). 

The intensity of exercise is an important variable for modulating the 
immunological response. Thus, choosing the intensity of the session 
applied to a given level of physical-metabolic fitness could be a strategy 
for enhancing long-term immune functionality by establishing appro
priate immunization stimuli (Ortega, 2016; Spielmann et al., 2011). The 
application of high-intensity aerobic training (intermittent (HIIT) or 
continuous) and moderate-intensity continuous training (MICT) has 
been frequently used to ascertain the acute and chronic influence of 
intensity on the cellular immune response (Ezema et al., 2014; Robinson 
et al., 2015; Tsai et al., 2016). These two modalities seem to have similar 
systemic anti-inflammatory effects in normal-weight and obese people 
(Cabral-Santos et al., 2019, 2015; Gerosa-Neto et al., 2020) and the 
nutritional offering has a great influence on the immune response (Von 
Ah Morano et al., 2020). Regarding the balance of immune cells, 
changes in the inflammatory or anti-inflammatory pattern, senescent or 
naive, have been observed in people with different CRF (Antunes et al., 
2019; Dorneles et al., 2019a; 2019b). Most recent study in collaboration 
with our research group demonstrated that individuals with high levels 
of CRF presents lower percentage of T lymphocytes compared with in
dividuals with moderate levels of CRF, which presents higher percent
age of T lymphocytes. In addition, no difference was observed on 
production of IL-10 and IFN- γ in individuals with high and moderate 
levels of CRF (Dorneles et al., 2021). In addition, Dorneles et al. (2019a) 
investigated the peripheral frequency of monocytes, CD4+ T cell subsets 
and the systemic levels of cytokines in lean and obese men with different 
levels of CRF (lean: low – 37.8 mL/kg/min− 1, moderate – 44.6 
mL/kg/min− 1, or high – 54.4 mL/kg/min− 1 V̇O2Peak, obese: low – 33.6 
mL/kg/min− 1, moderate – 42.4 mL/kg/min− 1, or high – 49.9 
mL/kg/min− 1 V̇O2Peak). High CRF reflected a frequency increased of 
Tregs and mTregs and intermediate non-classical monocytes, both in 
lean and obese volunteers. The same occurred for cytokines concentra
tions, with systemic lower levels of pro-inflammatory (IL-6 and TNF-α) 
and higher concentrations of IL-10 and IL-33 cytokines were observed in 
subjects with moderate and high CRF. More studies have shown that 
individuals with higher CRF exhibit either higher frequency and func
tion of cells with anti-inflammatory pattern, compared to those in
dividuals with low CRF (Dorneles et al., 2019a; Elsner et al., 2019; 
Handzlik et al., 2013). 

Peripheral blood mononuclear cells (PBMCs) from physically active 
individuals have higher brain-derived neurotrophic factor (BDNF) pro
duction and lower thiobarbituric acid reactive species (TBARS) 
compared to sedentary individuals at rest (Elsner et al., 2019; Inoue 
et al., 2020). These results indicate a high anti-inflammatory profile, 
since the decrease of ROS may stimulate inflammatory pathways 
(Powers et al., 2010) and BDNF is a potential activator of OXPHOS 
metabolism (via AMPK) (Zhang et al., 2017). Furthermore, 
sprint-trained athletes and endurance-trained athletes showed higher 
production of IL-10 from antigen-stimulated whole blood culture 
compared to sedentary and recreationally active individuals (Handzlik 

et al., 2013). The same study identified a higher percentage of Tregs in 
the group of athletes compared to the sedentary group. 

The mechanisms for the reduction of senescent cells after physical 
exercise sessions involve an increased mobilization to the circulation 
followed by an extravasation into lymphoid tissues or apoptosis. These 
processes seem to be part of the immunoregulatory effects of exercise 
mediated by hormones such as catecholamines and cortisol (Krüger 
et al., 2009). In this sense, Krüger et al. (2016) compared the effects of 
an isocaloric session of MICT versus HIIT on progenitor cell and 
lymphocyte subtypes counts associated with apoptotic markers (annexin 
V) and hormonal concentrations. Both protocols increased the concen
trations of catecholamines and cortisol. However, interestingly, MICT 
induced greater apoptosis of low differentiation T cells 
(CD3+CD28+CD57− ) and Tregs while HIIT showed a higher apoptotic 
frequency of highly differentiated T cells (CD3+CD28− CD57+) and 
mobilization of Tregs. Thus, the MICT session mainly affected cells that 
act in defense against new infective agents. However, contradictory 
results are found in MICT protocols that provided greater mobilization 
of CD4+ and CD8+ T cells, total lymphocytes and CD4+/CD8+ ratio in a 
patient living with HIV/AIDS with low CRF and physically inactive 
(Ezema et al., 2014; Rigsby et al., 1992), or increased the T angiogenic 
(TANG) total, CD4+/TANG and CD8+/TANG cells in physically active 
men of different ages (Ross et al., 2018), as well as induced greater 
mobilization of lymphocytes, CD14+ monocytes and CD3+ T 
post-exercise session on trained cyclists (Bishop et al., 2014) (Fig. 2). 

