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This post was written with Consensus Al Academic Search Engine —
please read our Disclaimer at the end of this article. Glutamine
supplementation offers a range of health benefits, including weight loss,
enhanced immune function, improved cardiovascular health, better
exercise recovery, and increased muscle strength in the elderly. Its role in
critical illness recovery also shows promise, although further research is
needed to fully understand its potential in different patient populations.

Weight Loss and Metabolic Health

Glutamine supplementation has shown promising results in promoting
weight loss and improving metabolic health. A pilot study involving obese
and overweight female patients demonstrated that glutamine
supplementation significantly reduced body weight and waist circumference
without requiring changes in dietary habits or lifestyle. Additionally, there
was a notable, though not statistically significant, decline in insulinemia and
the homeostatic model of insulin resistance (HOMA-IR), suggesting
potential benefits for glucose metabolism1.

Immune Function and Infection Prevention

Glutamine plays a crucial role in enhancing immune function and reducing
infection rates. In patients undergoing bone marrow transplantation,
glutamine-supplemented parenteral nutrition was associated with
decreased infection rates, reduced hospital stays, and lower hospital costs.
These patients also exhibited improved lymphocyte counts and enhanced
T-cell function, indicating a strengthened immune response2. Similarly,
combat-sport athletes who received glutamine supplementation
experienced enhanced mucosal immunity, reduced incidence of upper
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respiratory tract infections (URTI), and improved hormonal status, which
collectively contributed to better overall health and performance3.

Cardiovascular Health

Glutamine has demonstrated cardioprotective effects, particularly in the
context of ischemic heart disease. In studies involving isolated rat hearts,
glutamine supplementation resulted in full recovery of cardiac output
post-ischemia and improved myocardial energy status. In patients with
chronic stable angina, a single oral dose of glutamine significantly
increased plasma glutamine levels and delayed the onset of ischemic
symptoms during exercise, suggesting potential benefits for heart health4.

Exercise Recovery and Performance

The timing of glutamine supplementation can influence its effectiveness in
exercise recovery. Research indicates that glutamine is more beneficial
when taken after exhaustive exercise rather than before. Post-exercise
supplementation was associated with reduced muscle damage, higher red
blood cell and platelet counts, and less tissue injury in cardiac muscles and
kidneys5. Additionally, glutamine supplementation has been shown to
reduce oxidative stress and inflammation markers, such as
malondialdehyde (MDA) and high-sensitivity C-reactive protein (hs-CRP),
while increasing total antioxidant capacity (TAC) and glutathione levels,
further supporting its role in enhancing recovery and performance6t.

Elderly Health and Muscle Strength

In elderly women, glutamine supplementation, especially when combined
with physical exercise, has been found to improve glycemic control,
enhance plasma antioxidant capacity, and increase muscle strength and
power. This suggests that glutamine can be a valuable supplement for
maintaining muscle function and metabolic health in older adults?.

Critical lliness and Recovery

Glutamine supplementation has shown benefits in critically ill patients,
including those with severe acute pancreatitis and those in intensive care
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units (ICUs). In patients with severe acute pancreatitis,
glutamine-supplemented total parenteral nutrition (TPN) reduced the
release of proinflammatory cytokine interleukin-8 (IL-8), indicating a
potential anti-inflammatory effect8. In critically ill ICU patients,
glutamine-containing enteral feeds were associated with significant
reductions in hospital costs and improved recovery outcomes9. However, in
patients with severe burns, glutamine supplementation did not significantly
reduce the time to discharge alive from the hospital, highlighting the need
for further research to identify specific patient groups that may benefit the
most from glutamine supplementation
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Nutrients can impact and regulate cellular metabolism and cell function which is particu-
larly important for the activation and function of diverse immune subsets. Among the crit-
ical nutrients for immune cell function and fate, glutamine is possibly the most widely
recognised immunonutrient, playing key roles in TCA cycle, heat shock protein responses
and antioxidant systems. In addition, glutamine is also involved with inter-organ ammonia
transport, and this is particularly important for not only immune cells, but also to the brain,
especially in catabolic situations such as critical care and extenuating exercise. The well
characterised fall in blood glutamine availability has been the main reason for studies to
investigate the possible effects of glutamine replacement via supplementation but many of
the results are in poor agreement. At the same time, a range of complex pathways involved
in glutamine metabolism have been revealed via supplementation studies. This article will
briefly review the function of glutamine in the immune system, with emphasis on metabolic
mechanisms, and the emerging role of glutamine in the brain glutamate/gamma-amino buty-
ric acid cycle. In addition, relevant aspects of glutamine supplementation are discussed.

