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Abstract

Immune cells are bioenergetically expensive during activation, which requires tightly

regulated control of metabolic pathways. Both low and high glycemic conditions can

modulate immune function. States of undernourishment depress the immune system,

and in the same way, excessive intake of nutrients, such as an obesity state, compromise

its functioning. Multicellular organisms depend on two mechanisms to survive: the

regulation and ability to store energy to prevent starvation and the ability to fight against

infection. Synergic interactions between metabolism and immunity affect many systems

underpinning human health. In a chronic way, the breakdown of glycemic homeostasis in

the body can influence cells of the immune system and consequently contribute to the

onset of diseases such as type II diabetes, obesity, Alzheimer’s, and fat and lean mass loss.

On the contrary, exercise, recognized as a primary strategy to control hyperglycemic

disorders, also induces a coordinated immune‐neuro‐endocrine response that acutely

modulates cardiovascular, respiratory, and muscle functions and the immune response to

exercise is widely dependent on the intensity and volume that may affect an

immunodepressive state. These altered immune responses induced by exercise are

modulated through the “stress hormones” adrenaline and cortisol, which are a threat to

leukocyte metabolism. In this context, carbohydrates appear to have a positive acute

response as a strategy to prevent depression of the immune system by maintaining

plasma glucose concentrations to meet the energy demand from all systems involved

during strenuous exercises. Therefore, herein, we discuss the mechanisms through which

exercise may promotes changes on glycemic homeostasis in the metabolism and how it

affects immune cell functions under higher or lower glucose conditions.
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1 | INTRODUCTION

Cellular homeostasis is a physiological condition inherent to the

health of the human body (Kanungo, Wells, Tribett, & El‐gharbawy,

2018). The level of blood glucose, in the absence of disease, is

maintained under precise and constant regulation, indispensable to*Ana E. Von Ah Morano and Gilson P. Dorneles contributed equally.
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maintain the energy homeostasis of individuals (Thorens & Mueckler,

2010). Excess or deficiency in glucose can cause effects that are

harmful to health status. Acutely, hyperglycemia or hypoglycemia can

lead to immediate disorders, such as a loss of consciousness and

fainting (Kovatchev, 2019). In a chronic way, the breakdown of

glycemic homeostasis in the body can influence cells of the immune

system and consequently contribute to the onset of diseases such as

type II diabetes, obesity, Alzheimer’s, and cancer (Hotamisligil, 2017).

Multicellular organisms basically depend on two mechanisms to

survive: the regulation and ability to store energy to prevent

starvation and the ability to fight against infection. In fact, the

synergic interactions between metabolism and immunity impact on

many systems underpinning human health. Although the term

immunometabolism has only recently been defined (Mathis &

Shoelson, 2011), physicians at the end of 19th century already had

the notion that patients with meningitis exhibit an acute and strong

metabolic phenotype (i.e., hyperglycemia and polyuria) related to

diabetic syndrome (Fox, Kuzma, & Washam, 1947). Moreover,

Raymond et al. (1981) showed that the infusion of lipopolysaccharide

(LPS), a constituent molecule found in the outer membrane of Gram‐
negative bacteria, caused insulin resistance through the induction of

abrogating insulin action to induce glucose uptake in skeletal muscle

tissue. Moreover, acute pathogenic infection in human subjects

induces lower insulin binding to insulin receptors (IRs) in a variety of

metabolic active cells (hepatocytes, myocytes, endothelial cells;

Drobny, Abramson, & Baumann, 1984).

The blood glucose level can be affected by nutrient intake (mainly

carbohydrates) and regulated by insulin (Sylow, Kleinert, Richter, &

Jensen, 2017). Insulin is the hormone that regulates the uptake of

peripheral glucose and the production of glucose in the liver

(Boucher, Kleinridders, & Kahn, 2014). Glucose is transported via

diffusion, facilitated through the plasma membrane of the cell by one

of the five membrane proteins, known as glucose transporters

(GLUT), which differ in tissue kinetics and distribution (Huang &

Czech, 2007). The main regulatory mechanism by which glucose

uptake occurs is through the transport of insulin‐stimulated glucose

to skeletal muscle and adipose tissue, mediated primarily by type 4

glucose transporter protein (GLUT‐4). GLUT‐4 is extremely impor-

tant in glucose homeostasis and the removal of glucose from the

circulation (Bryant et al., 2002).

The immune system monitors and responds to specific metabolic

signals and is very sensitive to environmental changes to maintain

systemic homeostasis (Mathis & Shoelson, 2011). Eating behavior is

one of the main environmental factors and exerts several effects on

the function and development of the immune system (López‐Otín,

Galluzzi, Freije, Madeo, & Kroemer, 2016). An excess or deficiency in

nutrients alters the responses of the immune system.

Undernourishment states depress the immune system (Cunha,

Friedler, Vaisberg, Egami, & Costa, 2003), while, in the same way,

excessive food intake, such as the obesity state, compromise its

functioning (Asghar & Sheikh, 2017). Moreover, there is an

advantage to the coordinated regulation of metabolic and immune

response in acute conditions, as the organism needs to coordinate its

energy resources during the induction of accurate inflammatory

responses (Figure 1).

Chawla et al. (2011) proposed a model explaining the immune‐
metabolic link in visceral adipose tissue (VAT) and other metaboli-

cally active tissues (i.e., hepatic, brain, and skeletal muscle): the

“energy‐on‐demand model” hypothesized that immune cell subpopu-

lations in VAT are involved in a cross‐link with adipocytes to fulfill

the correct energetic demands for an effective immune response

against a variety of pathogens, from bacterial species to parasitic

worms. According to this model, in the case of bacterial infection and

systemic and hypertrophic adipose tissue inflammation, insulin

resistance is stimulated to raise circulating nutrient levels and allow

a fast and strong bactericidal response. In the case of parasitic

infections, immune cells work to sequester nutrients to slow down

parasite growth and development. Thus, this model indicates that

F IGURE 1 Immune cells are
bioenergetically expensive during

activation and besides protecting the body
against pathogens, are mostly affected by
diet, exercise volume, and hormonal
activities
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obesity and cardiometabolic diseases are characterized as bacterial

infection, which leads to an inflammatory response of immune cells

(Odegaard & Chawla, 2014).

Exercise is recognized as a subset of physical stress, like thermal

and traumatic injury, that impacts several physiological systems

(Walsh et al., 2011). Each single bout of physical exercise induces a

coordinated immune‐neuro‐endocrine response that acutely modu-

lates the cardiovascular, respiratory, and muscle functions. In this

way, exercise is a good model for understanding the relationship

between metabolism and inflammation in the pathogenesis of

noninfectious diseases. The transient immune response to exercise

is widely dependent on the intensity, volume, and mode of exercise,

and characterized by changes in immune cells (mainly monocytes and

T cells) distribution, phenotype, and cytokine response (Simpson,

Kunz, Agha, & Graff, 2015). These altered immune responses induced

by exercise are modulated through the “stress hormones” adrenaline

and cortisol that impact on leukocyte metabolism. On the contrary,

carbohydrate supplementation during acute bouts of exercise

impacts on the cytokine and myokine profile by muscle tissue

(Bermon et al., 2017). Longitudinal randomized controlled studies

have highlighted the synergic adaptations in glucose metabolism and

inflammatory mediators in a range of conditions, such as obesity,

type 2 diabetes, and elderly subjects (Pedersen, 2017). Thus, the

purpose of this review was to discuss the mechanisms through which

higher or lower glucose levels promote alterations in immune cell

functions.

1.1 | Control of glycemic homeostasis: Skeletal
muscle and liver

The maintenance of metabolic homeostasis during eating or fasting

depends on the synergy between the organs and fuel available (Sylow

et al., 2017). During the postprandial period of a high‐carbohydrate
meal, pancreatic β‐cells respond to nutrient augmentation, releasing

insulin into the bloodstream, andincreasing the insulin‐glucagon ratio

(hormones with oordinated antagonistic responses that work to

maintain glycemic homeostasis; Boucher et al., 2014).

Stimulated by insulin, the uptake glucose in hepatocytes is

actived from the circulation (glycogenesis) and cut off (this time by

glucagon action). Glycogenolysis and gluconeogenesis are metabolic

processes to obtain glucose and generate energy, from other

substrates that are not carbohydrates, such as by the degradation

of glycogen in the liver and muscles or synthesis of lactate, glycerol,

and amino acids, (Yang et al., 2018).

Skeletal muscle accounts for 60–80% of increased glucose

metabolism in response to insulin (Ng et al., 2019). The regulation

of insulin‐dependent glucose uptake by muscle cells occurs from the

activation of intracellular proteins (Thorens & Mueckler, 2010).

Binding of insulin to the α subunit of its receptor (IR) leads to an

increase in β‐subunit tyrosine kinase activity, leading to autopho-

sphorylation of this receptor and phosphorylation of insulin receptor

substrate‐1 (IRS1). Thus, signaling of two distinct pathways occurs,

the end of which occurs through the translocation of GLUT‐4 to the

sarcoplasmic membrane and to the T‐tubules, allowing the entry of

glucose into the cell (Richter & Hargreaves, 2019).

The transport of glucose to muscle cells is stimulated by insulin

independent mechanisms such as muscle contractions, which activate

the adenosine monophosphate‐activated protein kinase (AMPK)

pathway. AMPK is an enzyme activated by the decrease in the

cellular energy storage, which increases GLUT‐4 translocation to the

surface of the plasma membrane. One of the mechanisms responsible

for the greater activation of AMPK is the increase in contractile

activity that alters the energy status of skeletal muscle cells.

During high‐intensity exercise, skeletal muscle may exhibit

decreases in phosphocreatine and adenosine triphosphate (ATP)

concentrations, which require increased activation of AMPK

(Jørgensen, Richter, & Wojtaszewski, 2006; Kahn, Alquier, Carling,

& Hardie, 2005).

By the way, the activation of AMPK in cells of the immune system

would promote the shift from a proinflammatory to an anti‐
inflammatory phenotype. Such a context suggests a shift from

glucose uptake and glycolysis to mitochondrial oxidative metabolism,

which also includes fatty acid oxidation (Hardie, 2013). In an attempt

to restore energy homeostasis by activating the catabolic pathways

that are more efficient in generating ATP (Hardie, Ross, & Hawley,

2012), there is a disruption of other processes that are more

expensive in energy expenditure as biosynthesis and cell‐cycle
(Imamura, Ogura, Kishimoto, Kaminishi, & Esumi, 2001).

Therefore, the generation of ATP by alternatively activated

macrophage (“M2”) occurs mainly from the metabolism of

mitochondria that can use multiple carbon sources and less

production and release of reactive oxygen species (ROS) when

compared to classical macrophages (“M1”) (Haschemi et al., 2012).

Thus, it is observed that when activated, the AMPK pathway

promotes oxidative metabolism, typical of anti‐inflammatory

cells rather than the glycolytic metabolism characteristic of

inflammatory cells (Jones et al., 2005).

As in muscle tissue cells, glucose uptake into adipose tissue also

depends on the action of GLUT‐4. In response to the action of insulin,

adipose tissue decreases the rate of lipolysis and stimulates the

synthesis of fatty acid and triacylglycerol from lipids, and, in unusual

conditions, glucose can be converted into fatty acid. All this

metabolic interaction ensures that tissue exposure to hyperglycemia

is reduced and nutrients are stored in adipocytes for release and

oxidation when there is a lack of nutrient supply (Goodpaster &

Sparks, 2017).

The choice of cellular fuel depends on the type and amount of

nutrients available. During fasting, when there are fewer carbohy-

drates and lipids circulating in plasma concentrations, in view of the

need to maintain glycemic homeostasis, there is a change in the

metabolic mechanism for the fast‐track to fatty acid oxidation (Smith,

Soeters, Wüst, & Houtkooper, 2018). Glucagon stimulates glycogen-

olysis and hepatic ketogenesis, whereas decreased insulin suppresses

synthesis of malonyl‐coenzyme A (CoA) from hepatocytes and

lipogenesis, with concurrent activation of fatty acid oxidation

(Heppner et al., 2010).
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When blood glucose concentration is low, glucagon is secreted by

the pancreas, and the lipolysis pathway is activated favoring fatty

acid release to blood (Charron & Vuguin, 2015). Glycerol is converted

into cetonic body, a glucose‐like molecule, of which part will also go

into the bloodstream, contributing to the replacement of hepatic

glycogen (Possik, Madiraju, & Prentki, 2017).

2 | CELLULAR AND MOLECULAR
MECHANISMS INVOLVED IN THE UPTAKE,
MOBILIZATION, AND OXIDATION OF
GLUCOSE IN IMMUNE CELLS:
IMMUNOSUPPRESSION. EXERCISE (TYPE,
DURATION, VOLUME)

The role of the body’s immune system against pathogens is

intrinsically associated with energy metabolism and is essential in

maintaining homeostasis and preventing uncontrolled chronic in-

flammatory responses and metabolic diseases (Calder, Dimitriadis, &

Newsholme, 2007). When physical and chemical natural barriers fail

to contain pathogenic invasion, a highly coordinated cellular system

composed of innate cells from the myeloid progenitor (monocytes/

macrophages, dendritic cells, neutrophils, eosinophils, basophils, and

mast cells) and adaptive cells from the lymphoid progenitor (natural

killers [NK cells]; B and T cells) are responsible for recognizing the

nonself antigens and secreting a variety of cytokines and immuno-

globulins to eliminate the nonself agent (Brodin & Davis, 2017). To be

activated and operate effectively, the cells of the immune system

require a large bioenergetic supply from the metabolic pathways

(Al‐khami, Rodriguez, & Ochoa, 2017). In this way, hormones, diet,

and exercise are factors that can influence the metabolism of immune

cells (Batatinha, Biondo, Lira, Castell, & D, 2019).

Glucose, glutamine, fatty acids, and ketone bodies are the main

energetic substrates used by the metabolism of cells from the

immune system (Newsholme, Curi, Gordon, & Newsholme, 1986).

However, glucose is the primary substrate for the stimulation of

immune cells, being the first to be recruited for energy generation

(Neill, Kishton, & Rathmell, 2016). Past studies discovered that

monocytes/macrophages have a high appetite for glucose, and the

suppression of glycolysis inhibits in vitro macrophage activation and

suppresses inflammation (Alonso & Nungester, 1956; Newsholme et al.,

1986). Although glycolysis is not the most effective way to generate ATP,

it is well established that this glycolytic pathway could be rapidly

activated via the induction of enzymes that are involved in this pathway,

potentiating rapid ATP generation compared to oxidative phosphoryla-

tion (Curi et al., 2016).

Macrophages are plastic and versatile cells, adapting their

function and phenotype to the microenvironment (Geissmann et al.,

2010). In 2000, Mills proposed the terminology M1‐M2 phenotype

(Mills, Kincaid, Alt, Heilman, & Hill, 2000). Classically activated

macrophages, known as M1, promote inflammation, extracellular

matrix destruction, and apoptosis (Parisi, 2018). This phenotype

presents a predominance of glycolytic metabolism, directly involving

the cellular immune response, and microbicidal and tumoricidal

activity through secretion of cytokines and proinflammatory media-

tors, in addition to presenting antigens to T lymphocytes (Bashir

et al., 2016). Moreover, higher glycolytic flux in LPS‐activated
macrophages has been associated with increased expression of

pattern recognition receptors, such as the well conservative toll‐like
receptors (TLR). Enhanced glycolysis enables the macrophages to

generate ATP and biosynthetic intermediates to carry out phagocy-

tosis, cytokine production, and antigen processing and presentation

(Curi et al., 2016). Beyond that, molecular insights into signaling

pathways that involve glycolysis during immune cell activation

have been revealed. In this sense, TLR4 binding LPS induces

activation of hypoxia‐inducible factor 1α (HIF‐1a), a transcription

factor that is crucial for the activation of several glycolytic enzymes

(Tannahill et al., 2014). The nuclear factor κB (NF‐κB) activation

occurs through the regulation of ubiquitous isoform of phospho-

fructokinase‑2, which is crucial for the regulation of glycolysis

(Rodriguez‐Prados et al., 2010).

Another glycolytic enzyme, hexokinase 1, is a crucial regulator of

NLR family pyrin domain containing 3 (NLRP3) inflammasome, a

regulator of caspase‐1, which stimulates the production of inter-

leukin 1β (IL‐1β) and IL‐18 and induces pyroptosis cell death.

Hexokinase interacts with NLRP3 in the outer mitochondrial

membrane, inducing the activation of this inflammatory pathway

(Moon et al., 2015).

The alternatively activated M2 macrophages phenotype pro-

motes the construction of extracellular matrix, cell proliferation, and

angiogenesis and is related to tissue repair, and immuno‐modulating

action, being activated by IL‐4 and IL‐10. Concerning energy

metabolism, M2 macrophages prefer the oxidation of fatty acids

(Caputa, Flachsmann, & Cameron, 2019). Interestingly, the inhibition

of pyruvate kinase isoenzyme M2 (PKM2), forcing the structure of

this molecule to a tetrameric state (blocking entry to the nucleus and

repressing their activity in glycolysis) reprogrammes macrophages to

M2‐like profile in their gene expression (Palsson‐Mcdermott et al.,

2015). As the proinflammatory role of PKM2 occurs during

translocation to the nucleus and promotion in the expression of

HIF‐1a‐dependent genes, including NF‐κB activation and IL‐1β
expression; blocking of HIF‐1a and nuclear PKM2 changes the

phenotype of the macrophages from a proinflammatory phenotype to

a regenerative M2 phenotype (Luo et al., 2011).

