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ABSTRACT

Background: The term immunometabolism describes cellular 
and molecular metabolic processes that control the immune 
system and the associated immune responses. Acute exercise 
and regular physical activity have a substantial influence on 
the metabolism and the immune system, so that both processes 
are closely associated and influence each other bidirectionally.

Scope of review: We limit the review here to focus on met-
abolic phenotypes and metabolic plasticity of T cells and mac-
rophages to describe the complex role of acute exercise stress 
and regular physical activity on these cell types. The metabolic 
and immunological consequences of the social problem of in-
activity and how, conversely, an active lifestyle can break this 
vicious circle, are then described. Finally, these aspects are 
evaluated against the background of an aging society.

Major conclusions: T cells and macrophages show high 
sensitivity to changes in their metabolic environment, which 
indirectly or directly affects their central functions. Physical 
activity and sedentary behaviour have an important influence 
on metabolic status, thereby modifying immune cell pheno-
types and influencing immunological plasticity. A detailed 

understanding of the interactions between acute and chronic 
physical activity, sedentary behaviour, and the metabolic sta-
tus of immune cells, can help to target the dysregulated im-
mune system of people who live in a much too inactive society.
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INTRODUCTION 

The term “immunometabolism” was coined in 2011, describ-
ing an emerging research topic focused on understanding 
the metabolic pathways used by immune cells in response 
to challenges (e.g., pathogen exposure, inflammation), and 
their ability to crosstalk with metabolic tissues [1]. Immune 
cells show high metabolic flexibility with different subsets 
of lymphocytes, monocytes/macrophages, and neutrophils 
exhibiting deep metabolic alterations when moving from the 
resting to the activated state. Both the aging process and nu-
merous infectious diseases, as well as diseases accompanied 
by chronic inflammation, are associated with changes in the 
metabolic function of leukocytes [2,3]. For example, HIV 
and COVID-19, cancer, cardiovascular and neurodegener-
ative diseases, obesity, and type 2 diabetes are morbidities 
associated with dysregulation in the metabolic response of 
immune cells. This, in turn, causes metabolic derangements 
in immune cells leading to a ‘vicious cycle’ of inflammation 
and disease progression [4–6]. Various lifestyle-associated 
diseases with an excess or lack of nutrients are associated 
with a modified immune response. Chronic hyperglycemia 
associated with excess release of amino acids and fatty acids 
into the circulation causes a chronic activated immune system 
[7,8]. In many conditions including SARS-COV-2 infection, 
an excess of nutrients (especially fats and glucose) reduces 
the ability to immune cells to resolve inflammatory condi-
tions potentially increasing the likelihood of immunological 
overreaction, which might favor massive and unregulated cy-
tokine secretion (a “cytokine storm”) [9]. On the other hand, 
undernourishment can also be associated with a poor immune 
response given the importance of nutrients for basic functions 
of immune cells including proliferation [10]. Consequently, 
an adequate supply of substrates and nutrients is important for 
the balanced control of immunometabolism [11,12]. 

Prolonged physical inactivity is associated with a re-
duction in life expectancy and quality of life [13,14]. Phys-
ical inactivity favors development of visceral adiposity, and 
causes imbalances in the production of adipokines, myok-
ines, hepatokines and other mediators of inflammation [15]. 
Sedentarism is considered a catalyst for development of low-
grade inflammation associated with various lifestyle diseas-
es. In contrast, a physically active lifestyle can positively 
stimulate various aspects of immune function on a clinical, 
cellular, and molecular level to reduce low-grade inflam-
mation [16]. Acute exercise (especially aerobic exercise) 
induces the release of multiple signaling molecules (e.g., 
cytokines, hormones) and alters substrate and nutrient con-
centration in the immune cell environment [17]. Particular 
importance is attached to the secretome of skeletal muscles. 
For this purpose, the term “exerkines” was introduced as a 
collective term, covering any biomolecules such as peptides, 
metabolites and RNAs, secreted into circulation by tissues in 
response to exercise [18]. 

Regular exercise contributes to a balanced immunologi-
cal state that can serve as an effective countermeasure against 
the development of chronic low-grade inflammation, partic-
ularly in older adults and those living with obesity and/or 
metabolic disease [19]. Understanding how exercise affects 
immunometabolism is a recent scientific endeavor, and there 
is a critical need to ascertain the metabolic processes and 

pathways by which the immune system responds to acute ex-
ercise and adapts to exercise training. The immunometabolic 
rearrangement of lymphocytes and macrophages in well-
trained humans may have the potential to regulate immune 
response in chronic inflammatory diseases, such as obesity, 
cancer, cardiovascular and neurodegenerative diseases, and 
to delay immunosenescence. 

In this review, we examine the complex interplay be-
tween immunometabolism and exercise with a focus on 
T cells and macrophages, and present new challenges and 
opportunities for this field.  Our focus here ranges from the 
acute effects of single bouts of exercise, to the chronic effects 
of regular physical activity, and exercise training for fitness 
and sports. We review the immunometabolic regulators in 
immune cells (AMPK, mTORC1, HIF-1α and PPAR-γ) and 
examine the role and potential impact that exercise can have 
on the metabolism and function of lymphocytes and mac-
rophages, and their interplay with skeletal muscle. Finally, 
we discuss the impact of sedentarism on immunometabolism, 
and how these effects can potentially be counteracted with 
exercise to reduce cardiometabolic risk factors and immuno-
logical aging. We examine the effect of both acute exercise 
(in the hours after a single bout of exercise), and the long-
term effects of exercise training and regular physical activity 
on immunometabolism. Concepts in immunometabolism are 
inherently interdisciplinary and can be viewed from the per-
spective of how alterations in: a) molecular metabolic path-
ways and sensors within immune cells; and/or b) the global 
metabolic environment and impact immune cell function. In 
this review we have attempted to balance and integrate these 
perspectives, highlighting key molecular signaling pathways 
and how they may relate to, or be influenced by, whole-body 
metabolic changes initiated by changes in exercise, sedentary 
time, chronic disease, and aging.

IMMUNOMETABOLIC SENSORS 

Molecular regulation of immunometabolism is associated 
with sensors that control the metabolic routes, inflammato-
ry mediators, and differentiation and function of immune 
cells. Thus, the immunometabolic sensors are an important 
bridge that link metabolism and immunology particularly in 
lymphocytes and macrophages. Nutrient sensors are largely 
modulated by different intra- and extra-cellular concentra-
tions of glucose, amino acids and fatty acids (and their in-
termediary metabolites). The levels of nutrients that immune 
cells are exposed to influence different intracellular energetic 
sensors, principally AMP-activated protein kinase (AMPK), 
mammalian target of rapamycin (mTOR), hypoxia inducible 
factor-1α (HIF-1α) and peroxisome proliferator-activated re-
ceptors (PPAR) [8]. 

AMPK
AMPK is an enzyme that acts as the energetic sensor of eu-
karyotic cells. A low ATP:AMP ratio increases AMPK activity 
[20], and subsequently fatty acid oxidation and ATP genera-
tion by the electron transport chain [21]. Moreover, AMPK 
inhibits the PI3K/AKT/mTOR pathway, essential for aerobic 
glycolysis. Immune cells in resting form (naïve T Lympho-
cytes and memory T or B lymphocytes) show strong activation 
of AMPK [22].
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It is well established that AMPK is activated in different 
tissues, such as skeletal muscle, liver and adipose tissue af-
ter acute exercise and regular exercise training. While there 
are limited data for AMPK regulation after acute exercise or 
in regular exercise training in leukocytes, various regulatory 
effects of AMPK in immune cells have been shown. During 
T cell receptor (TCR) and CD28 co-stimulation in T lym-
phocytes, the activity of AMPK is upregulated. This increase 
in AMPK activation after TCR stimulation is fast, and then 
blunted during the effector phase [23]. Activation of AMPK 
reduces the release of IFN-γ by T effector lymphocytes. More-
over, AMPK is important for the fate of T cells. The reduction 
of AMPK and increase in mTOR induces the differentiation 
of the effector subset of CD8 lymphocytes, while an increase 
in AMPK and reduction in mTOR lead to long-lived memory 
CD8 T cells. Regarding CD4 cells, activation of AMPK induc-
es the production of regulatory T cells (Tregs) and inhibits the 
differentiation of Th17 lymphocytes. Moreover, IL-10 induc-
es AMPK activation particularly after acute bouts of exercise 
[24,25]. In this framework, well-trained subjects can have a 
lower Th1:Th2 ratio, which represents an aspect of the an-
ti-inflammatory T cell profile specifically promoted by regular 
endurance training [26]. 

In terms of B cells, AMPK signaling is essential to mito-
chondrial homeostasis. For this cell type, a loss of ΑMPK can 
reduce antibody production. Accordingly, AMPK signaling 
appears to be of particular importance, especially for long-
lived memory B cells [27]. A physically active lifestyle can 
enhance antibody production after vaccination in older adults 
[28]. The discovery of mechanisms associated with this im-
provement is important for new adjuvant therapies to increase 
the immunization response in the elderly [28,29].

In macrophages, activation of AMPK is an important 
mechanism to induce a shift to acquire the alternative and 
anti-inflammatory phenotypes (formely named M2), that are 
characterized by the production of anti-inflammatory media-
tors (IL-10, and IL-1ra) and growth factors (TGF-beta) [30]. 
Several anti-inflammatory drugs, such as salicylates, met-
formin, and corticosterone, blunt an inflammatory response 
and induce the acquisition of an anti-inflammatory/restorative 
phenotype by activation of the AMPK pathway [31–33]. Par-
ticularly, activation of dopaminergic signaling (more specifi-
cally by the D1 receptor) induces AMPK activation, leading to 
a shift in macrophage inflammatory phenotype [34]. 

mTORc1 
mTOR is a highly conserved protein complex that can phos-
phorylate different targets [35], which exists in two sub-com-
plexes called mTORC1 and mTORC2. mTORC1 is an en-
ergetic sensor that acts in opposition to AMPK [36], and is 
positively regulated by amino acids (e.g., leucine) and growth 
factors via the PI3K/AKT pathway [35]. Moreover, mTORC1 
is a complex protein that induces the anabolic pathways and 
participates in the regulation of lipids, protein, and glycogen 
synthesis. 

Aerobic glycolysis is critical for sustaining the effec-
tor functions of lymphocytes, which is in turn dependent on 
mTORC1/HIF-1α (Nieman and Pence 2020). mTORC1 de-
letion in CD4 lymphocytes reduces their proliferation and 
impairs their effector functions [22]. Moreover, mTORC1 
inhibition increases Foxp3 activity and Treg numbers [37]. 

mTORC1 is essential for the differentiation of naïve T lym-
phocytes into CD4 and CD8 T effector lymphocytes, as well 
as antibody production by B lymphocytes [38]. 

The knowledge of the role of mTORC1 is inconclusive 
regarding the polarization to classic or alternative phenotype. 
Glycolysis stimulated by the mTORC-1/HIF-1α pathway is 
essential for mounting a pro-inflammatory response and pro-
duction of reactive oxygen species [39]. Moreover, LPS-TLR4 
canonical signaling, nutrient excess by inflammasome, and 
pro-inflammatory cytokines, all induce mTORC-1 [39,40]. 
While mTORC-1 is considered an essential player for classi-
cally activated macrophages (M1), that produce pro-inflam-
matory cytokines (IL-1β, TNF-α) and lipid mediators (PGE2), 
specific deletion of raptor can block mTORC1 pathway. Mac-
rophages treated with rapamycin exhibit a more inflammatory 
phenotype, and show impaired acquisition of the alternative 
phenotype [41,42]. High intensity exercise decreases the circu-
lating levels of branched chain amino acids (BCAAs) in endur-
ance athletes [43]. It is well established that BCAAs can acti-
vate the mTORC. Therefore, reduced BCAA availability could 
also facilitate reduced immune cell activity [40]. Glutamine 
activates mTORC1 through a Rag GTPase-independent mech-
anism [44]. Serum glutamine is reduced after exhaustive exer-
cise, and supplementation of endurance athletes with BCAA 
mitigates the reduction in glutamine. Furthermore, BCAA ad-
ministration can divert cytokine production towards Th1 type 
response after exercise [45].  

In summary, the maintenance and fine-tuning of mTORC-1 
signaling is necessary, whereas chronic activation or deletion/
inhibition of mTORC1 induces a pro-inflammatory response, 
and in combination with other players, this sensor is an im-
portant determinant of immune cell fate. mTORC-1 and HIF-
1α are essential for activation of aerobic glycolysis and thus 
induces and supports inflammation. mTORC-1 and PPAR-γ/
PGC1α are important for reprogramming the metabolism me-
diated by mitochondrial biogenesis and anti-inflammatory re-
sponses [46]. The type, intensity and duration of exercise are 
likely important in regulating mTORC activation in immune 
cells by modifying substrate availability.

HIF-1α
HIF-1 is a family composed by three isoforms of α and β sub-
units of a heterodimeric transcription factor that senses cel-
lular oxygen [47]. HIF-1 is expressed in most immune cell 
types and essential for immunometabolic flexibility and the 
inflammatory response [48]. mTORC-1/HIF-1α pathway is 
essential to trigger glycolysis during TCR activation in CD4 
lymphocytes, and cytotoxic activity of CD8 lymphocytes 
[49,50]. Furthermore, HIF-1α is necessary to induce the Th17 
differentiation, while inhibition of this transcription factor is 
observed in Tregs [47].

HIF-1α is essential in development of B cells. Given that 
the germinal centers of B cells are hypoxic, HIF-1α plays a 
role in the induction of B cell development [51]. Moreover, 
HIF-1α is necessary for IL-10 production and CD-11b expres-
sion in B cells, and lack of HIF-1α reduces the anti-inflamma-
tory signaling between B cells and dendritic cells, otherwise 
promoting inflammation [47,52]. 

