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Summary. Glutamine is the most abundant free amino acid in the body.

Its primary source is skeletal muscle, from where it is released into the

bloodstream and transported to a variety of tissues. Several studies have

shown that glutamine is important for rat and human neutrophil function

and that these cells utilize glutamine at high rates. Physical exercise has

also been shown to induce considerable changes in neutrophil metabolism

and function. As neutrophils represent 50–60% of the total circulating

leukocyte pool and play a key role in inflammation, both physical exercise

and glutamine might be expected to regulate the inflammatory process. In

this review, the changes in neutrophil function induced by physical exer-

cise and glutamine supplementation are compared.

Keywords: Neutrophil – Glutamine – Physical exercise – Phagocytosis –

Apoptosis

Neutrophil function

During infection, neutrophil (polymorphonuclear leuko-

cyte) production by bone marrow is increased due to the

action of cytokines such as granulocyte=macrophage col-

ony-stimulating factor (GM-CSF), leading to a significant

elevation in circulating neutrophils (neutrophilia). Neu-

trophils are the first barrier against infection due to their

ability to migrate rapidly into loci of infection where

they phagocytize and kill pathogens. The sequence of

events that occurs in neutrophil response to microbial in-

vasion includes adherence, chemotaxis, phagocytosis, oxi-

dative burst, degranulation, and microbial killing (Wolach

et al., 1982). Neutrophils also play a key role in the early

stages of the inflammatory response as chemotactic fac-

tors (including components of the complement cascade

and chemokines) promote their migration from peripheral

blood to extravascular tissue (Faurschou and Borregaard,

2003). Specific cytoskeletal rearrangements involving

the polymerization of F-actin are required for this che-

motactic response, allowing the cell to undergo sequential

morphological changes from a rounded to an elongated

shape that reflect the state of cell activation and an in-

creased ability to migrate to the target sites (Damaj et al.,

1996).

The migration of leukocytes out of blood vessels (a

process known as extravasation) occurs in four steps. The

first step involves the expression of P-selectin (CD62P) on

the neutrophil surface. This can be induced by neutrophil

exposure to complement, tumor necrosis factor-a (TNF-a)

or lipopolysaccharide (LPS). Subsequently, these factors

together with P-selectin induce the synthesis of a second

selectin, E-selectin (CD62E) on the endothelial cell sur-

face which recognizes the sulfated-sialyl-LewisX moiety

of certain leukocyte glycoproteins. The interaction of both

E-selectin and P-selectin with these glycoproteins allows

neutrophils to adhere reversibly to the vessel wall, so that

circulating leukocytes can be said to ‘roll’ along the en-

dothelium (Gallin et al., 1999; Janeway et al., 2001).

This adhesive interaction facilitates the next step in neu-

trophil migration, an association between specific leu-

kocyte integrins (lymphocyte function-associated anti-

gen-1 [LFA-1] and Mac-1 [i.e. CR3]) with molecules

on the endothelial surface such as intracellular adhesion



molecule-1 (ICAM-1). LFA-1 and Mac-1 normally adhere

only weakly to the endothelium, but IL-8 and other che-

mokines bound to proteoglycans on the endothelial cell

surface trigger conformational changes in LFA-1 and

Mac-1, greatly increasing the adhesive properties of the

leukocyte, which then attaches firmly to the blood vessel

lining (Gallin et al., 1999; Janeway et al., 2001).

The third step in leukocyte extravasation depends on

both the adhesive interactions of neutrophils with en-

dothelium via LFA-1 and Mac-1, and on an immunoglob-

ulin-related molecule called PECAM (CD31) (platelet-

endothelial cell adhesion molecule), which is expressed

both on leukocytes and at the intercellular junctions of

endothelial cells. These interactions enable the phagocyte

to ‘‘squeeze’’ between the endothelial cells and then to

penetrate the basement membrane with the aid of proteo-

lytic enzymes released from the neutrophil in a process

known as diapedesis. The final step in extravasation is

the migration of neutrophils through the sub-endothelial

connective tissue, and is induced by several chemokines,

including IL-8 secreted by macrophages encountering

pathogens at the site of infection. Once reaching an in-

flammatory site, neutrophils are able to eliminate patho-

gens by phagocytosis and by the release of specific antimi-

crobials into their immediate environment in the process

of degranulation (Gallin et al., 1999; Janeway et al., 2001).