2.3. Lifelong benefits of exercise: master athletes a model of successful 
aging? 

Master athletes, men and women over 35 years who participate in 
athletics competitions, are a rapidly growing population. Although the 
vigorous and regular training regimens are typically performed by 
master athletes, they represent an interesting sub-demographic group 
because many of them express a unique physiological phenotype (Kusy 
and Zielinski, 2015; Tanaka and Seals, 2008). The healthy and active 
lifestyle and a balanced diet of master athletes, even in old age, confer 
numerous health benefits. There is some evidence suggesting that 
master athletes have a more efficacious immune defense, including 
stronger and longstanding antibody responses to the influenza vaccine, 
better immune-metabolic and redox balance, besides attenuated bio
logical age (Aguiar et al., 2019; de Araújo et al., 2015; Minuzzi et al., 
2018; Simoes et al., 2017; Walsh, 2018). 

Most recently, lifelong exercises have been indicated as crucial 
regulator of clock gene expression and improves effector-memory of 
CD4+ response in master athletes (Teixeira et al., 2021. Data in press). In 
collaboration with our research group, Teixeira et al. (2021 data in press) 
demonstrated that effector-memory T-cells from master athletes pre
sents different peripheral and cellular inflammatory responses after 
single-bout of exercise when compared to untrained healthy individuals. 
There was observed increases on level of cytokines (IL-8, IL-10, IL-12p70 
and IL-17A) after single-bout of exercise and increased on gene 
expression in effector-memory CD4 + T-cells for Cry1, REV-ERBα and 
Tbx21 in master athletes. In other study, lifelong exercise promoted 
higher basal levels of IL-10, TGF-β, and the expression of EP4 (an 
anti-inflammatory PGE2 receptor) compared to old healthy 
non-exercisers (Lavin et al., 2020). Given its anti-inflammatory roles, 
these factors likely contribute to the suppression of the transcription and 
signaling activity of pro-inflammatory factors. Interestingly, lifelong 
training intensity appears to have a minimal effect on this pattern (Lavin 
et al., 2020). 

Likewise, when men that consistently exercised for more than 50 
years were challenged to an unaccustomed acute resistance exercise, 
they modified the expression patterns of TLRs receptors (i.e., TLR3), 
associated adaptors and downstream signaling components (i.e., 
Myd88) (Perkins et al., 2020). Hence, the immune system could be 
modified by exercise training in older individuals, but, for immune 
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adaptations, the duration of exercise training likely needs to extend 
years or even the course of lifespan (Perkins et al., 2020). This provides 
support of our hypothesis that master athletes are likely better prepared 
for a stress that challenges the immune system, including the age-related 
increase in infection susceptibility. 

Previous studies from our research group showed that the most 
relevant adaptations to exercise found in master athletes at middle-age 
(~55 years old and have not less than 20 years of training experience) 
were the maintenance of their aerobic capacity and an anti- 
inflammatory state similar to that observed in healthy young adults. 
While aging had the most pronounced effects on levels of IL-10 and the 
TNF-α/IL-10 ratio, master athletes have elevated levels of the immu
noregulatory cytokine IL-10, at rest and in response to a maximal effort 
test, close to those found in young adults (~30 years old) (Minuzzi et al., 
2019). 

