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Abstract Chronic physical exercise with adequate inten-

sity and volume associated with sufficient recovery promotes

adaptations in several physiological systems. While intense

and exhaustive exercise is considered an important immu-

nosuppressor agent and increases the incidence of upper

respiratory tract infections (URTI), moderate regular exer-

cise has been associated with significant disease protection

and is a complementary treatment of many chronic diseases.

The effects of chronic exercise occur because physical

training can induce several physiological, biochemical and

psychological adaptations. More recently, the effect of acute

exercise and training on the immunological system has been

discussed, and many studies suggest the importance of the

immune system in prevention and partial recovery in path-

ophysiological situations. Currently, there are two important

hypotheses that may explain the effects of exercise and

training on the immune system. These hypotheses including

(1) the effect of exercise upon hormones and cytokines (2)

because exercise can modulate glutamine concentration.

In this review, we discuss the hypothesis that exercise may

modulate immune functions and the importance of exercise

immunology in respect to chronic illnesses, chronic heart

failure, malnutrition and inflammation.
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Introduction

In the last 30 years, interest in the practical aspects of

physical exercise has grown. This increase in interest may

be the result of great scientific advancements in the last

decades demonstrating that chronic exercise plays an

important role in the prevention of countless chronic,

degenerative illnesses (Costa Rosa 2004; Woods et al.

2006) and consequently that it may be a therapeutic aid in

the treatment of numerous pathophysiological conditions

(Costa Rosa 2004). The traditional exercise term or alter-

native form as yoga practice can improve status and quality

of life in healthy people as well as people suffering from

chronic disease because it puts the individual in control as

opposed to conventional treatments such as drugs that

place the doctor in control (Ullman 2009).

Acute exercise, as well as others stressful agents, pro-

motes a homeostatic break, which stimulates psychologi-

cal, metabolic, hormonal, biochemical, and physiological

changes. In this way, development of training programs

may promote several adaptations in some physiological

systems, such as the cardiac, muscular, immunological and

other systems, because alterations prompted by the exercise

reinforce the communication between the diverse physio-

logical systems (Costa Rosa 2004).
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Santista, Rua Professor Francisco de Castro,

93, Vila Clementino, Sao Paulo, SP 04020-050, Brazil

e-mail: Ronaldo.thomatieli@unifesp.br

123

Amino Acids (2011) 41:1165–1172

DOI 10.1007/s00726-010-0786-x



Costa Rosa (2004) discussed the possible effects of

exercise on the immune system and how this interaction

may contribute to the prevention and handling of illnesses,

especially chronic illnesses. Despite the premature death of

Dr. Costa Rosa in May 2005, work has continued in his

group through studies on his ideas about the importance

exercise immunology in the promotion of health and pre-

vention of illnesses. In this review, we will discuss the

effect of physical exercise on the immune system,

inflammation and the importance of exercise in glutamine

metabolism, essential substrate by immune cells.

Exercise and the immune system

Classically, the immune system is considered a defence

system; however, recent studies have shown a strong

interaction between the immune system and several other

physiological systems. This multidirectional interaction is

possible because there are cytokine receptors in many cells,

and immune cells have hormone receptors and metabolise

substances, such as amino acids and glucose, that may act

upon the immune system. In this way, the immune system

can also modulate hormone production and release as

well as corporal homeostasis (Turnbull and Rivier 1995;

Nieman 2007).

The first studies about the effects of exercise on the

immune system were reported in 1900 and demonstrated

the occurrence of accentuated leucocytosis in rodents and

humans after exercise. However, the last 30 years have had

a significant impact in exercise immunology because

approximately 75% of the papers have been published

since 1990 (Nieman 2007).

The immune system has various cellular and humoral

components in different compartments of the body

(Nagatomi 2006), and it may be divided into innate and

adaptive branches. The innate response consists of macro-

phages, neutrophils, NK cells, and complements factors

such as defensins. Additionally, the innate response con-

stitutes the first line of defence against foreign agents

(Woods et al. 2006). Several studies suggest that the innate

immune system exhibits more changes in response to

exercise. The adaptive system, composed of lymphocytes

and secreted factors, such as antibodies, seems to be largely

unaffected by athletic endeavors (Nieman 2007), despite the

fact that some papers have reported changes in lymphocyte

proliferation and IgA salivary concentration.