Although lymphocytes may have a preference for oxidative

metabolism, through the immediate need for rapid and efficient

energy generation in a state of activation and increased proliferation,

the aerobic glycolysis pathway is used (Norata et al., 2015). In this

context of lymphocyte proliferation, it is worth noting that in

addition to glucose, glutamine, the nonessential amino acid most

abundant in muscle tissue, is also a very important energy substrate

for this type of cell, whereas ketone bodies and fatty acids might also

be used to maintain the homeostasis of the immune system (Cruzat,

Rogero, Keane, Curi, & Newsholme, 2018).

Glycolysis metabolism has also been observed in effector T cells

and activated B cells (Michalek et al., 2012). Notably, increased

3172 | VON AH MORANO ET AL.



glycolysis in effector T cells enables higher production of interferon‐γ
(IFN‐γ) by CD4+ T helper cells with type 1 inflammation (Th1)

phenotype; regulates the function of Th1, Th2, and Th17 phenotypes

and activated CD8+ T cytotoxic cells; and increases the mammalian

target of rapamycin (mTOR) pathway, which is associated with the

initial generation of peripheral regulatory T (Treg) cells (Chang et al.,

2014; Gubser et al., 2013; Shi et al., 2011). Interestingly, the

hyperactivation of mTOR and HIF‐1 pathways in T cells leads to

reprogramming of T cells to a Th17 pathway and a more

proinflammatory profile (Shi et al., 2011). On the contrary, fatty

acid oxidation and oxidative phosphorylation are both associated

with Treg phenotype and M2 macrophage gene expression, suggest-

ing an anti‐inflammatory and suppressed immune response role

(Fessler, 2016; Nomura et al., 2016).

Leukocyte cells, such as neutrophils, have glucose as the main

energetic source, and the oxidation of this substrate is greatly

increased in phagocytic events (Schuster et al., 2007). When there is

glucose restriction, glutamine plays a key role in the proper

functioning of these immune cells (Cruzat et al., 2018).

However, the performance of immune cells that generally utilize

nutrients in a similar way to other cells, may also have their energy

metabolism influenced by other metabolic processes, as in the case of

protein kinase B (AKT) pathway, AMPK, and the mTOR. Considered

as nutrient sensors that work to maintain the energy homeostasis of

immune cells, when activated, this protein determines cell responses

through high or low levels of intracellular carbohydrates or amino

acids (Batatinha et al., 2019). Although there is a lack of studies

about the intracellular signaling of metabolic pathways in immune

cells during exercise, some studies shed light on AMPK regulation in

leukocytes. AMPK is a signaling molecule that is activated in cells by

increased adenosine monophosphate (AMP):ATP ratio. Decreases in

ATP levels indicate that the energy status of the cell is reduced,

promoting AMPK activation that impacts on glycolysis and fatty acid

oxidation (Hoffman et al., 2016; Jeon, 2016). Interestingly, AMPK can

also be activated by pathways that are independent of AMP levels,

such as increases in cellular redox state or by signaling agents such as

Ca+ calmodulin‐dependent protein kinase kinase β. Thus, AMPK

orchestrates intracellular biochemical reactions that generate ATP

within the cell, restoring the AMP:ATP ratio (Jeon, 2016).

Interestingly, monocytes induce inflammatory response activated

anaerobic respiration via AMPK‐mediated phosphorylation of the

glycolytic enzyme inducible 6‐phosphofructo‐2‐kinase (Marsin, Bou-

zin, Bertrand, & Hue, 2002). In this way, the anti‐inflammatory

phenotype observed in mononuclear cells (lymphocytes and mono-

cytes) after moderate‐high intensity exercise may be impacted by

AMPK expression. A preliminary study conducted by Moir et al.

(2008) showed lower AMPK activation immediately after a single

bout of exercise (45min; 70–75% VO2max) which coincided with

transient decreases in salivary immunoglobulin A, systemic cytokine

levels, and CD36 monocyte expression.

Another study conducted by the same group found that AMPK

inactivation in PBMCs correlated with lower ROS and peroxisome

proliferator‐activated receptor γ coactivator 1‐α (PGC‐1α) gene

expression after exercise (Moir et al., 2010). Moreover, the

purinergic system seems to be altered during acute exercise in both

ATP/ADP/AMP concentrations and cell surface ectonucleotidases

and purinergic receptor expression, suggesting that the AMPK is no

longer activated during exercise due to higher purinergic activity

(Dorneles, Romão, & Silva, 2019; Harkness et al., 1983).

In the 1980s, when the literature contained few studies about

exercise and the immune system, it was much speculated that marathon

runners had a higher susceptibility to upper respiratory tract infections

after a run. Therefore, a group of researchers randomly selected 150

runners who participated in the Two Oceans Marathon in 1982 in Cape

Town. The athletes were compared to a control group that did not

participate in the race. The runners were consulted the day before and 2

weeks after the race. Symptoms of upper respiratory tract infections

occurred in 33.3% of runners, compared to 15.3% of controls, and were

more common in those who achieved faster run times. The incidence in

slow runners was not higher than in controls. This study raised a possible

relationship between acute stress and susceptibility to upper respiratory

tract infections, speculating on possible impairment of the immune

system being responsible for this effect (Peters & Bateman, 1983).

Intensive or higher volume training is related to lower immunity

symptoms. In this context, it may be common for athletes to have a

history of recurrent infections after intense training or strenuous

competitions (Nieman, 1994; Venkatraman & Pendergast, 2002).

Nowadays, it is well documented in the literature that exhaustive

and high‐intensity exercises decrease resistance to pathogens and

consequently increase the risk of infection (Pedersen & Bruunsgaard,

1995; Peters & Bateman, 1983; Schwellnus et al., 2016), especially

diseases of the upper respiratory tract, generating an immunode-

pression state induced by exercise (Gleeson, 2006; Gleeson, Bishop,

Oliveira, & Tauler, 2013). The immunomodulatory actions of exercise

are very dependent on the intensity and duration of the exercise.

Endurance athletes such as marathon runners and triathletes, for

example, are more vulnerable within 72 hr after completing the race.

Pedersen and Brunnsgaard in 1995, referring to the time in which the

number and function of immunological cells are at risk, called this

hypothesis the “open window” period (Figure 2).

After intense and high‐volume workouts (in which practically all

of the glycogen reserve is used as an energy source during physical

exertion) glycemia and cardiac glycogen need to be re‐established
(Jensen & Richter, 2012). If glucose does not come from carbohy-

drates to provide supplemented at the right time (Jeukendrup, 2011),

the body will begin to produce glucose through other sources such as

glycerol, lactate, or protein degradation, in this case, amino acids are

the source for glucose generation (Hawley & Leckey, 2015).

That is, often, the body begins to degrade proteins to generate

glucose. In this process, there may sometimes be a lack of substrate

for the production of other important molecules, such as immuno-

globulins, proteins that also act in the body’s defense system and

fight against viruses and bacteria (Simpson et al., 2015). If the

immune system has higher demand after strenuous effort, when the

raw material for power supply is lacking, the problem becomes even

more serious (Hargreaves et al, 2004).
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Exercise alters the distribution and trafficking of peripheral

mononuclear cells, while suppressing cellular immunity, leading to

increased susceptibility to infections (Barros et al., 2017). High‐
intensity and long‐duration exercise can generate acute leukocytosis

induced by the effort (McCarthy and Dale, 1988). This is due to

increased neutrophil, monocyte, and lymphocyte concentrations and

alterations in the balance between the production of proinflamma-

tory cytokines such as tumor necrosis factor‐α (TNF‐α) and IL‐10
(e.g., Nielsen et al., 2010).

With this, the growth, differentiation, and functional activation of

all the cells of the immune system are compromised after intense

exercise when performed in a chronic way, without the immune

system having the ability or time to recover, which may lead to

immunodepression or the “open window” (Pedersen & Bruunsgaard,

1995). During this time, the organism may be more susceptible to

microorganisms that pass through the first line of defense of the

immune system (Nickel & Sisic, 2012).

During exercise, NK cells and T cells are recruited into the blood

(Brahmi et al., 1985; Zimmer et al., 2015). NK cells are the first line of

defense against viral infections, and acute and chronic diseases. After

intense exercise, the activity of NK cells is suppressed (Shephard,

Rhind, & Shek, 1994). The composition of the T cell subpopulation is

altered. After intense exercise, the CD4+/CD8+ ratio decreases

because the number of CD8+ T cells increases more than the number

of CD4+ cells (Gabriel & Kindermann, 1997). Thus, the level of

lymphocytes decreases below pre‐exercise values and the duration of

suppression depends on the intensity and duration of the exercise

(Gabriel et al., 1992; Luk et al., 2016; Simpson et al., 2006).

Exercise also affects the phenotype and functional activity of NK

cells and T cells in an intensity‐dependent way. There are three main

events that determine the preferential mobilization of some

leukocyte subtypes during exercise. First, exercise mobilizes cells

that have an effector function with increased cytotoxic activity, and a

mature/differentiated phenotype. In this sense, exercise mobilizes

cytotoxic cells as activated NK cells, CD8+ memory cells and γδ T

cells, and CD16+ monocytes (Minuzzi et al., 2018; Shantsila et al.,

2012; Simpson, Bigley, Agha, Hanley, & Bollard, 2017). On the

contrary, cell subtypes with a lower effector profile or in previous

stages of maturation, such as CD4+ cells, B cells, and classical

monocytes (CD16−) are less mobilized.

Indeed, both CD8+ and CD4+ T cells show a pattern of

redistribution phenotype with higher effector/cytotoxicity activity,

KLRG1+/CD28−/CCR7− (Gustafson et al., 2017). Moreover, exercise

mobilizes immune cells with a migratory phenotype that express

higher levels of integrins, adhesion molecules, and receptors of

chemokines (Okutsu et al., 2014). All of these previously cited events

are regulated by the catecholamine discharge on β‐adrenergic
receptors found in the cell surface of immune cells (Graff et al., 2018).

After exercise, effector T cells migrate from the blood to the

peripheral tissues where a series of proapoptotic stimuli induce

apoptosis in these cells (Kruger et al., 2009). The reduced repertoire

of memory T cells in the peripheral blood, generated by their

migration and apoptosis, expands the immune space and stimulates

the thymopoiesis of newly naïve T cells (Simpson, 2011).

Although these modifications in T cell phenotypes in peripheral

blood reduce the immunosurveillance hours after the exercise bout,

the generation of immune space and naïve T cells contributes to the

rejuvenation of the immune system observed in athletes and

individuals with high aerobic fitness.

In addition, catecholamine exerts immunomodulatory effects in

lymphocytes through the elevation of maximal activity of hexokinase,

GluTase, and citrate synthase activities and glucose consumption

(Rosa, 1997). Activated CD4+ and CD8+ T cells present higher

expression of GLUT‐1 and GLUT‐4, glucose uptake and glycolysis,

F IGURE 2 Low energy available after strenuous exercise can affect the immune system and lead to many health issues. Maintaining glucose
homeostasis appears as an important strategy to maintain energy and prevent health risks in the body
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and higher lactate production (Macintyre et al., 2015). In this way, a

recent study demonstrated that exercise increases GLUT‐4 in

mononuclear cells, which are composed mainly by lymphocytes

(Sticka et al., 2018). However, excessive adrenaline discharge

induced by high‐intensity exercise has immunosuppressive effects,

such as lower TNF‐α expression in monocytes and lower CD4+ IFN‐γ
T cells (Dimitrov, Hulteng, & Hong, 2017; Yano, Uchida, & Nakai,

2010; Zalli et al., 2015). High‐intensity exercise favors the anti‐
inflammatory Th2 phenotype and GATA3 expression, higher systemic

levels of IL‐4, IL‐1ra, and IL‐10, and low lymphoproliferative response

of T cells to a variety of mitogens (Kakanis et al., 2014; Siedlik et al.,

2016; Zhao, Zhou, Davie, & Su, 2012). Furthermore, single bouts of

exercise performed at high intensities seem to be more potent to

mobilize Treg cells to the peripheral blood of healthy individuals

(Krüger et al., 2016; Wilson, Zaldivar, Schwindt & Cooper, 2009).

Interestingly, continuous or interval exercise sessions performed at

high intensities (>80% of maximal capacity) seem to induce several

anti‐inflammatory responses (i.e., Treg mobilization, apoptosis of

proinflammatory terminally differentiated memory T cells, higher IL‐
10, and IL‐1ra production) that coincide with glycolysis metabolism

predominance during the bout. In this way, exercise performed at a

severe domain leads to changes in systemic glucose and lactate

concentrations and increased IL‐10 production by LPS‐stimulated

whole blood (Antunes et al., 2019). Also, high‐intensity interval

exercise mobilized more Treg cells and induced higher rates of

apoptosis in highly and low differentiated T cells than continuous

exercise, which was associated with low plasma free fatty acid

concentrations and higher systemic lactate levels (Krüger et al.,

2016).

Elite and endurance athletes who engage in severe exercise,

frequently without allowing the immune system to recover from one

session to another, need to be alert to illness and disease caused by

viral and bacterial infections at this stage of training (Walsh & Oliver,

2016).

In addition to the volume of exercise, another fundamental point

to guarantee the preservation and functioning of the immune cells is

the nutritional state of the athletes (Gleeson, 2006). There is a

reduction in substrate concentrations, such as glucose and amino

acids, due to the energy demand induced by strenuous and long‐
duration exercise (during muscle contraction a lot of glucose is used,

reducing the availability in the bloodstream). Therefore, there is a

reduction in the functions of the immune system, whose metabolic

pathways are dependent on the same substrates (Castell, Nieman,

Bermon, & Peeling, 2018).

A study review (Gunzer, Konrad, & Pail, 2012), to evaluate the

immunomodulatory potential of some macronutrients, among carbo-

hydrates, during strenuous exercises that may induce immunosup-

pression, showed that, in general, the impairment postexercise is

greater when the effort is continuous, prolonged (>1.5 hr), moderate

to high intensity (50–77% of maximal O2 uptake (VO2max)), and

performed without food intake.

This same study review suggests that carbohydrate supplementa-

tion during high‐intensity exercise in addition to improving athlete’s

performance also positively impacts on the immune function. Of the

29 studies selected by the researchers for their study review, all of

which included a control (placebo and/or crossover), all results

pointed to a significantly higher postexercise blood glucose level in

the carbohydrate‐supplemented groups than in the placebo‐con-
trolled groups. Due to the level of glucose maintained in the blood at

the postexercise moment, even after exercise of long duration and

high intensity, some researchers reported a decrease in the total

count of leukocytes induced by exercise, as well as lower

lymphocytosis and a tendency to attenuate lymphocytopenia during

recovery.

In relation to NK cells, which are part of the innate immune

system and mainly use glucose to maintain functionality, Nieman

et al. (1997) (subjects performed 2.5 hr of high‐intensity running,

76.7 ± 0.4% (VO2max) and 0.25 L carbohydrate intake every 15min),

reported a significantly lower number of NK cells. Timmons et al.

(2006), confirmed a similar result for NK cells, (the subjects cycled

for 60min to 70% of the VO2max, with 6% carbohydrate intake

every 15min).

In 2002, Bacurau et al., evaluated the effect of carbohydrate

supplementation on some aspects of immune function in athletes,

showed a reduction in the proliferation of blood mononuclear cells,

and reduced production of IL‐1, IL‐2, TNF‐α, IFN‐γ by cultured cells in

order of 37%, 35%, 26%, and 16%, respectively, induced by exercise.

In this study, the exercise protocol was performed by males who

cycled for 20min at a velocity corresponding to 90% of that obtained

at the anaerobic threshold and rested for 20min. This protocol was

repeated six times. The athletes received, during the trial, water or a

solution of carbohydrate (95% glucose polymers and 5% fructose)

every 20min.

In a randomized, double‐blind study of 30 experienced marathon

runners who underwent a 2.5 hr high‐intensity run (76.7 ± 0.4

VO2max), the results show that carbohydrate intake attenuated

cytokine levels in the inflammatory cascade in response to intense

exertion (reduction in IL‐6, IL‐1ra, and cortisol concentration). The

subjects drank a liquid containing 6% carbohydrate or placebo

(Nehlsen‐Cannarella et al., 1997). Another study (12 subjects, 2 hr of

exercise on the bicycle, 64% Watts max, 6% carbohydrate drink

intake or placebo every 15min) evaluated the influence of

carbohydrate supplementation compared with placebo intake on

changes in cell count and functions of the immune system.

The authors demonstrated that the carbohydrate ingestion group

presented attenuated plasma cortisol concentration induced by exercise,

as well as which the neutrophil and monocyte blood counts were lower.

However, total lymphocyte counts in the blood, T cells, and NK cells, and

lymphocyte proliferation did not change (Nieman et al., 2006).

To examine whether glucose ingestion during exercise may affect

the release of specific limb IL‐6 during muscle contraction, one study

evaluated seven men who underwent 120min of cycling and ingested

a beverage with 6.4% carbohydrate or placebo. The results

demonstrated that glucose ingestion during exercise attenuated the

release of IL‐6 in the leg, but did not decrease the intramuscular

expression of IL‐6 messenger RNA (Febbraio et al., 2003).