Immune cells: Intermediary metabolism: Amino acids: Central nervous system

Nutritional immunology describes the influence of nutrition
on the immune system, anti-viral activity and associated pro-
tective functions"”. Deficiency in macronutrients and/or
micronutrients causes impairment of immune function,
which can be reversed by nutrient repletion. Among the
nutrients that have important immunological roles and/or
recovery from injuries/trauma, glutamine is probably the
most widely recognised immunonutrient, as it is required

for key immune-inflammatory responses. Glutamine plays
various essential roles in almost every cell in the body,
involving complex and dynamic regulations.

Although several amino acids play important roles in
cell metabolism, glutamine is key for the intermediary
metabolism and inter-organ nitrogen exchange via ammo-
nia (NH;) transport between tissues. Glutamine can also be
oxidised in the TCA cycle as an energy source, serve as a

Abbreviations: CNS, central nervous system; GABA, gamma-amino butyric acid; GGC, glutamate/gamma-amino butyric acid cycle; GLS, phos-
phate-dependent glutaminase; GS, glutamine synthetase; GSH, glutathione reduced; GSSG, glutathione oxidised; HSF, heat shock factor; HSP,

heat shock protein.
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substrate for nucleotide synthesis, NAD* and NADPH
synthesis®*. In addition, glutamine has antioxidant prop-
erties by acting as a primary glutamate donor to the synthe-
sis of y-L-glutamyl-L-cysteinyl-glycine (also known as
glutathione — GSH), and also chaperone properties b}/
modulating the expression of heat shock protems (HSPS)(
Glutamine is the most abundant amino acid in the
blood, achieving concentrations of 2X to 100X greater
than other amino acids with a concentration range of
approximately 0-5-0-7 mMm. Normal levels of glutamine
in the body are usually achieved by a balanced diet asso-
ciated with appropriate physical activity. However, it is
already established that in catabolic situations, such as
burns, post-trauma/surgery and exhaustive exercise,
glutamine exogenous supply might be required due to
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the mablhty of the body to maintain optimal levels of
the amino acid under some conditions (Fig. 1)®.
Glutamine may be required to attenuate immunodepres-
sion and help the body to recover more efficiently from
an excess of damage and inflammation. Although glu-
tamine exogenous supply seems a very plausible solution,
it has always been a matter of vigorous debate. In this
review, we aim to discuss the traditional and conceptual
roles of glutamine, as well as its antioxidant and chaper-
one properties. We also describe an emergent glutamine
role in brain physiology via the glutamate/gamma-amino
butyric acid (GABA) cycle (GGC) in the context of exer-
cise, and finally conclude with current considerations for
translating possible glutamine supplementation effects
for catabolic situations.
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Fig. 1. Blood glutamine concentration changes according

to the balance between major organ producers and

consumers in health and catabolic situations. As the most abundant and versatile amino acid in the body, glutamine
largely depends on the balance between its synthesis, release and uptake by organs and tissues. In turn, multiple
intracellular pathways require glutamine as a substrate to maintain homoeostasis. In health, there is a balance between
glutamine synthesis and degradation, while in catabolic situations organs responsible for glutamine synthesis reduce its
production, such as the skeletal muscle tissue. Other glutamine producers, such as the adipose tissue and the lungs,
do not have the capability to replenish the needs of the amino acid during catabolism. Moreover, the liver, a main
glutamine producer in health becomes a major glutamine consumer under disease conditions, due to gluconeogenesis
support. At the same time, cells of the immune system increase their demand for both glutamine and glucose. Although
the brain and kidneys may have their glutamine capabilities altered according to the type of disease/catabolic condition,
no significant changes may counteract the fall in glutamine (GLN) availability.
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Brief overview of glutamine biochemistry and metabolism