Several studies present evidence that moderate chronic

exercise (i.e., training) decreases the incidence of infec-

tions such as the common cold, while intense training, in

contrast, is associated with increased upper respiratory tract

infections (URTI) (Ortega 2003; Nagatomi 2006; Nieman

2007). The positive effect of exercise on other diseases has

also been acknowledged, and there is increasing evidence

that a lifestyle that includes physical activity offers pro-

tection against many diseases (Haskell et al. 2007) (Fig. 1).

Exercise acts upon the immune system by promoting

several alterations. The cells most affected include lym-

phocytes, macrophages, and neutrophils, while less is

known about the effects on eosinophils and basophils. The

most common changes in immune cell function after

strenuous exercise include decreases in neutrophil function,

decreases in lymphocyte function such as immunoglobulin

production by B cells, decreases in lymphocyte prolifera-

tion when the cells are challenged by a mitogen, and

decreases in macrophage function such as phagocytosis and

hydrogen peroxide production (Costa Rosa 2004; Woods

et al. 2006; Nagatomi 2006; Nieman 2007). Additional

profound changes after exercise include changes in soluble

proteins, including decreases in IgA concentration in the

plasma and saliva; extensive changes to cytokine profiles,

including a 100-fold increase in interleukin-6 production;

and an augmented production of anti-inflammatory medi-

ators (Woods et al. 2006; Nieman 2007).

These changes are transient, and most of them return to

the basal level few hours after exercise; however, there are

some long-term changes in the immune response of ath-

letes (Nieman 2007). Numerous factors modulate the

magnitude of the effects of exercise on the immune system,

such as type, duration, and intensity of exercise as well as

the fitness, age of the subject, and nutritional status (Woods

et al. 2006).

Exercise can be considered a potent immunodepressor

when conducted at an elevated intensity, resulting in

Fig. 1 Effect of training on immune system and health promotion
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immunosuppression and increase in incidence of infec-

tions. However, if exercise is conducted with moderate

intensity and sufficient recovery, its action may result in

improvement of the immune response (Costa Rosa 2004;

Woods et al. 2006).

Several mechanisms may be involved in modulating the

effect of exercise on the immune system, including exer-

cise-induced changes in stress hormones (Ortega 2003;

Nieman 2007), exercise-induced changes in cellular

glutamine metabolism (Parry-Billings et al. 1992, Parry-

Billings et al. 1990), body temperature changes, increases

in blood flow, lymphocyte apoptosis, and dehydration

(Nieman 2007).

Over the last few years, two independent lines of research

have emerged that have attempted to establish a link between

exercise and immune system. One of these lines of research

involves alterations in plasma glutamine concentration and

metabolism (Parry-Billings et al. 1992, Parry-Billings et al.

1990), and the other research considers changes in the

neuroendocrine hormones, especially catecholamines,

cortisol, and other hormones, induced by exercise as the

mechanism for partial impairment of the immune system

(Nieman 2007; Newsholme et al. 1985a, b).

Glutamine and the immune response in exercise

Glutamine is a conditionally essential amino acid that

comprises 20% of the total plasma amino acids and is

actively produced in organs such as the liver, kidneys,

lungs, and skeletal muscle (Parry-Billings et al. 1990).

Skeletal muscle is the major tissue involved in glutamine

synthesis and storage; it is known to release glutamine into

the blood and to influence plasma glutamine concentration

as well as the metabolism of glutamine in other tissues

(Parry-Billings and Newsholme 1991).