Upon activation, individual neutrophils generate several

toxic reactive oxygen species (ROS) and an array of pro-

teolytic enzymes that act together to kill infectious agents

(Weiss, 1989). The superoxide anion radical (or superox-

ide, O2��) and hydrogen peroxide (H2O2), the products of

the univalent and bivalent reduction of oxygen (O2),

respectively, are produced during normal aerobic metab-

olism in mammalian cells and constitute physiological

intracellular metabolites (Cadenas and Davies, 2000).

Superoxide is generated through the mitochondrial elec-

tron transport chain, xanthine–xanthine oxidase, and cyto-

chrome P450 (Cadenas and Davies, 2000). An additional

source of H2O2, independent of mitochondrial respiration

resides on the outer mitochondrial membrane where H2O2

is generated by the monoamine oxidase catalyzed oxida-

tive deamination of biogenic amines in a direct two-elec-

tron reduction of O2 to H2O2 (Hauptmann et al., 1996).

ROS generation involves the pathways described above

in most cells including neutrophils. In neutrophils, how-

ever, the production of superoxide occurs mainly through

NADPH-oxidase activation. NADPH-oxidase is a mem-

brane-associated enzyme complex that catalyzes the one-

electron reduction of oxygen to generate superoxide at the

expense of NADPH (Babior, 1999). The NADPH-oxidase

complex consists of two membrane-bound (gp91phox,

p22phox) and three cytosolic (p47phox, p40phox, p67phox)

components plus Rap1a and Rac2. Upon activation of

NADPH oxidase, p47phox is phosphorylated on specific

sites and all components are translocated from the cytosol

to form a complex with the cell membrane giving the

enzyme complex the ability to convert O2 to O2�� which

is now localized in secretory granules (Babior, 1999).

The oxidizing agents generated by NADPH-oxidase

activity include not only O2�� but H2O2, which is pro-

duced by dismutation of the O2��, and both O2�� and

H2O2 in turn give rise to other ROS that are strong cyto-

solic oxidants, such as hypochlorous acid (formed by

H2O2 and chloride ions under the action of myeloperox-

idase released from neutrophil granules) and the hydroxyl

radical (OH�) (Babior, 1999, 2004).

Another unstable and reactive free radical produced by

immune and inflammatory cells is nitric oxide (NO). NO

is synthesized from L-arginine and molecular oxygen by

the enzymatic action of inducible nitric oxide synthase

(iNOS) utilizing electrons donated by NADPH (Moncada

et al., 1991). It acts as both a toxic agent directed against

infectious organisms, and in the regulation of host im-

mune function, thus acting as an anti-inflammatory or

immunosuppressive agent via its inhibitory or apoptotic

effects (see review Coleman, 2001). The NO produced by

neutrophils acts synergistically with bacterial products

and with cytokines to promote an increase of iNOS

expression and consequently the production of additional

NO (see review Armstrong, 2001). The nitric oxide gen-

erating system has also been suggested to function as

an autacoid mechanism, regulating neutrophil activation

during pathophysiological conditions in vivo (Nath and

Powledge, 1997) in addition to acting directly in the kill-

ing of pathogens including bacteria and fungi (Malawista

et al., 1992).

After killing the ingested microorganisms, neutrophils

die by apoptosis and are phagocytosed by macrophages,

thereby preventing the release of neutrophil contents to

the extracellular environment that would otherwise induce

inflammation (Scheel-Toellner et al., 2004). Neutrophil

apoptosis can be activated by both intrinsic and extrinsic

pathways (Kroemer, 2002). In the intrinsic process, the

apoptotic agents lead to formation of a mitochondrial

permeability transitional pore (MPTP). That is formed

by a voltage dependent channel (VDAC), adenine nucleo-

tide translocase (ANT), cyclophilin D and several proteins

of the Bcl-2 family (Kroemer, 2002). Apoptotic cells un-

dergo alterations in the MPTP that leads to the release into

the cytoplasm of a number of intra-mitochondrial proteins
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(including cytochrome c, apoptotic inducing factor [AIF],

pro-caspases 3 and 9, the second mitochondria-derived

activator of caspases [Smac, also known as DIABLO]

and endonuclease G), that precedes the activation of cas-

pases and endonucleases (Kroemer, 1998; Lemasters

et al., 1998; Mayer and Oberbauer, 2003).