Two principal enzymes regulate intracellular glutamine
metabolism. Glutamine synthetase (GS; EC 6-3-1-2) cat-
alyses the synthesis of glutamine from glutamate and
ammonia in glutamine synthesising cells and tissues,
while phosphate-dependent glutaminase (GLS; EC
3-5-1-2) catalyses the hydrolysis of glutamine to gluta-
mate (with the release of ammonia). Glutamine availabil-
ity largely depends on the balance between its synthesis,
release and uptake by organs and tissues. The lungs,
liver, brain, adipose tissue and skeletal muscles are the
major glutamine suppliers as they exhibit high activity
of tissue-specific glutamine synthesis, i.e. GS. In contrast,
through the activity of GLS and other enzymes capable
of degrading glutamine, the amino acid can undergo
various rates of degradation. Cells of the intestinal
mucosa, renal tubule and especially leucocytes are the
predominant glutamine-consuming tissues. Under stress
and/or catabolic conditions such as cancer, sepsis/infec-
tions, post-surgery and trauma, the endogenous synthesis
of glutamine does not appear to meet the human body
demand, and hence glutamine assumes the role of a con-
ditionally essential amino acid®®. The blood glutamine
concentration can fall by up to 30-50 % under catabolic
conditions, while at the same time, skeletal muscle glu-
tamine concentration may fall by up to 50 %7,

Glutamine has a y-amide nitrogen that is essential for
the biosynthesis of nucleotides and other metabolites
such as hexosamine. In nucleotide biosynthesis, glutam-
ine and glutamate either directly or indirectly, via aspar-
tate for example, serve as the nitrogen donors for all
nitrogen atoms in purines and pyrimidines'?’. For rap-
idly dividing cells such as tumour cells, enterocytes and
lymphocytes, glutamine consumption may be related to
an urgent need for nucleotide biosynthesis" .
Glutamine is also used for the synthesis of GSH, the
major endogenous antioxidant molecule in the cell.
Cells are exposed to oxidative stress under conditions
such as nutrient starvation (or oversupply) and catabolic
stress such as surgery, sepsis or infection, but also during
cell proliferation'”'?.  The antioxidant properties
mediated by glutamine are discussed later in this review.

Glutamine is an important nitrogen donor for the pro-
duction of NAD™, in the last steps of both the de novo
(from dietary tryptophan) and Preiss—-Handler (from
dietary niacin) pathways"'®?. NAD" is an essential coen-
zyme and electron acceptor in catabolic pathways of
metabolism'Y. NAD" is also produced through salvage
pathways from nicotinamide and nicotinamide riboside
precursors, however, people with deficiency or low activ-
ity of the GS gene exhibit severe secondary NAD™ defic-
iency"”, indicating that the glutamine supply is
indispensable for NAD™ synthesis"®.

It is widely accepted that immune cell intermediary
metabolism is critical to cell function. Glucose is mainly
converted into lactate (glycolysis), whereas glutamine is
converted into glutamate, aspartate and alanine by
undergoing partial oxidation in the TCA cycle to carbon
dioxide, aspartate, alanine and lactate in a process called
glutaminolysis®. Furthermore, through the pentose
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phosphate pathway, cells can produce ribose-5-
phosphate (a five-carbon sugar), which is a precursor
for the pentose sugars required for synthesis of RNA
and DNA, as well as glycerol-3-phosphate for phospho-
lipid synthesis. The degradation of glutamine, via GLS
action, yields ammonia (from the amide nitrogen of glu-
tamine) for the ATP-dependent formation of carbamoyl-
phosphate and also the formation of aspartate through
glutaminolysis which ultimately leads to the synthesis
of purines and E)‘}/rimidines required for DNA and
RNA synthesis!'®'".

Glutamine and monocyte/macrophage cell function

Macrophages are associated with high consumption rates
of glutamine and in addition, glutamine is essential for
many of the functions of these leucocytes. The supple-
mentation or in vitro treatment with glutamine optimises
the function of these cells”. Macrophages are diffusely
scattered in the connective tissue and in liver (where
they are termed Kupffer cells), spleen and lymph nodes
(sinus histiocytes), lungs (alveolar macrophages) and cen-
tral nervous system (CNS) (microglia). The half-life of
the macrophage precursor, the blood monocytes, is
about 1 day, whereas the life span of tissue macrophages
is several months or years. The mononuclear phagocyte
system, consisting of a number of cell types including
monocytes and macrophages, is part of both humoral
and cell-mediated immunity and has an important role
in defence against microorganisms, including mycobac-
teria, fungi, bacteria, protozoa and viruses.