Lymphocytes, macrophages and neutrophils are rapidly

dividing cells and consume glutamine at high rates, even

when quiescent (Newsholme et al. 1985b; Akerstrom and

Pedersen 2007). Thus, appropriate glutamine concentra-

tions allow efficient cellular functions such as lymphocyte

proliferation as well as high secretory activity and phago-

cyte function (Nieman 1997; Castell 2003). In addition, it

was shown that the glutamine pathway in these cells is

under external regulation by supply of glutamine itself

(Bruunsgaard et al. 1997; Nieman 1997; Robson et al.

1999; Castell 2003; Costa Rosa 2004). A decrease in

glutamine concentration presents an elevated correlation

with increase in diseases, especially URTI (Pedersen and

Hoffman-Goetz 2000; Castell and Newsholme 2001;

Castell 2003). During pathophysiological catabolic condi-

tions, such as cancer, sepsis, AIDS, and politraumas, the

change in glutamine concentration is associated with

impairment of immune system functions, as lymphocyte

proliferation, phagocytosis in macrophages, and cytokine

production in both cells leads to immunosuppression

(Castell 2003).

In vivo studies in humans have shown that physical

exercise is initially accompanied by increased muscle

glutamine release and hence an increase in plasma gluta-

mine concentration. However, with increased duration of

exercise (e.g., [1 h) this situation changes and plasma

glutamine is reduced after prolonged exhaustive exercise in

humans and rodents (Koyama et al. 1998; Bassit et al.

2000; Santos et al. 2007a; Agostini and Biolo 2010).

However, the period during which glutamine concentration

in the serum remains reduced is not well established. After

marathon running, this decrease was found to be relatively

transient, returning to control values after 6–9 h. However,

athletes or rats with overtraining syndrome, and ultramar-

athon racers had low plasma glutamine that remained low

for several weeks (Decombaz et al. 1979; Parry-Billings

et al. 1992; Koyama et al. 1998; Castell and Newsholme

1998; Bassit et al. 2000).

The mechanism by which this decrease in plasma glu-

tamine concentration occurs during prolonged physical

exercise and recovery is not well understood. During pro-

longed exercise, it has been suggested that lower glutamine

plasma concentration is promoted by increases in glutamine

uptake in several tissues, mainly the liver, kidneys and some

immune cells, while other hypotheses suggest that gluta-

mine release changes in skeletal muscle because of a partial

impairment in glutamine syntheses. (Newsholme and

Calder 1997; Negro et al. 2008). In according, we found a

50% reduction of glutamine synthetase activity in the soleus

muscle 24 h after the last bout of training in rats submitted

to moderate exercise training, suggesting that the exercise

decreases the glutamine synthesis in skeletal muscle during

recovery (dos Santos et al. 2009).

This decrease in plasma glutamine (Parry-Billings et al.

1992; Bassit et al. 2000, 2002; Costa Rosa 2004) due to

impairment in cellular functions of the immune system

(Newsholme et al. 1985a; Newsholme et al. 1996; Bacurau

et al. 2002; Castell 2003; Santos et al. 2007a; dos Santos

et al. 2009; Santos et al. 2009). Parry-Billings et al. (1990)

suggested that small decreases (about 10%) in plasma

glutamine concentration are sufficient to promote impair-

ment of immune cells because the glutamine consumption

by immune system cells may be decreased. In contrast,

recent reviews suggest that the magnitude of the observed

decrease in plasma glutamine concentration after exercise

is not large enough to compromise immune cell function

(Hiscock and Pedersen 2002; Moreira et al. 2007), or it is

not the only mechanism (Hiscock and Pedersen 2002;

Costa Rosa 2004). However, studies conducted with mac-

rophages and lymphocytes from trained rats demonstrated
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that exercise promotes an increase in glutamine utilization

after exercise, as well as the importance of maintenance of

glutamine concentration in the modulation of cellular

proliferation in lymphocytes during and after exercise

(Haskell et al. 2007; Santos et al. 2007a). These results

from our laboratory and from others studies suggest that

the maintenance of glutamine concentration during and

after exercise is important for preservation of immune

function and decrease of the ‘‘open window’’ period

(Koyama et al. 1998; Bassit et al. 2000, 2002; Bacurau

et al. 2002; Castell 2002; Gleeson 2008).