HIF-1α deletion reduces ATP levels and bactericidal func-
tion in macrophages stimulated by LPS [53]. Macrophages can 
function in a hypoxic environment, but this ability is depen-
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dent on HIF-1α expression. In normoxic conditions, LPS stim-
ulation promotes HIF-1α nuclear activity with upregulation of 
the glycolytic and pentose phosphate pathways (PPP). More-
over, overexpression of HIF-1α induces the M1 phenotype 
[54]. While succinate, an intermediary of the Krebs cycle, in-
duces HIF-1α stabilization and M1 activation of macrophages 
[55], itaconate, generated by catabolism of cis-aconitate in 
mitochondria, inhibits the HIF-1α pathway and activates the 
alternative phenotype of macrophages [56,57].

Most data regarding the regulation of HIF-1α during exer-
cise has come from studies of skeletal muscle. Within this tis-
sue, acute bouts of exercise stabilize HIF-1α, and HIF-1α re-
sponse is blunted during long-term exercise training, as part of 
a local physiological response to exercise [58]. The effect of 
acute or chronic exercise on HIF-1α expression in leukocytes 
remains uncertain. Elevated serum IL-10 after high volume 
training [25] increases CD11b expression by monocytes  [59], 
contributing to the notion that physical fitness could modulate 
the effects of HIF-1α on monocytes. However, another study 
did not find differences in monocytes between low and high 
VO2max subjects, pre or post-acute exercise session, with and 
without LPS stimulation  [60].   

PPAR-γ
PPARs are a family (PPAR-α, PPAR-β and PPAR-γ) of tran-
scription factors responsible for regulating lipid metabolism 
(lipogeneses, lipid mediators, synthesis, and fatty acid oxida-
tion) [61]. The three different isoforms of PPARs exert various 
regulatory roles in immune cells. However, the most studied 
isoform is PPAR-γ and its effects on metabolism of immune 
cells. Expression of PPAR-γ is increased in both lymphocytes 
(Th2) and macrophages (M2) [62,63]. Although the fatty acid 
synthase and de novo lipogenesis is essential in early effec-
tor response of lymphocytes after TCR stimulation, this step 
is regulated by mTORC1/SREBP axis and not affected by 
PPAR-γ deletion in T cells [64]. On the other hand, the acti-
vation of PPAR-γ impairs the clonal expansion of effector T 
cells [65].

The maintenance of fatty acid metabolism necessary to 
promote the effector function of Th2 cells is dependent of 
PPAR-γ [62]. AP-1, STAT5, GATA-3, IL-5 and IL-13 are all 
target genes of PPAR-γ in Th2 cells [66]. PPAR-γ is neces-
sary to increase the fatty acid uptake, lipolysis and glycoly-
sis in Th2 cells. Activation of PPAR-γ activates downstream 
mTORC1 in this lymphocyte subset [64]. For Tregs, PPAR-γ is 
not essential for differentiation of all its subsets. However, the 
expression of FOXP-3 and Treg differentiation is dependent of 
PPAR-γ expression in Tregs residents on adipose tissue and de-
letion of this subset by specific KO of PPAR-γ on Foxp3 flox, 
and induces a range of metabolic disturbances [67]. Moreover, 
agonist or inhibitor effects of PPAR-γ reduce the expression of 
Foxp3, indicating that PPAR-γ expression should be within the 
specific range for Foxp3 activation and lymphocyte differenti-
ation into Tregs [68]. PPAR-γ induces the expression of genes 
that increase mitochondria biogenesis and oxidative metabo-
lism, and reduces the transcription of pro-inflammatory genes 
by the repression of NF-kB, AP-1 and STAT family [69]. 

Concerning exercise, moderate aerobic trained mice with 
PPAR-γ deletion in myeloid cells show a reduced  subset of 
macrophages expressing CD206 in subcutaneous adipose tis-
sue macrophages as compared with trained wild type mice 

[70]. In obese mice, despite the absence the PPAR-γ expres-
sion in myeloid cells, aerobic training increases the concen-
tration of anti-inflammatory cytokines, but the expression of 
surface markers (e.g. CD206) remained low as observed in 
non-obese mice [61]. Finally, PPAR-γ expression in mono-
cytes appears to be dependent of physical fitness level, given 
that monocytes from high VO2 max subjects show increased 
PPAR-γ mRNA after LPS stimulation [60]. An anti-inflamma-
tory profile of macrophages is observed in endurance athletes 
and may be induced by PPAR-γ, although further confirmation 
is required. In the same study, rosiglitazone (PPAR-γ agonist) 
increases mRNA expression of AMPK in monocytes, provid-
ing evidence that these two energetic sensors may act syner-
gistically [60].

THE COMPLEX ROLE OF EXERCISE ON 
THE METABOLIC FUNCTION 

OF IMMUNE CELLS

A recent multi-omics approach indicates intensive crosstalk 
between immunity and metabolism during exercise [71]. Var-
ious molecules are affected by acute exercise and T cells are 
highly sensitive to changes in their microenvironment [72]. 
There is emerging evidence that exercise-induced alterations 
directly and indirectly affect T cell immunometabolism.

Effects of exercise on T cell metabolism
Exercise training improves TCR activation signal and increas-
es the expression of Zap70 in peripheral blood mononuclear 
cells (PBMC)s [73]. Correspondingly, intracellular calcium 
stores and proliferative capacity of CD3+ cells are increased 
by chronic voluntary exercise in mice [74]. A potential mech-
anism is that exercise itself induces a mild T cell activation, as 
increased expression of  CD25, a typical activation marker of 
T cells, has been reported in humans after acute moderate in-
tensity endurance and resistance exercise combined, and resis-
tance exercise alone [75]. Another explanation is that an acute 
bout of exercise activates the TCR and the TCR signal quality 
associated with increased body temperature [76]. Overall, an 
effect of exercise on TCR activation and function is likely but 
remains to be shown conclusively.

Depending on the exercise type, intensity, and duration, 
cytokine signatures and substrate availability can be affected 
[25,77]. TGF-β1 [78],  IL-6 [79], IL-1β, and IL-23, which are 
released in response to muscle damage, play an essential role 
in T cell metabolism and differentiation [80]. Lactate accu-
mulation, which increases after acute bouts of high-intensi-
ty exercise, increases STAT3 activity followed by increased  
Th17 polarization of lymphocytes [81]. Similarly, endurance 
exercise alters the Th17/Treg balance towards Th17 [82].  

During exercising in a fasted state or for a long duration 
without adequate carbohydrate supplementation, a very large 
neuroendocrine response is observed to ensure that the blood 
glucose level is maintained. Thus, we observed the impact on 
immune-neuroendocrine response by elevation in cortisol lev-
els that induces an immunosuppressive response [83]. More-
over, the levels of glucose, as one of the main substrates of T 
cells, facilitates T-cell activation. While blood glucose levels 
can remain relatively constant, however, it is possible that the 
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glucose and amino acids levels are reduced in lymphoid or-
gans, whereas the blood flow is reduced to central organs to 
provide the increase of blood flow in skeletal muscle, although 

this hypothesis has yet been evaluated fully. Therefore, during 
low glucose conditions, activated naïve T cells and central 
memory T cells reduce their function, including lowering of 
IFN-γ expression. During conditions of glucose deprivation, 
these cells increase OXPHOS and fatty acid metabolism by 
upregulating the expression of the FFA transporter CD36, in-
creasing autophagy, and utilizing glutamine for biosynthesis 
[84]. However, athletes may be at higher risk for immunosup-
pression at the onset of overtraining, when plasma glutamine 
concentrations decrease, such as after 8 weeks of high-inten-
sity interval exercise [77]. Glutamine, next to glucose, is es-
sential for the hexosamine biosynthesis of T cells and for their 
proliferation [85]. Exercising in a well-nourished state should 
not put athletes at a higher risk of immune dysregulation by 
maintaining the availability of substrates for T cell activation. 

Besides macrophages and neutrophils, the anti-tumor-
al effect of acute and chronic exercise is largely dependent 
on the CD8 cytotoxic T cells [86]. Moreover, acute exercise 
modifies metabolites in the circulation in both humans and 
mice. Addition of malate, succinate and fumarate reduces the 
expression of the surface marker CD62L on cytotoxic CD8. 
Low expression of CD62L occurs after TCR activation of the 
CD8 cytotoxic T cells [86]. Moreover, lactate induces the mi-
gratory capability and increases granzyme B production in a 
dose-dependent manner in CD8 cytotoxic cells. Finally, in a 
murine model of cytotoxicity induced in an ovalbumin vacci-
nation model, 20 min of aerobic exercise increases pyruvate 
and alpha ketoglutaric acid derived from glucose metabolism 
and consequently improvement the cytotoxic CD8 cells re-
sponse after vaccination [86]. Remodeling of metabolism in 
lymphocytes may be important in the anti-tumoral response 

induced by acute exercise. A proposed model of mechanisms 
supporting future research in exercise immunology is present-
ed in Figure 1.

Effects of exercise on macrophages
The role of metabolic plasticity in the fate of macrophage 
phenotype is well characterized. While classical macrophage 
activation is induced by aerobic glycolysis, the alternative 
phenotype is induced by a proportional increase in oxidative 
metabolism [87]. Moreover, different macromolecules and 
metabolites, which are affected by acute exercise, are potent 
regulators of macrophage function [8,88,89]. Lactate-treated 
macrophages show a reduction in glycolysis and an increased 
fatty acid oxidation. Moreover, they show increased phagocyt-
ic function against Mycobacterium Tuberculosis and reduced 
TNF-α and IL-1ß production after LPS stimulation [90]. Be-
sides lactate, glutaminolysis is essential for efficient clearance 
of apoptotic cells [91]. Studies also show that amino acids and 
several fatty acids are immunomodulating agents for macro-
phages [92,93]. Mode, intensity, duration of exercise, and fit-
ness levels can differentially modify cytokine secretion and 
availability of various metabolites. Understanding the detailed 
metabolic effects these changes have on macrophages will 
further characterize mechanistic links between exercise and 
immune function [71]. 

The anti-inflammatory effects of aerobic exercise training 
and its role in the treatment and prevention of metabolic and 
chronic inflammatory diseases is influenced by macrophage 
function. The first step for macrophage activation is chemo-
taxis of monocytes. Data show that improvement in physical 
fitness mitigates the migration of pro-inflammatory monocytes 
in patients with central obesity [94]. Aerobic exercise training 
promotes alternative phenotypes and decreases classical mac-
rophages in the obese adipose tissue [95]. A 16-week program 
of treadmill exercise, in high fat diet (HFD) treated mice, de-

Figure 1. Molecular mechanisms that influence T cell metabolism during acute stress.
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creases CD11c gene expression (pro-inflammatory marker) 
and increases CD163 (anti-inflammatory marker) in adipose 
tissue macrophages [95]. Both continuous and interval aero-
bic training induce pro- to anti-inflammatory transition and 
increase the total number of anti-inflammatory macrophages 
in adipose tissue of high fat diet (HFD)-treated rats. However, 
in the same study, interval training was more effective than 
continuous training [96].

The mechanisms behind exercise-induced changes in 
macrophage polarization and metabolism remain elusive. The 
ability of aerobic exercise training to promote an anti-inflam-
matory phenotype in obese adipose tissue macrophages is lost 
when mice have selective deletion of PPAR-γ in the myeloid 
lineage [61]. Thus, it seems PPAR-γ plays an important role 
in switching macrophage metabolic and phenotype induced by 
aerobic exercise training. The same group showed that lean 
sedentary mice, lacking PPAR-γ in the myeloid cells, have an 
exacerbated pro-inflammatory profile. An 8-week intervention 
of treadmill, moderate aerobic training (continuous exercise 
70% Vo2 max) promotes the anti-inflammatory phenotype of 
adipose tissue macrophages but not peritoneal macrophages 
[70]. It appears that aerobic exercise training plays distinct 
roles in macrophage phenotype and metabolism, depending on 
the basal level of inflammation. 

One possible mechanism by which aerobic exercise train-
ing alters macrophage polarization is catecholamine release. 
Both monocytes and macrophages express adrenergic recep-
tors (ARs) and respond to catecholamine stimulation. During 
the exercise session there is release of adrenaline and promo-

tion of mitochondrial biogenesis and increased mitochondri-
al activity in immune cells via β-AR stimulation [97]. Mice 
that receive daily catecholamine injections, increase the an-
ti-inflammatory phenotype in peritoneal macrophages, and 
enhance IL-10 production [98]. Interestingly, obese animals 
show a reduction in β-ARs in comparison with lean exercised 
mice [99] (Figure 2).

In summary, acute and chronic aerobic exercise may ex-

ert immunomodulatory effects, improving pro-inflammatory 
macrophage response in healthy individuals, and inducing an 
anti-inflammatory phenotype in individuals with higher basal 
levels of inflammation. However, the molecular mechanisms 
behind this immunomodulatory effect remain unclear.  

IMMUNOMETABOLIC DYSREGULATION 
IN SEDENTARY BEHAVIOR AND 

INCREASED RISK OF CARDIOMETABOLIC 
DISEASE: THE PROTECTIVE ROLE OF 

EXERCISE.

We can define sedentary behavior as an energy expenditure of 
≤1.5 metabolic equivalents of task (METs). Physical activity 
as any body movement generated by the contraction of skele-
tal muscles that raises energy expenditure above resting meta-
bolic rate, and physical inactivity represents the non-achieve-
ment of physical activity guidelines [100].