With respect to the mononuclear phagocytes, different
populations of macrophages have now been identified, in
vivo, including M1 and M2 macrophages'®. M1-like
macrophages are responsible for secreting
pro-inflammatory cytokines and lipid mediators and
are involved in tissue degradation and T lymphocyte acti-
vation as part of an inflammatory immune response''”.
M2 macrophages exert different functions, such as con-
tribution to tissue repair and the secretion of anti-
inflammatory cytokines and alternative lipid mediators.
Lipopolysaccharides (LPS) exposure in vitro promotes a
switch from glucose-dependent oxidative phosphoryl-
ation to aerobic glycolysis in macrophages — typical of
the Warburg effect®”. Pyruvate kinase M2 regulates
hypoxia-inducible factor 1-o activity, a rapid increase
in ATP formation and IL-1B expression, thus being a
key regulator of the Warburg effect in LPS-activated
macrophages®'*?. M1 macrophages (treated with LPS)
have two points of substrate flux deviation with regards
to the TCA cycle (in contrast to M2 macrophages) one
occurring at the isocitrate dehydrogenase step and
another post-succinate formation. This is an important
metabolic reprogramming mechanism. As a result,
there is an accumulation of TCA cycle intermediates (e.
g. succinate, a-ketoglutarate, citrate and itaconate) that
impacts the activation of LPS-stimulated macro-
phages®*?%. Ttaconate, a recently discovered metabolic
regulator in macrophages has anti-inflammatory proper-
ties through activation of nuclear factor erythroid
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2-related factor 2 Kelch-like (ECH)-associated protein 1
is a protein that in humans is encoded by the Keapl
gene. Keapl has been shown to interact with Nrf2, a
key regulator of antioxidant responses, required for the
amelioration of oxidative stress alkylation'”. In con-
trast, Liu et al.*® reported a-ketoglutarate, generated
through  glutaminolysis  (glutamine — glutamate —
a-ketoglutarate), promotes M2 macrophage differenti-
ation. Macrophage metabolism varies with specific-tissue
microenvironment, and this metabolic reprogramming is
required for macrophage differentiation and function.

Macrophages can produce relatively large amounts of
nitric oxide, especially the M1 inflammatory macro-
phage, via increased concentrations of the enzyme indu-
cible nitric oxide synthase, which may be stimulated by
LPS or other immune activator exposure. The activated
macrophage can actually release the enzyme arginase
to deplete local concentrations of arginine (indeed argin-
ine is required for tumour growth). It has been reported
that mouse peritoneal resident and Bacillus Calmette—
Guerin-activated macrophages and human monocytes
are capable of utilising glutamine at high rates, contain
sufficient activity of the enzymes required to convert glu-
tamine to citrulline (and subsequently citrulline to argin-
ine via enzymes of a partial urea cycle) to account for
observed rates of nitrite synthesis (which in turn is
derived from derived from NO) in the absence of extra-
cellular L-arginine, and will release nitrite when exposed
to intermediates of the proposed glutamine — arginine
pathway®®. Thus, the M1 macrophage can release argi-
nase to deplete local concentrations of arginine but
ensures it has sufficient intracellular arginine via biosyn-
thesis from glutamine.

Glutamine, the glutathione axis and heat shock protein
responses

An important aspect to be considered under stress and/or
catabolic conditions is the redox state of the cell, as it
plays an essential role in cell fate. This can be obtained
from the ratio between the intracellular concentration
of glutathione disulphide (GSSG) and GSH"?. The
ratio is normally expressed as [GSSG]/[GSH], and in an
oxidative environment there is a resulting reduction of
GSH and an increase in GSSG'*”. The inhibition of
GSH recycling from GSSG does not appear to impact
GSH content and cell survival. Conversely, the inhibition
of the de novo synthesis of GSH dampens intracellular
antioxidant defence mediated by this system and
increases oxidative stress®®. The initial step for the de
novo synthesis of GSH occurs through the activity of
glutamate-cysteine ligase, a heterodimer of a catalytic
subunit and a modifier subunit that catalyses the first
and rate-limiting step to form the digeptide
y-glutamylcysteine from cysteine and glutamate®”.
Glutamine via glutaminolysis can increase the sub-
strate availability for the de novo synthesis of GSH®.
Numerous studies in animal models submitted to infec-
tion and trauma””, as well as critically ill and post-
surgery® patients, have demonstrated that exogenous
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administration of glutamine (both enteral and parenteral
nutrition), significantly enhances the GSH system,
increasing cellular resistance to lesions and reducing oxi-
dative stress“*?. Interestingly, similar effects have been
reported in animal models submitted to exercise. For
example, chronic oral administration with glutamine
effectively increased glutamine availability in tissues,
such as the liver and muscle, which amplified GSH stores
and improved the redox state of the cell. These and other
immune-inflammatory effects, such as lowering plasma
cytokines, were observed in animal models submitted
to swimming®'??, treadmill®**? and resistance
exercise®>?,