Tregs cells produce IL-10 and TGF-β as additional mechanisms to 
suppress the activity of target cells, being crucial in maintaining immune 
tolerance and control the pro-inflammatory immune response. Min
uzzi’s study was the first to show that master athletes maintain the 
number and function of Tregs similar to the age-matched healthy control 
group. Suggestions that Tregs are more activated in the master athletes 
were found, including higher Tregs markers of activation (i.e., increased 
percentage of subjects expressing FoxP3 and TGF-β) compared to the 

control group (Minuzzi et al., 2017). 
Maintaining the ability to redeploy immune cells in response to a 

single exercise bout is fundamental to immune-surveillance (Turner, 
2016). Immune-surveillance declines with age but exercising regularly 
might also preserve this fundamental aspect of immune cell trafficking. 
Furthermore, regular exercise might prevent accumulation of terminally 
differentiated/exhausted T-cells with age possibly by preventing cyto
megalovirus reactivation (Simpson and Bosch, 2014). In addition, ex
ercise could reverse the immunosenescent phenotype by causing 
selective apoptosis (Simpson, 2011; Turner, 2016; Simpson et al., 2016). 
Indeed, a previous study of our group showed that V̇O2max was posi
tively related to CD4+naive T cells proportions, suggesting that in
dividuals with better physical fitness condition better preserve their 
CD4+ naïve T cells population able of recognizing and responding to 
new pathogens (Minuzzi et al., 2018). Thus, the big picture of main
taining high levels of aerobic fitness during the natural course of aging 
may help decrease the risk of infection and increase healthy longevity. 
Indeed, a previous study of our group showed that V̇O2max was positively 
related to CD4+ naïve T cells proportions, suggesting that individuals 
with better physical fitness condition better preserve their CD4+ naïve T 
cells population able of recognizing and responding to new pathogens 
(Minuzzi et al., 2018). Thus, the big picture of maintaining high levels of 
aerobic fitness during the natural course of aging may help decrease the 

Fig. 3. Mechanisms associated in muscle – visceral fat - brain crosstalk on immunometabolism and immunosenescent response during lifelong exercise. BDNF: brain- 
derived neurotrophic factor, TrKB: tropomyosin receptor kinase B, GAB1: GRB2-associated-binding protein 1, PI3K: phosphoinositide 3-kinases, AKT: protein kinase 
B, mTORC1: mechanistic target of rapamycin complex 1, CREBP: cAMP (cyclic adenosine monophosphate)-responsive element binding protein, LPS: lipopolysac
charide, MD2: myeloid differentiation factor 2, IkB: inhibitor of kB, PPAR-gamma: peroxisome proliferator-activated receptor gamma, IL-10: interleukin 10, 
OXPHOS: oxidative phosphorylation, JNK: janus kinase, ERK: extracellular signal-regulated kinases, GLUT4: glucose transporter 4, STAT3: signal transducer and 
activator of transcription 3, NLRP: nucleotide-binding oligomerization domain, leucine rich repeat and pyrin domain containing proteins, mnSOD: manganese su
peroxide dismutase, CAT: catalase, AMPK: AMP-activated protein kinase, NF-kB: nuclear factor kB, JAK2: janus kinase 2, ObRb: leptin receptor, MAPK: mitogen- 
activated protein kinase, and 5, IL-6: interleukin 6, IL-6R: interleukin 6 receptor, IL-10R: interleukin 10 receptor, PGC1- α : peroxisome proliferator-activated re
ceptor gamma coactivator 1-alpha, IRF-4: interferon regulatory factor 4, IL-1ra: interleukin 1 receptor antagonist, ARG-1: arginase 1, TGF-β: transforming growth 
factor beta, SOCS: suppressor of cytokine signaling proteins, STA1: signal transducer and activator of transcription 1, mTORC2: mechanistic target of rapamycin 
complex 2, S6K: ribosomal S6 kinase, IFN-y: interferon gamma. 
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risk of infection and increase healthy longevity. 
Therefore, if aging has a profound impact on the immune system, 

affecting its capacity to mount robust immune responses with T cell 
responses being the most affected, the athlete’s training routine 
(repeated periods of energy overload and physiological stress) also adapt 
the immune cells. Besides, it is possible that lifelong training remodels 
the metabolism of different cells, creating a metabolic landscape, that 
improves immunosurveillance and viral response (Minuzzi, Teixeira, 
Santos, Rosa-Neto, & Lira, 2020). 

The frequent sessions of physical exercise, like performed by master 
athletes, reduce the frequency of KLRG1 + T cells (senescent) over time 
and may help preserve the proportion of CD4+ naïve T cells, hallmarks 
of a successful, and not maladaptive T cell aging (Minuzzi et al., 2019). 
Inhibitory cell signaling and energy-sensing pathways converge to 
inhibit the function of highly differentiated T as well as NK cells. One 
such inhibitory receptor, expressing killer cell lectin-like receptor G1 
(KLRG1) increases on NK cells in individuals aged >70 years and KLRG1 
orchestrate AMPK-dependent metabolic pathways to inhibit NK cell 
function. KLRG1-expressing NK cells stimulated AMPK activity and 
signaling through this pathway inhibited NK cell cytotoxicity, IFN-γ 
production, proliferation and telomerase (Müller-Durovic et al., 2016). 