Glutamine metabolism in neutrophils

The importance of glutamine in cell function was first

postulated by Krebs (1935). Later, Ardawi and Newsholme

(1982) demonstrated that glutamine utilization is critical

in providing energy and biosynthetic precursors for the

proliferation of the immune cells (i.e. lymphocytes). Curi

et al. (1997) studied glutamine function in rat neutrophils

and were the first to demonstrate that the rate of glutamine

utilization in these cells is higher than that of glucose.

They found that glutamine was utilized by neutrophils

at a rate of 12.8 nmol �min�1 per mg protein when added

to the cells at a final concentration of 2 mM for 1 h. In

contrast, glucose was utilized at only 7.7 nmol �min�1 per

mg protein when cells were incubated in 5 mM glucose.

The conversion of glucose to lactate in these cells was

high (60% of the amount of glucose utilized), where-

as [U–14C] glucose decarboxylation was very low. Curi

et al. (1997) also noted that the formation of ammonia

represented �27% of glutamine utilization in neutrophils

and the conversion of glutamine to glutamate, aspartate,

alanine, and lactate accounted for �85% of the total

amino acid utilized. Similar results have been reported

for macrophages (Newsholme and Newsholme, 1989).

We have also shown that the addition of glutamine to

LPS-treated neutrophils significantly inhibits the produc-

tion of cytokine-stimulated TNF-a (Pithon-Curi et al.,

2002b). This study suggested that glutamine plays a sig-

nificant role in the neutrophil-mediated response to in-

fection and injury and supports an earlier study where

the addition of glutamine to the culture medium of cul-

tured neutrophils obtained from burn and post-operative

patients, was shown to augment the bacterial killing ac-

tivity of these cells (Furukawa et al., 1997, 2000). Castell

et al. (2004) have shown in addition that phosphate-

dependent glutaminase, a key enzyme in glutamine meta-

bolism, is present on the surface of human neutrophils,

suggesting that high rates of glutamine utilization in the

human neutrophil might suppress the production of pro-

inflammatory factors such as IL-8.

Glutamine has also been shown to be important in the

production of ROS via. the NADPH-oxidase pathway.

Several investigations have demonstrated that glutamine

increases expression of the NADPH-oxidase components

p22phox, p47phox and gp91phox in rat neutrophils (Pithon-

Curi et al., 2002a; Moinard et al., 2002). Moreover,

Castell et al. (2004) have shown that glutamine (2 mM)

increases the respiratory burst in human neutrophils stim-

ulated with both phorbol myristate acetate (PMA) and

formyl-methionyl-leucyl-phenylalanine (fMLP). Similar ef-

fects were observed by M€uuhling et al. (2002, 2005), who

reported that exogenous L-alanyl-L-glutamine (1 mM)

significantly increased neutrophil superoxide anion gen-

eration, H2O2 formation and the release of mieloperoxi-

dase (MPO). More recently these authors have proposed

that modulation of intracellular glutamine metabolization

and=or de novo synthesis, and well as a blockade of

important glutamine-dependent metabolic processes may

lead to significant modifications of immune functions

(M€uuhling et al., 2007).

As noted earlier, adhesion molecules play a key role

in cell-to-cell and cell-to-extracellular matrix interac-

tions. For example, ICAM-1 and VCAM-1 (vascular cell

adhesion molecule-1) serve important functions in the

adhesion of monocytes, lymphocytes, and neutrophils to

activated endothelium (Carlos and Harlan, 1994; Jang

et al., 1994). A study by Fukatsu et al. (2001) showed that,

compared with conventional total parenteral nutrition,

glutamine-supplemented parenteral nutrition in mice de-

creased the intestinal expression of ICAM-1, indicating

the importance of glutamine on modulation of cellular ad-

hesion, and therefore on neutrophil migration.