Whether glutamine availability is maintained by its
exogenous supply or endogenously synthesised, this
amino acid has unique metabolic and anti-inflammatory
roles. One of the main anti-inflammatory properties
mediated by glutamine is through the modulation of pro-
teins with chaperone function, such as the HSPsC”.
HSPs are classified into six families (i.e. HSPI0,
HSP40, HSP60, HSP70, HSP90 and HSP100) on the
basis of their monomeric molecular weight. Almost all
HSPs prevent the aggregation of newly synthesised poly-
peptide chains during folding, and some HSPs, such as
HSP70 have also the ability to clear improperly folded
and unfolded proteins. Under several stress conditions,
HSPs are primarily regulated by transcriptional activa-
tors, such as the heat shock factors (HSFs)*®. HSFs
undergo trimerisation and translocate to the nucleus,
where they bind heat shock elements within the promoter
regions of their target genes, and activate the transcrip-
tion of HSPs®?. In addition to their role as molecular
chaperons, HSPs are also able to associate with the com-
plex formed by NF-«B with its inhibitor, and block
NF-kB translocation to the nucleus. Hence, the HSP
response has anti-inflammatory properties by virtue of
turning NF-«xB off and attenuating the production of
inflammatory mediators. Glutamine enhances the transacti-
vation of HSF1 and induces HSF1 expression via cytosine-
cytosine-adenosine-adenosine-thymidine (CCAAT) box
motif which is present in several gene promoters
enhancer-binding protein-f in a dependent manner.
Furthermore, glutamine induces HSP expression via
N-acetyl-O-glycosylation and phosphorylation of HSF1
and Spl transcription factors. This pathway is coordi-
nated by a special and nutrient-sensing pathway, the hex-
osamine biosynthetic pathway“**". Many in vitro'?,
and in vivo experiments“?, including animal models
submitted to exhaustive exercise training>*** have iden-
tified the important role of glutamine availability/metab-
olism and the anti-inflammatory response mediated by
HSPs. Interestingly, other glutamine coupling amino
acids, such as arginine have shown to stimulate HSP
effects in exercised rats“?.

Glutamine, the brain and exercise

Glutamine is abundantly expressed throughout the mam-
malian CNS, with concentrations ranging from 5 nmol/
mg in the hippocampus to 7nmol/mg in the
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cerebellum™?. Glutamine within the CNS functions to
regulate neurotransmission through the metabolism of
the neurotransmitters, glutamate and GABA“¥.
Glutamate and GABA are the major excitatory and
inhibitory neurotransmitters expressed within the brain
and function in concert to coordinate a plethora of
physiological functions from memory formation to
motivation and from respiration to appetite control®.
Within the mammalian brain, evolution has shaped sev-
eral brain-glutamine intrinsic ‘innovations’ which are
fundamental to the efficacy and predominance of gluta-
mate and GABA neurotransmission. The blood-brain
barrier tightly regulates brain extracellular composition
of glutamine, glutamate and GABA irrespective of the
level in the blood“®*”). As the blood—brain barrier is rela-
tivity impermeable, the brain is capable of autonomous
productions of key neurotransmitters“®. Glutamatergic/
GABAergic synapses are encompassed by astrocytes
with excitatory amino-acid transporters and high affinity
GABA transporter 1 and 3 (Fig. 2)*®. These transporters
are capable of rapidly removing glutamate and GABA
from synaptic clefts post-depolarisation in order to dra-
matically increasing the signal-to-noise ratio of neuro-
transmission**~?., Glutamate and GABA
neurotransmitter homoeostasis is tightly regulated via glu-
tamine through the glutamine-GGC (Fig. 2)“®. Here,

Glutamatergic
Neuron

Glutamine

Astrocyte

Post-Synaptic Neuron

glutamine is compartmentalised not within neurons but
in neighbouring astrocytes. Astrocytes exclusively express
GS hence inherently limiting glutamine production to
astrocytes®". This unique feature of astrocytic glutamine
pooling is critical to the spatial and temporal resolution
of glutamate and GABA neuronal transmission®®?.