VON AH MORANO ET AL. | 3175



Thus, carbohydrates appear to have a positive acute response as

ingestion before, during, and after exercise can prevent depression of

the immune system by maintaining plasma glucose concentrations to

meet the energy demand from all systems involved during strenuous

exercises.

3 | STATE OF LOW GLUCOSE
AVAILABILITY (MALNUTRITION,
MARATHONS, IRON MAN) IS ALWAYS A
NUTRITIONALLY UNFAVORABLE
CONDITION

In fasting conditions, blood glucose levels are held stable by the

breakdown of glucose from liver glycogen (Cox et al., 2016). Because

of the low concentration of glucose in the bloodstream, insulin levels

are kept lower since there is increased lipolysis and higher plasma

concentrations of fatty acids that become the main energy substrate

for energy generation (Pinckaers, Churchward‐Venne, Bailey, & van

Loon, 2017).

In the absence of available carbohydrate for oxidation and energy

generation, amino acids are converted to glucose via gluconeogenesis

(Jensen & Richter, 2012). In normal conditions, amino acid participa-

tion is approximately 1–3%, in cases of chronic carbohydrate

restriction; amino acid participation may be up to 15% for

maintenance of energy homeostasis (Kim, Kim, Jeong, & Lee, 2013).

The daily recommendation for carbohydrate consumption for

sedentary adults is currently 130 g (Murray & Rosenbloom, 2018).

However, for athletes and people involved in exercise programs, this

value should be increased, according to the training load, guarantee-

ing sufficient carbohydrate for the restoration of muscle and hepatic

glycogen and thus maintenance of metabolic homeostasis (Cermak &

Loon, 2013). Therefore, it is necessary for endurance athletes, such

as marathoners and triathletes, to supplement with carbohydrates

during long‐term training and competitions to meet the energy

demand imposed by exercise and to guarantee metabolic and cellular

balance (Hawley & Leckey, 2015). The depletion of endogenous

carbohydrate stocks contributes to fatigue during resistance exercise

(Hargreaves, Hawley, & Jeukendrup, 2004).

Marathoners and endurance athletes generally present a higher

risk of developing upper respiratory tract infections after races and

periods of intense training, which are associated with temporary

changes in the immune system J‐shaped correlation curve (Nieman

et al., 1997). Most of the reported changes are decreases in the

function or concentration of certain immune cells (Nieman, 1998).

Carbohydrate supplementation of from 30 to 70 g should be taken

per hour, depending on the duration and intensity of exercise, in

addition to maintaining stable blood glucose concentration during

exercise. This strategy during extensive exercise, is also an effective

strategy to improve metabolic recovery, decrease the secretion of

stress‐related hormones (decreasing hypothalamic‐pituitary‐adrenal
activation), enhance postexercise inflammation, and regulate immune

dysfunction in cells (Nieman & Mitmesse, 2017).

There is evidence in the literature that intense and prolonged

exercise temporarily decreases NK cell function, creating a post-

exercise window of immunosuppression that may increase the risk of

infection (Nieman & Wentz, 2019). High‐intensity exercise lasting

more than 1.5 hr can induce a 35–60% reduction in NK cells

and in cell cytotoxic activity for up to 6 hr after exercise (Rama et al.,

2013; Timmons and Cieslak, 2008). When there is carbohydrate

intake during this type of physical effort, there may be attenuation

of the immune response at the postexercise moment with

increases in plasma glucose and insulin concentrations, as well as a

reduction in stress hormones such as cortisol and epinephrine

(Nieman et al., 1997).

Cyclists performed a 75 km riding test on a bike. During the test,

they ingested water, bananas, or a sugar beverage (6% carbohy-

drate). The two carbohydrate groups (banana or sugar) were

associated with higher glucose levels and decreased cortisol, total

leukocytes, neutrophils, and NK cell counts at the postexercise

moment. An immediate postexercise increase in the NK cell count

was observed for the group who drank water. When blood samples

were analyzed 1.5 hr postexercise, there were no differences in NK

cell counts between the groups that received carbohydrate or water

supplementation. That is, carbohydrate supplementation prevented

postexercise increases in leukocyte, neutrophil, and NK cell counts

immediately after exercise (Wentz et al., 2018).

A recent study demonstrated how metabolites from glucose

metabolism have a direct impact on immune function. An immorta-

lized THP‐1 monocyte lineage incubated for 6 hr with plasma

obtained post cycling exercise presented a lower oxygen consump-

tion rate (OCR) in response to LPS stimulation. On the other hand,

higher OCR was found in LPS‐stimulated THP‐1 monocytes with

plasma obtained from athletes who supplemented with carbohydrate

(0.8 g/kg body weight per hour) post cycling exercise. Thus,

carbohydrate ingestion attenuates proinflammatory events, such as

COX2 expression in THP‐1 and IL‐6 systemic levels, through

modifications in intracellular metabolic perturbations.

Mechanistically, the recognition of LPS by monocytes stimulates

nonmitochondrial consumption of oxygen by NADPH oxidase‐2,
which is related to higher ROS and phagocytosis, inducing an event

called as oxidative burst. Carbohydrate supplementation reduced the

reliance on glycolysis for ATP generation, inducing metabolic power

through mitochondrial respiratory capacity (Nieman, Gillitt, Sha,

Esposito, & Ramamoorthy, 2018).

Moreover, carbohydrate supplementation during exhaustive

exercise may prevent the decrease in several functions of T cells.

In this sense, ingestion of a beverage containing 6% carbohydrate

prevented a decrease in phytohemagglutinin (PHA) lymphoprolifera-

tive response, and T cell redeployment (Henson, Niemanl, Parker,

Rainwater, & Butterworth, 1998). Moreover, 3.2 g carbohydrate/kg

of body weight ingested during 2.5 hr of cycling at 85% of ventilatory

threshold reduced both CD4 and CD8 T cell death in mitogen‐
stimulated cell culture, which suggests attenuation in exercise‐
induced lymphopenia events (Green et al., 2003). Bishop et al. (2005)

showed that a carbohydrate solution may reduce the “open window”
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opportunity for viral infections through modulations in T cell

function, as demonstrated by higher T cell proliferative response to

PHA, influenza, and tetanus toxoid in in vitro models after a trial

composed of prolonged exercise plus carbohydrate intake. In a

posterior study, Bishop et al. (2009) also demonstrated that a

carbohydrate supplementation trial demonstrated higher CD4+ and

CD8+ that express CD45RA+ (denoting naïve T cells) CD4+ CD45RO

+ (a marker of memory T cells) migration toward supernatants from a

human rhinovirus infected bronchial epithelial cell line than the trial

with placebo beverage intake. Modifications in the CD4+IFN‐γ/
CD4+IL‐4 ratio, a marker of Th1:Th2 balance, was also attenuated in

athletes who ingested 6.4% carbohydrate solution during 2.5 hr of

cycling exercise at 65% of VO2max (Lancaster et al., 2005). In fact,

although cortisol secretion during prolonged exercise has a direct

effect on the reduced frequency of proinflammatory T cells (IFN‐γ+
cells), carbohydrate supplementation and maintenance of stable

glucose levels during exercise bouts emerges as an effective strategy

for the maintenance of a stable frequency of Th1 cell production and

distribution (Lancaster et al., 2005). However, carbohydrate supple-

mentation in the recovery phase, 1 hr after the trial, has little

immunomodulatory effect (Sellar, Syrotuik, Field, & Bell, 2006).

A review article on Collapse Associated with Exercise published

in 2011 by Asplund et al. suggests that states of hypoglycemia drive

endurance athletes to become more susceptible to exercise‐
associated collapse. Since serum glucose levels are decreased (Adler

et al., 2009), it is essential that glucose levels remain adequate in

athletes who participate in these events. Exercise‐associated collapse

is a condition that can occur after the completion of endurance

sporting events, such as ironman and ultra‐marathons that require a

lot of effort and endurance. Athletes affected by this problem remain

conscious, and are unable to stand or walk unaided (Asplund,

O’connor, & Noakes, 2011).

A study of 221 endurance athletes, who were assessed after

participating in the Ironman, Half‐Ironman, Marathon, and 100/150‐
km CYCLE races, showed that carbohydrate intake rates vary greatly

between events and athletes. In addition, high carbohydrate

consumption during exercise was related to the best performance

during the Ironman races (Pfeiffer et al., 2012). When supplementa-

tion is inappropriate and the catabolic process is higher, the athlete

may present early fatigue, muscle damage, and temporary failure of

the heart, liver (increased liver enzymes), kidneys (temporary

reduction in renal function), and immune and endocrine systems

(Knechtle & Nikolaidis, 2018).

3.1 | Immune regulation of glucose homeostasis

A landmark in the field of metabolism was the discovery that

inflammatory mediators, such as TNF‐α, decrease the insulin‐
mediated glucose uptake (Mahoney et al., 1985; Pekala, 1983). In

several metabolic tissues, mainly adipose tissue and liver, multiple

close interactions between leukocytes and parenchymal cells con-

tribute to the management of metabolic homeostasis in accordance

with nutritional status of the subject (Osborn & Olefsky, 2012). Early

observations from in vitro studies in the mid‐1980s showed that

conditioned medium from stimulated‐LPS macrophages reduce the

insulin action on glucose uptake of adipocytes (Mahoney et al., 1985).

Moreover, Feingold et al. (1989) observed that administration of

TNF‐α led to higher systemic glucose concentrations, indicating

that hyperglycemia may be induced by proinflammatory cytokine

overproduction. Moreover, observations from the decade of

1990 pointed to elevated concentrations of TNF‐α and IL‐1β in

adipose tissue as well as in the systemic circulation from obese

individuals, and the neutralization of this cytokines ameliorated

insulin resistance (Hotamisligil, Murray, Choy, & Spiegelman, 1994;

Maedler et al., 2002).

From an evolutionary perspective, the immune response is

dependent on energy sources and substrate availability, and the

coordinated glucose fluctuations by leukocytes would be highly

advantageous to the maintenance of immune surveillance (Hotami-

sligil, 2017). Furthermore, an intrinsic relationship between inflam-

matory mediators, such as cytokines, and metabolic hormones,

mainly insulin, occurs during noninfectious and infectious conditions.

In this sense, monocyte/macrophages play a key role in the crosstalk

between immune and metabolic systems, suggesting that inflamma-

tion‐mediating insulin resistance might be a physiological role under

some circumstances (Osborn & Olefsky, 2012). During bacterial

infection in mammals, innate immune cells adopt aerobic glycolysis to

provide the phagocytosis and respiratory burst against the pathogen

whereas lymphocytes use aerobic glycolysis for their clonal pro-

liferation (Gleeson & Sheedy, 2016). In this circumstance, macro-

phages and resident T cells induce peripheral and tissue insulin

resistance as an adaptive mechanism that allows the organism to

mobilize fuel from metabolic sites. Therefore, infection‐induced
insulin resistance is a well conservative link between immune and

metabolic systems that supports the bioenergetics demand of

leukocytes to ensure survival of the organism.

In this sense, classical macrophages (“M1”) accumulation in

inflamed tissue has a crucial role in the induction of insulin resistance

(Caputa et al., 2019). A mechanistic link between inflammation and

insulin resistance was shown by the stimulation of signaling pathways

leading to the activation of NF‐κB, c‐Jun N‐terminal kinase or

inflammasome that phosphorylate IR and the substrate of IRS

proteins at inhibitory sites, thereby blocking propagation of down-

stream insulin signal transduction. Other insulin signaling pathway

components, including glucose transporters and AKT, as well as

metabolic genes expression are repressed by the NF‐κB expression

(Hotamisligil, 2017).

Moreover, inflammatory cytokines can increase the expression of

suppressor of cytokine signaling proteins that bind to the IR, which

reduces the phosphorylation of IRS1 and IRS2 (Zolotnik, Figueroa, &

Yaspelkis, 2012). The signaling of intracellular inflammatory path-

ways also impacts insulin signaling through modulation of lipid

metabolic signaling involved in insulin resistance. In this sense, both

IL‐6 and TNF‐α stimulates adipocytes to undergo lipolysis, which

leads to increased circulating free fatty acids concentrations and

decreased insulin sensitivity (Holland et al., 2011). In fact, the
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overexpression of genes involved in the synthesis of ceramide, a lipid

that inhibits activation of AKT and IRS1 phosphorylation, is a

hallmark of impaired lipid regulation in obesity and metabolic

diseases (Fucho, Casals, Serra, & Herrero, 2017). Moreover,

inflammatory signaling in the liver can stimulate de novo lipogenesis,

a key role for steatosis and impaired glucose metabolism (Osborn &

Olefsky, 2012).

On the other hand, alternatively activated macrophages (“M2”)

are less inflammatory than M1 macrophages and commonly related

to tissue regeneration and the maintenance of physiological home-

ostasis (Mills et al., 2000). M2 macrophages have a crucial role in

maintaining the insulin sensitivity of metabolic tissues via the

secretion of anti‐inflammatory cytokines that potentiates the

anabolic action of insulin signaling (Zhang et al., 2017). Furthermore,

type 2 immune response, related to extracellular immunity and

parasitic infection, poses a metabolic challenge for the host, as the

extracellular parasites chronically use host nutrients for their own

growth (Gleeson & Sheedy, 2016). The type 2 inflammation, which

involves the infiltration of tissues by eosinophils, M2 macrophages

and T helper type 2 cells (CD4+ IL‐4+) and regulatory T cells, have

been demonstrated to enhance insulin action and promote glucose

storage (Fabbiano et al., 2016; Lee & Lee, 2014). In fact, the

polarization of immune response toward the type 2 inflammation axis

induced by caloric restriction improves glucose tolerance and

ameliorates insulin resistance (Fabbiano et al., 2016). Interestingly,

infection with the migratory helminth Nippostrongylus brasiliensis

confers long‐term protection from obesity‐induced glucose intoler-

ance and insulin resistance, suggesting that immune response

invoked by helminthes sequesters nutrients for long‐term storage,

a strategy that is probably advantageous to the host, as it prevents

the growth of parasites (Wu et al., 2011).

4 | STATE OF HIGH AVAILABILITY OF
GLUCOSE (DIABETES, OBESITY, AND
CARBOHYDRATE ‐RICH DIETS); PROVIDED
NUTRITIONALLY FAVORABLE CONDITIONS

According to data from the World Health Organization (WHO),

noncommunicable diseases (diabetes, dyslipidemias, hypertension,

cancer) are the leading causes of death in the world, accounting for

38 million (68%) of the 56 million of deaths in the world. More than

40% of these deaths were premature (individuals under 70 years of

age).

The current low level of physical activity, added to the high

caloric intake, are risk factors for obesity which is a common

denominator for the majority of these diseases (Odegaard & Chawla,

2014). In this context, the WHO and other world authorities make

recommendations for the general population, both adults and

children, to reduce their intake of carbohydrates, specifically sugars

and fast‐digesting starches (Johnson et al., 2009; WHO, 2015). The

justification for this warning is based on the fact that sugars, which

make industrialized foods much tastier, contribute to the increase in

the total energy density of diets and can lead to an excessive energy

balance (which promotes the breakdown of energy homeostasis,

critical for metabolic and cellular balance). In other words, it is

indispensable to control caloric intake to maintain a healthy body

weight and ensure optimal nutrient intake (Macdonald, 2016).

Excessive sugar intake, especially in the form of extremely

sweetened drinks such as soft drinks, is alarming and, in addition to

increasing total caloric intake, may contribute to the ingestion of

foods with adequate nutritional balance being reduced by an

unhealthy diet which contributes to the development of obesity

and the emergence of diseases (Vartanian, Schwartz, & Brownell,

2007).

Carbohydrates are primarily responsible for insulin secretion

(Little, Chilibeck, Ciona, Vandenberg, & Zello, 2009). In addition to

being an anabolic hormone, insulin plays an important role in

modulating adipose tissue (Bak et al., 2018). Excess glucose in the

bloodstream triggers a state of hyperinsulinemia which inhibits the

release of fatty acids from adipose tissue (Consitt, Bell, & Houmard,

2010).

In a high‐carbohydrate diet, glucose stores in the liver and

muscles are generally high (Bartlett, Hawley, & Morton, 2014). After

a high‐carbohydrate meal, blood glucose is elevated by the supply of

glucose from the intestine, resulting in elevated levels of glucose and

insulin and a temporary decrease in glucagon levels (Jeukendrup,

2014). This combination results in a marked decrease in glucose

production from hepatic glycogen. At the same time, the release of

fatty acids from adipose cells is inhibited and there is an increase in

plasma concentrations of glucose and fatty acids, increasing glucose

oxidation as an energy substrate in detriment of fatty acid oxidation

to maintain energy homeostasis (Frank et al., 2013).

The insufficient practice of physical activity associated with high

caloric diets directly affects the development of several chronic

noncommunicable diseases widely discussed in the literature, such as

obesity, type 2 diabetes mellitus, hypertension, dyslipidemias, and

cardiovascular diseases (Chatzigeoegiou et al., 2013; Pedersen, 2009;

Petersen & Pedersen, 2005; Hotamisligil, 2017; Wensveen, Valentić,

Šestan, Turk Wensveen, & Polić, 2015).