Engaging in physical activity elicits many health bene-
fits, including a reduced risk of cardiometabolic disease (e.g., 

Figure 2. Metabolic profile of macrophages and its adaptations in dependence on physical fitness and body composition. FA = fatty acid; Glu = 
glucose; PDH = pyruvate dehydrogenase; LDH = lactate dehydrogenase; ATP = adenosine triphosphate; CPT-1 = carnitine palmitoyltransferase 
1; mTORC1 = mammalian target of rapamycin complex 1; AMPK = AMP-activated protein kinase; PPAR-γ = peroxisome proliferator-activated 
receptor γ; TLR-4 = Toll like receptor 4; TNFR = Tumor Necrosis factor receptor; IL-10 = interleukin 10; IL-1ra = interleukin 1 receptor antagonist; 
HIF-1 alpha = hypoxia-inducible factor 1-alpha; MYD88 = Myeloid differentiation primary response protein; IRAK1/4 = interleukin-1 receptor-
associated kinase 4; TRAF6 = TNF Receptor Associated Factor 6; NF-kB = factor nuclear kappa B; TRADD = Tumor necrosis factor receptor type 
1-associated DEATH domain protein; clAP1/2 = encoding a copper-transporting ATPase; TRAF2/5 = TNF receptor-associated factor 2.
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type 2 diabetes, atherosclerosis, hypertension). A key underly-
ing mechanism appears to be exercise-mediated reduction in 
chronic low-grade inflammation, which is a key contributor 
to development of insulin resistance and vascular endothelial 
dysfunction [19].  Conversely, sedentary behavior is associ-
ated with various adverse metabolic and health-related out-
comes, independently of physical activity levels [101,102]. 
Given the widespread prevalence of sedentary lifestyles and 
inadequate physical activity levels [103], it is important to 
understand how sedentary behavior impacts the interaction 
between inflammatory and metabolic pathways, as well as 
the potential of exercise to rescue immunometabolic defects 
arising from increased sedentary behavior. We propose that a 
perpetual cycle of immunometabolic dysregulation links sed-
entary behavior to increased cardiometabolic diseases, on the 
other hand, we suggest evaluating the potential of exercise to 
enable preventive or therapeutic effects.

Evidence supporting a link between sedentary behavior 
and immunometabolic dysregulation
Numerous epidemiological studies support a detrimental as-
sociation between sedentary behavior, impaired metabolic 
outcomes (e.g. fasting/postprandial glucose, insulin sensi-
tivity and FFAs) [104,105], and elevated serum/plasma con-
centrations of  inflammatory markers (e.g. IL-6, IL-1β, CRP, 
TNF-α) [106–108]. Moreover, white blood cell (WBC) count 
– a potential biomarker of cardiometabolic disease risk [109] 
– increases linearly with sedentary time [110]. Allocating as 
little as 30 min of daily sedentary time to moderate-to-vigor-
ous physical activity lowers circulating IL-6 and WBC [111]. 
The association between sedentary time and markers of 
chronic inflammation is attenuated when adjusting for body 
mass index (BMI) and/or waist circumference in some [105, 
107, 112] but not all [104] studies. This outcome highlights 
the potential of sedentary behavior to impact inflammatory 
markers independent of adiposity. Despite these conflicting 
findings, it is generally accepted that adipose tissue dysfunc-
tion initiates immunometabolic derangements that lead to 
chronic inflammation [113,114]. A large proportion of the 
detrimental effects of sedentarism may be attributable to in-
creases in visceral fat mass.

Intervention studies examining the impact of reducing 
sedentary time on markers of inflammation are currently 
limited. Reducing sedentary behavior by increasing walk-
ing time reduces levels of circulating IL-6 and monocytes, 
and also lowers LPS-stimulated cytokine production [115]. 
Overweight/obese individuals who replaced prolonged sit-
ting with light intensity activity show a gene expression shift 
towards an anti-inflammatory profile in both adipose tissue 
[116] and skeletal muscle [117]. Despite the paucity of re-
search examining the impact of reducing sedentary behaviors 
on inflammatory markers, studies consistently demonstrate 
clinically meaningful improvements in various metabolic 
parameters including glycemia, insulin sensitivity and blood 
lipids [118–120]. Combining evidence from cross-sectional 
analyses and experimental studies supports the hypothesis 
that the detrimental effects of sedentary behavior on inflam-
matory outcomes are driven by metabolic derangements.

Mechanisms by which sedentary behavior fuels the 
vicious cycle of metabolic dysfunction and inflammation
Long-term physical inactivity favors the development of vis-
ceral adipose tissue characterized by a shift towards a pro-in-
flammatory adipocyte profile related to accumulation of 
pro-inflammatory macrophages, neutrophils, B lymphocytes 
and CD8+ T lymphocytes [121]. Local release of pro-inflam-
matory cytokines, such as TNF-α, directly stimulates adi-
pose tissue lipolysis while reducing the inhibitory effect of 
insulin on lipolytic enzymes The ensuing spillover of FFAs 
and pro-inflammatory cytokines into systemic circulation 
induces ectopic lipid accumulation and insulin resistance in 
vital organs/tissue (e.g., liver, skeletal muscle), exacerbating 
fasting and post-prandial hyperglycemia and hyperlipidemia 
[113,114]. Importantly, elevated blood glucose and FFA lev-
els directly impair immune cell function causing the release 
of inflammatory mediators that further propagate systemic 
low-grade inflammation. On the other hand, the systemic de-
pletion of CD4 cells improves glucose tolerance while leav-
ing insulin sensitivity, adipose tissue morphology, adipose 
tissue macrophage activation, and adipose tissue macrophage 
proliferation as signs of adipose tissue dysfunction unaffect-
ed [122].

Toll-like receptors (TLRs) have emerged as key integra-
tors of the relationship between metabolic dysfunction and 
chronic inflammation-induced insulin resistance. TLR2 and 
TLR4 are involved in both innate and adaptive immune re-
sponses. These receptors are typically activated by bacterial 
cell wall lipids, but also respond to host lipids and other dam-
age-associated molecular patterns, playing an important role 
in non-infectious (sterile) inflammatory responses [123]. Ac-
tivation of TLR2/4 promotes the association of transforming 
growth factor-B-activated-kinase 1 (TAK1) with TAK1-bind-
ing protein-1 (TAB1) activating IkB kinase (IKK) and the 
c-Jun N-terminal kinase (JNK). IKK and JNK activation in-
duces pro-inflammatory cytokine expression via nuclear-fac-
tor kappa B (NF-kB) and impairs insulin action via serine 
phosphorylation of the insulin receptor substrates (IRS1/2) 
[114]. TLR4 activation is also a key event in priming the 
NLRP3 inflammasome, thereby contributing to NLRP3 in-
flammasome formation and the caspase-1-dependent release 
of the pro-inflammatory cytokines IL-1β and IL-18 [124].  

In addition to innate immune responses, TLRs can also 
activate adaptive immune response to upregulate the expres-
sion of major histocompatibility complex II, a co-stimulatory 
molecule on antigen presenting cells, and promote the release 
of IL-12 from dendritic cells [125]. Although saturated FFAs 
have been traditionally implicated as the main TLR4 ligand 
through which metabolic overload drives inflammation and 
insulin resistance [126,127], recent evidence indicates that 
saturated FFAs do not directly activate TLR4. TLR4 can prime 
macrophages for FFA-dependent activation of pro-inflamma-
tory pathways via alterations in cellular lipid metabolism and 
accumulation of lipid species [128]. Despite the controversial 
role of FFAs in TLR4 activation, circulating levels of other 
TLR4 ligands (e.g., LPS, oxidized LDL) and TLR4 expres-
sion are also elevated in individuals with overweight/obesi-
ty and type 2 diabetes [129,130]. Collectively these effects 
provide additional mechanisms by which metabolic defects 
arising from sedentary behavior may drive inflammation. 

Another proposed mechanism of inflammation in seden-
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tarism and adiposity is endoplasmic reticulum (ER) stress. 
This stress occurs when the cellular protein folding capacity 
and calcium homeostasis of the ER are perturbed, and the 
unfolded protein response (UPR) activated to re-establish 
ER homeostasis [131]. The UPR has three effects: to inhibit 
protein translation that decreases the workload of the ER, to 
induce the expression of genes encoding chaperone proteins 
that increase the protein folding capacity of the ER, and to ac-
tivate ER-associated degradation machinery to clear misfold-
ed proteins [131]. Integral to the sensing of the ER stress and 
induction of the UPR are inositol-requiring protein-1 (IRE1), 
activating transcription factor-6 (ATF6), and RNA-depen-
dent protein kinase (PKR) – like ER kinase (PERK) [131]. 
Importantly for inflammation-induced insulin resistance, 
activation of the UPR leads to nuclear translocation of NF-
kB thereby priming the NLRP3 inflammasome and inducing 
expression of pro-inflammatory cytokines that impair insu-
lin signaling [132,133]. Moreover, IRE1 and PERK can in-
duce serine phosphorylation of IRS1/2 via JNK and IKKB 
[132–134], providing an additional mechanism by which ER 
stress induces insulin resistance  [132]. Taken together, met-
abolic overload due to higher FFAs and glucose increases ER 
stress in several tissues provides an additional mechanism 
by which sedentarism drives immunometabolic dysfunction. 
There is also evidence that interventions that decrease body 
fat can reduce ER stress and improve insulin signaling [133].

Interleukin-6 (IL-6) is the prototypical myokine released 
from contracting skeletal muscle in proportion to exercise 
volume and intensity, thus the long-endurance exercise with 
high intensity, as marathon and triathlon induce the huge in-
crease of IL-6 into circulation. IL-6 binds to its monocyte 
membrane-bound receptor to upregulate anti-inflammatory 
cytokines IL-10 and IL-1 receptor antagonist (IL-1Ra) [134]. 
IL-6 infusion in humans increases circulating levels of IL-
10 and IL-1Ra [135]. IL-10 is also produced by contract-
ing skeletal muscle in response to acute endurance exercise  
and released into the vasculature independent of IL-6 [136]. 
Contracting skeletal muscle also releases heat shock proteins 
(HSP) to maintain cellular homeostasis during acute exercise 
[137,138] and chronic increase of circulating HSP 60 and 
70 levels are associated with a decrease in monocyte TLR4 
expression, subsequently downregulating the secretion of 
pro-inflammatory cytokines TNF-α and IL-1β [139]. Given 
that sedentary behavior is associated with prolonged periods 
of inactivity, the absence of skeletal muscle contraction (and 
thus the lack of release of the anti-inflammatory molecules) 
could partly explain how sedentary behavior drives immu-
nometabolic dysfunction.  

The chronic energy surplus that accompanies sedentary 
lifestyles may also reduce anti-inflammatory cytokine action. 
The ability of IL-10 to inhibit TNF-α production is reduced 
in cells from individuals with type 2 diabetes (T2D), and 
in macrophages grown in high-glucose media [140].  This 
defect in IL-10 action likely involves diminished STAT3 
phosphorylation, and is restored when cells are treated with 
a small molecule activator of the inositol phosphatase SHIP1 
[140]. Thus, loss of anti-inflammatory cytokine action due 
to nutrient surplus represents another mechanism by which 
a sedentary lifestyle may exacerbate inflammation-induced 
insulin resistance. The concept of immune cell dysfunction 
under metabolic overload is consistent with experiments 

demonstrating that hyperglycemia and hyperlipidemia induce 
TLR-dependent inflammation in human monocytes, thereby 
propagating a state of systemic inflammation [141,142].

Mechanisms by which aerobic training exercise inter-
rupts the vicious cycle of metabolic dysfunction and in-
flammation
Given that sedentary behavior is associated with increased 
fat mass, and adipose tissue hypertrophy is a primary con-
tributor to the initiation of chronic inflammation and insulin 
resistance, a reduction in visceral fat mass is a major mech-
anism by which exercise counteracts immunometabolic dys-
function. However, rodent studies demonstrate that aerobic 
exercise training may also prevent macrophage infiltration 
into adipose tissue, and induces a phenotypic shift in adipose 
tissue macrophage profile to an anti-inflammatory phenotype 
[95,143]. Although the ability of aerobic exercise training to 
reduce adipose tissue inflammation independent of fat loss 
remains to be established in humans [144], a decrease in adi-
pocyte inflammation is presumably reflected by systemic ele-
vations in adiponectin. Reductions in TNF-α, CRP, IL-6, and/
or IL-8 are also apparent after an exercise training interven-
tion in overweight/obese individuals. Importantly, the reduc-
tion in adipocyte size/inflammation, and subsequent decrease 
in circulating FFAs and pro-inflammatory mediators, should 
prevent development of inflammation and insulin resistance 
in circulating immune cells and metabolic tissues (e.g., mus-
cle, liver). The improvement in systemic inflammation is 
presumably aided an exercise-mediated reduction in hepatic 
lipid content [145], and improved capacity of skeletal muscle 
to oxidize fatty acids [146,147]. These changes would pre-
vent accumulation of macrophages and/or desensitization of 
insulin signaling cascades in these tissues [124].

A reduction in TLR4 expression and/or activation of 
immune cells provides an additional mechanism by which 
aerobic exercise counteracts the cycle of inflammation and 
insulin resistance arising from sedentarism. In support of this 
mechanism, both acute exercise and chronic training [148] 
can reduce TLR4 expression on monocytes in healthy human 
participants. Importantly, the exercise-mediated reduction on 
monocyte TLR2/4 expression is maintained in individuals at 
high risk for cardiometabolic disease, and individuals diag-
nosed with T2D [149]. These data indicate the ability of aer-
obic exercise to reduce TLR expression persists even in the 
presence of metabolic dysfunction. The precise mechanisms 
for reduced TLR expression with exercise remain unclear, 
but likely involve downregulation of TLR expression, TLR 
shedding and/or TLR internalization from the cell surface 
[19]. Exercise training also reduces various TLR ligands 
including FFAs [147] and oxidized LDL [150]. Circulating 
levels of fetuin – a hepatokine that promotes the effects of 
circulating lipids on TLR-mediated inflammation [151], and 
inversely correlates with improved glucose tolerance follow-
ing training, are also reduced following training in humans 
[152]. These decreases in TLR expression and ligation likely 
mitigate activation of various downstream targets mediating 
pro-inflammatory cytokine production and insulin resistance 
[133].