To replenish glutamine back to neurons, astrocytes
shuttle glutamine through system N 1 transporter to dif-
fuse across the extracellular matrix to the surface of pre-
synaptic neurons. Here, glutamine it is taken up by
diamine acetyltransferase (SATI) and metabolised
back to glutamate and GABA by the action of GLS
and glutamic acid decarboxylase, respectively®?.
Through the regulation of glutamate and GABA, glu-
tamine within the CNS plays an integral role in many
aspects of neurobiology and as such disturbances in glu-
tamine metabolism and/or transport have been impli-
cated in a range of pathologies ranging from chronic
stress, epilepsy, hepatic encephalopathy, manganese
encephalopath4y, neurodegenerative disorders and meta-
bolic disease®*>>.

A particularly unique feature of the GGC within the
brain is that it is metabolically expensive. The clearance
of glutamate by neurons and astrocytes from the syn-
apse involves the co- and counter-transport of Na™
and K" via metabolically demanding Na"—K* pumps

GABAergic |

Neuron I

Glutamine

“ PAG

»
Glutamate

Fig. 2. Simplified schematic diagram of the glutamine-glutamate/GABA cycle (GGC). Within a glutamatergic and
GABAergic neuron, glutamate (excitatory neurotransmitter) and GABA (inhibitory neurotransmitter) are released into the
synaptic cleft. Following transmission, glutamate and GABA are taken up by excitatory amino-acid transporters (EAAT)
and GABA transporter (GAT) 1 and 3 located in membranes of astrocytes. Glutamate taken up by the astrocytes is
quickly aminated by glutamine synthetase (GS) to glutamine, whereas GABA is converted to glutamine via the
tricarboxylic acid cycle and then to glutamine by GS. Glutamine exits astrocytes through the system N transporter 1
(SN1) transporter proteins to the extracellular space and diffuses to the surface of glutamatergic neurons, where it is
taken up by diamine acetyltransferase (SAT1). Within the pre-synaptic neuron, glutamine is converted by phosphate
activated glutaminase (PAG) back to glutamate or further converted to GABA by glutamic acid decarboxylase (GAD).
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during neurotransmission®®.  Further —metabolic
expenses is required for the subsequent formation of
glutamine via GS in astrocytes as this is an
ATP-dependent process®®. '*C-magnetic resonance
spectroscopy kinetic studies tracing found that 60-80
% of resting energy utilised by both the human or rat
brain is used to recycling glutamate and GABA between
synapses and presynaptic terminals through the
GGC®?. At rest the adult brain consumes about 20 %
of the body’s RMR (44-87 % during infancy, childhood
and adolescence) despite accounting for only 2% of
body mass®®. As such, GGC could account for as
much as about 16 % of adult RMR indicating that glu-
tamine metabolism is vulnerable during periods of
metabolic activity such as exercise.

An emerging body of evidence suggests that physical
exercise has a profound influence on the CNS.
Pre-clinical and human studies demonstrate that exercise,
whether that be acute or chronic, regulates neuronal
activity particularly in regions such as the hippocampus,
hypothalamus, cerebellum, basal ganglia and motor cor-
tex to influence the neurophysiology underlying memory,
neurogenesis, motivation and appetite®” .

Unlike whole-body energy balance (balance between
energy intake and expenditure), global brain energy bal-
ance is not altered during low-intensity exercise or dur-
ing the transition from rest to exercise, however,
increased metabolic rate is detectable at the whole-brain
level during vigorous exercise®®>. Maddock et al.
reported that vigorous exercise in human subjects
increases glutamine levels within the cortex, an effect
that occurs as a consequence of activity-dependent
increases in the glutamate—glutamine turnover' .
Furthermore, involuntary exercise to exhaustion in
rats, increased glutamine in the hippocampus, striatum
and cerebellum®”. As exercise has been shown to
attenuate the elevated central glutamate transmission
in models of addiction and cardiovascular functions, it
remains unclear if elevated levels of glutamine are a
cause or consequence to these changes in brain function.
It is well established that exhaustive exercise increases
circulating NHY®, and one possible explanation for
the enhanced glutamine within the brain could be to
detoxify the brain via the removal of NH; through the
synthesis of glutamine using GS®”. Interestingly,
branched chain amino acids (i.e. leucine, isoleucine, val-
ine), glutamine and arginine may hypothetically
enhance exercise performance and decrease serotonin,
a mediator involved in central fatigue®”. However,
there is lack of in vivo evidence demonstrating that
amino acid supplementation may effectively reduce cen-
tral fatigue. The relative contribution of glutamine to
the enhanced performance reported in relatively few
studies has not yet been confirmed thus care must be
taken with any glutamine supplementation exercise par-
ticularly as elevated GS levels are described to be ele-
vated in rodent models of diet-induced obesity’” and
other pathological conditions”". In addition, it is well
known that high levels of NH; induced by high amino
acid intake have toxic effects, especially for the brain
and the kidneys®"’®. Although there is an emerging
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role of central glutamine metabolism in exercise, the
relative contributions of the GGC and its molecular
machinery (GS, system N 1, SATI, GLS and glutamic
acid decarboxylase) to enhance exercise performance,
including exercise-induced regulation of neuronal func-
tion and/or central fatigue remains unclear.