Effect of exercise on neutrophil function

Marked changes in blood leukocyte counts resulting from

a single bout of high intensity exercise are well known

and are due largely to the movement of neutrophils from

the marginal pool to the circulating pool as a result of

muscular action (Morozov et al., 2003; Mochida et al.,

2007). Fielding et al. (1993) in addition showed that after

intense acute exercise neutrophils infiltrate into the un-

derlying tissue where they may release ROS and Wolach

et al. (1998, 2000) demonstrated that fMLP-stimulated

neutrophil chemotaxis was reduced 24 h after aerobic

exercise in trained and untrained women. This group

(Wolach et al., 2005) later reported that the decrease in

chemotaxis after moderate exercise was transient, with a

full recovery by 48 h. Several reports have also shown

that exercise changes the expression of cell-adhesion

molecules and consequently neutrophil movement into

damaged tissue, including skeletal muscle (MacIntyre

et al., 2001; Morozov et al., 2001; Mochida et al., 2007).
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Therefore, release of the marginal pool of neutrophils

appears to be coordinated with mechanisms that increase

their extravasation. However, there has not been a gen-

eral agreement as to which adhesion molecules play the

major role in this. Smith et al. (1996) showed increased

expression of CD11b in response to moderate exercise.

However, Peake et al. (2004) found that after moderate

exercise the expression of CD11b (integrin alpha M),

CD16 (low-affinity immunoglobulin G [IgG] Fc receptor)

and CD35 (erythrocyte complement receptor 1 or CR1)

was unchanged, although 1 h afterwards a significant de-

crease was observed. The authors suggested that this re-

duction in expression of the receptors after exercise might

be part of the inflammatory response in exercise-induced

muscle damage.

A reduction in expression of L-selectin (CD62L) in

neutrophils has been reported to occur immediately after

intense exercise, followed by an increase during recovery

(Kurokawa et al., 1995) whereas CD11a (integrin alpha L)

remained unchanged. Chinda et al. (2003a) studying neu-

trophils from marathon runners reported that intense exer-

cise decreased the expression of CD16, but did not affect

CD11b expression. In another study Chinda et al. (2003b)

showed decreased expression of CD11b and CD16 in

neutrophils from judoists. On the other hand, Mochida

et al. (2007) showed no change in expression of CD11b

and CD16 after intensive pre-competition training in

female judoists. Overall these studies would suggest that

the effect of exercise on neutrophil function may vary

with the athlete and the type of exercise. Wang and Liao

(2004) reported decreases in P-selectin but increases in

neutrophil-derived NO metabolites and von Willbrand

factor (vWF) after moderate exercise. The authors specu-

lated that by increasing NO release, moderate exercise

may decrease the activity of adhesion molecules on plate-

lets, thereby reducing platelet activation induced by shear

stress and so suppressing neutrophil interaction with sur-

face-adherent platelets.

Exhaustive intense physical exercise in athletes (80–

100% VO2max) can also induce degranulation of circulat-

ing neutrophils, causing an increase in plasma concen-

tration of neutrophil activation markers including MPO,

lactoferrin, and elastase (Gray et al., 1993; Robson et al.,

1999; Pyne et al., 2000; Morozov et al., 2003, 2006; Inoue

et al., 2004). Long duration (60–150 min) and moderate-

intensity (50–60% VO2max) exercise have also been

shown to induce an increase of elastase activity in plas-

ma (Pyne et al., 2000; Robson et al., 1999; Smith et al.,

1996). Furthermore, plasma MPO, lactoferrin, IL6, IL8,

G-CSF (granulocyte colony-stimulating factor), MCSF

(monocyte=macrophage colony stimulating factor), and

MCP-1 (monocyte chemoattractant protein 1) have been

shown to increase after prolonged endurance exercise

(marathon) (Suzuki et al., 2003), suggesting that endur-

ance exercise could mediate the recruitment of neutro-

phils and monocytes that would increase tissue damage.

On the other hand, Hack et al. (1992) showed that after

intense exercise the functional capacity (i.e. phagocytic

capacity and oxidative metabolism) of neutrophils is de-

creased. Furthermore Lagranha et al. (2005) showed

that although acute intense exercise induces an increase

in the production of ROS by neutrophils, this effect

is not associated with alteration in expression of the

components of NADPH-oxidase; p22phox, p47phox and

gp91phox. Quindry et al. (2003) showed that the role of

exercise in oxidative metabolism varies with exercise

intensity, noting that significant oxidative stress in blood

was present immediately after maximal intensity but not

after submaximal exercise. Concomitant to the oxidative

stress, neutrophilia and subsequent superoxide generation

by neutrophils were also significantly increased. These

findings suggest that an exercise-induced increase in neu-

trophil count may lead to an enhanced oxidative stress in

blood. The authors also postulated that high-intensity

exercise leads to an obligatory oxidative stress that may

be necessary for adaptation and potentially for disease

prevention.