Exercise and chronic illnesses

Physical exercise is a non-pharmacological treatment

modality for several diseases (Pedersen and Saltin 2006).

In addition, moderate exercise a pleasurable, inexpensive

intervention without side effects. Investigations from the

1950s showed the benefits of physical exercise in the

treatment of several diseases, including heart disease

(Eckstein 1957; Heller 1967; McGavock et al. 2004;

Warburton et al. 2007), type 2 diabetes (McGavock et al.

2004), malnutrition (Dos Santos Cunha et al. 2004), kidney

transplants (Riess et al. 2006), hypertension (Choquette and

Ferguson 1973; Cornelissen and Fagard 2002; Fagard and

Cornelissen 2007), obesity (Bradfield et al. 1971; Dachs

2007; Strohacker and McFarlin 2010), psychological dis-

orders (Pedersen and Saltin 2006), sleep disorders (Driver

and Taylor 1996; Santos et al. 2007b), and other inflam-

matory diseases (Rohde et al. 1995; Mathur and Pedersen

2008; Nicklas et al. 2008) (Fig. 2).

Studies show that even low-level physical activity

combined with daily mental training and adequate diet

have a very good preventive effect too, which is enhanced

when it is accompanied by mental activity and psycho-

logical well-being (Jennen and Uhlenbruck 2004) since

that can induce health behavior modification (Willison

et al. 2007). However, despite the encouraging results, the

greatest problem with physical exercise programs is that

the training programs are not well defined, including the

appropriate exercise overload (intensity and volume of

exercise) (Costa Rosa 2004). In the following section, we

will discuss the effect of chronic exercise on the immune

system in some catabolic conditions such as chronic heart

failure [CHF], cancer, and malnutrition from evidence

derived from studies in the Costa Rosa group.

Chronic heart failure

The development of CHF includes several changes and

homeostasis imbalance in tissues and cells which influences

many extra-cardiac manifestations, including the immune

system (Warburton et al. 2006) and metabolic system in

several tissues. In this context, a decrease in plasma gluta-

mine concentration and elevated plasma pro-inflammatory

cytokine concentration, especially TNF-a and IL-6, is found

in patients with CHF when compared with healthy people.

TNF-a has been shown to be involved in generating the

oxidative stress, sympathetic activation and elevated blood

pressure (Guggilam et al. 2007; Zera et al. 2008).

Therefore, would exercise have the same effect on the

immune system during CHF? The following questions

Fig. 2 Effect of training on

immune system and improve in

quality of life
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were addressed in three recent CHF studies in our labora-

tory (Batista et al. 2006, 2007, 2008): (1) What is the role

of macrophages in the progression of CHF? (2) Would

exercise affect the Th1/Th2 lymphocyte imbalance and

immunosuppression observed in CHF? The first study

(Batista et al. 2006) was on pro-inflammatory cytokine pro-

inflammatory cytokine production and other macrophage

functions in rats with CHF induced by myocardial infarc-

tion. In the study, the CHF group presented with higher

macrophages (p \ 0.001) and total cell count (p \ 0.001)

in the peritoneal cavity in comparison to the control group.

In addition, the macrophages from CHF rats showed

increases in macrophage functions, such as the chemotaxis

index (p \ 0.001), phagocytosis (p \ 0.001), and H2O2

production (p \ 0.05). This increase in macrophage func-

tion in CHF animals was followed by significantly elevated

IL-6 and TNF-a production, demonstrating that there is a

modification in macrophage function during CHF and that

macrophages are important in the inflammatory-induced

conditions of CHF.

Additionally, some papers have indicated that leuco-

cytes may play important functions in the course of CHF

and that the CD4? helper cell population is increased in

CHF patients. The increase in CD4 number is associated

with an increase in T Ly responsiveness to polyclonal

mitogens, inducing higher IL-4. Therefore, Th2 cells might

function as physiological regulators of the immune

response by inhibiting potentially injurious Th1 responses

during CHF.