Glutamine supplementation

The relationship between glutamine metabolism (plasma
and tissue), supplementation and immune-inflammatory
responses have been investigated for more than 35
years®®”. The literature demonstrates an overall consen-
sus regarding the fall of glutamine in critically ill
patients, and this has been driving studies that provide
glutamine exogenous supply. However, in situations
where catabolism is more dynamic and/or less severe,
which include exercise situations, glutamine levels in
the body may fluctuate, and hence results from research
might be conflicting and/or lacking in the literature
(Fig. 1). For instance, Borgenvik et al.”® observed a
reduction in plasma concentrations of essential amino
acids and glutamine during an adventure racing exercise,
whereas no changes were detected in muscle concentration
after exercise. Similar findings were also reported by Tritto
et al™ where plasma glutamine was unchanged and not
associated with immunosuppressive responses in combat
athletes undergoing to a rapid weight loss.

It is worth emphasising that, although plasma glutam-
ine level is reduced from its normal concentration (i.e.
500-800 umol/l) to 300—400 umol/l, cells depending on
this amino acid, are negatively impacted in terms of pro-
liferation and function by this decrease'’>. Exhaustive
exercise can dramatically increase the catabolism of
amino acids in the skeletal muscles and liver, which even-
tually might reduce the concentration of glutamine in
plasma and associated tissues. However, this is more likely
to be a gluconeogenic transitory situation, as glutamine
provides nitrogen atoms to the synthesis of purines, pyrimi-
dines and amino sugars. If the high glutamine degradation
persists, many metabolic pathways and mechanisms that
depend on glutamine availability can be affected and
increase the potential of immunosuppression. Indeed, sev-
eral studies have reported that immunosuppression
induced by exercise excess can increase the risk of infec-
tions and the development or aggravation of overtraining
syndrome’®””. However, the link between glutamine
availability and infection seems to be clearer in critically
ill patients®® and less likely to play a mechanistic role in
exercise-induced immunodepression’®.

Scientific evidence has shown the important
immune-inflammatory roles of glutamine availability
and/or glutamine metabolism in stressful and/or cata-
bolic situations. However, several questions and specific
considerations were raised in regards to quantity/dose,
frequency and form of administration of L-glutamine
supplementation. L-Glutamine is often supplied as a
component of clinical nutrition supplementation pre-
and post-operative surgery or in critically ill patients.
In these situations, L-glutamine is usually administered
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by utilising its free form (also known as an isolated
amino acid), or bond with another amino acid, also
known as the dipeptide form, such as r-alanyl-L-glutam-
ine or L-glycine-L-glutamine. In general, many clinical
and experimental studies have shown more beneficial
results when glutamine was administered as an intraven-
ous solution, when compared to enteral routes. For
instance, intravenous L-glutamine administration appears
to reduce the rate of infectious complications, length of
hospital stagf and mortality of critically il
patients®%7*%9 Tt is important to note that these results
are more likely to be achieved and/or be less heterogen-
ous among patients and studies where intravenous or
parenteral L-glutamine is provided to individuals with
or without hypoglutaminaemia and receiving adequate
energetic and protein supply (e.g. according to ESPEN
recommendations**?). Conversely, intravenous or par-
enteral routes are always invasive, and it cannot be
applied for sport and exercise situations. If L-glutamine
supplementation is eventually recommended for elite ath-
letes, oral routes are the best choice, although it is well
known that rapidly dividing cells, such as the enterocytes,
are extremely avid consumers of the amino acid.
Glutamine is absorbed in the upper part of the small
intestine and subsequently metabolised in the liver, thus
it may not be available in sufficient quantity for other tis-
sue targets, such as immune and muscle cells, to have a
measurable effect.