The exercise-induced induction of the UPR is emerging 
as an important mediator of the adaptive response to aerobic 
exercise training [153,154]. Unresolved ER stress leading to 



EIR 28 2022

37 Exercise and Immunometabolism

chronic activation of the UPR is associated with inflamma-
tion-induced insulin resistance in multiple tissues [131]. The 
ability of aerobic exercise to moderate ER stress via UPR ac-
tivation represents an additional mechanism by which aerobic 
exercise interrupts immunometabolic dysregulation. Since 
weight loss-induced improvements in insulin sensitivity fol-
lowing gastric bypass surgery are associated with reduced 
markers of ER stress and JNK phosphorylation in adipose 
tissue, exercise-induced reduction in fat mass may mitigate 
ER stress [133]. However, reductions in p-IRE1, p-eIF2α (a 
surrogate marker of PERK activation), and p-ATF6 are ob-
served following 3 months of training without corresponding 
changes in BMI or waist circumference in individuals with 
obesity [155], implying that exercise-mediated resolution of 
ER stress may be independent of fat loss. Evidence support-
ing the contribution of reduced ER stress to exercise-induced 
improvements in inflammation and insulin resistance is lim-
ited (Figure 3). 

Another mechanism of acute and chronic aerobic exer-
cises that mitigates the vicious cycle in sedentary individ-
uals is myokine production. The production and release of 
IL-6 from contracting skeletal muscle is widely implicated 
as a key mechanism underlying the anti-inflammatory effects 
of aerobic exercise [134]. Other mechanisms are likely in-
volved as some patients cannot exercise at an intensity that 
leads to significant myokine release, yet experience signifi-
cant anti-inflammatory benefits.  Based on studies involving 
IL-6 infusion in healthy humans, the exercise-mediated in-
crease in muscle-derived IL-6 purportedly mediates effects 
in IL10 and IL-1Ra [135] – molecules that exert potent an-
ti-inflammatory effects. IL-10 is a prototypical anti-inflam-
matory cytokine released from various types of immune cells 
that inhibits production of pro-inflammatory mediators via 

activation of the JAK1-STAT3 pathway [156]. Importantly, 
IL-10 counteracts insulin resistance in rodents [157,158] and 
correlates positively with insulin sensitivity in humans [159]. 
IL-1ra is a competitive inhibitor of signaling through the IL-1 
receptor and blocks the effects of the classical pro-inflam-
matory cytokine IL-1β [124], which is a key contributor to 
obesity-induced insulin resistance [160]. The ability of IL-6 
to stimulate IL-10 and IL-1ra production from immune cells 
likely explains why LPS-induced TNFα production is attenu-
ated in exercising healthy males compared to resting controls 
[161]. In addition to IL-6, other myokines such as IL-7 and 
IL-15 are also implicated in control of immune cell func-
tion [162], and can mediate the anti-inflammatory effects of  
chronic and acute exercises (Figure 4)

Given that anti-inflammatory actions of IL-10 are im-
paired in cells from individuals with T2D and monocytes 
exposed to high glucose [140], and that hyperglycemia/hy-
perlipidemia induce immune cell inflammation/overactiva-

tion [141,142], exercise may counteract immunometabolism 
dysregulation via reduced post-meal blood glucose/lipid ex-
cursions. Several studies support the ability of short bouts of 
exercise centered around main meals (i.e., shortly before or 
after) to reduce hyperglycemia [163–165] in individuals at 
high risk for, or diagnosed with, T2D. Structuring exercise 
around meals may also be an efficacious strategy for break-
ing up prolonged bouts of inactivity. The impact of pre/post-
meal exercise interventions aimed at lowering post-prandial 
glucose/lipid spikes on anti-inflammatory cytokine action 
remains unclear.

Figure 3. Vicious cycle of immunometabolic dysfunction that fuels cardiometabolic disease. Sedentary behavior feeds, and physical activity 
counteracts, the vicious cycle through multiple potential mechanisms.
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METABOLIC PERTURBATION OF 
IMMUNE CELLS DURING AGING, AND 
THE PROMINENT ROLE OF LIFELONG 

EXERCISE

Aging has profound impact on the immune system, affecting 
its capacity to mount robust immune responses, particularly 
T cell responses. Healthy aging depends on a complex gene-en-
vironment interaction culminating in a lower pro-inflammatory 
status, and a preserved humoral immune response [166]. Thy-
mic involution is one of the main features of aging, and naïve T 
cells then have to rely on homoeostatic proliferation to maintain 
the peripheral T-cell pool. Characteristics of T-cell immunose-
nescence include an inverted CD4:CD8 ratio, low numbers and 
proportions of naive T-cells (that would impair the capacity of the 
immune system to deal with new pathogens), and larger numbers 
of effector memory T-cells in late stage of differentiation [167]. 
Other T cell changes with aging include diminished T cell recep-
tor (TCR) clonal diversity, a more tolerogenic phenotype retained 
selectively [168], and declining ability of naïve and memory T 
cells to proliferate in response to TCR stimulation. T cell re-
sponses are impaired, which leads to poor vaccination efficacy 
and increased susceptibility to infections, cancer, and auto-im-
mune diseases. Persistent infections, such as cytomegalovirus, 
further reduce the naïve T-lymphocyte repertoire and drive ef-
fector T-cells into senescence [169]. These senescent T-cells are 
apoptosis resistant, incapable of dividing, and thought to be the 
major cause of the chronic low-grade inflammation seen with age 
[170]. Older persons with a pronounced chronic low-grade in-
flammatory profile are more prone to frailty and mortality [171]. 
Age-related loss of Treg function would contribute to a greater 
risk of autoimmune disease, while an increase in Treg numbers 

could compromise immune responses, increasing the risk of ma-
lignancies and infection.

In aged T cells, signaling pathways linked to metabolism 
are dysregulated, for example, increased basal activation of the 
PI3K/Akt/mTOR and MAPK signaling pathways [172]. Inflam-
maging can lead to chronic PI3K/Akt/mTOR pathway activation, 
increased basal Glut1 expression, and glycolytic activity [173]. 
Aged senescent memory T cells can hyperactivate the MAPK 
pathway [174]. Increased activation of PI3K/Akt/mTOR and 
MAPK signaling pathways seem to be characteristic of T cell 
aging which increases the rate of glycolysis and mitochondrial 
mass [175].

Aging will also affect the metabolic machinery of the cells 
resulting in accumulation of dysfunctional mitochondria with 
damage to mtDNA [175], increased ROS production [176], 
decreased levels of NAD+ in the cell, and lower efficiency in 
metabolic pathways [177]. The role of mitochondrial dysfunc-
tion in aging-related progressive immune system alterations has 
been recognized [178], and exercise is considered an effective 
non-pharmacological strategy to counteract mitochondrial aging 
and dysfunction [179]. The crosstalk between exercise and the 
immune system is well known [180]. For example, hexokinase I 
activates the NLRP3 inflammasome leading to caspase 1 activa-
tion and processing of pro-IL-1b, while glyceraldehyde-3-phos-
phate dehydrogenase binds to mRNA encoding IFN-γ repressing 
its translation [181]. Cytokine-induced differentiation into Th1, 
Th2 and Th17 appears to depend on activation of the mTOR sig-
naling pathway [37].

Regular bouts of exercise can offset T-cell immunosenes-
cence by inducing apoptosis of senescent and functionally ex-
hausted late stage differentiated T-cells [182,183]. A few studies 
have investigated the impact of lifelong exercise on inflammation 

Figure 4. Effects of an acute bout of exercise session on monocytes/macrophages from sedentary and trained subjects. IL-6 = interleukin 6; 
NEFA = Non-Esterified Fat Acids; IL-10 = interleukin 10; IL-1ra = interleukin 1 receptor antagonist.
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and immunosenescence, using a “master athletes’ model”. Mas-
ter athletes, who maintain a healthy lifestyle, even in advanced 
age, represent an interesting cohort given many express a unique 
physiological phenotype that could be termed ‘exceptionally suc-
cessful aging’ [184]. Master athletes show great motor skills and 
excellent body composition, and are predisposed to have a more 
efficacious immune defense, including stronger and longstanding 
antibody responses to the influenza vaccine, better immune-met-
abolic regulation, and redox balance, and attenuated biological 
age [185–187].

Master athletes usually have higher aerobic capacity values 
than age-matched non-athlete controls, and exhibit higher num-
bers of CD4+ naive T cells [185]. Individuals with a better phys-
ical fitness condition have fewer CD4+ and CD8+ T cells with 
a senescent/differentiated phenotype and lifelong exercise has 
been purported to limit accumulation of senescent T cells with 
age [183]. Lifelong training can also maintain the balance be-
tween pro- (e.g., TNF-α) and anti-inflammatory (e.g., IL-10) cy-
tokines, and plasma IL-10 levels are similar to those of younger 
individuals [29]. Tregs numbers and activation (e.g., increased 
percentage of subjects expressing forkhead box P3 (FoxP3) and 
transforming growth factor beta (TGF-β) were also maintained 
as adaptive responses to lifelong training [188]. Lifelong athletes 
can show modifications in clock genes in CD4 effector memory 
cells implicating physical exercise as a pacemaker in lympho-
cytes [189,190]. While some studies have examined exercise and 
signaling pathways in muscle [180]. 

CONCLUSIONS

Like all leukocytes, T cells and macrophages are sensitive 
to changes in energy supply. The quantity and proportional 
composition of the substrate supply has both indirect and 
direct effects on central functions of these cells, including 
differentiation, activation, cell death, and proliferation. Many 
intracellular pathways are interrelated between energetic 
metabolism control and immune cell response. Understanding 
the regulation and factors influencing the metabolism of immune 
cells in health and disease can help optimize lifestyle measures 
for prevention and treatment of inflammatory diseases, and 
provide insights into healthy aging. Exercise and physical 
activity clearly has a significant impact on the metabolic status 
of T cells and macrophages.. It appears that many of the effects 
that exercise immunology has described over the past 20 years 
in terms of the effects of physical activity on macrophages 
and T cells are mediated via a change in the metabolic status 
of immune cells.  It is important now to identify further 
mechanisms and factors that regulate specific optimization 
of immune metabolism in health and disease. On this basis it 
would be possible to optimize exercise, training and physical 
activity programs based on immunometabolic-regulation, and  
further develop preventive and sports therapy processes in a 
forward-looking way.

Author contributions: 
JCRN, FSL, JPL and KK conceived the review and drafted the first 
version of the manuscript. JCRN, FSL and JPL made the figures, 
reviewed and edited the manuscript. GL, HI, BC, DBP JP and RJS 
reviewed and edited the manuscript. AMT, HB, BMA, LGM, JCRN, 
FSL, JPL and KK conceived the review, reviewed and edited the 
manuscript. All authors approved the final version of the manuscript

Acknowledgements: 
The authors would like to thank São Paulo Research Foundation 
(FAPESP)/Brazil (process number, 2019/25626-6) for their 
support.

Conflict of interest: 
The authors declare no conflicts of interest.

REFERENCES

[1] Mathis, D., Shoelson, S.E., 2011. Immunometabolism: 
An emerging frontier. Nature Reviews Immunology, Doi: 
10.1038/nri2922.

[2] Omarjee, L., Perrot, F., Meilhac, O., Mahe, G., 
Bousquet, G., Janin, A., 2020. Immunometabolism at 
the cornerstone of inflammaging, immunosenescence, 
and autoimmunity in COVID-19. Aging 12(24), Doi: 
10.18632/aging.202422.

[3] Guo, H., Wang, Q., Ghneim, K., Wang, L., Rampanelli, E., 
Holley-Guthrie, E., et al., 2021. Multi-omics analyses reveal 
that HIV-1 alters CD4+ T cell immunometabolism to fuel 
virus replication. Nature Immunology 22(4), Doi: 10.1038/
s41590-021-00898-1.

[4] Wang, Q., Wu, H., 2018. T Cells in Adipose Tissue: Critical 
Players in Immunometabolism. Frontiers in Immunology, 
Doi: 10.3389/fimmu.2018.02509.

[5] Jung, J.G., Le, A., 2021. Metabolism of Immune Cells in 
the Tumor Microenvironment. Advances in Experimental 
Medicine and Biology, vol. 1311.

[6] Rasheed, A., Rayner, K.J., 2021. Macrophage Responses to 
Environmental Stimuli During Homeostasis and Disease. 
Endocrine Reviews 42(4), Doi: 10.1210/endrev/bnab004.

[7] Von Ah Morano, A.E., Dorneles, G.P., Peres, A., Lira, F.S., 2020. 
The role of glucose homeostasis on immune function in response 
to exercise: The impact of low or higher energetic conditions. 
Journal of Cellular Physiology, Doi: 10.1002/jcp.29228.

[8] Batatinha, H.A.P., Biondo, L.A., Lira, F.S., Castell, L.M., 
Rosa-Neto, J.C., 2019. Nutrients, immune system, and 
exercise: Where will it take us? Nutrition, Doi: 10.1016/j.
nut.2018.09.019.

[9] Batatinha, H.A.P., Krüger, K., Rosa Neto, J.C., 2020. 
Thromboinflammation and COVID-19: Th Role of Exercise 
in the Prevention and Treatment. Frontiers in Cardiovascular 
Medicine 7, Doi: 10.3389/fcvm.2020.582824.

[10] Cunha, W.D.S., Friedler, G., Vaisberg, M., Egami, M.I., Costa 
Rosa, L.F.B.P., 2003. Immunosuppression in undernourished 
rats: The effect of glutamine supplementation. Clinical 
Nutrition 22(5), Doi: 10.1016/S0261-5614(03)00043-8.

[11] Goldberg, E.L., Dixit, V.D., 2019. Bone Marrow: An 
Immunometabolic Refuge during Energy Depletion. Cell 
Metabolism, Doi: 10.1016/j.cmet.2019.08.022.