After a moderate aerobic training program (55–65%

VO2max, 5 days/week, 60 min/day) for 8 weeks, there was

an improvement in macrophage and lymphocyte functions.

In fact, the moderate endurance training was efficient, at

least partially, in reducing the CHF effect on macrophage

hyper activation, characterized by increased in chemotaxis

and elevation on TNF-a and IL-6 production restored these

values by baselines (Batista et al. 2006). The moderate

training was also efficient in promoting changes in lym-

phocytes from CHF subjects. After training, there was an

increase in IL-2 production and restoration in IL-4 pro-

duction, suggesting a trend toward normalisation of lym-

phocyte function. These results suggest a possible diversion

of the immune response back toward a Th1-type response

(Batista et al. 2008). Several mechanisms may explain this

improvement promoted by exercise, including the change in

cytokine profile production in other tissues such as skeletal

muscle and adipose tissue; however, these parameters were

not studied in our papers. Other hypotheses are associated

with glutamine concentration. In fact, CHF induces a cat-

abolic situation with consequently decrease in glutamine

concentration, while the training increased the glutamine

concentration, restoring it to normal levels (Batista et al.

2008).

Some studies had showed increased glutamine avail-

ability may contribute to decreased inflammation and

health benefits associated with optimal training (Agostini

and Biolo 2010), however, the importance of glutamine

during systemic inflammation are unknown (Garrett-Cox

et al. 2009). Kretzmann et al. (2008) suggest that glutamine

effects may be brought about by inhibition of oxidative

stress and reduced expression of proinflammatory cyto-

kines. In fact the inflammation is controlled by increase in

protein level of NF-kappaB p50 and p65 subunits in the

nucleus and significant phosphorylation/degradation of the

inhibitor IkappaBalpha (Kretzmann et al. 2008). It is pos-

sible that glutamine increases induced by training can

inhibit NF-kBeta activation and cytokine expression during

CHF in a process mediated by neddylation of Cullin-1

(Cul-1) to proceed as proposed by (Singleton and Wisch-

meyer 2008).

Malnutrition

Malnutrition can induce a partial impairment of the

immune response and an increase in the susceptibility to

infections in normal and hospitalised patients (Huang

2001a, b). Malnutrition depresses many aspects of the

immune system, including both cell-mediated and humoral

immunity, resulting in thymus, spleen, and lymph node

atrophy as well as poor macrophage and lymphocyte

function (Pallaro et al. 2001). It also seems that the changes

depend on the severity and time of exposure to caloric

restriction as well as on the type of dietary protein con-

sumed (Pallaro et al. 2001). A previous study showed that

during malnutrition, decreases in glutamine concentration

may lead to the impairment of lymphocyte function as well

as alterations in proliferation and cytokine production

when lymphocytes from the lymph node and spleen are

stimulated with phytohemagglutinin (PHA) (Pallaro et al.

2001). However, in vitro, the restoration of physiological

glutamine concentration partially recovers the changes

found in lymphocyte function especially in cytokine pro-

duction by cells obtained from the spleen, indicating a

balance towards a Th1 response (Pallaro et al. 2001).

Additionally, what is the effect of exercise on the

immune system in rats suffering from malnutrition? Dos

Santos and colleagues (2004) suggested that if the mod-

erate regular exercise contributes to improvement in

immune response, then exercise could also be important in

treating malnutrition; although this strategy has not been

well studied.

To respond to this question, Dos Santos and colleagues

(2004) randomly assigned rodents into four groups: sed-

entary rats fed ad libitum, sedentary-energy-restricted rats

that received 50% of the mean amount of chow consumed
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by eutrophic rats, eutrophic rats submitted to endurance

training (treadmill, 60–65% VO2 max), and rats trained

30 days after the beginning of the energy restriction.

After 10 weeks of moderate aerobic training (treadmill,

60–65% VO2 max), immune cell (from spleen and mesen-

teric lymph nodes) functions were re-established. In addi-

tion, the moderate training effect induced to a decrease in

corticosterone levels and glutamine plasma concentration.