Activation of protein kinase C (pkC) is one of the ear-

liest events in the cascade leading to activation of neutro-

phil respiratory burst (Nauseef et al., 1991). Wang (2004)

showed that a strenuous exercise reduced the translocation

of p47phox to the neutrophil membrane by decreasing

phosphorylation of the pkC� isoform, but not of classical

or novel pkC isoforms, thereby suppressing the extent

of platelet-promoted neutrophil oxidant production. The

author suggested that strenuous exercise attenuates the

acute inflammatory response and innate immunity in vas-

cular injury, leading to suppression of cellular defenses

against invading bacteria that have transmigrated through

vessels and entered the blood. Chinda et al. (2003a) study-

ing neutrophils from marathon runners reported that

intense exercise decreased oxidative burst activity, but

caused no significant change in neutrophil phagocytic ca-

pacity. These authors later reported (Chinda et al., 2003b)

that neutrophils from judoists showed an increased pro-

duction of ROS and a decrease in phagocytic capacity

compared with pre-training measurements. Futhermore,

in vitro stimulation of neutrophil respiratory burst has

been shown to be decreased immediately after an exhaus-

tive high-intensity exercise (80–100% VO2max) (Hack
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et al., 1992; Robson et al., 1999). Other investigations

suggesting a decrease in ROS after exercise were those

of Lagranha et al. (2005) who showed that acute exercise

in rats had no effect on neutrophil phagocytosis but

induced a marked decrease in nitric oxide production

due to a decrease in iNOS mRNA expression. As to any

effect of exercise on phagocytosis, Blannin et al. (1996)

and Hack et al. (1992) reported that immediately after

both moderate (50–70% VO2max) and maximal intensity

exercise, neutrophil phagocytic activity is significantly

increased and remained elevated for up to 24 h. Hack

et al. (1994) in addition showed that neutrophil phago-

cytic activity at rest or 24 h after exercise was higher in

athletes submitted to moderate training when compared

with intense training.

There are reports that regular moderate physical activ-

ity is beneficial for good health by decreasing infection

risk (Nieman and Henson, 1994; Nieman, 2000). This

type of lower level exercise decreases the risk of infection

by increasing the immune capacity, whereas conversely in

athletes involved in high intensity exercise (pre-competi-

tion or overtraining), the risk of infection increases due

to a reduction in immune function (Nieman and Henson,

1994). Indeed, Nieman (2000) and Pyne (1994) have sug-

gested that moderate intensity exercise is a potent immune

modulator. However, the effect of moderate intensity ex-

ercise on neutrophil function remains controversial. In

this regard, Pyne et al. (1996) and Robson et al. (1999)

reported that after moderate intensity exercise (50–60

VO2max), of both short or long duration (40 or 150 min),

neutrophil respiratory burst was decreased. By contrast,

others have found an increase of neutrophil respiratory

burst production after 60–90 min of moderate intensity

exercise (50–70% VO2max) (Smith et al., 1996). It has

been suggested that these apparently opposite effects of

moderate exercise may occur due to the duration of the

effort (Robson et al., 1999). The specific form of mod-

erate exercise taken also seems to affect neutrophil func-

tion. Bury et al. (1998) showed that moderate training

does not affect the function of neutrophils from football

players, as compared with the values obtained from indi-

viduals at rest. Pyne (1995) however observed activation

of the neutrophils in swimmers submitted to moderate-

intensity training.

Our group has observed that chronic moderate exercise

does not induce a significant increase in the phagocytic

capacity of neutrophils from immature (2-month old) rats

but does increase the production of reactive oxygen spe-

cies. Conversely, in neutrophils from mature (3-month old)

rats, exercise induced an increase in neutrophil phagocytic

capacity but had no effect on the production of reactive

oxygen species (data not published). Therefore we can

conclude that the effect of moderate-intensity exercise

on immune function varies with the duration of the effort

and the training state of the athletes.

Effect of glutamine supplementation on exercise-

induced changes in neutrophil function

Human plasma glutamine concentrations are decreased by

20–25% after prolonged and exhaustive exercise (Castell

et al., 1996; Castell and Newsholme, 1998; Cuisinier et al.,

2001). Robson et al. (1999) showed that when exercise

was prolonged, both plasma glutamine and neutrophil

function were decreased after 1 and 2.5 h post-exercise.