Metabolic disturbances due to physical inactivity and an

inadequate diet correlate directly with low‐grade chronic inflamma-

tion (Asghar & Sheikh, 2017). This problem is characterized by

plasma alterations in inflammatory mediators, with an increase in

procytokine concentrations of inflammatory factors such as TNF‐α,
plasminogen activator inhibitor type 1, C‐reactive protein, IL‐6, and a

reduction in anti‐inflammatory cytokines, such as IL‐10 and adipo-

nectin. These inflammatory alterations contribute directly or

indirectly to the pathophysiological regulatory process of these

diseases (Ades et al., 2009; King, 2008).

A nutritional diet with excess calories and macronutrients, leads

to the excessive percentage of body fat, mainly characterized by VAT

accumulation. This fat, when remaining in a vicious cycle of

hypertrophy of the adipocytes, culminates in greater infiltration of

immune cells, favoring an increase in the secretion of adipokines with

proinflammatory characteristics, targeting the installation, and
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development of chronic low‐grade inflammation that are recognized

as the main link between obesity and insulin resistance (Hotamisligil,

2017; Ouchi, Parker, Lugus, & Walsh, 2011). Apoptosis and/or

lipolysis of adipocytes, as well as inhibition of adipogenesis and

lipogenesis, are events mediated by TNF‐α and others adipokines

(Cawthorn, 2007; Warne, 2003).

It is noteworthy that insulin and leptin, hormones secreted in the

states that the body has overloading food, inhibit the AMPK pathway

and in contrast, in the starvation state, the secretion of ghrelin and

adiponectin activates the AMPK pathway (Yamauchi et al., 2002).

This context allows us to infer that this metabolic profile induced by

hormone secretion works synergistically with immune system cells

(Ringseis, Eder, Mooren, & Krüger, 2015), which has its proinflam-

matory phenotype exacerbated in states of overfeeding, triggering

chronic low‐grade inflammation; or under food restriction and

suitable nutrient balance anti‐inflammatory states expressed (via

AMPK) (Yamashita et al., 2018).

Besides the increased plasma concentrations of proinflammatory

mediators such as TNF‐α and IL‐6, in low‐grade chronic inflammation,

there is a reduction in anti‐inflammatory cytokines. The IL‐10
anti‐inflammatory cytokine is able to improve resistance and inhibit

the production of inflammatory markers such as TNF‐α and

IL‐6 (Dagdeviren et al., 2016). Adiponectin is able to reduce the

expression of proinflammatory markers and increase the secretion of

other anti‐inflammatory mediators (Wedell‐Neergaard et al., 2018).

The persistence of an elevated inflammatory process for a long

period in the adipose tissue microenvironment is partly mediated by

the presence of cells of the innate and adaptive immune system. A

subset of the innate immune population in adipose tissue includes

infiltrated macrophages that play an important role in local

inflammation (Catrysse & van Loo, 2018). Macrophages exhibit a

pleiotropic characteristic, which responses to diverse molecular

signals in the microenvironment drive their identity and functional

properties in response to differentiation to M1 or M2 phenotype.

Chronic low‐grade inflammation correlates with other tissues

that may culminate in other functional changes. These changes

include alterations observed in muscle (insulin resistance), endothe-

lial (endothelial dysfunction and atheromatous plaque formation),

and hepatic tissue (glycogenolysis, gluconeogenesis, and accumula-

tion of ectopic fat), as well as in the central nervous system (changes

in eating behavior, decreased energy expenditure, and resistance to

insulin action) (Prussick & Miele, 2017; Ruiz‐Núñez, Pruimboom,

Dijck‐Brouwer, & Muskiet, 2013).

Thus, the excess food that culminates in adipocyte hypertrophy

and imbalance in glycemic homeostasis with repeated events of

hyperglycemia, leads to metabolic and cellular imbalances that cause

chronic and acute impairments, promoting a loss of stability of the

systems and consequently diseases, such as type II diabetes,

dyslipidemias, hypertension, Alzheimer’s, and cancer.

Metabolic disruption associated with insulin resistance and

impaired glucose metabolism has a direct impact on innate and

adaptive immune response. Patients with a hyperglycemic condition

presented higher immune activation markers (i.e., HLA‐DR and

CD69+ expression) on the cell surface of leukocytes and higher

expression of TLRs. In fact, insulin resistance and higher glucose

levels are associated with higher frequencies of CD14+ CD16+

intermediate and CD14− CD16+ nonclassical monocytes, and

elevated CD14+ monocyte TLR expression compared to age‐matched

normoglycemic individuals. In adaptive immunity, type 2 diabetes and

metabolic syndrome patients present disturbed T cell subpopulations

characterized by the accumulation of memory T effector cells, lower

naïve T cells and Tregs, and a polarization to Th1/Th17 phenotype.

These cellular immunity alterations result in higher proinflammatory

cytokine (mainly TNF‐α, IL‐8, and MCP‐1) secretion resulting in a

proinflammatory environment. The chronic inflammatory condition in

patients with impaired glucose metabolism results in reduced

immunosurveillance, with obese and type 2 diabetes subjects

representing some of the main risk groups for bacterial and viral

infection and premature infectious diseases.

There is a synergic effect between chronic inflammation and

metabolic disturbance. For example, crosstalk between macrophages

and adipocytes leads to higher secretion of TNF‐α by the former,

which directly impairs insulin‐mediated glucose uptake and lipogen-

esis through impaired phosphorylation of tyrosine kinase of the IR

and lower Akt‐GLUT‐4 axis activation. Moreover, TNF‐α infusion

reduces whole‐body insulin‐mediated glucose uptake in healthy

humans. The inflammasome‐derived cytokine IL‐1β mediates β‐cell
damage in diabetic patients, and depletion of resident pancreatic

macrophages in high‐fat‐fed mice reduces IL‐1β expression and

improves β‑cell insulin secretion. A number of cytokines and

adipokines may impact on metabolism and negatively or positively

alter key enzymatic processes in several peripheral metabolic tissues.

The systemic increases in inflammatory mediators induce glucotoxi-

city and lipotoxicity in the brain, liver, adipose tissue, and muscle

tissue, as viewed through the accumulation of intermediates of fatty

acids (i.e. malonyl‐CoA, which impairs mitochondrial oxidative

process) and insulin resistance.

On the contrary, exercise is now recognized as a lower‐cost
effective therapy that improves metabolic profile and alleviates the

inflammatory condition in a range of chronic diseases (Figure 3).

Every single bout of moderate‐high intensity exercise is able to

induce a strong anti‐inflammatory response characterized by the

secretion of myokines (i.e., IL‐6 and irisin) and anti‐inflammatory

cytokines IL‐4, IL‐1ra, and IL‐1, which counteract the inflammatory

cytokines for hours after the session. Moreover, emerging evidence

denotes that acute exercise mobilizes immunoregulatory Treg cells

and hematopoietic stem cells, and lowers TLR expression on

monocytes and the peripheral frequency of proinflammatory

terminally differentiated T cells. Although the immune response to

exercise is widely dependent on the type, intensity, and volume of

the bout, the general consensus indicates that moderate‐to‐high
intensity exercise exerts a positive impact on inflammatory response.

Nonetheless, the anti‐inflammatory effects of exercise coincide

with improved glucose uptake by muscle tissue and improved insulin

sensitivity. Longitudinal studies support the notion that changes in

circulating cytokines are determinant for improvements in insulin
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sensitivity in overweight sedentary patients. Mechanistically, the IL‐6
secreted by contracting skeletal muscle cells activate AMPK in

muscle and adipose tissue. The activation of AMPK increases glucose

uptake through insulin signal transduction and GLUT‐4 translocation,

and stimulates glycolysis and fatty acid oxidation in muscle cells.

Moreover, IL‐6 production may be directly involved in the expansion

of pancreatic β‑cell mass, improved insulin secretion and glycogen-

olysis by the liver, and lipolysis in adipose tissue. In addition, the

higher IL‐1ra induced by exercise inhibits IL‐1 activation, limiting

pancreas damage.

Myokines, peptides released from muscle cells in response to

contraction, are responsible for some immunometabolic improve-

ments. Hundreds of myokines provide a basis for how muscle

communicates with several organs, including adipose tissue, liver,

brain, and bone, during and after exercise bouts (the readers are

invited to read some of the excellent reviews about myokine

regulation during exercise: Hoffmann & Weigert, 2019; Pedersen &

Febbraio, 2012). In this way, the production of brain‐derived
neurotrophic factor and IL‐6 are involved in AMPK‐ mediated fat

oxidation and enhanced glycolysis. Moreover, IL‐6 and IL‐15
stimulate lipolysis of visceral fat in an intensity‐dependent manner.

During exercise, IL‐6 maintains stable levels of systemic glucose

through liver gluconeogenesis and glycogenolysis (Pal, Febbraio, &

Whitham, 2014). Studies performed using isolated myotubes showed

that myonectin and fibroblast growth factor‐21 (FGF‐21) stimulate

mitochondrial biogenesis. IL‐8 and CXCL1 induce angiogenesis in

muscle tissue, enhancing metabolic improvements and oxygen

supply. Finally, irisin plays a role in browning the white adipose

tissue, which is related to better metabolic outcomes (Pedersen &

Febbraio, 2012).

Muscle cells from diabetic patients presented inflamed muscle

tissue, as evidenced by higher resting expression of NF‐κB, which

may induce insulin resistance and lower myokine expression

(Tantiwong et al., 2010). Interestingly, metabolic benefits of

myokines are not affected in response to exercise in patients with

type 2 diabetes. Sabaratnam et al. (2018) showed that 60min

moderate‐intensity cycling exercise increased muscle expression of

IL‐6, FGF‐21, angiopoietin‐like 4 (ANGPTL4), chitinase‐3‐like protein

1 (CHI3L1), connective tissue growth factor, and cysteine‐rich
angiogenic inducer 61, of which FGF‐21, ANGPTL4, and CHI3L1

increased for a further 3 hr into recovery in both type 2 diabetes

patients and matched‐weight controls. Moreover, higher IL‐6 signal-

ing induced by exercise enhanced pancreatic β cell viability in a

mouse model of type 1 diabetes (Paula et al., 2015). Collectively,

F IGURE 3 Potential impact of high glucose and low glucose conditions on immune‐inflammatory response. High glucose condition increases
systemic insulin levels which induce a proinflammatory condition through: (a) increased leptin secretion, higher macrophage infiltration, and M1
phenotype in adipose tissue; (b) higher CD16+ monocyte phenotype, increased toll‐Like receptor expression, and TNF‐α production; (c) an
imbalance in T helper cells phenotype, inducing Th1/Th17 pattern, lower Treg number and function, and increased T cell senescence phenotype.

On the contrary, low glucose condition is associated with increased glucagon levels and a state of immunosuppression/anti‐inflammatory state
through: (a) higher myokine, that is, IL‐6, secretion by skeletal muscle tissue; (b) decreased NK cell number as well as their cytotoxic activity;
(c) lower toll‐like receptor expression, ROS generation and cytokine secretion by innate immune cells; (d) the T helper cells polarize to Th2

phenotype, higher Treg number and function, and lower proliferative response. IL, interleukin; NK, natural killer; ROS, reactive oxygen species;
TNF‐α, tumor necrosis factor α
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these data highlight the beneficial role of myokine expression in

metabolic improvement independent of the metabolic condition of

the patient. A recent randomized controlled trial confirmed that

muscle‐derived IL‐6 plays a major role in the reduction of VAT in

obese patients (Wedell‐Neergaard et al., 2018).

Less is known regarding the adaptive immune response in acute

and chronic exercise under hyperglycemic conditions. A recent study

demonstrated that the blunted mobilization of highly differentiated

CD8+ T cells in response to exercise was related to differences in

blood glucose, catecholamine discharge, and sequestration of T cells

in the pancreas of type 1 diabetic patients (Curran, Campbell,

Drayson, Andrews, & Narendran, 2019). However, longitudinal

studies revealed that ameliorations in blood glucose concentrations

are related to changes in T cell subgroups (Wenning et al., 2013). In

type 2 diabetic patients, regular tai chi chuan exercise increased T‐
bet transcription factor in CD4+ T cells and forkhead box P3

(FoxP3+) expression in Treg cells and decreased the CD8+ T

cytotoxic population in parallel with decreases in glycated hemoglo-

bin (Yeh et al., 2007, 2009). Increases in Treg frequency seem to play

a key role in the improvement in insulin sensitivity, and the

immunoregulatory cytokines IL‐10 (the main cytokine secreted by

Treg cells) and IL‐33 revert adipose tissue insulin resistance induced

by TNF‐α (Han et al., 2015; Wang & Wu, 2018). Moreover, a closer

relationship between tissue lymphocyte content and metabolism was

identified in nonobese diabetic mice, since exercise training reduced

lymphocyte infiltration into the pancreas and subsequently the

insulitis index (Oharomari, de Moraes, & Navarro, 2017). However, to

date, there is a lack of investigation regarding acute exercise

mobilization of T cells in patients with metabolic disorders. Recently,

Curran et al. (2019) demonstrated that type 1 diabetes blunts the

mobilization of highly differentiated 874 CD8+ T cells during and

after exercise.

Exercise also reduces the expression of TLR4 on the cell surface

of monocytes, granulocytes, and lymphocytes in type 2 diabetic

patients (Robinson et al., 2015). An endotoxemic condition, such as

higher circulating LPS, enhances TLR4 expression in metabolic

tissues, providing a link between a proinflammatory condition and

dysregulated metabolism in metabolic diseases (Frisard et al., 2010).

Mechanistic studies revealed a link between reduced expression of

intracellular TLR pathways (JNK, IκB, andNF‐κB) in adipose and

hepatic tissue in conjunction with increased IR density and AKT

phosphorylation (da Luz et al., 2011; Wang, Li, Wang, Zou, & Zhang,

2018). Moreover, exercise increases the expression of gene markers

(AMAC1and IL‐4) related to M2 through upregulation of transcrip-

tion factors PGC‐1α and PGC‐1β (Yakeu et al., 2010). The activation

of peroxisome proliferator‐activated receptor via their coactivators

(PGC‐1α and PGC‐1β) has beneficial effects through regulating

inflammatory gene expression and glucose and fatty acid metabolism

(Fernandez, 2008; Russel, 2005)

Finally, exercise alleviates adipose tissue migration and polariza-

tion of proinflammatory macrophages in high‐fat obese mice and

human obesity (Baturcam et al., 2014; Kawanishi, Mizokami, Yano, &

Suzuki, 2013; Kawanishi, Yano, Yokogawa, & Suzuki, 2010). Again,

immunometabolic improvements seem to be impacted by muscle

secretion of IL‐6, since exercised obese mice presented lower M1

macrophage content, higher IL‐10 expression, and better insulin

sensitivity in VAT than sedentary obese mice (Macpherson, Huber,

Frendo‐cumbo, Simpson, & Wright, 2015). Thus, the indirect anti‐
inflammatory effect of exercise in VAT, evidenced by lower TNF‐α
secretion in exercised mice, has strong effects on the attenuation of

tissue insulin resistance.

5 | CONCLUSION

In our narrative review, it was not possible to make a direct

comparison of the immunological changes between both glucose

state availability conditions due to differences in methodology and

immune markers analyzed. However, the hypoglycemia state induces

a state of reduced immunosurveillance characterized mainly by lower

NK and T cell function and increased anti‐inflammatory cytokines. On

the contrary, higher glucose availability state is related by the

chronic low‐grade inflammation, as visualized mainly by higher

proinflammatory M1 macrophages and monocyte phenotype, Th1/

Th17 polarization, lower Treg frequency and function, and higher

proinflammatory cytokines and adipokines. The current evidence

now argue that metabolism has a key role in immune cells to

facilitate requirements for energy and biosynthesis that directly

regulate immune cell functions. The modulation of immune cells

function induced by acute and chronic exercise seems to be

dependent, at least in part, of the glucose homeostasis condition

from the subject. Although further studies are necessary, the

emerging evidence suggest that the immunomodulatory effects of

exercise are mediated by the ability of exercise to adjust the

energetic and biosynthetic demands of lymphocytes in response to

physiological and pathological conditions.

UNCITED REFERENCES

Campbell et al., 2019; Castell et al., 2018; Parisi et al., 2018

ACKNOWLEDGMENTS

Conselho Nacional de Desenvolvimento Científico e Tecnológico

(CNPq). This study was financed in part by the Coordenação de

Aperfeiçoamento de Pessoal de Nível Superior‐Brasil (CAPES):

Finance Code 001.

CONFLICT OF INTERESTS

The authors declare that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

A. E. V. A. M., G. P. D., A. P., and F. S. L. designed the study protocol. A.

E. V. A. M. and G. P. D. conducted the main search for the review.

VON AH MORANO ET AL. | 3181



A. E. V. A. M., G. P. D., A. P., and F. S. L. contributed to the writing

of the manuscript. All authors read the final version of the

manuscript.