[12] Nagai, M., Noguchi, R., Takahashi, D., Morikawa, T., Koshida, 
K., Komiyama, S., et al., 2019. Fasting-Refeeding Impacts 
Immune Cell Dynamics and Mucosal Immune Responses. 
Cell 178(5), Doi: 10.1016/j.cell.2019.07.047.

[13] Harber, M.P., Kaminsky, L.A., Arena, R., Blair, S.N., Franklin, 
B.A., Myers, J., et al., 2017. Impact of Cardiorespiratory 
Fitness on All-Cause and Disease-Specific Mortality: 
Advances Since 2009. Progress in Cardiovascular Diseases, 
Doi: 10.1016/j.pcad.2017.03.001.



EIR 28 2022

 Exercise and Immunometabolism 40

[14] Barry, V.W., Baruth, M., Beets, M.W., Durstine, J.L., Liu, J., 
Blair, S.N., 2014. Fitness vs. fatness on all-cause mortality: 
A meta-analysis. Progress in Cardiovascular Diseases 56(4), 
Doi: 10.1016/j.pcad.2013.09.002.

[15] Pedersen, B.K., 2009. The diseasome of physical inactivity - 
and the role of myokines in muscle-fat cross talk. Journal of 
Physiology, Doi: 10.1113/jphysiol.2009.179515.

[16] Walsh, N.P., Gleeson, M., Shephard, R.J., Gleeson, M., Woods, 
J.A., Bishop, N.C., et al., 2011. Position statement part one: 
Immune function and exercise. Exercise Immunology Review.

[17] Ortega, E., Gálvez, I., Martín-Cordero, L., 2019. Adrenergic 
Regulation of Macrophage-Mediated Innate/Inflammatory 
Responses in Obesity and Exercise in this Condition: Role of β2 
Adrenergic Receptors. Endocrine, Metabolic & Immune Disorders 
- Drug Targets 19(8), Doi: 10.2174/1871530319666190206124520.

[18] Magliulo L, Bondi D, Pini N, Marramiero L, Di Filippo ES. 
The wonder exerkines-novel insights: a critical state-of-the-
art review. Mol Cell Biochem. 2022 Jan;477(1):105-113. doi: 
10.1007/s11010-021-04264-5.

[19] Gleeson, M., Bishop, N.C., Stensel, D.J., Lindley, M.R., 
Mastana, S.S., Nimmo, M.A., 2011. The anti-inflammatory 
effects of exercise: Mechanisms and implications for 
the prevention and treatment of disease. Nature Reviews 
Immunology, Doi: 10.1038/nri3041.

[20] González, A., Hall, M.N., Lin, S.C., Hardie, D.G., 2020. AMPK and 
TOR: The Yin and Yang of Cellular Nutrient Sensing and Growth 
Control. Cell Metabolism, Doi: 10.1016/j.cmet.2020.01.015.

[21] Hardie, D.G., 2020. AMPK as a direct sensor of long-chain 
fatty acyl–CoA esters. Nature Metabolism, Doi: 10.1038/
s42255-020-0249-y.

[22] Vignali, P.D.A., Barbi, J., Pan, F., 2017. Metabolic regulation 
of T cell immunity. Advances in Experimental Medicine and 
Biology, vol. 1011.

[23] Kishton, R.J., Barnes, C.E., Nichols, A.G., Cohen, S., 
Gerriets, V.A., Siska, P.J., et al., 2016. AMPK Is Essential to 
Balance Glycolysis and Mitochondrial Metabolism to Control 
T-ALL Cell Stress and Survival. Cell Metabolism 23(4), Doi: 
10.1016/j.cmet.2016.03.008.

[24] Blagih, J., Coulombe, F., Vincent, E.E., Dupuy, F., Galicia-
Vázquez, G., Yurchenko, E., et al., 2015. The Energy 
Sensor AMPK Regulates T Cell Metabolic Adaptation and 
Effector Responses InVivo. Immunity 42(1), Doi: 10.1016/j.
immuni.2014.12.030.

[25] Cabral-Santos, C., de Lima Junior, E.A., Fernandes, I.M. da 
C., Pinto, R.Z., Rosa-Neto, J.C., Bishop, N.C., et al., 2019. 
Interleukin-10 responses from acute exercise in healthy 
subjects: A systematic review. Journal of Cellular Physiology, 
Doi: 10.1002/jcp.27920.

[26] Rehm, K., Sunesara, I., Marshall, G.D., 2015. Increased 
Circulating Anti-inflammatory Cells in Marathon-trained 
Runners. International Journal of Sports Medicine 36(10), 
Doi: 10.1055/s-0035-1547218.

[27] Brookens, S.K., Cho, S.H., Basso, P.J., Boothby, M.R., 2020. 
AMPKα1 in B Cells Dampens Primary Antibody Responses 
yet Promotes Mitochondrial Homeostasis and Persistence of 
B Cell Memory. The Journal of Immunology 205(11), Doi: 
10.4049/jimmunol.1901474.

[28] Wong, G.C.L., Narang, V., Lu, Y., Camous, X., Nyunt, M.S.Z., 
Carre, C., et al., 2019. Hallmarks of improved immunological 
responses in the vaccination of more physically active elderly 
females. Exercise Immunology Review 25.

[29] Minuzzi, L.G., Chupel, M.U., Rama, L., Rosado, F., Muñoz, 
V.R., Gaspar, R.C., et al., 2019. Lifelong exercise practice and 
immunosenescence: Master athletes cytokine response to acute 
exercise. Cytokine 115, Doi: 10.1016/j.cyto.2018.12.006.

[30] Mounier, R., Théret, M., Arnold, L., Cuvellier, S., Bultot, L., 
Göransson, O., et al., 2013. AMPKα1 regulates macrophage 
skewing at the time of resolution of inflammation during 
skeletal muscle regeneration. Cell Metabolism 18(2), Doi: 
10.1016/j.cmet.2013.06.017.

[31] Banskota, S., Wang, H., Kwon, Y.H., Gautam, J., Gurung, 
P., Haq, S., et al., 2021. Salicylates ameliorate intestinal 
inflammation by activating macrophage AMPK. Inflammatory 
Bowel Diseases 27(6), Doi: 10.1093/ibd/izaa305.

[32] Postler, T.S., Peng, V., Bhatt, D.M., Ghosh, S., 2021. Metformin 
selectively dampens the acute inflammatory response through 
an AMPK-dependent mechanism. Scientific Reports 11(1), 
Doi: 10.1038/s41598-021-97441-x.

[33] Zhang, Z., Jiang, Z., Zhang, Y., Zhang, Y., Yan, Y., Bhushan, 
S., et al., 2020. Corticosterone Enhances the AMPK-
Mediated Immunosuppressive Phenotype of Testicular 
Macrophages During Uropathogenic Escherichia coli 
Induced Orchitis. Frontiers in Immunology 11, Doi: 10.3389/
fimmu.2020.583276.

[34] Bone, N.B., Liu, Z., Pittet, J.-F., Zmijewski, J.W., 2017. 
Frontline Science: D1 dopaminergic receptor signaling activates 
the AMPK-bioenergetic pathway in macrophages and alveolar 
epithelial cells and reduces endotoxin-induced ALI. Journal of 
Leukocyte Biology 101(2), Doi: 10.1189/jlb.3hi0216-068rr.

[35] Laplante, M., Sabatini, D.M., 2012. MTOR signaling in growth 
control and disease. Cell, Doi: 10.1016/j.cell.2012.03.017.

[36] Kim, J., Guan, K.L., 2019. mTOR as a central hub of nutrient 
signalling and cell growth. Nature Cell Biology, Doi: 10.1038/
s41556-018-0205-1.

[37] Delgoffe, G.M., Kole, T.P., Zheng, Y., Zarek, P.E., 
Matthews, K.L., Xiao, B., et al., 2009. The mTOR Kinase 
Differentially Regulates Effector and Regulatory T Cell 
Lineage Commitment. Immunity 30(6), Doi: 10.1016/j.
immuni.2009.04.014.

[38] Zeng, H., 2017. mTOR signaling in immune cells and its 
implications for cancer immunotherapy. Cancer Letters, Doi: 
10.1016/j.canlet.2017.08.038.

[39] Kelly, B., O’Neill, L.A.J., 2015. Metabolic reprogramming 
in macrophages and dendritic cells in innate immunity. Cell 
Research, Doi: 10.1038/cr.2015.68.

[40] Festuccia, W.T., 2021. Regulation of Adipocyte and 
Macrophage Functions by mTORC1 and 2 in Metabolic 
Diseases. Molecular Nutrition and Food Research, Doi: 
10.1002/mnfr.201900768.

[41] Deng, W., Yang, J., Lin, X., Shin, J., Gao, J., Zhong, X.-P., 
2017. Essential Role of mTORC1 in Self-Renewal of Murine 
Alveolar Macrophages. The Journal of Immunology 198(1), 
Doi: 10.4049/jimmunol.1501845.

[42] Paschoal, V.A., Amano, M.T., Belchior, T., Magdalon, J., 
Chimin, P., Andrade, M.L., et al., 2017. mTORC1 inhibition with 
rapamycin exacerbates adipose tissue inflammation in obese 
mice and dissociates macrophage phenotype from function. 
Immunobiology 222(2), Doi: 10.1016/j.imbio.2016.09.014.

[43] Gawedzka, A., Grandys, M., Duda, K., Zapart-Bukowska, J., 
Zoladz, J.A., Majerczak, J., 2020. Plasma BCAA concentrations 
during exercise of varied intensities in young healthy men-the 
impact of endurance training. PeerJ 8, Doi: 10.7717/peerj.10491.



EIR 28 2022

41 Exercise and Immunometabolism

[44] Meng, D., Yang, Q., Wang, H., Melick, C.H., Navlani, R., 
Frank, A.R., et al., 2020. Glutamine and asparagine activate 
mTORC1 independently of Rag GTPases. Journal of 
Biological Chemistry, Doi: 10.1074/jbc.AC119.011578.

[45] Bassit, R.A., Sawada, L.A., Bacurau, R.F.P., Navarro, F., 
Martins, E., Santos, R.V.T., et al., 2002. Branched-chain 
amino acid supplementation and the immune response of 
long-distance athletes. Nutrition, vol. 18.

[46] Pearce, E.J., Pearce, E.L., 2018. Immunometabolism in 2017: 
Driving immunity: All roads lead to metabolism. Nature 
Reviews Immunology, Doi: 10.1038/nri.2017.139.

[47] McGettrick, A.F., O’Neill, L.A.J., 2020. The Role of HIF in 
Immunity and Inflammation. Cell Metabolism, Doi: 10.1016/j.
cmet.2020.08.002.

[48] McNamee, E.N., Korns Johnson, D., Homann, D., Clambey, E.T., 
2013. Hypoxia and hypoxia-inducible factors as regulators of T 
cell development, differentiation, and function. Immunologic 
Research 55(1–3), Doi: 10.1007/s12026-012-8349-8.

[49] Doedens, A.L., Phan, A.T., Stradner, M.H., Fujimoto, J.K., 
Nguyen, J. V., Yang, E., et al., 2013. Hypoxia-inducible 
factors enhance the effector responses of CD8 + T cells to 
persistent antigen. Nature Immunology 14(11), Doi: 10.1038/
ni.2714.

[50] Finlay, D.K., Rosenzweig, E., Sinclair, L. V., Carmen, F.C., 
Hukelmann, J.L., Rolf, J., et al., 2012. PDK1 regulation of 
mTOR and hypoxia-inducible factor 1 integrate metabolism 
and migration of CD8+ T cells. Journal of Experimental 
Medicine 209(13), Doi: 10.1084/jem.20112607.

[51] Cho, S.H., Raybuck, A.L., Stengel, K., Wei, M., Beck, T.C., 
Volanakis, E., et al., 2016. Germinal centre hypoxia and 
regulation of antibody qualities by a hypoxia response system. 
Nature 537(7619), Doi: 10.1038/nature19334.

[52] Qian, T., Hong, J., Wang, L., Wang, Z., Lu, Z., Li, Y., et 
al., 2019. Regulation of CD11b by HIF-1α and the STAT3 
signaling pathway contributes to the immunosuppressive 
function of B cells in inflammatory bowel disease. Molecular 
Immunology 111, Doi: 10.1016/j.molimm.2019.04.005.

[53] Cramer, T., Yamanishi, Y., Clausen, B.E., Förster, I., Pawlinski, 
R., Mackman, N., et al., 2003. HIF-1α is essential for myeloid 
cell-mediated inflammation. Cell 112(5), Doi: 10.1016/S0092-
8674(03)00154-5.

[54] Wang, T., Liu, H., Lian, G., Zhang, S.Y., Wang, X., Jiang, C., 
2017. HIF1 α -Induced Glycolysis Metabolism Is Essential to 
the Activation of Inflammatory Macrophages. Mediators of 
Inflammation 2017, Doi: 10.1155/2017/9029327.

[55] Tannahill, G.M., Curtis, A.M., Adamik, J., Palsson-Mcdermott, 
E.M., McGettrick, A.F., Goel, G., et al., 2013. Succinate is 
an inflammatory signal that induces IL-1β through HIF-1α. 
Nature 496(7444), Doi: 10.1038/nature11986.

[56] Lampropoulou, V., Sergushichev, A., Bambouskova, M., Nair, 
S., Vincent, E.E., Loginicheva, E., et al., 2016. Itaconate Links 
Inhibition of Succinate Dehydrogenase with Macrophage 
Metabolic Remodeling and Regulation of Inflammation. Cell 
Metabolism 24(1), Doi: 10.1016/j.cmet.2016.06.004.

[57] Mills, E.L., Ryan, D.G., Prag, H.A., Dikovskaya, D., Menon, 
D., Zaslona, Z., et al., 2018. Itaconate is an anti-inflammatory 
metabolite that activates Nrf2 via alkylation of KEAP1. 
Nature 556(7699), Doi: 10.1038/nature25986.