In conditions where plasma glutamine concentration is

decreased, provision of this amino acid could be advanta-

geous for cells of the immune system, including neutro-

phils (Castell and Newsholme, 2001). In support of this

hypothesis, Ikeda et al. (2003) showed that glutamine

supplementation abolishes the reduction of phagocytic

capacity in neutrophils from patients with peritonitis after

administration of total parenteral nutrition. As observed

by Moinard et al. (2002), glutamine and arginine-enriched

diets raise the respiratory burst of neutrophils. These

authors also found that glutamine and arginine modulate

the production of neutrophil ROS from stressed rats

through a pathway involving polyamine and NOS. Fur-

thermore Murphy and Newsholme (1997) showed that the

rate of nitrite production (in the absence of extracellular

arginine) was reduced by culturing macrophages or mono-

cytes in the presence of the glutaminase inhibitor, 6-diazo

5-oxo norleucine, suggesting the importance of glutamine

for NO production in leukocytes.

Lagranha et al. (2005) showed that glutamine supple-

mentation both in rested rats and in rats submitted to acute

exercise caused a significant increase in neutrophil phago-

cytic capacity. This study also demonstrated that acute

exercise induced a marked decrease in NO production,

but the rats that had received glutamine supplementation

showed improvement of NO production when compared

with neutrophils from non-supplemented exercised rats.

To examine the possible mechanisms involved in neutro-

phil NO production, the expression of iNOS mRNA was

then evaluated and found to decrease with exercise. Sig-

nificantly, the exercise-induced reduction in iNOS tran-

script was abolished by glutamine supplementation.

As previously mentioned, we found that exercise raises

the production of ROS by neutrophils (Lagranha et al.,

2005). Glutamine administration caused a further increase
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(by two-fold) in the production of reactive oxygen meta-

bolites in neutrophils from exercised rats as compared

with exercised rats not supplemented with glutamine.

Glutamine also raised the production of ROS in neutro-

phils from rested rats. To evaluate the possible mech-

anisms involved the expression levels of the components

of NADPH-oxidase; p22phox, p47phox and gp91phox were

determined. No changes in mRNA levels of these compo-

nents were observed in neutrophils from exercised as

compared to rested rats. However, in neutrophils from

exercised rats supplemented with glutamine, there was a

marked increase in expression of p22phox, p47phox and

gp91phox compared with non-supplemented animals

(Lagranha et al., 2005).

Effect of intense exercise on neutrophil apoptosis

Apoptosis is a highly regulated form of cell death required

for the normal development of multicellular organisms.

The morphological features of apoptosis include con-

densation and marginalization of nuclear chromatin,

DNA fragmentation, plasma membrane blebbing, and cell

shrinkage (Kerr et al., 1972; Kroemer, 1998). Change in

mitochondrial transmembrane potential (MTP), the driving

force of cellular ATP formation, constitutes an obligate step

in inducing apoptotic death. Mitochondrial depolarization

precedes nuclear signs of apoptosis and the activation of

endogenous endonucleases and caspases that results in irre-

versible DNA fragmentation (Kroemer, 1998).

Hsu et al. (2002) first showed changes in MTP in neu-

trophils taken from athletes submitted to different inten-

sities of aerobic exercise. Lagranha et al. (2004) showed

that a single bout of intense exercise leads to increase

of apoptosis in neutrophils obtained from both sexually

immature and mature rats and also that exercise leads to

marked changes in expression of both pro- and antiapop-

totic genes of neutrophils from mature rats. However, the

effect of exercise on apoptosis-related gene expression

was not observed in neutrophils from immature rats sug-

gesting that the changes in pro- and antiapoptotic genes

expression induced by exercise are dependent on the sex-

ual maturity of the rats. This is supported by previous

studies showing that testosterone can regulate expression

of pro- and anti-apoptotic genes in leukocytes (Pearse

et al., 1992).