An alternative way to bypass the high glutamine con-
sumption of enterocytes is oral supplementation with
glutamine dipeptides. Bonded amino acids (e.g. di- and
tripeptides) have a differentiated membrane transport
in the luminal membrane through the glycopeptide trans-
port protein-1®". This system allows a higher proportion
of di- and tripeptides to escape hydrolysis and metaboli-
sation be the enterocytes, and hence are more efficiently
transported into the bloodstream and other tissues, such
as the liver, immune system, kidneys and skeletal mus-
cles. Interestingly, when free L-glutamine and free
L-alanine are administered orally in combination, similar
immune inflammatory effects were observed in animal
models submitted to exhaustive exercise®®. Although
the precise mechanisms are still unknown, L-glutamine
and r-alanine work in parallel, i.e. L-alanine is rapidly
metabolised via alanine aminotransferase to pyruvate,
with concomitant production of glutamate from 2-oxo-
glutarate, which contribute to antioxidant defence, such
as GSH production. Hence, the presence of L-alanine
in the L-alanyl-L-glutamine dipeptide or in its free form
and supplemented in tandem, can spare glutamine
metabolism in order for the latter to be used by high-
demand tissues under inflammatory and/or highly cata-
bolic situations*?. This promotes the idea that
L-glutamine supplementation should be accompanied
by another amino acids or possibly proteins. Indeed,
when L-glutamine was administered with proteins, such
as wheat protein, or branched chain amino acids the
whole-body glutamine status was increased®” and mus-
cle atrophy was more effectively inhibited®?.
Moreover, other amino acids, such as arginine may pro-
vide additional effects upon defence mechanisms,
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including the HSP response®?. If the efficacy of
L-glutamine supplementation is dramatically impacted
by the presence or absence of other amino acids metabo-
lised by the enterocytes, this would possibly explain, at
least in part controversial results obtained in human sub-
jects and animal models supplemented with L-glutamine
and submitted to exercise. Other reasons for heteroge-
neous results include the quantity/dose and frequency
of L-glutamine supplementation. At least in experimental
models with rodents, both factors can significantly
impact the possible immune and antioxidant effects
mediated by L-glutamine supplementation.

Overall, current data indicate that glutamine supple-
mentation may provide important metabolic and
immunological support in catabolic situations, including
critical care and elite athletes. However, as reported by
other authors®?”, several precise scientific questions,
hypothesis and mechanistic explanations about the
effects of glutamine exogenous supply were never tested
in critically ill patients, nor in sport and exercise. For
instance, should hypoglutaminaemia and/or tissue glu-
tamine stores be the main factor driving the decision of
supply of exogenous glutamine? Also, in catabolic situa-
tions that hypoglutaminaemia is not observed, can indi-
viduals obtain benefits, such as immune and
antioxidant effects from glutamine supplementation?

Conclusion

The scientific literature continues to provide evidence of
the importance of glutamine metabolism in cell function
and homoeostasis, especially via heat shock responses
and the GSH system. This is particularly important for
cells of the immune system, such as monocytes/macro-
phages to maintain a continuous defence against micro-
organisms. Conversely, several questions remain about
the efficacy of L-glutamine supplementation in catabolic
situations, such as critical care and extenuating exercise.
Possibly, the lack of consensus is related to the fact that
quantity/dose and frequency of rL-glutamine supplemen-
tation, as well as the presence or absence of other
amino acids metabolised by the enterocytes significantly
impact the desired amino acid supplementation out-
comes. In the CNS for example, while disturbances in
glutamine metabolism have been implicated in a range
of neurodegenerative disorders, as glutamine is vital for
glutamate and GABA concentrations, high levels of
NH; induced by high amino acid intake may have
toxic effects. Although in vitro and animal studies con-
tinue to be important for the understanding of cell
metabolism and physiology, more studies in human sub-
jects are required to better elucidate the action and posi-
tive benefits of glutamine supplementation. The
following suggestions may aid in deciding the formula-
tion of future studies in immunometabolism:

e Determination of the role of glutamine metabolism
and exogenous supply of glutamine-derived meta-
bolic intermediates in the essential antiviral activity
of immune cells.
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e Glutamine supplementation and potential slowing of
immunosenescence by altering immune cell metabol-
ism and function.

e Mechanistic studies on enteral absorption of glutam-
ine supplements, including concomitant amino acid
administration to optimise glutamine immune-
metabolic effects.
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