ORCID

Ana E. Von Ah Morano http://orcid.org/0000-0002-0733-5618

Gilson P. Dorneles http://orcid.org/0000-0001-6524-3204

Alessandra Peres http://orcid.org/0000-0002-3587-2832

Fábio S. Lira http://orcid.org/0000-0002-9645-1003

REFERENCES

Ades, P. A., Savage, P. D., Toth, M. J., Harvey‐Berino, J., Schneider, D. J.,

Bunn, J. Y., … Ludlow, M. (2009). High‐calorie‐expenditure exercise: A

new approach to cardiac rehabilitation for overweight coronary

patient. Circulation, 119(20), 2671–2678.

Adler, G. K., Bonyhay, I., Failing, H., Waring, E., Dotson, S., & Freeman, R.

(2009). Antecedent hypoglycemia impairs autonomic cardiovascular

function: Implications for rigorous glycemic control. Diabetes, 58,

360–366. https://doi.org/10.2337/db08‐1153
Al‐khami, A. A., Rodriguez, P. C., & Ochoa, A. C. (2017). Energy metabolic

pathways control the fate and function of myeloid immune cells.

Journal of Leukocyte Biology, 102(2), 369–380.

Alonso, D., & Nungester, W. (1956). Comparative study of host resistance

of guinea pigs and rats: V. The effect of pneumococcal products on

glycolysis and oxygen uptake by polymorphonuclear leucocytes. The

Journal of Infectious Diseases, 99(2), 174–181.

Antunes, B. M., Campos, E. Z., dos Santos, R. V. T., Rosa‐Neto, J. C.,

Franchini, E., Bishop, N. C., & Lira, F. S. (2019). Anti‐inflammatory

response to acute exercise is related with intensity and physical

fitness. Journal of Cellular Biochemistry, 120(4), 5333–5342.

Asghar, A., & Sheikh, N. (2017). Role of immune cells in obesity induced

low grade inflammation and insulin resistance. Cellular Immunology,

315, 18–26. https://doi.org/10.1016/j.cellimm.2017.03.001

Asplund, C. A., O’connor, F. G., & Noakes, T. D. (2011). Exercise‐associated
collapse: An evidence‐based review and primer for clinicians. British

Journal of Sports Medicine, 45, 1157–1162. https://doi.org/10.1136/

bjsports‐2011‐090378
Bacurau, R. F. P., Bassit, R. A., Sawada, L., Navarro, F., Martins‐jr, E., &

Rosa, L. F. B. P. C. (2002). Carbohydrate supplementation during

intense exercise and the immune response of cyclist. PLOS One, 19(9),

e0200817.

Bak, A. M., Vendelbo, M. H., Christensen, B., Viggers, R., Bibby, B. M.,

Rungby, J., … Jessen, N. (2018). Prolonged fasting-induced metabolic

signatures in human skeletal muscle of lean and obese men. PLOS One,

19(9), e0200817.

Barros, E. S., Nascimento, D. C., Prestes, J., Nóbrega, O. T., Córdova, C., Sousa,

F., & Boullosa, D. A. (2017). Acute and chronic effects of endurance

running on inflammatory markers: A systematic review. Frontiers in

Physiology, 8, 779. https://doi.org/10.3389/fphys.2017.00779

Bartlett, J. D., Hawley, J. A., & Morton, J. P. (2014). Carbohydrate

availability and exercise training adaptation: Too much of a good

thing? European Journal of Sport Science, 15, 3–12.

Bashir, S., Sharma, Y., Elahi, A., & Khan, F. (2016). Macrophage polarization:

the link between inflammation and related diseases. Inflamm Res, 65(1),

1–11. https://doi.org/10.1007/s00011‐015‐0874‐1
Batatinha, H. A. P., Biondo, L. A., Lira, F. S., Castell, L. M., & D, C. R. P.

(2019). Nutrients, immune system, and exercise: Where will it take

us? Nutrition, 61, 151–156. https://doi.org/10.1016/j.nut.2018.09.019

Baturcam, E., Abubaker, J., Tiss, A., Abu‐farha, M., Khadir, A., Al‐ghimlas,

F., … Dehbi, M. (2014). Physical exercise reduces the expression of

RANTES and Its CCR5 receptor in the adipose tissue of obese

humans. Mediators of Inflammation, 2014, https://doi.org/10.1155/

2014/627150

Bermon, S., Castell, L. M., Calder, P. C., Bishop, N. C., Blomstrand, E.,

Mooren, F. C., … Nagatomi, R. (2017). Consensus Statement

Immunonutrition and Exercise. Exercise Immunology Review, 23,

8–50.

Bishop, N. C., Walker, G. J., Bowley, L. A., Evans, K. F., Molyneux, K.,

Wallace, F. A., … Smith, A. C. (2005). Lymphocyte responses to

influenza and tetanus toxoid in vitro following intensive exercise and

carbohydrate ingestion on consecutive days. Journal of Applied

Physiology, 99(4), 1327–1335. https://doi.org/10.1152/japplphysiol.

00038.2005

Bishop, N. C., Walker, G. J., Gleeson, M., Wallace, F. A., & Hewitt, C. R.

(2009). Human T lymphocyte migration towards the supernatants

of Human Rhinovirus infected airway epithelial cells: Influence

of exercise and carbohydrate intake. Exercise Immunology Review, 15,

127–144.

Boucher, J., Kleinridders, A., & Kahn, C. R. (2014). Insulin receptor

signaling in normal and insulin‐resistant states. Cold Spring Harbor

Perspectives in Biology, 6.

Brahmi, Z., Thomas, J. E., Park, M., Park, M., & Dowdeswell, I.R. (1985).

The effect of acute exercise on natural killer‐cell activity of trained

and sedentary human subjects. J Clin Immunol, 5(5), 321–328. https://

doi.org/10.1007/bf00918251

Brodin, P., & Davis, M. M. (2017). Human immune system variation. Nature

Reviews Immunology, 17(1), 21–29. https://doi.org/10.1038/nri.2016.

125.Human

Bryant, N.J., Govers, R., & James, D.E. (2002). Regulated transport of the

glucose transporter GLUT4. Nat Rev Mol Cell Biol, 3(4), 267–277.

https://doi.org/10.1038/nrm782

Calder, P. C., Dimitriadis, G., & Newsholme, P. (2007). Glucose metabolism

in lymphoid and inflammatory cells and tissues. Current Opinion in

Clinical Nutrition and Metabolic Care, 10, 531–540.

Campbell, J. P., Drayson, M. T., Andrews, R. C., & Narendran, P. (2019).

Type 1 diabetes impairs the mobilisation of highly‐differentiated CD8

+ T cells. Exercise Immunology Review, 25, 64–82.

Caputa, G., Flachsmann, L. J., & Cameron, A. M. (2019). Macrophage

metabolism: A wound‐healing perspective. Immunology and Cell

Biology, 97, 1–11. https://doi.org/10.1111/imcb.12237

Castell, L. M., Nieman, D. C., Bermon, S., & Peeling, P. (2018). Exercise‐
induced illness and inflammation: Can immunonutrition and iron help?

International Journal of Sports Nutrition and Exercise Metabolism, 29(2),

181–188.

Castell, L., Nieman, D., Nieman, D. C., & Peeling, P. (2018). Exercise‐induced
illness and inflammation: Can immunonutrition and iron help? Interna-

tional Journal of Sport Nutrition and Exercise Metabolism, 29, 1–26.

Catrysse, L., & van Loo, G. (2018). Adipose tissue macrophages and their

polarization in health and obesity. Cellular Immunology, 330, 114–119.

https://doi.org/10.1016/j.cellimm.2018.03.001

Cawthorn, W. P., Heyd, F., Hegyi, K., & Sethi, J.K. (2007). Tumour necrosis

factor‐alpha inhibits adipogenesis via a beta‐catenin/TCF4(TCF7L2)‐
dependent pathway. Cell Death Differ, 14(7), 1361–1373. https://doi.org/

10.1038/sj.cdd.4402127

Cermak, N. M., & Loon, L. J. C. V. (2013). The use of carbohydrates during

exercise as an ergogenic aid. Spors Medicine, 43(11), 1139–1155.

https://doi.org/10.1007/s40279‐013‐0079‐0
Chang, C., Curtis, J. D., Maggi, L. B., Jr., Faubert, B., Villarino, A. V, Sullivan,

D. O., … Pearce, E. L. (2014). Posttranscriptional control of T cell

effector function by aerobic glycolysis. Cell, 153(6), 1239–1251.

https://doi.org/10.1016/j.cell.2013.05.016

Charron, M. J., & Vuguin, P. M. (2015). Lack of glucagon receptor signaling

and its implications beyond glucose homeostasis. The Journal

of Endocrinology, 224(3), R123–R130. https://doi.org/10.1530/JOE‐
14‐0614

3182 | VON AH MORANO ET AL.

http://orcid.org/0000-0002-0733-5618
http://orcid.org/0000-0001-6524-3204
http://orcid.org/0000-0002-3587-2832
http://orcid.org/0000-0002-9645-1003
https://doi.org/10.2337/db08-1153
https://doi.org/10.1016/j.cellimm.2017.03.001
https://doi.org/10.1136/bjsports-2011-090378
https://doi.org/10.1136/bjsports-2011-090378
https://doi.org/10.3389/fphys.2017.00779
https://doi.org/10.1007/s00011-015-0874-1
https://doi.org/10.1016/j.nut.2018.09.019
https://doi.org/10.1155/2014/627150
https://doi.org/10.1155/2014/627150
https://doi.org/10.1152/japplphysiol.00038.2005
https://doi.org/10.1152/japplphysiol.00038.2005
https://doi.org/10.1007/bf00918251
https://doi.org/10.1007/bf00918251
https://doi.org/10.1038/nri.2016.125.Human
https://doi.org/10.1038/nri.2016.125.Human
https://doi.org/10.1038/nrm782
https://doi.org/10.1111/imcb.12237
https://doi.org/10.1016/j.cellimm.2018.03.001
https://doi.org/10.1038/sj.cdd.4402127
https://doi.org/10.1038/sj.cdd.4402127
https://doi.org/10.1007/s40279-013-0079-0
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1530/JOE-14-0614
https://doi.org/10.1530/JOE-14-0614


Chatzigeorgiou, A., Kandaraki, E., Piperi, C., Livadas, S., Papavassiliou, A. G.,

Koutsilieris, M. … Diamanti‐Kandarakis, E. (2013). Dietary glycotoxins

affect scavenger receptor expression and the hormonal profile of

female rats. J Endocrinol, 218(3), 331–337. https://doi.org/10.1530/JOE‐
13‐0175

Chawla, A., Nguyen, K. D., & Goh, Y. P. S. (2011). Macrophage‐mediated

inflammation in metabolic disease. Nature Reviews Immunology, 11,

738–749.

Consitt, L. A., Bell, J. A., & Houmard, J. A. (2010). Intramuscular lipid

metabolism, insulin action, and obesity. IUBMB Life, 61(1), 47–55.

Cox, P. J., Kirk, T., Ashmore, T., Veech, R. L., Griffin, J. L., Clarke, K., …

Clarke, K. (2016). Clinical and translational report nutritional ketosis

alters fuel preference and thereby endurance performance in athletes

clinical and translational report nutritional ketosis alters fuel

preference and thereby endurance performance in athletes. Cell

Metabolism, 24(2), 256–268. https://doi.org/10.1016/j.cmet.2016.

07.010

Cruzat, V., Rogero, M. M., Keane, K. N., Curi, R., & Newsholme, P. (2018).

Glutamine: Metabolism and Immune Function, Supplementation and

Clinical Translation. Nutrients, 10(11), 1564. https://doi.org/10.3390/

nu10111564

Cunha, W. D. S., Friedler, G., Vaisberg, M., Egami, M. I., & Costa, L. F. B. P.

(2003). Immunosuppression in undernourished rats: the effect of

glutamine supplementation. Clinical Nutrition, 22, 453–457. https://

doi.org/10.1016/S0261‐5614(03)00043‐8
Curi, R., Newsholme, P., Marzuca‐nassr, G. N., Takahashi, H. K., Hirabara,

S. M., Cruzat, V., … de Bittencourt, P. I., J.r (2016). Regulatory

principles in metabolism‐then and now. The Biochemical Journal, 473,

1845–1857. https://doi.org/10.1042/BCJ20160103

Curran, M., Campbell, J., Drayson, M., Andrews, R., & Narendran, P.

(2019). Type 1 diabetes impairs the mobilisation of highly‐differ-
entiated CD8+T cells during a single bout of acute exercise.

ExercImmunol Rev, 25, 64–82.

Dagdeviren, S., Jung, D. Y., Lee, E., Friedline, R. H., Noh, H. L., Kim, J. H., …

Kim, J. K. (2016). Altered interleukin‐10 signaling in skeletal muscle

regulates obesity‐mediated inflammation and insulin resistance.

Molecular and Cellular Biology, 36(23), 2956–2966. https://doi.org/10.

1128/MCB.00181‐16
da Luz, G., Frederico, M. J. S., Silva, S. D., Vitto, M. F., Cesconetto, P. A.,

Pinho, R. A. D., & Souza, T. D. (2011). Endurance exercise training

ameliorates insulin resistance and reticulum stress in adipose and

hepatic tissue in obese rats. European Journal of Applied Physiology,

111(9), 2015–2023. https://doi.org/10.1007/s00421‐010‐1802‐2
Dimitrov, S., Hulteng, E., & Hong, S. (2017). Inflammation and exercise:

Inhibition of monocytic intracellular TNF production by acute exercise

via β 2‐adrenergic activation. Brain, Behavior, and Immunity, 61, 60–68.

https://doi.org/10.1016/j.bbi.2016.12.017

Dorneles, G. P., Romão, P. R. T., & Silva, I. M. (2019). Physical fitness

modulates the expression of CD39 and CD73 on CD4+ CD25− and

CD4+ CD25+ T cells following high intensity interval exercise. Journal

of Cellular Biochemistry, 120, 10726–10736. https://doi.org/10.1002/

jcb.28364

Drobny, E. C., Abramson, E. C., & Baumann, G. (1984). Insulin receptors in

acute infection: A study of factors conferring insulin resistance. The

Journal of Clinical Endocrinology and Metabolism, 58, 710–716.

Fabbiano, S., Suárez‐Zamorano, N., Rigo, D., Veyrat‐Durebex, C., Steva-

novic Dokic, A., Colin, D. J., & Trajkovski, M. (2016). Caloric restriction

leads to browning of white adipose tissue through type 2 immune

signaling. Cell Metabolism, 24(3), 434–446.

Febbraio, M. A., Steensberg, A., Keller, C., Starkie, R. L., Nielsen, H. B.,

Krustrup, P., … Pedersen, B. K. (2003). Glucose ingestion attenuates

interleukin‐6 release from contracting skeletal muscle in humans. The

Journal of Physiology, 549, 607–612. https://doi.org/10.1113/jphysiol.

2003.042374

Feingold, K. R., Soued, M., Staprans, I., Gavin, L. A., Donahue, M. E., Huang,

B. J., … Grunfeld, C. (1989). Effect of tumor necrosis factor (TNF) on

lipid metabolism in the diabetic rat. Evidence that inhibition of

adipose tissue lipoprotein lipase activity is not required for TNF‐
induced hyperlipidemia. Journal of Clinical Investigation, 83,

1116–1121.

Fernandez, A. Z. (2008). Peroxisome proliferator‐activated receptors in

the modulation of the immune/inflammatory response in athero-

sclerosis. PPAR Research, 2008.

Fessler, M. B. (2016). Regulation of adaptive immunity in health and

disease by cholesterol metabolism. Current Allergy and Asthma Reports,

15, 48. https://doi.org/10.1007/s11882‐015‐0548‐7
Fox, M.J., Kuzma, J.F., & Washam, W.T. (1947). Transitory diabetic

syndrome associated with meningococcic meningitis. Archives of

Internal Medicine, 79(6), 614–621.

Frank, P., Katz, A., Andersson, E., & Sahlin, K. (2013). Acute exercise

reverses starvation‐mediated insulin resistance in humans. Am J

Physiol Endocrinol Metab4, 304(4), E436–443. https://doi.org/10.1152/

ajpendo.00416.2012Chatzigeorgiou

Frisard, M. I., Mcmillan, R. P., Marchand, J., Wahlberg, K. A., Wu, Y.,

Voelker, K. A., …Wu, Y. (2010). Toll‐like receptor 4 modulates skeletal

muscle substrate metabolism. American Journal of Physiology, 298(5),

988–999. https://doi.org/10.1152/ajpendo.00307.2009

Fucho, R., Casals, N., Serra, D., & Herrero, L. (2017). Ceramides and

mitochondrial fatty acid oxidation in obesity. The FASEB Journal, 31(4),

1263–1272.

Gabriel, H., Urhausen, A., & Kindermann, W. (1992). Mobilization of

circulating leucocyte and lymphocyte subpopulations during and after

short, anaerobic exercise. Eur J Appl Physiol Occup Physiol, 65(2),

164–170. https://doi.org/10.1007/bf00705075

Gabriel, H., & Kindermann, W. (1997). The acute immune response to

exercise: what does it mean? International Journal of Sports Medicine,

18(Suppl 1), S28–S45.

Geissmann, F., Manz, M. G., Jung, S., Sieweke, M. H., Merad, M., & Ley, K.

(2010). Development of monocytes, macrophages, and dendritic cells.

Science, 327(5966), 656–661. https://doi.org/10.1126/science.