[58] Lindholm, M.E., Rundqvist, H., 2016. Skeletal muscle 
hypoxia-inducible factor-1 and exercise. Experimental 
Physiology 101(1), Doi: 10.1113/EP085318.

[59] Wells, A.J., Hoffman, J.R., Jajtner, A.R., Varanoske, A.N., 
Church, D.D., Gonzalez, A.M., et al., 2016. Monocyte 
recruitment after high-intensity and high-volume resistance 
exercise. Medicine and Science in Sports and Exercise 48(6), 
Doi: 10.1249/MSS.0000000000000878.

[60] Antunes, B.M., Rosa-Neto, J.C., Batatinha, H.A.P., Franchini, 
E., Teixeira, A.M., Lira, F.S., 2020. Physical fitness status 
modulates the inflammatory proteins in peripheral blood 
and circulating monocytes: role of PPAR-gamma. Scientific 
Reports 10(1), Doi: 10.1038/s41598-020-70731-6.

[61] Silveira, L.S., Biondo, L.A., de Souza Teixeira, A.A., de Lima 
Junior, E.A., Castoldi, A., Câmara, N.O.S., et al., 2020. Macrophage 
immunophenotype but not anti-inflammatory profile is modulated 
by peroxisome proliferator-activated receptor gamma (PPARγ) in 
exercised obese mice. Exercise Immunology Review 26.

[62] Stark, J.M., Tibbitt, C.A., Coquet, J.M., 2019. The metabolic 
requirements of Th2 cell differentiation. Frontiers in 
Immunology, Doi: 10.3389/fimmu.2019.02318.

[63] Bouhlel, M.A., Derudas, B., Rigamonti, E., Dièvart, R., 
Brozek, J., Haulon, S., et al., 2007. PPARγ Activation Primes 
Human Monocytes into Alternative M2 Macrophages with 
Anti-inflammatory Properties. Cell Metabolism 6(2), Doi: 
10.1016/j.cmet.2007.06.010.

[64] Angela, M., Endo, Y., Asou, H.K., Yamamoto, T., Tumes, 
D.J., Tokuyama, H., et al., 2016. Fatty acid metabolic 
reprogramming via mTOR-mediated inductions of PPARγ 
directs early activation of T cells. Nature Communications 7, 
Doi: 10.1038/ncomms13683.

[65] Clark, R.B., Bishop-Bailey, D., Estrada-Hernandez, T., Hla, 
T., Puddington, L., Padula, S.J., 2000. The Nuclear Receptor 
PPARγ and Immunoregulation: PPARγ Mediates Inhibition of 
Helper T Cell Responses. The Journal of Immunology 164(3), 
Doi: 10.4049/jimmunol.164.3.1364.

[66] Henriksson, J., Chen, X., Gomes, T., Ullah, U., Meyer, K.B., 
Miragaia, R., et al., 2019. Genome-wide CRISPR Screens in T 
Helper Cells Reveal Pervasive Crosstalk between Activation and 
Differentiation. Cell 176(4), Doi: 10.1016/j.cell.2018.11.044.

[67] Cipolletta, D., Feuerer, M., Li, A., Kamei, N., Lee, J., 
Shoelson, S.E., et al., 2012. PPAR-γ is a major driver of the 
accumulation and phenotype of adipose tissue T reg cells. 
Nature 486(7404), Doi: 10.1038/nature11132.

[68] Nor Effa, S.Z., Yaacob, N.S., Norazmi, M.N., 2018. Crosstalk 
between PPARγ ligands and inflammatory-related pathways in 
natural T-regulatory cells from type 1 diabetes mouse model. 
Biomolecules 8(4), Doi: 10.3390/biom8040135.

[69] Zhang, Y., Zhan, R.X., Chen, J.Q., Gao, Y., Chen, L., Kong, 
Y., et al., 2015. Pharmacological activation of PPAR gamma 
ameliorates vascular endothelial insulin resistance via a non-
canonical PPAR gamma-dependent nuclear factor-kappa B 
trans-repression pathway. European Journal of Pharmacology 
754, Doi: 10.1016/j.ejphar.2015.02.004.

[70] Silveira, L.S., Batatinha, H.A.P., Castoldi, A., Câmara, N.O.S., 
Festuccia, W.T., Souza, C.O., et al., 2019. Exercise rescues 
the immune response fine-tuned impaired by peroxisome 
proliferator-activated receptors γ deletion in macrophages. 
Journal of Cellular Physiology 234(4), Doi: 10.1002/jcp.27333.

[71] Nieman, D.C., Lila, M.A., Gillitt, N.D., 2019. 
Immunometabolism: A Multi-Omics Approach to Interpreting 
the Influence of Exercise and Diet on the Immune System. 
Annual Review of Food Science and Technology, Doi: 
10.1146/annurev-food-032818-121316.



EIR 28 2022

 Exercise and Immunometabolism 42

[72] Dumitru, C., Kabat, A.M., Maloy, K.J., 2018. Metabolic 
adaptations of CD4+ T cells in inflammatory disease. Frontiers 
in Immunology, Doi: 10.3389/fimmu.2018.00540.

[73] Alack, K., Weiss, A., Krüger, K., Höret, M., Schermuly, R., Frech, 
T., et al., 2020. Profiling of human lymphocytes reveals a specific 
network of protein kinases modulated by endurance training status. 
Scientific Reports 10(1), Doi: 10.1038/s41598-020-57676-6.

[74] Liu, R., Fan, W., Krüger, K., Xiao, Y., Pilat, C., Seimetz, 
M., et al., 2017. Exercise Affects T-Cell Function by 
Modifying Intracellular Calcium Homeostasis. Medicine 
and Science in Sports and Exercise 49(1), Doi: 10.1249/
MSS.0000000000001080.

[75] Siedlik, J.A., Deckert, J.A., Benedict, S.H., Bhatta, A., 
Dunbar, A.J., Vardiman, J.P., et al., 2017. T cell activation and 
proliferation following acute exercise in human subjects is 
altered by storage conditions and mitogen selection. Journal of 
Immunological Methods 446, Doi: 10.1016/j.jim.2017.03.017.

[76] Zynda, E.R., Grimm, M.J., Yuan, M., Zhong, L., Mace, 
T.A., Capitano, M., et al., 2015. A role for the thermal 
environment in defining co-stimulation requirements 
for CD4+ T cell activation. Cell Cycle 14(14), Doi: 
10.1080/15384101.2015.1049782.

[77] Hack, V., Weiss, C., Friedmann, B., Suttner, S., Schykowski, 
M., Erbe, N., et al., 1997. Decreased plasma glutamine level and 
CD4+ T cell number in response to 8 wk of anaerobic training. 
American Journal of Physiology - Endocrinology and Metabolism 
272(5 35-5), Doi: 10.1152/ajpendo.1997.272.5.e788.

[78] Heinemeier, K., Langberg, H., Kjaer, M., 2003. Exercise-
induced changes in circulating levels of transforming growth 
factor-β-1 in humans: Methodological considerations. 
European Journal of Applied Physiology 90(1–2), Doi: 
10.1007/s00421-003-0881-8.

[79] Schild, M., Eichner, G., Beiter, T., Zügel, M., Krumholz-
Wagner, I., Hudemann, J., et al., 2016. Effects of Acute 
Endurance Exercise on Plasma Protein Profiles of Endurance-
Trained and Untrained Individuals over Time. Mediators of 
Inflammation 2016, Doi: 10.1155/2016/4851935.

[80] Ihalainen, J.K., Ahtiainen, J.P., Walker, S., Paulsen, G., 
Selänne, H., Hämäläinen, M., et al., 2017. Resistance 
training status modifies inflammatory response to explosive 
and hypertrophic resistance exercise bouts. Journal of 
Physiology and Biochemistry 73(4), Doi: 10.1007/s13105-
017-0590-0.

[81] Pucino, V., Certo, M., Bulusu, V., Cucchi, D., Goldmann, 
K., Pontarini, E., et al., 2019. Lactate Buildup at the Site of 
Chronic Inflammation Promotes Disease by Inducing CD4+ 
T Cell Metabolic Rewiring. Cell Metabolism 30(6), Doi: 
10.1016/j.cmet.2019.10.004.

[82] Perry, C., Pick, M., Bdolach, N., Hazan-Halevi, I., Kay, S., 
Berr, I., et al., 2013. Endurance Exercise Diverts the Balance 
between Th17 Cells and Regulatory T Cells. PLoS ONE 8(10), 
Doi: 10.1371/journal.pone.0074722.

[83] Walsh NP. Recommendations to maintain immune health 
in athletes. Eur J Sport Sci. 2018 Jul;18(6):820-831. doi: 
10.1080/17461391.2018.1449895. Epub 2018 Apr 11. PMID: 
29637836.

[84] Ecker, C., Guo, L., Voicu, S., Gil-de-Gómez, L., Medvec, 
A., Cortina, L., et al., 2018. Differential Reliance on Lipid 
Metabolism as a Salvage Pathway Underlies Functional 
Differences of T Cell Subsets in Poor Nutrient Environments. 
Cell Reports 23(3), Doi: 10.1016/j.celrep.2018.03.084.

[85] Swamy, M., Pathak, S., Grzes, K.M., Damerow, S., Sinclair, 
L. V., Van Aalten, D.M.F., et al., 2016. Glucose and glutamine 
fuel protein O-GlcNAcylation to control T cell self-renewal and 
malignancy. Nature Immunology 17(6), Doi: 10.1038/ni.3439.

[86] Rundqvist, H., Veliça, P., Barbieri, L., Gameiro, P.A., Bargiela, 
D., Gojkovic, M., et al., 2020. Cytotoxic t-cells mediate 
exercise-induced reductions in tumor growth. ELife 9, Doi: 
10.7554/eLife.59996.

[87] Galván-Peña, S., O’Neill, L.A.J., 2014. Metabolic 
reprogramming in macrophage polarization. Frontiers in 
Immunology 5(AUG), Doi: 10.3389/fimmu.2014.00420.

[88] Van den Bossche, J., O’Neill, L.A., Menon, D., 2017. 
Macrophage Immunometabolism: Where Are We (Going)? 
Trends in Immunology, Doi: 10.1016/j.it.2017.03.001.

[89] Ryan, D.G., O’Neill, L.A.J., 2020. Krebs Cycle 
Reborn in Macrophage Immunometabolism. Annual 
Review of Immunology, Doi: 10.1146/annurev-
immunol-081619-104850.

[90] Ó Maoldomhnaigh, C., Cox, D.J., Phelan, J.J., Mitermite, 
M., Murphy, D.M., Leisching, G., et al., 2021. Lactate Alters 
Metabolism in Human Macrophages and Improves Their 
Ability to Kill Mycobacterium tuberculosis. Frontiers in 
Immunology 12, Doi: 10.3389/fimmu.2021.663695.

[91] Merlin, J., Ivanov, S., Dumont, A., Sergushichev, A., Gall, 
J., Stunault, M., et al., 2021. Non-canonical glutamine 
transamination sustains efferocytosis by coupling redox 
buffering to oxidative phosphorylation. Nature Metabolism 
3(10), Doi: 10.1038/s42255-021-00471-y.

[92] Rosa Neto, J.C., Calder, P.C., Curi, R., Newsholme, P., 
Sethi, J.K., Silveira, L.S., 2021. The immunometabolic roles 
of various fatty acids in macrophages and lymphocytes. 
International Journal of Molecular Sciences, Doi: 10.3390/
ijms22168460.

[93] Diskin, C., Ryan, T.A.J., O’Neill, L.A.J., 2021. Modification 
of Proteins by Metabolites in Immunity. Immunity, Doi: 
10.1016/j.immuni.2020.09.014.

[94] Wadley, A.J., Roberts, M.J., Creighton, J., Thackray, A.E., 
Stensel, D.J., Bishop, N.C., 2021. Higher levels of physical 
activity are associated with reduced tethering and migration 
of pro-inflammatory monocytes in males with central obesity. 
Exercise Immunology Review 27.

[95] Kawanishi, N., Yano, H., Yokogawa, Y., Suzuki, K., 2010. 
Exercise training inhibits inflammation in adipose tissue via 
both suppression of macrophage infiltration and acceleration 
of phenotypic switching from M1 to M2 macrophages in 
high-fat-diet-induced obese mice. Exercise Immunology 
Review 16.

[96] Kolahdouzi, S., Talebi-Garakani, E., Hamidian, G., Safarzade, 
A., 2019. Exercise training prevents high-fat diet-induced 
adipose tissue remodeling by promoting capillary density and 
macrophage polarization. Life Sciences 220, Doi: 10.1016/j.
lfs.2019.01.037.

[97] Simpson, R.J., Boßlau, T.K., Weyh, C., Niemiro, G.M., 
Batatinha, H., Smith, K.A., et al., 2021. Exercise and 
adrenergic regulation of immunity. Brain, Behavior, and 
Immunity, Doi: 10.1016/j.bbi.2021.07.010.

[98] Grailer, J.J., Haggadone, M.D., Sarma, J.V., Zetoune, F.S., 
Ward, P.A., 2014. Induction of M2 regulatory macrophages 
through the β2- Adrenergic receptor with protection during 
endotoxemia and acute lung injury. Journal of Innate Immunity 
6(5), Doi: 10.1159/000358524.



EIR 28 2022

43 Exercise and Immunometabolism

[99] Gálvez, I., Martín-Cordero, L., Hinchado, M.D., Álvarez-
Barrientos, A., Ortega, E., 2019. Obesity affects β2 adrenergic 
regulation of the inflammatory profile and phenotype of 
circulating monocytes from exercised animals. Nutrients 
11(11), Doi: 10.3390/nu11112630.

[100] Tremblay, M.S., Aubert, S., Barnes, J.D., Saunders, T.J., Carson, V., 
Latimer-Cheung, A.E., et al., 2017. Sedentary Behavior Research 
Network (SBRN) - Terminology Consensus Project process and 
outcome. International Journal of Behavioral Nutrition and Physical 
Activity 14(1), Doi: 10.1186/s12966-017-0525-8.