These results support the hypothesis that glutamine con-

centration has an important role also in immunomodulation

during malnutrition (Cunha et al. 2003; Dos Santos Cunha

et al. 2004).

Inflammation

Inflammation is a natural host response to acute infectious

episode, whereas chronic inflammation has been consid-

ered a sign of chronic infection. Today, it is known that

inflammation is associated with initiation of many chronic

diseases such as some cancers, chronic respiratory condi-

tions, type 2 diabetes, cardiovascular diseases, hyperten-

sion, cachexia, and others (Petersen and Pedersen 2005;

Pedersen and Saltin 2006; Lira et al. 2009b). Inflammation

affects people of all nationalities as well as classes and is

reaching epidemic proportions worldwide (Petersen and

Pedersen 2005; Lira et al. 2009b).

The pathophysiology of the inflammation has a strong

link with physical condition since a sedentary lifestyle has

a direct relationship with inflammation and accelerates the

development of major chronic diseases, especially cardio-

vascular disease (Mathur and Pedersen 2008; Nicklas et al.

2008; Lira et al. 2010). Consequently, moderate chronic

exercise and a low-fat, high-fiber diet have been suggested

as a protection against chronic diseases and inflammation

(Soliman et al. 2009).

However, the decrease in inflammation induced by

exercise is dependent on the pro-inflammatory/anti-

inflammatory ratio. This balance may be modulated by

several factors, including volume and intensity of exer-

cise, kind of exercise, fitness, and tissue analysed. Several

tissues, including skeletal muscle, adipose tissue, and

leukocytes, produce and release pro-inflammatory cyto-

kines such as TNF-a and anti-inflammatory cytokines

such as IL-10 (Petersen and Pedersen 2005; Lira et al.

2009b; Soliman et al. 2009; Lira et al. 2009c; Rosa Neto

et al. 2009).

Most studies in humans indicate that during and fol-

lowing prolonged exercise, plasma cytokine concentrations

(e.g., IL-6, IL-10, CSF, and TNF) peak at the end of

exercise (Woods et al. 2006; Lira et al. 2009a) with the

exception of IL-1ra, which peaks 1–2 h after exercise

(Pedersen and Hoffman-Goetz 2000).

Our study showed that 8 weeks of moderate training in

rats increased the IL-10/TNF-a ratio in mesenteric adipose

tissue and retroperitoneal adipose tissue. However, the

mesenteric depot seemed to be more responsive to mod-

erate intensity exercise training than the retroperitoneal fat

pad, similar to the case of humans (Lira et al. 2009a).

Additionally, we recently found decreased expression of

IL-1b, TNF-a, and IL-10 in the extensor digital longus

(EDL) in trained rats, when compared with sedentary rats.

In the soleus, IL-1b, TNF-a, and IL-10 protein levels were

similarly decreased in trained in relation to sedentary rats,

while IL-6 expression was not affected by the training

protocol (Lira et al. 2009c). These data show that in healthy

rats, 8 weeks of moderate aerobic training down-regulates

the skeletal muscle production of cytokines involved in the

onset, maintenance, and regulation of inflammation.

However, exhaustive acute exercise (moderate intensity to

exhaustion) presents a different effect in different tissues:

in the muscle, there was an anti-inflammatory effect, noted

in type 2 fibers, while in adipose tissue; the exercise

induced pro-inflammatory cytokine expression (Rosa Neto

et al. 2009).

Conclusion

In this review, we have discussed the improvements in

quality of life stimulated by aerobic training, how exercise

modulates immune function in some pathological condi-

tions, and the importance of the plasma glutamine con-

centration in those conditions. From our studies conducted

with animal models, we conclude that physical exercise,

when performed chronically, can reverse the immunosup-

pression and inflammation caused by catabolic conditions.

These results demonstrate the importance of the exercise-

immune system relationship with regards to addressing

potential treatments for some illnesses. Therefore, new

studies are necessary to deepen the available knowledge

and to evaluate the possibility of transference of these

results to humans.
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