1178331

Gleeson, L. E., & Sheedy, F. J. (2016). Metabolic reprogramming &

inflammation: Fuelling the host response to pathogens. Seminars in

Immunology, 28(5), 450–468. https://doi.org/10.1016/j.smim.2016.

10.007

Gleeson, M. (2006). Can nutrition limit exercise‐induced immunodepres-

sion? Nutrition Reviews, 64(3), 119–131.

Gleeson, M., Bishop, N., Oliveira, M., & Tauler, P. (2013). Influence of

training load on upper respiratory tract infection incidence and

antigen‐stimulated cytokine production. Scandinavian Journal of

Medicine and Science in Sports, 23, 451–457. https://doi.org/10.1111/

j.1600‐0838.2011.01422.x
Goodpaster, B. H., & Sparks, L. M. (2017). Metabolic flexibility in health

and disease. Cell Metabolism, 25(5), 1027–1036. https://doi.org/10.

1016/j.cmet.2017.04.015

Graff, R. M., Kunz, H. E., Agha, N. H., Baker, F. L., Laughlin, M., Bigley, A. B.,

… Simpson, R. J. (2018). β2‐Adrenergic receptor signaling mediates

the preferential mobilization of differentiated subsets of CD8+ T‐
cells, NK‐cells and non‐classical monocytes in response to acute

exercise in humans. Brain, Behavior, and Immunity, 74, 143–153.

Green, K. J., Croaker, S. J., & Rowbottom, D.G. (2003). Carbohydrate

supplementation and exercise‐induced changes in T‐lymphocyte

function. J Appl Physiol (1985), 95(3), 1216–1223. https://doi.org/10.

1152/japplphysiol.00179.2003

Gubser, P. M., Bantug, G. R., Razik, L., Fischer, M., Dimeloe, S., Hoenger, G.,

… Hess, C. (2013). Rapid effector function of memory CD8 + T cells

requires an immediate‐early glycolytic switch. Nature Immunology,

14(10), 1064–1072. https://doi.org/10.1038/ni.2687

VON AH MORANO ET AL. | 3183

https://doi.org/10.1530/JOE-13-0175
https://doi.org/10.1530/JOE-13-0175
https://doi.org/10.1016/j.cmet.2016.07.010
https://doi.org/10.1016/j.cmet.2016.07.010
https://doi.org/10.3390/nu10111564
https://doi.org/10.3390/nu10111564
https://doi.org/10.1016/S0261-5614(03)00043-8
https://doi.org/10.1016/S0261-5614(03)00043-8
https://doi.org/10.1042/BCJ20160103
https://doi.org/10.1128/MCB.00181-16
https://doi.org/10.1128/MCB.00181-16
https://doi.org/10.1007/s00421-010-1802-2
https://doi.org/10.1016/j.bbi.2016.12.017
https://doi.org/10.1002/jcb.28364
https://doi.org/10.1002/jcb.28364
https://doi.org/10.1113/jphysiol.2003.042374
https://doi.org/10.1113/jphysiol.2003.042374
https://doi.org/10.1007/s11882-015-0548-7
https://doi.org/10.1152/ajpendo.00416.2012Chatzigeorgiou
https://doi.org/10.1152/ajpendo.00416.2012Chatzigeorgiou
https://doi.org/10.1152/ajpendo.00307.2009
https://doi.org/10.1007/bf00705075
https://doi.org/10.1126/science.1178331
https://doi.org/10.1126/science.1178331
https://doi.org/10.1016/j.smim.2016.10.007
https://doi.org/10.1016/j.smim.2016.10.007
https://doi.org/10.1111/j.1600-0838.2011.01422.x
https://doi.org/10.1111/j.1600-0838.2011.01422.x
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.1016/j.cmet.2017.04.015
https://doi.org/10.1152/japplphysiol.00179.2003
https://doi.org/10.1152/japplphysiol.00179.2003
https://doi.org/10.1038/ni.2687


Gunzer, W., Konrad, M., & Pail, E. (2012). Exercise‐induced immunode-

pression in endurance athletes and nutritional intervention with

carbohydrate, protein and fat—What is possible, what is not. Nutrients,

4, 1187–1212. https://doi.org/10.3390/nu4091187

Gustafson, M. P., Dicostanzo, A. C., Wheatley, C. M., Kim, C., Bornschlegl, S.,

Gastineau, D. A., … Dietz, A. B. (2017). A systems biology approach to

investigating the influence of exercise and fitness on the composition of

leukocytes in peripheral blood. Journal for ImmunoTherapy of Cancer, 5,

1–14. https://doi.org/10.1186/s40425‐017‐0231‐8
Han, J. M., Wu, D., Denroche, H. C., Yao, Y., Verchere, C. B., Levings, M. K.,

… Levings, M. K. (2015). IL‐33 reverses an obesity‐induced deficit in

visceral adipose tissue ST2+ T regulatory cells and ameliorates

adipose tissue inflammation and insulin resistance. The Journal of

Immunology, 194(10), 4777–4783. https://doi.org/10.4049/jimmunol.

1500020

Hardie, D. G. (2013). Metabolism of inflammation limited by AMPK and

pseudo‐starvation. Nature, 493, 346–355.
Hardie, D. G., Ross, F. A., & Hawley, S. A. (2012). AMPK: A nutrient and

energy sensor that maintains energy homeostasis. Nature Reviews

Molecular Cell Biology, 13, 251–262.

Hargreaves, M., Hawley, J. A., & Jeukendrup, A. (2004). Pre‐exercise
carbohydrate and fat ingestion: Effects on metabolism and perfor-

mance. Journal of Sports Sciences, 22(1), 31–38. https://doi.org/10.

1080/0264041031000140536

Harkness, R. A., Simmonds, R. J., & Coade, S. B. (1983). Purine transport

and metabolism in man: the effect of exercise on concentrations of

purine bases, nucleosides and nucleotides in plasma, urine, leucocytes

and erythrocytes. Clinical Science, 64(3), 333–340.

Haschemi, A., Kosma, P., Gille, L., Evans, C. R., Burant, C. F., Starkl, P., …

Wagner, O. (2012). The sedoheptulose kinase CARKL directs

macrophage polarization through control of glucose metabolism. Cell

Metabolism, 15, 813–826.

Hawley, J. A., & Leckey, J. J. (2015). Carbohydrate dependence during

prolonged, intense endurance exercise. Sports Medicine, 45(1), 5–12.

https://doi.org/10.1007/s40279‐015‐0400‐1
Henson, D. A., Niemanl, D. C., Parker, C. D., Rainwater, M. K., &

Butterworth, D. E. (1998). Carbohydrate supplementation and the

lymphocyte proliferative response to long endurance running.

International Journal of Sports Medicine, 19(8), 574–580.

Heppner, K. M., Habegger, K. M., Day, J., Pfluger, P. T., Perez‐tilve, D.,

Ward, B., … Tschöp, M. (2010). Glucagon regulation of energy

metabolism. Physiology and Behavior, 100, 545–548. https://doi.org/

10.1016/j.physbeh.2010.03.019

Hoffman, N. J., Parker, B. L., Chaudhuri, R., Fisher‐wellman, K. H., Kleinert,

M., Humphrey, S. J., … James, D. E. (2016). Global phosphoproteomic

analysis of human skeletal muscle reveals a network of exercise‐
regulated kinases and AMPK substrates. Cell Metabolism, 22(5),

P922–P935. https://doi.org/10.1016/j.cmet.2015.09.001

Hoffmann, C., & Weigert, C. (2019). Skeletal muscle as an endocrine

organ: The role of myokines in exercise adaptations. Cold Spring

Harbor Perspectives in Medicine, 7(11), a029793.

Holland, W. L., Bikman, B. T., Wang, L. ‐P., Yuguang, G., Sargent, K. M.,

Bulchand, S., … Summers, S. A. (2011). Lipid‐induced insulin resistance

mediated by the proinflammatory receptor TLR4 requires saturated

fatty acid–induced ceramide biosynthesis in mice. Journal of Clinical

Investigation, 121(5), 1858–1870.

Hotamisligil, G. S. (2017). Inflammation, metaflammation and immunome-

tabolic disorders. Nature, 542(7640), 177–185. https://doi.org/10.

1038/nature21363

Hotamisligil, G. S., Murray, D. L., Choy, L. N., & Spiegelman, B. M. (1994).

Tumor necrosis factor alpha inhibits signaling from the insulin

receptor. Proceedings of the National Academy of Sciences, 91,

4854–4858.

Huang, S., & Czech, M.P. (2007). The GLUT4 glucose transporter. Cell

Metab, 5(4), 237–252. https://doi.org/10.1016/j.cmet.2007.03.006

Imamura, K., Ogura, T., Kishimoto, A., Kaminishi, M., & Esumi, H. (2001).

Cell cycle regulation via p53 phosphorylation by a 5′‐AMP activated

protein kinase activator, 5‐aminoimidazole‐ 4‐carboxamide‐1‐β‐‐ribo-
furanoside, in a human hepatocellular carcinoma cell line. Biochemical

and Biophysical Research Communications, 287, 562–567.

Jensen, T. E., & Richter, E. A. (2012). Regulation of glucose and glycogen

metabolism during and after exercise. The Journal of Physiology,

590(March), 1069–1076. https://doi.org/10.1113/jphysiol.2011.224972

Jeon, S. M. (2016). Regulation and function of AMPK in physiology and

diseases. Experimental and Molecular Medicine, 48(9), 245. https://doi.

org/10.1038/emm.2016.81

Jeukendrup, A. (2014). A step towards personalized sports nutrition:

Carbohydrate intake during exercise. Sports Medicine, 44(Suppl 1),

25–33. https://doi.org/10.1007/s40279‐014‐0148‐z
Jeukendrup, A. E. (2011). Nutrition for endurance sports: Marathon,

triathlon, and road cycling. Journal of Sports Sciences, 29, S91–S99.

https://doi.org/10.1080/02640414.2011.610348

Johnson, R. K., Appel, L. J., Brands, M., Howard, B. V, Lefevre, M., Lustig, R.

H., … Wylie‐rosett, J. (2009). Dietary sugars intake and cardiovascular

health. A scientific statement from the American Heart Association.

Circulation, 120, 1011–1020.

Jones, R. G., Plas, D. R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., … Thompson, C.

B. (2005). AMP‐activated protein kinase induces a p53‐dependent
metabolic checkpoint. Molecular Cell, 18, 283–293.

Jørgensen, S. B., Richter, E. A., & Wojtaszewski, J. F. (2006). Role of AMPK

in skeletal muscle metabolic regulation and adaptation in relation to

exercise. The Journal of Physiology, 574, 17–31. https://doi.org/10.

1113/jphysiol.2006.109942

Kahn, B. B., Alquier, T., Carling, D., & Hardie, D. G. (2005). AMP‐activated
protein kinase: Ancient energy gauge provides clues to modern

understanding of metabolism. Cell Metabolism, 1(1), P15–P25. https://

doi.org/10.1016/j.cmet.2004.12.003

Kakanis, M. W., Peake, J., Brenu, E. W., Simmonds, M., Gray, B., &

Marshall‐gradisnik, S. M. (2014). T helper cell cytokine profiles after

endurance exercise. Journal of Interferon and Cytokine Research, 34(9),

699–706. https://doi.org/10.1089/jir.2013.0031

Kanungo, S., Wells, K., Tribett, T., & El‐gharbawy, A. (2018). Glycogen

metabolism and glycogen storage disorders. Annals of Translational

Medicine, 6(24), 474. https://doi.org/10.21037/atm.2018.10.59

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),

1684–1693. https://doi.org/10.1249/MSS.0b013e31828ff9c6

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, 105–118.

Kim, D. H., Kim, S. H., Jeong, W. S., & Lee, H. Y. (2013). Effect of BCAA

intake during endurance exercises on fatigue substances, muscle

damage substances, and energy metabolism substances. Journal of

Exercise Nutrition and Biochemistry, 17(4), 169–180.

King, G. L. (2008). The role of inflammatory cytokines in diabetes and its

complications. Journal of Periodontology, 79(8), 1527–1534.

Knechtle, B., & Nikolaidis, P. T. (2018). Physiology and pathophysiology in

ultra‐marathon running. Frontiers in Physiology, 9, 634. https://doi.org/

10.3389/fphys.2018.00634

Kovatchev, B. (2019). Glycemic variability: Risk factors, assessment, and

control. Journal of Diabetes Science and Technology, 13(4), 627–635.

https://doi.org/10.1177/1932296819826111

Kruger, K., Frost, S., Most, E., Volker, K., Pallauf, J., & Mooren, F. C. (2009).

Exercise affects tissue lymphocyte apoptosis via redox‐sensitive and

Fas‐dependent signaling pathways. Am J Physiol Regul Integr Comp

Physiol, 296(5), R1518–R1527. https://doi.org/10.1152/ajpregu.

90994.2008

3184 | VON AH MORANO ET AL.

https://doi.org/10.3390/nu4091187
https://doi.org/10.1186/s40425-017-0231-8
https://doi.org/10.4049/jimmunol.1500020
https://doi.org/10.4049/jimmunol.1500020
https://doi.org/10.1080/0264041031000140536
https://doi.org/10.1080/0264041031000140536
https://doi.org/10.1007/s40279-015-0400-1
https://doi.org/10.1016/j.physbeh.2010.03.019
https://doi.org/10.1016/j.physbeh.2010.03.019
https://doi.org/10.1016/j.cmet.2015.09.001
https://doi.org/10.1038/nature21363
https://doi.org/10.1038/nature21363
https://doi.org/10.1016/j.cmet.2007.03.006
https://doi.org/10.1113/jphysiol.2011.224972
https://doi.org/10.1038/emm.2016.81
https://doi.org/10.1038/emm.2016.81
https://doi.org/10.1007/s40279-014-0148-z
https://doi.org/10.1080/02640414.2011.610348
https://doi.org/10.1113/jphysiol.2006.109942
https://doi.org/10.1113/jphysiol.2006.109942
https://doi.org/10.1016/j.cmet.2004.12.003
https://doi.org/10.1016/j.cmet.2004.12.003
https://doi.org/10.1089/jir.2013.0031
https://doi.org/10.21037/atm.2018.10.59
https://doi.org/10.1249/MSS.0b013e31828ff9c6
https://doi.org/10.3389/fphys.2018.00634
https://doi.org/10.3389/fphys.2018.00634
https://doi.org/10.1177/1932296819826111
https://doi.org/10.1152/ajpregu.90994.2008
https://doi.org/10.1152/ajpregu.90994.2008


Krüger, K., Alack, K., Ringseis, R., Mink, L., Pfeifer, E., Schinle, M., … Mooren, F.

C. (2016). Apoptosis of T‐cell subsets after acute high‐intensity interval

exercise. Medicine and Science in Sports and Exercise, 48(10), 2021–2029.

https://doi.org/10.1249/MSS.0000000000000979

Lancaster, G. I., Khan, Q., Drysdale, P. T., Wallace, F., Jeukendrup, A. E.,

Drayson, M. T., … Effect, M. G. (2005). Effect of prolonged exercise

and carbohydrate ingestion on type 1 and type 2 T lymphocyte

distribution and intracellular cytokine production in humans. Journal

of Applied Physiology, 98(2), 565–571. https://doi.org/10.1152/

japplphysiol.00754.2004

Lee, B. ‐C., & Lee, J. (2014). Cellular and molecular players in adipose

tissue inflammation in the development of obesity‐induced insulin

resistance. Biochimica et Biophysica Acta, 1842(3), 446–462.

Little, J. P., Chilibeck, P. D., Ciona, D., Vandenberg, A., & Zello, G. A.

(2009). The effects of low‐ and high‐glycemic index foods on high‐
intensity intermittent exercise. International Journal of Sports Physiol-

ogy and Performance, 4, 367–380.

López‐Otín, C., Galluzzi, L., Freije, J. M. P., Madeo, F., & Kroemer, G.

(2016). Metabolic control of longevity. Cell, 166(4), 802–821. https://

doi.org/10.1016/j.cell.2016.07.031

Luo, W., Hu, H., Chang, R., Zhong, J., Knabel, M., … Semenza, G. L. (2011).

Pyruvate kinase M2 is a PHD3‐stimulated coactivator for hypoxia‐
inducible factor 1. Cell, 145(5), 732–744. https://doi.org/10.1016/j.

cell.2011.03.054

Luk, H.Y., McKenzie, A. L., Duplanty, A.A., Budnar, R. G., Levitt, D.,

Fernandez, A., Lee, E. C., Armstrong, L. E., & Vingren, J. L. (2016).

Leukocyte subset changes in response to a 164‐km road cycle ride in a

hot environment. Int J Exerc Sci, 9(1), 34–46.

Macdonald, I. A. (2016). A review of recent evidence relating to sugars,

insulin resistance and diabetes. European Journal of Nutrition, 55(s2),

17–23. https://doi.org/10.1007/s00394‐016‐1340‐8
Macintyre, A. N., Gerriets, V. A., Nichols, A. G., Michalek, R. D., Rudolph, M. C.,

Deoliveira, D., … Rathmell, J. C. (2015). The glucose Transporter Glut1 is

selectively essential for CD4 T cell activation and effector function. Cell

Metabolism, 20(1), P61–P72. https://doi.org/10.1016/j.cmet.2014.05.004

Macpherson, R. E., Huber, J., Frendo‐cumbo, S., Simpson, J., & Wright, D.