[101] Thorp, A.A., Owen, N., Neuhaus, M., Dunstan, D.W., 2011. 
Sedentary behaviors and subsequent health outcomes 
in adults: A systematic review of longitudinal studies, 
19962011. American Journal of Preventive Medicine, Doi: 
10.1016/j.amepre.2011.05.004.

[102] Biswas, A., Oh, P.I., Faulkner, G.E., Bajaj, R.R., Silver, 
M.A., Mitchell, M.S., et al., 2015. Sedentary time and its 
association with risk for disease incidence, mortality, and 
hospitalization in adults a systematic review and meta-
analysis. Annals of Internal Medicine, Doi: 10.7326/M14-
1651.

[103] Guthold, R., Stevens, G.A., Riley, L.M., Bull, F.C., 
2018. Worldwide trends in insufficient physical 
activity from 2001 to 2016: a pooled analysis of 358 
population-based surveys with 1·9 million participants. 
The Lancet Global Health 6(10), Doi: 10.1016/S2214-
109X(18)30357-7.

[104] Yates, T., Khunti, K., Wilmot, E.G., Brady, E., Webb, D., 
Srinivasan, B., et al., 2012. Self-reported sitting time and 
markers of inflammation, insulin resistance, and adiposity. 
American Journal of Preventive Medicine 42(1), Doi: 
10.1016/j.amepre.2011.09.022.

[105] Healy, G.N., Matthews, C.E., Dunstan, D.W., Winkler, 
E.A.H., Owen, N., 2011. Sedentary time and cardio-metabolic 
biomarkers in US adults: NHANES 200306. European Heart 
Journal 32(5), Doi: 10.1093/eurheartj/ehq451.

[106] Henson, J., Yates, T., Edwardson, C.L., Khunti, K., Talbot, 
D., Gray, L.J., et al., 2013. Sedentary time and markers of 
chronic low-grade inflammation in a high risk population. 
PLoS ONE 8(10), Doi: 10.1371/journal.pone.0078350.

[107] Allison, M.A., Jensky, N.E., Marshall, S.J., Bertoni, A.G., 
Cushman, M., 2012. Sedentary behavior and adiposity-
associated inflammation: The multi-ethnic study of 
atherosclerosis. American Journal of Preventive Medicine 
42(1), Doi: 10.1016/j.amepre.2011.09.023.

[108] Falconer, C.L., Cooper, A.R., Walhin, J.P., Thompson, 
D., Page, A.S., Peters, T.J., et al., 2014. Sedentary time 
and markers of inflammation in people with newly 
diagnosed type 2 diabetes. Nutrition, Metabolism 
and Cardiovascular Diseases 24(9), Doi: 10.1016/j.
numecd.2014.03.009.

[109] Vozarova, B., Weyer, C., Lindsay, R.S., Pratley, R.E., 
Bogardus, C., Antonio Tataranni, P., 2002. High white 
blood cell count is associated with a worsening of insulin 
sensitivity and predicts the development of type 2 diabetes. 
Diabetes 51(2), Doi: 10.2337/diabetes.51.2.455.

[110] Willis, E.A., Shearer, J.J., Matthews, C.E., Hofmann, J.N., 
2018. Association of physical activity and sedentary time 
with blood cell counts: National Health and Nutrition 
Survey 2003-2006. PLoS ONE, Doi: 10.1371/journal.
pone.0204277.

[111] Phillips, C.M., Dillon, C.B., Perry, I.J., 2017. Does 
replacing sedentary behaviour with light or moderate to 
vigorous physical activity modulate inflammatory status in 
adults? International Journal of Behavioral Nutrition and 
Physical Activity 14(1), Doi: 10.1186/s12966-017-0594-8.

[112] Thivel D, Tremblay A, Genin PM, Panahi S, Rivière D, 
Duclos M.Front Public Health. 2018 Oct 5;6:288. doi: 
10.3389/fpubh.2018.00288. eCollection 2018

[113]  Wellen, K.E., Hotamisligil, G.S., 2005. Inflammation, stress, 
and diabetes. Journal of Clinical Investigation, Doi: 10.1172/
JCI200525102.

[114] Osborn, O., Olefsky, J.M., 2012. The cellular and signaling 
networks linking the immune system and metabolism in 
disease. Nature Medicine, Doi: 10.1038/nm.2627.

[115] Noz, M.P., Hartman, Y.A.W., Hopman, M.T.E., Willems, 
P.H.G.M., Tack, C.J., Joosten, L.A.B., et al., 2019. Sixteen-
Week Physical Activity Intervention in Subjects With 
Increased Cardiometabolic Risk Shifts Innate Immune 
Function Towards a Less Proinflammatory State. Journal 
of the American Heart Association 8(21), Doi: 10.1161/
JAHA.119.013764.

[116] Grace, M.S., Formosa, M.F., Bozaoglu, K., Bergouignan, 
A., Brozynska, M., Carey, A.L., et al., 2019. Acute effects of 
active breaks during prolonged sitting on subcutaneous adipose 
tissue gene expression: an ancillary analysis of a randomised 
controlled trial. Scientific Reports 9(1), Doi: 10.1038/s41598-
019-40490-0.

[117] Latouche, C., Jowett, J.B.M., Carey, A.L., Bertovic, D.A., 
Owen, N., Dunstan, D.W., et al., 2013. Effects of breaking 
up prolonged sitting on skeletal muscle gene expression. 
Journal of Applied Physiology 114(4), Doi: 10.1152/
japplphysiol.00978.2012.

[118] Keadle, S.K., Conroy, D.E., Buman, M.P., Dunstan, D.W., 
Matthews, C.E., 2017. Targeting reductions in sitting time 
to increase physical activity and improve health. Medicine 
and Science in Sports and Exercise 49(8), Doi: 10.1249/
MSS.0000000000001257.

[119] Benatti, F.B., Ried-Larsen, M., 2015. The Effects of Breaking 
up Prolonged Sitting Time: A Review of Experimental Studies. 
Medicine and Science in Sports and Exercise, Doi: 10.1249/
MSS.0000000000000654.

[120] Loh, R., Stamatakis, E., Folkerts, D., Allgrove, J.E., Moir, H.J., 
2020. Effects of Interrupting Prolonged Sitting with Physical 
Activity Breaks on Blood Glucose, Insulin and Triacylglycerol 
Measures: A Systematic Review and Meta-analysis. Sports 
Medicine, Doi: 10.1007/s40279-019-01183-w.

[121] Lancaster, G.I., Kraakman, M.J., Kammoun, H.L., 
Langley, K.G., Estevez, E., Banerjee, A., et al., 2014. 
The dual-specificity phosphatase 2 (DUSP2) does not 
regulate obesity-associated inflammation or insulin 
resistance in mice. PLoS ONE 9(11), Doi: 10.1371/journal.
pone.0111524.

[122] Brinker, G., Froeba, J., Arndt, L., Braune, J., Hobusch, C., 
Lindhorst, A., et al., 2021. CD4+ T cells regulate glucose 
homeostasis independent of adipose tissue dysfunction in 
mice. European Journal of Immunology 51(6), Doi: 10.1002/
eji.202048870.

[123] Fessler, M.B., Rudel, L.L., Brown, J.M., 2009. Toll-like 
receptor signaling links dietary fatty acids to the metabolic 
syndrome. Current Opinion in Lipidology, Doi: 10.1097/
MOL.0b013e32832fa5c4.



EIR 28 2022

 Exercise and Immunometabolism 44

[124] Swanson, K. V., Deng, M., Ting, J.P.Y., 2019. The NLRP3 
inflammasome: molecular activation and regulation to 
therapeutics. Nature Reviews Immunology, Doi: 10.1038/
s41577-019-0165-0.

[125] Gleeson, M., McFarlin, B., Flynn, M., 2006. Exercise and toll-
like receptors. Exercise Immunology Review.

[126] Nguyen, M.T.A., Favelyukis, S., Nguyen, A.K., Reichart, 
D., Scott, P.A., Jenn, A., et al., 2007. A subpopulation of 
macrophages infiltrates hypertrophic adipose tissue and is 
activated by free fatty acids via toll-like receptors 2 and 4 and 
JNK-dependent pathways. Journal of Biological Chemistry 
282(48), Doi: 10.1074/jbc.M706762200.

[127] Shi, H., Kokoeva, M. V., Inouye, K., Tzameli, I., Yin, H., Flier, 
J.S., 2006. TLR4 links innate immunity and fatty acid-induced 
insulin resistance. Journal of Clinical Investigation 116(11), 
Doi: 10.1172/JCI28898.

[128] Lancaster, G.I., Langley, K.G., Berglund, N.A., Kammoun, 
H.L., Reibe, S., Estevez, E., et al., 2018. Evidence that TLR4 
Is Not a Receptor for Saturated Fatty Acids but Mediates 
Lipid-Induced Inflammation by Reprogramming Macrophage 
Metabolism. Cell Metabolism 27(5), Doi: 10.1016/j.
cmet.2018.03.014.

[129] Jialal, I., Kaur, H., Devaraj, S., 2014. Toll-like receptor status in 
obesity and metabolic syndrome: A translational perspective. 
Journal of Clinical Endocrinology and Metabolism 99(1), Doi: 
10.1210/jc.2013-3092.

[130] Pierre, N., Deldicque, L., Barbé, C., Naslain, D., Cani, P.D., 
Francaux, M., 2013. Toll-Like Receptor 4 Knockout Mice Are 
Protected against Endoplasmic Reticulum Stress Induced by a High-
Fat Diet. PLoS ONE 8(5), Doi: 10.1371/journal.pone.0065061.

[131] Salvadó, L., Palomer, X., Barroso, E., Vázquez-Carrera, 
M., 2015. Targeting endoplasmic reticulum stress in insulin 
resistance. Trends in Endocrinology and Metabolism, Doi: 
10.1016/j.tem.2015.05.007.

[132] Kim, S., Joe, Y., Jeong, S.O., Zheng, M., Back, S.H., Park, 
S.W., et al., 2014. Endoplasmic reticulum stress is sufficient 
for the induction of IL-1β production via activation of the NF-
κB and inflammasome pathways. Innate Immunity 20(8), Doi: 
10.1177/1753425913508593.

 [133] Gregor, M.F., Yang, L., Fabbrini, E., Mohammed, B.S., Eagon, 
J.C., Hotamisligil, G.S., et al., 2009. Endoplasmic reticulum 
stress is reduced in tissues of obese subjects after weight loss. 
Diabetes 58(3), Doi: 10.2337/db08-1220.

[134] Pedersen, B.K., Febbraio, M.A., 2012. Muscles, exercise and 
obesity: Skeletal muscle as a secretory organ. Nature Reviews 
Endocrinology, Doi: 10.1038/nrendo.2012.49.

[135] Steensberg, A., Fischer, C.P., Keller, C., Møller, K., Pedersen, 
B.K., 2003. IL-6 enhances plasma IL-1ra, IL-10, and cortisol in 
humans. American Journal of Physiology - Endocrinology and 
Metabolism 285(2 48-2), Doi: 10.1152/ajpendo.00074.2003.

[136] Calegari, L., Nunes, R.B., Mozzaquattro, B.B., Rossato, D.D., 
Dal Lago, P., 2018. Exercise training improves the IL-10/
TNF-α cytokine balance in the gastrocnemius of rats with 
heart failure. Brazilian Journal of Physical Therapy 22(2), 
Doi: 10.1016/j.bjpt.2017.09.004.

[137] Khadir, A., Kavalakatt, S., Cherian, P., Warsame, S., 
Abubaker, J.A., Dehbi, M., et al., 2018. Physical exercise 
enhanced heat shock protein 60 expression and attenuated 
inflammation in the adipose tissue of human diabetic 
obese. Frontiers in Endocrinology 9(FEB), Doi: 10.3389/
fendo.2018.00016.

[138] Milne, K.J., Noble, E.G., 2002. Exercise-induced elevation of 
HSP70 is intensity dependent. Journal of Applied Physiology 
93(2), Doi: 10.1152/japplphysiol.00528.2001.

[139] Kilmartin, B., Reen, D.J., 2004. HSP60 induces self-tolerance 
to repeated HSP60 stimulation and cross-tolerance to other 
pro-inflammatory stimuli. European Journal of Immunology 
34(7), Doi: 10.1002/eji.200425108.

[140] Barry, J.C., Shakibakho, S., Durrer, C., Simtchouk, 
S., Jawanda, K.K., Cheung, S.T., et al., 2016. 
Hyporesponsiveness to the anti-inflammatory action of 
interleukin-10 in type 2 diabetes. Scientific Reports 6, Doi: 
10.1038/srep21244.

[141] Dasu, M.R., Devaraj, S., Zhao, L., Hwang, D.H., Jialal, I., 
2008. High glucose induces toll-like receptor expression in 
human monocytes Mechanism of activation. Diabetes 57(11), 
Doi: 10.2337/db08-0564.

[142] Dasu, M.R., Jialal, I., 2011. Free fatty acids in the presence 
of high glucose amplify monocyte inflammation via Toll-like 
receptors. American Journal of Physiology - Endocrinology 
and Metabolism 300(1), Doi: 10.1152/ajpendo.00490.2010.

[143] Kawanishi, N., Mizokami, T., Yano, H., Suzuki, K., 2013. 
Exercise attenuates M1 macrophages and CD8+ T cells in the 
adipose tissue of obese mice. Medicine and Science in Sports 
and Exercise 45(9), Doi: 10.1249/MSS.0b013e31828ff9c6.

[144] Fisher, G., Hyatt, T.C., Hunter, G.R., Oster, R.A., Desmond, 
R.A., Gower, B.A., 2011. Effect of diet with and without 
exercise training on markers of inflammation and fat 
distribution in overweight women. Obesity 19(6), Doi: 
10.1038/oby.2010.310.