Disruption of mitochondria and release of cytochrome c

from mitochondria to cytosol is a triggering feature of

apoptosis (Green and Reed, 1998). Cytochrome c leakage

is closely associated with mitochondrial depolarization

and a decrease in ATP synthesis and precedes the caspase

activation that leads to degradation of target proteins

and to chromatin condensation (Green and Reed, 1998;

Kroemer, 1998; Fehrenbach et al., 2003). Our group

has shown that exercise promotes a marked decrease of

MTP in neutrophils from both immature and mature rats

(Lagranha et al., 2004). Similar findings in MTP were

obtained by Hsu et al. (2002) who postulated that intense

exercise has cumulative effects on leukocyte mitochon-

drial function. However, in our study, an effect on neu-

trophil apoptosis was observed after only single bout of

exercise. As to the mechanism(s) underlying these apop-

totic changes, superoxide has been shown to regulate ex-

pression of pro- and anti-apoptotic genes and may induce

disruption of MTP (Kroemer, 1998) and Lagranha et al.

(2004) suggest that exercise-induced neutrophil apoptosis

could be mediated by a substantial increase in the produc-

tion of ROS.

Apoptosis and glutamine metabolism

Nunn et al. (1996) determined the endogenous concentra-

tion of various metabolites in human neutrophils under-

going apoptosis, including lactate and some amino acids.

The endogenous concentration of lactate and glutamine

was reduced by 45%, whereas that of arginine, glycine,

alanine, aspartate, and glutamate was not modified. Thus,

glutamine utilization appears to be increased in apoptotic

neutrophils. On the other hand, glutamine has been shown

to delay the occurrence of spontaneous apoptosis in neu-

trophils (Pithon-Curi et al., 2003) and the plasma concen-

tration of glutamine has been correlated positively with

MTP (Pithon-Curi et al., 2003). A reduction in MTP has

been recognized as necessary for the commitment of cells

to apoptosis (Phaneuf and Leeuwenburgh, 2001). Plasma

glutamine is also inversely correlated with annexin V

binding to externalized phosphatidylserine, and with chro-

matin condensation in both rat and human neutrophils

(Pithon-Curi et al., 2003).

Chang et al. (2002) showed that glutamine decreases

lymphocyte apoptosis due to an increased expression of

anti-apoptotic genes. On the contrary, depletion of gluta-

mine from the culture medium of Chinese hamster ovary

cells has been shown to enhance apoptosis (Sanfeliu and

Stephanopoulos, 1999). A possible mechanism for the

antiapoptotic effect of glutamine could be the produc-

tion of glutathione, which has been reported to stabilize

neutrophil mitochondrial function and to delay apoptosis

(O’Neill et al., 2000). The antioxidant effects of metabo-

lites of glutamine such as glutathione thus may contribute

to the effect of glutamine in reducing exercise-induced
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Table 1. Summary of the experiments performed to show the effects of glutamine and exercise on neutrophil function

Glutamine

concentration

Function Effect on

function

References

Glutamine effects

0.5–1.0 mM ATP and NADPH production " Curi et al. (1999)

0.5–2.0 mM Bacterial killing " Furukawa et al. (2000)

0.5–2.0 mM DNA fragmentation, chromatin condensation,

phosphatidylserine externalization, mitochondrial

despolarization

# Pithon-Curi et al. (2003)

1.0 mM Superoxide production, hydrogen peroxide production,

MPO activity

" M€uuhling et al. (2002, 2005)

1.0–2.0 mM ROS production and NADPH components expression " Pithon-Curi et al. (2002a)

2.0 mM TNFa production # Pithon-Curi et al. (2002b)

2.0 mM IL8 production # Castell et al. (2004)

2.0 mM Respiratory burst " Castell et al. (2004)

6.8 mM=kg per d ROS production " Moinard et al. (2002)

1g=kg

supplementation

DNA fragmentation, chromatin condensation,

phosphatidylserine externalization, mitochondrial

despolarization

# Lagranha et al. (2004)

1g=kg

supplementation

Phagocytosis and ROS production " Lagranha et al. (2005)

2% GLN-enriched

parenteral nutrition

ICAM-1 expression # Fukatsu et al. (2001)

Exercise intensity Function Effect on function References

Exercise effects

Moderate CD11b expression " Smith et al. (1996)

Moderate CD11b, CD16 and CD35 expression # Peake et al. (2004)

Moderate P-selectin expression # Wang and Liao (2004)

Moderate Chemotaxis # Wolach et al. (1998, 2000, 2005)

Moderate Respiratory burst # Pyne et al. (1996) and Robson et al. (1999)

Moderate Respiratory burst " Smith et al. (1996)

Moderate NO metabolites and vWF production " Wang and Liao (2004)

Moderate and

long duration

Elastase activity " Smith et al. (1996), Robson et al.