(2015). Adipose tissue insulin action and IL‐6 signaling after exercise

in obese mice. Medicine and Science in Sports and Exercise, 47(10),

2034–2042. https://doi.org/10.1249/MSS.0000000000000660

Maedler, K., Sergeev, P., Ris, F., Oberholzer, J., Joller‐Jemelka, H. I., Spinas,

G. A., … Donath, M. Y. (2002). Glucose‐induced β cell production of IL‐
1β contributes to glucotoxicity in human pancreatic islets. Journal of

Clinical Investigation, 110, 851–860.

Mahoney, Jr, Beutler, B. A., Le Trang, N., Vine, W., Ikeda, Y., Kawakami, M.,

& Cerami, A. (1985). Lipopolysaccharide‐treated RAW 264.7 cells

produce a mediator that inhibits lipoprotein lipase in 3T3‐L1 cells.

Journal of Immunology, 134(3), 1673–1675.

Marsin, A. S., Bouzin, C., Bertrand, L., & Hue, L. (2002). The stimulation of

glycolysis by hypoxia in activated monocytes is mediated by AMP‐
activated protein kinase and inducible 6‐phosphofructo‐2‐kinase. The
Journal of Biological Chemistry, 277(34), 30778–30783. https://doi.org/

10.1074/jbc.M205213200

Mathis, D., & Shoelson, S. E. (2011). Immunometabolism: An emerging

frontier. Nature Reviews Immunology, 11(2), 81–83. https://doi.org/10.

1038/nri2922

McCarthy, D. A., & Dale, M. M. (1988). The leucocytosis of exercise. A

review and model. Sports Med, 6(6), 333–363.

Michalek, R. D., Gerriets, V. A., Jacobs, S. R., Macintyre, A. N., MacIver, N. J.,

Mason, E. F.,…Rathmell, J. C. (2012). Cutting edge: Distinct glycolytic and

lipid oxidative metabolic programs are essential for effector and

regulatory CD4+ T cell subsets. The Journal of Immunology, 186(6),

3299–3303. https://doi.org/10.4049/jimmunol.1003613

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J., & Hill, A. M. (2000). M‐1/
M‐2 Macrophages and the Th1/Th2 Paradigm. The Journal of

Immunology, 164(12), 6166–6173. https://doi.org/10.4049/jimmunol.

164.12.6166

Minuzzi, L. G., Rama, L., Chupel, M. U., Rosado, F., Valente, J., Martinho, A.,

… Teixeira, A. M. (2018). Effects of lifelong training on senescence and

mobilization of T lymphocytes in response to acute exercise. Exercise

Immunology Review, 24, 72–84.

Moir, H., Butcher, L., Jones, K. P., Hughes, M. G., Neale, H., Jia, H., …Webb,

R. (2008). AMPK inactivation in mononuclear cells: A potential

intracellular mechanism for exercise‐induced immunosuppression.

Applied Physiology, Nutrition, and Metabolism, 33(1), 75–85.

Moir, H., Hughes, M. G., Potter, S., Sims, C., Butcher, L. R., Davies, N. A., …

Exercise‐, W. R. (2010). Exercise‐induced immunosuppression: roles of

reactive oxygen species and 5‐AMP‐activated protein kinase depho-

sphorylation within immune cells. Journal of Applied Physiology, 108(5),

1284–1292. https://doi.org/10.1152/japplphysiol.00737.2009

Moon, J. S., Hisata, S., Park, M. A., DeNicola, G. M., Ryter, S. W., Nakahira,

K., & Choi, A. M. K. (2015). mTORC1‐induced HK1‐dependent
glycolysis regulates NLRP3 inflammasome activation. Cell Rep, 12(1),

102–115. https://doi.org/10.1016/j.celrep.2015.05.046

Murray, B., & Rosenbloom, C. (2018). Fundamentals of glycogen

metabolism for coaches and athletes. Nutrition Reviews, 76(4),

243–259. https://doi.org/10.1093/nutrit/nuy001

Nehlsen‐Cannarella, S. L., Fagoaga, O. R., Nieman, D. C., Henson, D. A.,

Butterworth, D. E., Schmitt, R. L., … Davis, J. M. (1997). Carbohydrate

and the cytokine response to 2.5 h of running. J Appl Physiol (1985),

82(5), 1662–1667. https://doi.org/10.1152/jappl.1997.82.5.1662

Neill, L. A. J. O., Kishton, R. J., & Rathmell, J. (2016). A guide to

immunometabolism for immunologists. Nature Reviews Immunology,

16(9), 553–565. https://doi.org/10.1038/nri.2016.70

Nielsen, S., Scheele, C., Yfanti, C., Akerström, T., Nielsen, A. R., Pedersen,

B. K., & Laye, M. J. (2010). Muscle specific microRNAs are regulated

by endurance exercise in human skeletal muscle. J Physiol, 588(20),

4029–4037. https://doi.org/10.1113/jphysiol.2010.189860

Newsholme, P., Curi, R., Gordon, S., & Newsholme, E. A. (1986).

Metabolism of glucose, glutamine, long‐chain fatty acids and ketone

bodies by murine macrophages. The Biochemical Journal, 239,

121–125.

Ng, J. M., Azuma, K., Kelley, C., Pencek, R., Radikova, Z., Laymon, C., … Pet,

K. D. E. (2019). PET imaging reveals distinctive roles for different

regional adipose tissue depots in systemic glucose metabolism in

nonobese humans. Endocrinology and Metabolism, 303(9), 1134–1141.

https://doi.org/10.1152/ajpendo.00282.2012

Nickel, T., & Sisic, I. E. Z. (2012). Modulation of dendritic cells and toll‐like
receptors by marathon running. European Journal of Applied Physiology,

112(5), 1699–1708. https://doi.org/10.1007/s00421‐011‐2140‐8
Nieman, D. (1994). Exercise, infection, and immunity. International Journal

of Sports Medicine, 15(S 3), S131–S141. https://doi.org/10.1055/s‐
2007‐1021128

Nieman, D. C., Henson, D. A., Garner, E. B., Butterworth, D. E., Warren, B.

J., Utter, A. … Nehlsen‐Cannarella, S. L. (1997). Carbohydrate affects

natural killer cell redistribution but not activity after running. Med Sci

Sports Exerc, 29(10), 1318–1324.

Nieman, D. C. (1998). Exercise and resistance to infection. Can J Physiol

Pharmacol, 76(5), 573–580. https://doi.org/10.1139/cjpp‐76‐5‐573
Nieman, D. C., Henson, D. A., Gojanovich, G., Davis, J. M., Murphy, E. A.,

Mayer, E. P., … McAnulty, L. S. (2006). Influence of carbohydrate on

immune function following 2 h cycling. Research in Sports Medicine, 14,

225–237. https://doi.org/10.1080/15438620600854793

Nieman, D. C., & Wentz, L. M. (2019). The compelling link between

physical activity and the body's defense system. J Sports Health Sci,

8(3), 201–217. https://doi.org/10.1016/j.jshs.2018.09.009

Nieman, D. C., & Mitmesser, S. H. (2017). Potential impact of nutrition on

immune system recovery from heavy Exertion: A metabolomics

perspective. Nutrient, 9(5), 513. https://doi.org/10.3390/nu9050513

VON AH MORANO ET AL. | 3185

https://doi.org/10.1249/MSS.0000000000000979
https://doi.org/10.1152/japplphysiol.00754.2004
https://doi.org/10.1152/japplphysiol.00754.2004
https://doi.org/10.1016/j.cell.2016.07.031
https://doi.org/10.1016/j.cell.2016.07.031
https://doi.org/10.1016/j.cell.2011.03.054
https://doi.org/10.1016/j.cell.2011.03.054
https://doi.org/10.1007/s00394-016-1340-8
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1249/MSS.0000000000000660
https://doi.org/10.1074/jbc.M205213200
https://doi.org/10.1074/jbc.M205213200
https://doi.org/10.1038/nri2922
https://doi.org/10.1038/nri2922
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1152/japplphysiol.00737.2009.
https://doi.org/10.1016/j.celrep.2015.05.046
https://doi.org/10.1093/nutrit/nuy001
https://doi.org/10.1152/jappl.1997.82.5.1662
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1113/jphysiol.2010.189860
https://doi.org/10.1152/ajpendo.00282.2012
https://doi.org/10.1007/s00421-011-2140-8
https://doi.org/10.1055/s-2007-1021128
https://doi.org/10.1055/s-2007-1021128
https://doi.org/10.1139/cjpp-76-5-573
https://doi.org/10.1080/15438620600854793
https://doi.org/10.1016/j.jshs.2018.09.009
https://doi.org/10.3390/nu9050513


Nieman, D. C., Gillitt, N. D., Sha, W., Esposito, D., & Ramamoorthy, S.

(2018). Metabolic recovery fromheavy exertion following banana

compared to sugar beverage or water only ingestion: A randomized,-

crossover trial. PLOS One, 13(3), e0194843.

Nomura, M., Liu, J., Rovira, I. I., Gonzalez‐hurtado, E., Lee, J., Wolfgang, M.

J., & Finkel, T. (2016). Fatty acid oxidation in macrophage polarization.

Nature Immunology, 17(3), 216–217. https://doi.org/10.1038/ni.3366

Norata, G. D., Caligiuri, G., Chavakis, T., Matarese, G., Netea, M. G.,

Nicoletti, A., … Marelli‐Berg, F. M. (2015). The Cellular and Molecular

Basis of Translational Immunometabolism. Immunity, 43(3), 421–434.

https://doi.org/10.1016/j.immuni.2015.08.023

Odegaard, J. I., & Chawla, A. (2014). Pleiotropic actions of insulin

resistance and inflammation in metabolic homeostasis. Science,

339(6116), 172–177. https://doi.org/10.1126/science.1230721

Odegaard, J.I., & Chawla, A. (2014). Old HDL learns a new (anti‐
inflammatory) trick. Nat Immunol, 15(2), 138–139. https://doi.org/10.

1038/ni.2798

Oharomari, L. K., de Moraes, C., & Navarro, A. M. (2017). Exercise training

but not curcumin supplementation decreases immune cell infiltration

in the pancreatic islets of a genetically susceptible model of type 1

diabetes. Sports Medicine, 3(1), 15. https://doi.org/10.1186/s40798‐
017‐0082‐3

Okutsu, M., Ishii, K., Niu, K., & Nagatomi, R. (2014). Cortisol is not the

primary mediator for augmented CXCR4 expression on natural killer

cells after acute exercise. Journal of Applied Physiology (1985), 117(3),

199–204. https://doi.org/10.1152/japplphysiol.00176.2014

Osborn, O., & Olefsky, J. M. (2012). The cellular and signaling networks

linking the immune system and metabolism in disease. Nature

Medicine, 18(3), 363–374. https://doi.org/10.1038/nm.2627

Ouchi, N., Parker, J. L., Lugus, J. J., & Walsh, K. (2011). Adipokines in

inflammation and metabolic disease. Nature Reviews Immunology,

11(2), 85–97. https://doi.org/10.1038/nri2921

Pal, M., Febbraio, M. A., & Whitham, M. (2014). From cytokine to myokine:

The emerging role of interleukin‐6 in metabolic regulation. Immunology

and Cell Biology, 92, 331–339. https://doi.org/10.1038/icb.2014.16

Palsson‐Mcdermott, E. M., Curtis, A. M., Goel, G., Lauterbach, M. A. R.,

Sheedy, F. J., Gleeson, L. E., … O’Neill, L. A. J. (2015). Pyruvate kinase

M2 regulates Hif‐1α activity and IL‐1β induction and is a critical

determinant of the Warburg effect in LPS‐activated macrophages. Cell

Metabolism, 21(1), 65–80. https://doi.org/10.1016/j.cmet.2014.12.005

Parisi, L, Gini, E, Baci, D, Tremolati, M, Fanuli, M, Bassani, B … Mortara, L

(2018). Macrophage polarization in chronic inflammatory diseases:

Killers or builders? J Immunol Res, 8917804, https://doi.org/10.1155/

2018/8917804

Paula, F. M. M., Leite, N. C., Vanzela, E. C., Kurauti, M. A., Freitas‐dias, R.,
Carneiro, E. M., … Zoppi, C. C. (2015). Exercise increases pancreatic b ‐
cell viability in a model of type 1 diabetes through IL‐6 signaling. The

FASEB Journal, 29(5), 1805–1816. https://doi.org/10.1096/fj.14‐264820
Pedersen, B. K. (2009). The diseasome of physical inactivity—and the role

of myokines in muscle‐fat cross talk. Journal of Physiology, 587(23),

5559–5568. https://doi.org/10.1113/jphysiol.2009.179515

Pedersen, B. K. (2017). Anti‐inflammatory effects of exercise: Role in

diabetes and cardiovascular disease. European Journal of Clinical

Investigation, 47, 600–611. https://doi.org/10.1111/eci.12781

Pedersen, B. K., & Bruunsgaard, H. (1995). How physical exercise influences

the establishment of infections. Sports Medicine, 19(6), 393–400.

Pedersen, B. K., & Febbraio, M. A. (2012). Muscles, exercise and obesity:

Skeletal muscle. Nature Reviews Endocrinology, 8(8), 457–465. https://

doi.org/10.1038/nrendo.2012.49

Pekala, P. (1983). Studies of insulin resistance in adipocytes induced by

macrophage mediator. Journal of Experimental Medicine, 157(4),

1360–1365. https://doi.org/10.1084/jem.157.4.1360

Peters, E. M., & Bateman, E. D. (1983). Ultramarathon running and upper

respiratory tract infections. An epidemiological survey. South African

Medical Journal, 64, 582–584.

Petersen, A. M. W., & Pedersen, B. K. (2005). The anti‐inflammatory effect

of exercise. Journal of Applied Physiology, 98(4), 1154–1162. https://

doi.org/10.1152/japplphysiol.00164.2004

Pfeiffer, B., Stellingwerff, T., Hodgson, A. B., Randell, R., Res, P., &

Jeukendrup, A. E. (2012). Nutritional intake and gastrointestinal

problems during competitive endurance events. Medicine and Science

in Sports and Exercise, 44(2), 344–351.

Pinckaers, P. J. M., Churchward‐Venne, T. A., Bailey, D., & van Loon, L. J. C.

(2017). Ketone bodies and exercise performance: The next magic

bullet or merely hype? Sports Medicine, 47(3), 383–391. https://doi.

org/10.1007/s40279‐016‐0577‐y
Possik, E., Madiraju, S. R. M., & Prentki, M. (2017). Glycerol‐3‐phosphate

phosphatase/PGP: Role in intermediary metabolism and target for

cardiometabolic diseases. Biochimie, 143, 18–28. https://doi.org/10.

1016/j.biochi.2017.08.001

Prussick, R. B., & Miele, L. (2017). Nonalcoholic fatty liver disease in

patients with psoriasis: A consequence of systemic inflammatory

burden? British Journal of Dermatology.

Rama, L., Teixeira, A. M., Matos, A., Borges, G., Henriques, A., Gleeson, M.

… Paiva, A. (2013). Changes in natural killer cell subpopulations over a

winter training season in elite swimmers. Eur J Appl Physiol, 113(4),

859–868. https://doi.org/10.1007/s00421‐012‐2490‐x
Raymond, R.M., Harkema, J.M., & Emerson, T.E., Jr. (1981). In vivo skeletal

muscle insulin resistance during E coli endotoxin shock in the dog.

Circulatory Shock, 8(4), 425–433.

Richter, E. A., & Hargreaves, M. (2019). Exercise, GLUT4, and skeletal

muscle glucose uptake. Physiological Reviews, 93(3), 993–1017.

https://doi.org/10.1152/physrev.00038.2012

Ringseis, R., Eder, K., Mooren, F. C., & Krüger, K. (2015). Metabolic signals

and innate immune activation in obesity and exercise. Exercise

Immunology Review, 21, 58–68.

Robinson, E., Durrer, C., Simtchouk, S., Jung, M. E., Bourne, J. E., Voth, E., …

Short‐term, L. J. P. (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), 508–516.

Rodriguez‐Prado, J. C., Través, P. G., Cuenca, J., Rico, D., Aragonés, J.,

Martín‐Sanz, P. … Boscá, L. (2010). Substrate fate in activated

macrophages: a comparison between innate, classic, and alternative

activation. J Immunol, 185(1), 605–614. https://doi.org/10.4049/

jimmunol.0901698

Rosa, L. F. (1997). Effect of adrenaline on lymphocyte metabolism and

function. A mechanism involving cAMP and hydrogen peroxide. Cell

BiochemFunct, 15(2), 103–112.

Ruiz‐Núñez, B., Pruimboom, L., Dijck‐Brouwer, D. A. J., & Muskiet, F. A. J.

(2013). Lifestyle and nutritional imbalances associated with Western

diseases: Causes and consequences of chronic systemic low‐grade
inflammation in an evolutionary context. The Journal of Nutritional

Biochemistry, 24(7), 1183–1201.

Russell, A. P. (2005). PGC‐1 α and exercise: Important partners in

combating insulin resistance. Current Diabetes Reviews, 1(2), 175–181.