AMPK is spontaneously active in highly differentiated / senescent T 
cells (Lanna et al., 2014). KLRG1 is also increased in CD8+ T cells of 
older individuals (Voehringer et al., 2002), raising the possibility that a 
similar process may be involved in these cells. More importantly, this 
inhibitor pathway can be targeted at different points to enhance func
tional responses that may be exploited to improve immunity during 
aging. Since our previous results from master athletes showed that 
lifelong training decreased the percentage of the T-cells expressing 
KLRG1 (Minuzzi et al., 2018) is reasonable that master athletes showing 
lower KLRG1+ T-cells and under conditions of glucose limitation, like 
the high-volume and intensity of exercise training sessions, reflects the 
plasticity of the immune cells metabolic pathways (Mah et al., 2017) 

(Fig. 3). Considering that NK cells are the most responsive immune cells, 
and mobilized NK cells are affected by muscle-derived myokines, and 
exercise-dependent hyperthermia, it is reasonable that lifelong physical 
exercise remodels the energy metabolism of different cells, including NK 
cells, creating a favorable metabolic environment that improves 
immune-surveillance and protect to viral infections and maybe also 
cancer (Pedersen et al., 2016; Minuzzi et al., 2021) (Fig. 4). 

The mechanisms underlying the anti-inflammatory and anti- 
immunosenescence effects of lifelong training are complex and have 
not yet been fully elucidated. 

3. Future perspectives – what we know and what we don’t know  

• This final section summarizes the established concepts that connect 
immunometabolism and physical fitness status;  

• Previous studies have corroborated with increased autophagy and 
anti-inflammatory response after inhibitory regulation of mTOR 
conducted by AMPK (Shao et al., 2019);  

• The dysregulation between antagonistic AMPK / mTOR signaling 
pathways may favor the immunometabolic and functional changes 
found in monocytes and macrophages with advancing age. This 
theory is promising since the two energy sensors command the 
recycling of proteins and organelles, metabolic routes and inflam
matory signaling pathways;  

• Although studies indicate the potential effect of physical fitness on 
immunometabolic modulation at different levels of physical fitness, 
the ability of physical fitness to directly modify the metabolism of 
immune cells is unproven. The studies reflecting potential immu
nometabolic alterations induced by physical fitness are based on 
associative measures or indirectly measures, for example, metabo
lites and expression of determined genes and proteins; 

Fig. 4. Summary of cellular and systemic events according to physical fitness status during aging, and the life’s mirror.  
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• In hope of stimulating future discussion and research, we summarize 
the unresolved questions linked to physical fitness and the immune 
system. 

3.1. What we know  

• This comprehensive review points out the substantial importance of 
increasing the status of physical fitness, represented by the practice 
of physical exercise, as a new way to regulate the function of immune 
cells and to reduce the impacts of immunosenescence.  

• Lifelong exercise is proposed to be a model of successful aging due to 
the improvement of immunometabolic responses. 

3.2. What we don’t know 

• Although the practice of chronic physical exercise is able to coun
teract the damage in immune function related to age or accumulation 
of body fat, molecular research is necessary to detect the main 
signaling pathways that mediate these changes, especially in 
monocytes and lymphocytes; 

• In addition, should be mention that empirical studies using metab
olomics, metabolic flux analysis and/or seahorse assays, for example, 
are necessary to establish the ability of exercise to directly alter the 
metabolism in immune cells;  

• Due to the ability of each exercise session to modulate the immune 
cell environment, whether due to the availability of substrates, cy
tokines or hormones, future studies on the crosstalk between 
signaling pathways and metabolic changes will certainly open the 
door to new strategies to combat or prevent diseases;  

• It is clear that the increase in physical fitness is a protective factor 
against diseases in both young or elderly individuals, however, it is 
unclear if the type of exercise, intensity and volume may be decisive 
to potentiate the immunometabolic alterations of immune cells. 
Similar to the dose of a drug, the optimal dose of exercise for a given 
population to achieve more benefits on different subsets of cells of 
the immune system is still controversial;  

• Exercising throughout life, regardless of intensity, seems to be a 
crucial factor. These and other questions have not yet been fully 
answered, but they are certainly of the extreme importance in 
achieving successful aging. 
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