(1999) and Pyne et al. (2000)

Moderate

and intense

Phagocytosis " Hack et al. (1992) and

Blannin et al. (1996)

Intense CD11b and CD16 expression " Gray et al. (1993)

Intense CD16 expression # Chinda et al. (2003a)

Intense CD11b and CD16 expression # Chinda et al. (2003b)

Intense CD11b and CD16 expression ¼ Mochida et al. (2007)

Intense L-selectin expression # Kurokawa et al. (1995)

Intense Phagocytosis and respiratory burst # Hack et al. (1992)

Intense MPO, lactoferrin and elastase activity " Gray et al. (1993), Camus et al. (1998),

Robson et al. (1999), Pyne et al. (2000),

Morozov et al. (2003, 2006) and Inoue

et al. (2004)

Intense Oxidative metabolism and superoxide production " Quindry et al. (2003)

Intense IL6, IL8, GCSF, MCSF, MCP-1 " Suzuki et al. (2003)

Intense p47phox translocation and pkCz expression # Wang (2004)

Intense ROS production, NO production, phagocytosis ", #, ¼ Lagranha et al. (2005)

Intense ROS production # Chinda et al. (2003a)

Intense ROS production and phagocytosis ", # Chinda et al. (2003b)

Intense Respiratory burst # Hack (1992) and Robson (1999)

Intense DNA fragmentation and mitochondrial despolarization " Hsu et al. (2002)

Intense DNA fragmentation, chromatin condensation,

phosphatidylserine externalization and mitochondrial

despolarization

" Lagranha et al. (2004)

" Stimulation; # inhibition; ¼ no changes

TNF� Tumor necrosis factor a; IL8 interleukin 8; ROS reactive oxygen species; MPO myeloperoxidase; ICAM-1 intracellular adhesion molecule-1; IL6

interleukin 6; G-CSF granulocyte colony-stimulating factor; MCSF monocyte=macrophage colony stimulating factor; MCP-1 monocyte chemoat-

tractant protein 1; CD11b integrin alpha M; CD16 low-affinity immunoglobulin G [IgG] Fc receptor; CD35 erythrocyte complement receptor 1 or CR1;

NO nitric oxide; vWF von Willbrand factor; pkC� protein kinase C zeta



neutrophil apoptosis. Glutamine administration may also

be responsible for inducing protective effects on mito-

chondrial integrity, thereby also reducing exercise-in-

duced apoptosis (Lagranha et al., 2004). However, glu-

tamine administration also appears to be responsible for

raising the production of reactive oxygen metabolites

(Lagranha et al., 2004), so it is unlikely that the protective

effect of glutamine on exercise-induced neutrophil apop-

tosis is mediated by a reduction in oxidative stress.

Glutamine metabolism can result in formation of other

amino acids, such as aspartate. It also leads to an increase

in ATP and NADPH production (Curi et al., 1999), which

are known to regulate mitochondrial function (Curi

et al., 1999). Changes in the ATP=ADP ratio have been

recognized as a major determinant of cell death, with a

moderate decrease of ATP content leading to apoptosis,

whereas a marked decrease of this nucleotide causes ne-

crosis (Green and Reed, 1998; Kroemer, 1998). Finally,

there is evidence that glutamine is involved in the control

of the activities of apoptosis signal-regulating kinase I and

stress-activated protein kinase (Ko et al., 2001).

Concluding remarks

The effects of high-intensity physical exercise and gluta-

mine supplementation on neutrophil function are sum-

marized in Table 1. Exercise induces significant changes

in neutrophil function which may be either beneficial or

harmful depending on intensity and duration. Glutamine

also regulates neutrophil activity and may counteract the

effects of exercise on specific neutrophil functions such as

apoptosis and nitric oxide production. These observations

suggest that careful consideration should be given to neu-

trophil functions in athletes particularly those using glu-

tamine supplementation as part of their regimen.

Acknowledgements

The authors are grateful to J. R. Mendonc�a, E.P.P. Santos, and G. de Souza,

for technical assistance. Fundac�~aao de Amparo a Pesquisa do Estado de S~aao

Paulo (FAPESP), Conselho Nacional de Pesquisa (CNPq), Coordenac�~aao

de Aperfeic�oamento de Pessoal de Nı́vel Superior (CAPES) and Projetos
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