Sabaratnam, R., Pedersen, A., Kristensen, J. M., Handberg, A., Wojtas-

zewski, J., & Højlund, K. (2018). Intact regulation of muscle expression

and circulating levels of myokines in response to exercise in patients

with type 2 diabetes. Physiological Reports, 6, 13723. https://doi.org/

10.14814/phy2.13723

Schuster, D. P., Brody, S. L., Zhou, Z., Bernstein, M., Arch, R., Link, D., &

Mueckler, M. (2007). Regulation of lipopolysaccharide‐induced increases

in neutrophil glucose uptake. Am J Physiol Lung Cell Mol Physiol, 292(4),

L845–L851. https://doi.org/10.1152/ajplung.00350.2006

Schwellnus, M., Soligard, T., Alonso, J. M., Bahr, R., Clarsen, B., Dijkstra, H.

P., … Engebretsen, L. (2016). How much is too much? (Part 2)

International Olympic Committee consensus statement on load in

sport and risk of illness. British Journal of Sports Medicine, 50(Part 2),

1043–1052. https://doi.org/10.1136/bjsports‐2016‐096572

3186 | VON AH MORANO ET AL.

https://doi.org/10.1038/ni.3366
https://doi.org/10.1016/j.immuni.2015.08.023
https://doi.org/10.1126/science.1230721
https://doi.org/10.1038/ni.2798
https://doi.org/10.1038/ni.2798
https://doi.org/10.1186/s40798-017-0082-3
https://doi.org/10.1186/s40798-017-0082-3
https://doi.org/10.1152/japplphysiol.00176.2014
https://doi.org/10.1038/nm.2627
https://doi.org/10.1038/nri2921
https://doi.org/10.1038/icb.2014.16
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1155/2018/8917804
https://doi.org/10.1155/2018/8917804
https://doi.org/10.1096/fj.14-264820
https://doi.org/10.1113/jphysiol.2009.179515
https://doi.org/10.1111/eci.12781
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.1084/jem.157.4.1360
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.1007/s40279-016-0577-y
https://doi.org/10.1007/s40279-016-0577-y
https://doi.org/10.1016/j.biochi.2017.08.001
https://doi.org/10.1016/j.biochi.2017.08.001
https://doi.org/10.1007/s00421-012-2490-x
https://doi.org/10.1152/physrev.00038.2012
https://doi.org/10.4049/jimmunol.0901698
https://doi.org/10.4049/jimmunol.0901698
https://doi.org/10.14814/phy2.13723
https://doi.org/10.14814/phy2.13723
https://doi.org/10.1152/ajplung.00350.2006
https://doi.org/10.1136/bjsports-2016-096572


Sellar, C. M., Syrotuik, D. G., Field, C. J., & Bell, G. J. (2006). The effect of

dietary control and carbohydrate supplementation on the immune and

hormonal responses to rowing exercise. Applied Physiology, Nutrition, and

Metabolism, 31, 588–596. https://doi.org/10.1139/H06‐036
Shantsila, E., Tapp, L. D., Wrigley, B. J., Montoro‐garcia, S., Ghattas, A.,

Jaipersad, A., & Lip, G. Y. (2012). The effects of exercise and diurnal

variation on monocyte subsets and monocyte‐platelet aggregates.

European Journal of Clinical Investigation, 42, 832–839. https://doi.org/

10.1111/j.1365‐2362.2012.02656.x
Shephard, R. J., Rhind, S., & Shek, P. N. (1994). Exercise and the immune

system natural killer cells, interleukins and related responses. Sports

Medicine, 18(5), 340–369.

Shi, L. Z., Wang, R., Huang, G., Vogel, P., Neale, G., Green, D. R., & Chi, H.

(2011). HIF1alpha‐dependent glycolytic pathway orchestrates a

metabolic checkpoint for the differentiation of TH17 and Treg cells.

The Journal of Experimental Medicine, 208(7), 1367–1376. https://doi.

org/10.1084/jem.20110278

Siedlik, J. A., Benedict, S. H., Landes, E. J., Weir, J. P., Vardiman, J. P., &

Gallagher, P. M. (2016). Acute bouts of exercise induce a suppressive

effect on lymphocyte proliferation in human subjects: A meta‐
analysis. Brain, Behavior, and Immunity, 56, 343–351. https://doi.org/

10.1016/j.bbi.2016.04.008

Simpson, R. J., Florida‐James, G. D., Whyte, G. P., & Guy, K. (2006). The

effects of intensive, moderate and downhill treadmill running on

human blood lymphocytes expressing the adhesion/activation mole-

cules CD54 (ICAM‐1), CD18 (beta2 integrin) and CD53. Eur J Appl

Physiol, 97(1), 109–121. https://doi.org/10.1007/s00421‐006‐0146‐4
Simpson, R. J. (2011). Aging, persistent viral infections, and immunosenes-

cence: can exercise “make space”? Exercise and Sport Sciences Reviews,

39(1), 23–33.

Simpson, R. J., Bigley, A. B., Agha, N., Hanley, P. J., & Bollard, C. M. (2017).

Mobilizing immune cells with exercise for cancer immunotherapy.

Exercise and Sport Sciences Reviews, 45, 163–172. https://doi.org/10.

1249/JES.0000000000000114

Simpson, R. J., Kunz, H., Agha, N., & Graff, R. (2015). Exercise and the

regulation of immune functions, Molecular and Cellular Regulation of

Adaptation to Exercise (135, 1st ed.). Cambridge, Massachusetts, EUA:

Elsevier Inc. https://doi.org/10.1016/bs.pmbts.2015.08.001

Smith, R. L., Soeters, M. R., Wüst, R., & Houtkooper, R. H. (2018).

Metabolic flexibility as an adaptation to energy resources and

requirements in health and disease. Endocrine Reviews, 39, 489–517.

https://doi.org/10.1210/er.2017‐00211
Sticka, K. D., Schnurr, T. M., Jerome, S. P., Dajles, A., Reynolds, A. J., Duffy,

L. K., … Dunlap, K. L. (2018). Exercise increases glucose transporter‐4
levels on peripheral blood mononuclear cells. Medicine and Science in

Sports and Exercise, 50, 938–944. https://doi.org/10.1249/MSS.

0000000000001528

Sylow, L., Kleinert, M., Richter, E. A., & Jensen, T. E. (2017). Exercise‐
stimulated glucose uptake— regulation and implications for glycaemic

control. Nature Reviews Endocrinology, 13(3), 133–148. https://doi.org/

10.1038/nrendo.2016.162

Tannahill, G. M., Curtis, A. M., Adamik, J., Palsson‐McDermott, E. M.,

McGettrick, A. F., Goel, G., … O’Neill, L. A. J. (2014). Succinate is an

inflammatory signal that induces IL‐1β through HIF‐1α. Nature, 496,
238–242. https://doi.org/10.1038/nature11986

Tantiwong, P., Shanmugasundaram, K., Monroy, A., Ghosh, S., Li, M.,

Defronzo, R. A., … Mohan, S. (2010). NF‐ □ B activity in muscle from

obese and type 2 diabetic subjects under basal and exercise‐
stimulated conditions. American Journal of Physiology Endocrinology

and Metabolism, 299, 794–801. https://doi.org/10.1152/ajpendo.

00776.2009

Thorens, B., & Mueckler, M. (2010). Glucose transporters in the 21st

Century. American Journal of Physiology, 298(2), E141–E145. https://

doi.org/10.1152/ajpendo.00712.2009

Timmons, B. W., & Cieslak, T. (2008). Human natural killer cell subsets and

acute exercise: A brief review. Exercise Immunology Review, 14, 8–23.

Timmons, B. W., Tarnopolsky, M. A., & Bar‐Or, O. (2006). Sex‐based
effects on the distribution of NK cell subsets in response to exercise

and carbohydrate intake in adolescents. J Appl Physiol (1985), 100(5),

1513–1519. https://doi.org/10.1152/japplphysiol.01125.200

Vartanian, L. R., Schwartz, M. B., & Brownell, K. D. (2007). Effects of soft

drink consumption on nutrition and health: A systematic review and

meta‐analysis. American Journal of Public Health, 97(4), 667–675.

Venkatraman, J. T., & Pendergast, D. R. (2002). Effect of dietary intake on

immune function in athletes. Sports Medicine, 32(5), 323–337.

Walsh, N.P., Gleeson, M., Shephard, R.J., Gleeson, M., Woods, J.A., Bishop,

N.C. … Simon, P. (2011). Position statement. Part one: Immune

function and exercise. Exerc Immunol Rev, 17, 6–63.

Walsh, N. P., & Oliver, S. J. (2016). Exercise, immune function and

respiratory infection: An update on the influence of training and

environmental stress. Immunology and Cell Biology, 94(2), 132–139.

Wang, M., Li, S., Wang, F., Zou, J., & Zhang, Y. (2018). Aerobic exercise

regulates blood lipid and insulin resistance via the toll‑like receptor

4‑mediated extracellular signal‑regulated kinases/AMP‑activated
protein kinases signaling pathway. Molecular Medicine Reports, 17(6),

8339–8348.

Wang, Q., & Wu, H. (2018). T cells in adipose tissue: Critical players in

immunometabolism. Frontiers in Immunology, 9, 2509. https://doi.org/

10.3389/fimmu.2018.02509

Warne, J. P. (2003). Tumour necrosis factor alpha: A key regulator of

adipose tissue mass. The Journal of Endocrinology, 177(3), 351–355.

https://doi.org/10.1677/joe.0.1770351

Wedell‐Neergaard, A. S., Krogh‐Madsen, R., Petersen, G. L., Hansen, Å. M.,

Pedersen, B. K., Lund, R., & Bruunsgaard, H. (2018). Cardiorespiratory

fitness and the metabolic syndrome: Roles of inflammation and

abdominal obesity. PLOS One, 13(3), 1–16. https://doi.org/10.1371/

journal.pone.0194991

Wenning, P., Kreutz, T., Schmidt, A., Opitz, D., Graf, C., Voss, S., …

Medicine, S. (2013). Endurance exercise alters cellular immune status

and resistin concentrations in men suffering from non‐insulin‐
dependent type 2 diabetes. Experimental and Clinical Endocrinology

and Diabetes, 121(8), 475–482.

Wensveen, F. M., Valentić, S., Šestan, M., Turk Wensveen, T., & Polić, B.

(2015). The “Big Bang” in obese fat: Events initiating obesity‐induced
adipose tissue inflammation. European Journal of Immunology, 45(9),

2446–2456. https://doi.org/10.1002/eji.201545502

Wentz, L. M., Nieman, D. C., Mcbride, J. E., Gillitt, N. D., Williams, L. L., &

Warin, R. F. (2018). Carbohydrate intake does not counter the post‐
exercise decrease in natural killer. Nutrients, 10(11), 1658.

WHO (2015). Guideline: sugars intake for adults and children. WHO. ISBN:

978 92 4 154902 8

Wilson, L. D., Zaldivar, F. P., Schwindt, C. D., & Cooper, D. M. (2009).

Circulating T‐regulatory cells, exercise and the elite adolescent

swimmer. Pediatric Exercise Science, 21(3), 305–317.

Wu, D., et al. (2011). Eosinophils sustain adipose alternatively activated

macrophages associated with glucose homeostasis. Science, 332, 243–247.

Yakeu, G., Butcher, L., Isa, S., Webb, R., Roberts, A. W., Thomas, A. W., …

Morris, K. (2010). Low‐intensity exercise enhances expression of

markers of alternative activation in circulating leukocytes: Roles of

PPARγ and Th2 cytokines. Atherosclerosis, 212(2), 668–673. https://

doi.org/10.1016/j.atherosclerosis.2010.07.002

Yamashita, A. S., Belchior, T., Lira, F. S., Bishop, N. C., Wessner, B., Rosa, J.

C., & Festuccia, W. T. (2018). Regulation of metabolic disease‐
associated inflammation by nutrient sensors. Mediators of Inflamma-

tion, 2018, 8261432. https://doi.org/10.1155/2018/8261432

Yamauchi, T., et al. (2002). Adiponectin stimulates glucose utilization and

fattyacid oxidation by activating AMP‐activated protein kinase.

Nature Medicine, 6, 1288–1295.

VON AH MORANO ET AL. | 3187

https://doi.org/10.1139/H06-036
https://doi.org/10.1111/j.1365-2362.2012.02656.x
https://doi.org/10.1111/j.1365-2362.2012.02656.x
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1016/j.bbi.2016.04.008
https://doi.org/10.1016/j.bbi.2016.04.008
https://doi.org/10.1007/s00421-006-0146-4
https://doi.org/10.1249/JES.0000000000000114
https://doi.org/10.1249/JES.0000000000000114
https://doi.org/10.1016/bs.pmbts.2015.08.001
https://doi.org/10.1210/er.2017-00211
https://doi.org/10.1249/MSS.0000000000001528
https://doi.org/10.1249/MSS.0000000000001528
https://doi.org/10.1038/nrendo.2016.162
https://doi.org/10.1038/nrendo.2016.162
https://doi.org/10.1038/nature11986
https://doi.org/10.1152/ajpendo.00776.2009
https://doi.org/10.1152/ajpendo.00776.2009
https://doi.org/10.1152/ajpendo.00712.2009
https://doi.org/10.1152/ajpendo.00712.2009
https://doi.org/10.1152/japplphysiol.01125.200
https://doi.org/10.3389/fimmu.2018.02509
https://doi.org/10.3389/fimmu.2018.02509
https://doi.org/10.1677/joe.0.1770351
https://doi.org/10.1371/journal.pone.0194991
https://doi.org/10.1371/journal.pone.0194991
https://doi.org/10.1002/eji.201545502
https://doi.org/10.1016/j.atherosclerosis.2010.07.002
https://doi.org/10.1016/j.atherosclerosis.2010.07.002
https://doi.org/10.1155/2018/8261432


Yang, C., Shiau, M., Lai, Y., Ho, K., Hsiao, C., Chen, C., … Chang, Y. (2018).

Interleukin‐4 boosts insulin‐induced energy deposits by enhancing

glucose uptake and lipogenesis in hepatocytes. Oxidative Medicine and

Cellular Longevity, 2018, https://doi.org/10.1155/2018/6923187

Yano, H., Uchida, M., & Nakai, R. (2010). Exhaustive exercise reduces TNF‐
a and IFN‐ a production in response to R‐848 via toll‐like receptor 7 in

mice. European Journal of Applied Physiology, 110(4), 797–803. https://

doi.org/10.1007/s00421‐010‐1560‐1
Yeh, S., Chuang, H., Lin, L., Hsiao, C., Wang, P., Liu, R., & Yang, K. D. (2009).

Regular Tai Chi Chuan exercise improves T cell helper function of patients

with type 2 diabetes mellitus with an increase in T‐bet transcription factor

and IL‐12 production. British Journal of Sports Medicine, 43(11), 845–850.

Yeh, S. H., Chuang, H., Lin, L.‐W., Hsiao, C.‐Y., Wang, P.‐W., & Yang, K. D.

(2007). Tai Chi Chuan exercise decreases A1C levels along with

increase of regulatory T‐cells and decrease of cytotoxic T‐cell
population in type 2 diabetic patients. Diabetes Care, 30(3), 716–718.

Zalli, A., Bosch, J. A., Goodyear, O., Riddell, N., Mcgettrick, H. M., Moss, P.,

& Wallace, G. R. (2015). Brain, Behavior, and Immunity Targeting ß2

adrenergic receptors regulate human T cell function directly and

indirectly. Brain, Behavior, and Immunity, 45, 211–218. https://doi.org/

10.1016/j.bbi.2014.12.001

Zhang, Q., Hao, H., Xie, Z., Cheng, Y., Yin, Y., Xie, M., … Han, W. (2017). M2

macrophages infusion ameliorates obesity and insulin resistance by

remodeling inflammatory/macrophages’ homeostasis in obese mice.

Molecular and Cellular Endocrinology, 443, 63–71.

Zhao, G., Zhou, S., Davie, A., & Su, Q. (2012). Effects of moderate and high

intensity exercise on T1/T2 balance. Exercise Immunology Review, 18,

98–114.

Zimmer, P., Bloch, W., Schenk, A., Zopf, E. M., Hildebrandt, U., Streckmann,

F., … Medicine, C. S. (2015). Exercise‐induced natural killer cell

activation is driven by epigenetic modifications. International Journal of

Sports Medicine, 36(06), 510–515.

Zolotnik, I. A., Figueroa, T. Y., & Yaspelkis, B. B. (2012). Insulin receptor

and IRS‐1 co‐immunoprecipitation with SOCS‐3, and IKKα/β phos-

phorylation are increased in obese Zucker rat skeletal muscle. Life

Sciences, 91(15‐16), 816–822.

How to cite this article: Von Ah Morano AE, Dorneles GP,

Peres A, Lira FS. The role of glucose homeostasis on immune

function in response to exercise: The impact of low or higher

energetic conditions. J Cell Physiol. 2020;235:3169–3188.

https://doi.org/10.1002/jcp.29228ew

3188 | VON AH MORANO ET AL.

https://doi.org/10.1155/2018/6923187
https://doi.org/10.1007/s00421-010-1560-1
https://doi.org/10.1007/s00421-010-1560-1
https://doi.org/10.1016/j.bbi.2014.12.001
https://doi.org/10.1016/j.bbi.2014.12.001
https://doi.org/10.1002/jcp.29228ew