[145] Johnsen, N.F., Tjønneland, A., Thomsen, B.L.R., Christensen, 
J., Loft, S., Friedenreich, C., et al., 2009. Physical activity and 
risk of prostate cancer in the European Prospective Investigation 
into Cancer and Nutrition (EPIC) cohort. International Journal 
of Cancer 125(4), Doi: 10.1002/ijc.24326.

[146] Sparks, L.M., Johannsen, N.M., Church, T.S., Earnest, C.P., 
Moonen-Kornips, E., Moro, C., et al., 2013. Nine months of 
combined training improves Ex vivo skeletal muscle metabolism in 
individuals with type 2 diabetes. Journal of Clinical Endocrinology 
and Metabolism 98(4), Doi: 10.1210/jc.2012-3874.

[147] Van Tienen, F.H.J., Praet, S.F.E., De Feyter, H.M., Van Den 
Broek, N.M., Lindsey, P.J., Schoonderwoerd, K.G.C., et al., 
2012. Physical activity is the key determinant of skeletal 
muscle mitochondrial function in type 2 diabetes. Journal of 
Clinical Endocrinology and Metabolism 97(9), Doi: 10.1210/
jc.2011-3454.

[148] McFarlin, B.K., Flynn, M.G., Campbell, W.W., Stewart, L.K., 
Timmerman, K.L., 2004. TLR4 is lower in resistance-trained 
older women and related to inflammatory cytokines. Medicine 
and Science in Sports and Exercise 36(11), Doi: 10.1249/01.
MSS.0000145465.71269.10.

[149] Robinson, E., Durrer, C., Simtchouk, S., Jung, M.E., Bourne, 
J.E., Voth, E., et al., 2015. Short-term high-intensity interval 
and moderate-intensity continuous training reduce leukocyte 
TLR4 in inactive adults at elevated risk of type 2 diabetes. 
Journal of Applied Physiology 119(5), Doi: 10.1152/
japplphysiol.00334.2015.

[150] Kraus, W.E., Houmard, J.A., Duscha, B.D., Knetzger, K.J., 
Wharton, M.B., McCartney, J.S., et al., 2002. Effects of the 
amount and intensity of exercise on plasma lipoproteins. The 
New England Journal of Medicine 347(19): 1483–92, Doi: 
10.1056/NEJMoa020194.



EIR 28 2022

 Exercise and Immunometabolism 45

[151] Pal, D., Dasgupta, S., Kundu, R., Maitra, S., Das, G., 
Mukhopadhyay, S., et al., 2012. Fetuin-A acts as an 
endogenous ligand of TLR4 to promote lipid-induced insulin 
resistance. Nature Medicine 18(8), Doi: 10.1038/nm.2851.

[152] Malin, S.K., Mulya, A., Fealy, C.E., Haus, J.M., Pagadala, 
M.R., Scelsi, A.R., et al., 2013. Fetuin-A is linked to improved 
glucose tolerance after short-term exercise training in 
nonalcoholic fatty liver disease. Journal of Applied Physiology 
115(7), Doi: 10.1152/japplphysiol.00237.2013.

[153] Memme, J.M., Oliveira, A.N., Hood, D.A., 2016. Chronology 
of UPR activation in skeletal muscle adaptations to chronic 
contractile activity. American Journal of Physiology - Cell 
Physiology 310(11), Doi: 10.1152/ajpcell.00009.2016.

[154] Wu, J., Ruas, J.L., Estall, J.L., Rasbach, K.A., Choi, J.H., 
Ye, L., et al., 2011. The unfolded protein response mediates 
adaptation to exercise in skeletal muscle through a PGC-1α/
ATF6α complex. Cell Metabolism 13(2), Doi: 10.1016/j.
cmet.2011.01.003.

[155] Khadir, A., Kavalakatt, S., Abubaker, J., Cherian, P., Madhu, 
D., Al-Khairi, I., et al., 2016. Physical exercise alleviates ER 
stress in obese humans through reduction in the expression 
and release of GRP78 chaperone. Metabolism: Clinical and 
Experimental 65(9), Doi: 10.1016/j.metabol.2016.06.004.

[156] Saraiva, M., Vieira, P., O’Garra, A., 2020. Biology and 
therapeutic potential of interleukin-10. Journal of Experimental 
Medicine 217(1), Doi: 10.1084/jem.20190418.

[157] Hong, E.G., Hwi, J.K., Cho, Y.R., Kim, H.J., Ma, Z., Yu, 
T.Y., et al., 2009. Interleukin-10 prevents diet-induced insulin 
resistance by attenuating macrophage and cytokine response 
in skeletal muscle. Diabetes 58(11), Doi: 10.2337/db08-1261.

[158] Dagdeviren, S., Jung, D.Y., Friedline, R.H., Noh, H.L., Kim, 
J.H., Patel, P.R., et al., 2017. IL-10 prevents aging-associated 
inflammation and insulin resistance in skeletal muscle. FASEB 
Journal 31(2), Doi: 10.1096/fj.201600832R.

[159] Straczkowski, M., Kowalska, I., Nikolajuk, A., Krukowska, 
A., Gorska, M., 2005. Plasma interleukin-10 concentration 
is positively related to insulin sensitivity in young 
healthy individuals. Diabetes Care 28(8), Doi: 10.2337/
diacare.28.8.2036.

[160] Wen, H., Gris, D., Lei, Y., Jha, S., Zhang, L., Huang, M.T.H., 
et al., 2011. Fatty acid-induced NLRP3-ASC inflammasome 
activation interferes with insulin signaling. Nature 
Immunology 12(5), Doi: 10.1038/ni.2022.

[161] Starkie, R., Ostrowski, S.R., Jauffred, S., Febbraio, M., 
Pedersen, B.K., 2003. Exercise and IL-6 infusion inhibit 
endotoxin-induced TNF-α production in humans. The FASEB 
Journal 17(8), Doi: 10.1096/fj.02-0670fje.

[162] Duggal, N.A., Niemiro, G., Harridge, S.D.R., Simpson, 
R.J., Lord, J.M., 2019. Can physical activity ameliorate 
immunosenescence and thereby reduce age-related multi-
morbidity? Nature Reviews Immunology, Doi: 10.1038/
s41577-019-0177-9.

[163] Francois, M.E., Baldi, J.C., Manning, P.J., Lucas, S.J.E., 
Hawley, J.A., Williams, M.J.A., et al., 2014. “Exercise snacks” 
before meals: A novel strategy to improve glycaemic control 
in individuals with insulin resistance. Diabetologia 57(7), Doi: 
10.1007/s00125-014-3244-6.

[164] Francois, M.E., Myette-Cote, E., Bammert, T.D., Durrer, 
C., Neudorf, H., DeSouza, C.A., et al., 2018. Carbohydrate 
restriction with postmeal walking effectively mitigates 
postprandial hyperglycemia and improves endothelial 

function in type 2 diabetes. American Journal of Physiology 
- Heart and Circulatory Physiology 314(1), Doi: 10.1152/
ajpheart.00524.2017.

[165] Myette-Côté, É., Durrer, C., Neudorf, H., Bammert, T.D., 
Botezelli, J.D., Johnson, J.D., et al., 2018. The effect of a 
short-term low-carbohydrate, high-fat diet with or without 
postmeal walks on glycemic control and inflammation in type 2 
diabetes: A randomized trial. American Journal of Physiology 
- Regulatory Integrative and Comparative Physiology 315(6), 
Doi: 10.1152/ajpregu.00240.2018.

[166] Santos-Lozano, A., Valenzuela, P. L., Llavero, F., Lista, 
S., Carrera-Bastos, P., Hampel, H., ... & Lucia, A. (2020). 
Successful aging: insights from proteome analyses of healthy 
centenarians. Aging (Albany NY), 12(4), 3502.

[167]   Pawelec, G., 2012. Hallmarks of human “immunosenescence” : 
Adaptation or dysregulation? Immunity and Ageing, Doi: 
10.1186/1742-4933-9-15.

[168] Drobek, A., Moudra, A., Mueller, D., Huranova, M., Horkova, 
V., Pribikova, M., et al., 2018. Strong homeostatic TCR signals 
induce formation of self-tolerant virtual memory CD8 T cells. 
The EMBO Journal 37(14), Doi: 10.15252/embj.201798518.

[169] Turner, J.E., 2016. Is immunosenescence influenced by our 
lifetime “dose” of exercise? Biogerontology, Doi: 10.1007/
s10522-016-9642-z.

[170] Van Deursen, J.M., 2014. The role of senescent cells in ageing. 
Nature, Doi: 10.1038/nature13193.

[171] Krabbe, K.S., Pedersen, M., Bruunsgaard, H., 2004. 
Inflammatory mediators in the elderly. Experimental 
Gerontology, Doi: 10.1016/j.exger.2004.01.009.

[172] Lucas, C.L., Kuehn, H.S., Zhao, F., Niemela, J.E., Deenick, 
E.K., Palendira, U., et al., 2014. Dominant-activating germline 
mutations in the gene encoding the PI(3)K catalytic subunit 
p110δ result in T cell senescence and human immunodeficiency. 
Nature Immunology 15(1), Doi: 10.1038/ni.2771.

[173] Palmer, C.S., Duette, G.A., Wagner, M.C.E., Henstridge, 
D.C., Saleh, S., Pereira, C., et al., 2017. Metabolically active 
CD4+ T cells expressing Glut1 and OX40 preferentially 
harbor HIV during in vitro infection. FEBS Letters 591(20), 
Doi: 10.1002/1873-3468.12843.

[174] Lanna, A., Gomes, D.C.O., Muller-Durovic, B., McDonnell, 
T., Escors, D., Gilroy, D.W., et al., 2017. A sestrin-dependent 
Erk-Jnk-p38 MAPK activation complex inhibits immunity 
during aging. Nature Immunology 18(3), Doi: 10.1038/
ni.3665.

[175] Quinn, K.M., Palchaudhuri, R., Palmer, C.S., La Gruta, N.L., 
2019. The clock is ticking: the impact of ageing on T cell 
metabolism. Clinical and Translational Immunology, Doi: 
10.1002/cti2.1091.

[176] Hekimi, S., Lapointe, J., Wen, Y., 2011. Taking a “good” look 
at free radicals in the aging process. Trends in Cell Biology, 
Doi: 10.1016/j.tcb.2011.06.008.

[177] Gomes, A.P., Price, N.L., Ling, A.J.Y., Moslehi, J.J., 
Montgomery, M.K., Rajman, L., et al., 2013. Declining 
NAD+ induces a pseudohypoxic state disrupting nuclear-
mitochondrial communication during aging. Cell 155(7), Doi: 
10.1016/j.cell.2013.11.037.

[178] McGuire, P.J., 2019. Mitochondrial dysfunction and the aging 
immune system. Biology, Doi: 10.3390/biology8020026.

[179] Nilsson, M.I., Tarnopolsky, M.A., 2019. Mitochondria and 
aging—the role of exercise as a countermeasure. Biology, 
Doi: 10.3390/biology8020040.



EIR 28 2022

46 Exercise and Immunometabolism

[180] Murphy, R.M., Watt, M.J., Febbraio, M.A., 2020. Metabolic 
communication during exercise. Nature Metabolism, Doi: 
10.1038/s42255-020-0258-x.

[181] O’Neill, L.A.J., Kishton, R.J., Rathmell, J., 2016. A guide 
to immunometabolism for immunologists. Nature Reviews 
Immunology, Doi: 10.1038/nri.2016.70.

[182] Simpson, R.J., Guy, K., 2010. Coupling aging immunity with 
a sedentary lifestyle: Has the damage already been done? - A 
mini-review. Gerontology, Doi: 10.1159/000270905.

[183] Simpson, R.J., 2011. Aging, persistent viral infections, 
and immunosenescence: Can exercise “make space”? 
Exercise and Sport Sciences Reviews 39(1), Doi: 10.1097/
JES.0b013e318201f39d.

[184] Tanaka, H., Seals, D.R., 2008. Endurance exercise 
performance in Masters athletes: Age-associated changes and 
underlying physiological mechanisms. Journal of Physiology, 
Doi: 10.1113/jphysiol.2007.141879.

[185] Minuzzi, L.G., Rama, L., Chupel, M.U., Rosado, F., Dos 
Santos, J.V., Simpson, R., et al., 2018. Effects of lifelong 
training on senescence and mobilization of T lymphocytes in 
response to acute exercise. Exercise Immunology Review 24.

[186] Walsh, N.P., 2018. Recommendations to maintain immune 
health in athletes. European Journal of Sport Science, Doi: 
10.1080/17461391.2018.1449895.

[187] Aguiar, S.S., Rosa, T.S., Sousa, C. V., Santos, P.A., Barbosa, 
L.P., Deus, L.A., et al., 2021. Influence of Body Fat on 
Oxidative Stress and Telomere Length of Master Athletes. 
Journal of Strength and Conditioning Research 35(6), Doi: 
10.1519/JSC.0000000000002932.

[188] Minuzzi, L.G., Rama, L., Bishop, N.C., Rosado, F., Martinho, 
A., Paiva, A., et al., 2017. Lifelong training improves anti-
inflammatory environment and maintains the number of 
regulatory T cells in masters athletes. European Journal of 
Applied Physiology 117(6), Doi: 10.1007/s00421-017-3600-6.

[189] de Souza Teixeira, A.A., Lira, F.S., Rosa-Neto, J.C., 2020. 
Aging with rhythmicity. Is it possible? Physical exercise as a 
pacemaker. Life Sciences, Doi: 10.1016/j.lfs.2020.118453.

[190] de Souza Teixeira, A.A., Minuzzi, L.G., Lira, F.S., Gonçalves, 
A.S.V.P., Martinho, A., Rosa Neto, J.C., et al., 2021. 
Improvement in the anti-inflammatory profile with lifelong 
physical exercise is related to clock genes expression in 
effector-memory CD4+ T cells in master athletes. Exercise 
Immunology Review 27.


