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Abstract: The scientific literature has demonstrated that glutamine is one of the main beneficial
amino acids. It plays an important role in gut microbiota and immunity. This paper provides a
critical overview of experimental studies (in vitro, in vivo, and clinical) investigating the efficacy
of glutamine and its effect on gut microbiota. As a result of this review, we have summarized that
glutamine could affect gut microbiota via different mechanisms including the reduction in the ratio
of Firmicutes to Bacteroidetes, with the activation of NF-«kB and PI3K-Akt pathways, reducing the
intestinal colonization (Eimeria lesions) and bacterial overgrowth or bacterial translocation, increasing
the production of secretory immunoglobulin A (SIgA) and immunoglobulin A+ (IgA™) cells in the
intestinal lumen, and decreasing asparagine levels. The potential applications of glutamine on gut
microbiota include, but are not limited to, the management of obesity, bacterial translocation and
community, cytokines profiles, and the management of side effects during post-chemotherapy and
constipation periods. Further studies and reviews are needed regarding the effects of glutamine
supplementation on other conditions in humans.
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1. Introduction

Glutamine is the most abundant free amino acid in the human body that is utilized by the
intestinal endothelium. The importance of glutamine in intestinal physiology and management
of several gastrointestinal diseases has been reported before [1]. Glutamine has been shown to
promote enterocyte proliferation, regulate tight junction proteins, suppress proinflammatory signaling
pathways, and confer protection against apoptosis and cellular stresses during normal and pathological
conditions [2].
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The importance of glutamate in nitrogen metabolism in enteric bacteria such as Bacteroides
thetaiotaomicron is well documented, and it has been hypothesized that plasma and fecal levels of
glutamate are influenced by the composition of the gut microbiota [3]. Moreover, a healthy gut
microbiota is characterized by its plasticity, that is, the amount of daily variability in an individual’s
microbiota composition in response to dietary habits [4].

Some functional amino acids, such as tryptophan and glutamine, have beneficial effects on the
gut-associated immune system through the modulation of key metabolic signaling pathways in the
intestinal barrier, often involving crosstalk with their receptors or ligands [5]. However, more studies
on the intestinal microbiota are needed to broaden our understanding of underlying mechanisms of
dietary amino acids in metabolic processes in humans and animals.

This review highlights the amino acid glutamine-mediated crosstalk between intestinal immunity
and microbiota, with an emphasis of the role of glutamine in regulating the microbiome-health axis.

2. Overview of Glutamine Mechanisms

Glutamine has been known for its beneficial effect on different organs and body systems. It
is associated with many mechanisms and metabolic pathways including reactions catalyzed by
glutaminase, aspartate aminotransferase, oxoglutarate dehydrogenase, succinate dehydrogenase,
fumarase, malate dehydrogenase, and phosphoenolpyruvate carboxykinase. The mechanisms of the
potentially protective effects of glutamine have been investigated and include maintenance of intestinal
mucosal integrity, modulation of inflammatory response, nucleotide biosynthesis, energy metabolism,
and stimulation of immunity [6-9].

Xue et al. [10] using a rat model reported several protective mechanisms of glutamine including
increased proportion of reduced glutathione, heat-shock protein induction, and increased proportions of
cytotoxic T (CD37CD8") and memory CD8* cells in mesenteric lymph nodes. Glutamine also prevents
the CPT-11-induced increase of f-glucuronidase activity in the cecum, suggesting that glutamine
affected intestinal microbiota [10]. For this reasons, glutamine has been used to enhance gut mucosal
repair in models of chemotherapy, sepsis, trauma, and inflammation [11].

Furthermore, glutamine can activate ornithine descarboxylase, a key enzyme involved in
polyamine synthesis, thereby enhancing DNA synthesis of intestinal epithelial cells [12]. Additionally,
glutamine can activate mitotic signaling pathways, including nitrogen-activated protein kinase and
transcription factors, leading to proliferative responses [13,14].

Oral glutamine administration was demonstrated to reduce the occurrence of bacterial translocation
in a rat model by inhibiting bacterial endocytosis by enterocytes or adhesion to the enteric wall in the
presence of bile [15]. Similarly, Azuma et al. [16] reported that a commercial enteral supplementation
product enriched with glutamine, dietary fiber, and oligosaccharide (GFO) prevented gut bacterial
translocation in an experimental mouse infection model. Glutamine supplementation was also
reported to ameliorate constipation and improve intestinal function by regulating endogenous gut
microbiota [17] and increasing the nitrogen and energy harvesting capacity [18]. For this reason,
glutamine is currently considered as a potential therapeutic option for the treatment of constipation.

3. Results

3.1. Glutamine and Immune Cells

Several studies were undertaken to determine the relationship between glutamine and immune
cell function. A study by Newsholme et al. [7] was the first to demonstrate that glutamine is essential for
lymphocyte proliferation and production of cytokines. In particular, the utilization of glutamine by cells
of the immune system such as lymphocytes, neutrophils, and macrophages is fourfold greater than that
of glucose as indicated by the production of glutamate, aspartate, lactate, and ammonia [7]. Similarly, a
study of Ardawi et al. [8] resulted in lower rates in the absence of glutamine in incubated lymphocytes
isolated from rat mesenteric lymph nodes. Additionally, in another study by Ardawi [8], glutamine
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was metabolized at a higher rate in vitro by resting and mitogen-stimulated human peripheral
lymphocytes. Nevertheless, it is worth noting that the glutamine metabolism pathway includes
reactions catalyzed by glutaminase, aspartate aminotransferase, oxoglutarate dehydrogenase, succinate
dehydrogenase, fumarase, malate dehydrogenase, and phosphoenolpyruvate carboxykinase [7].
Furthermore, glutamine is involved in a number of key functions in the immune system, such as
being a precursor for ornithine synthesis in macrophages and monocytes [9]. This is in line with a
study by Calder et al. [19] who demonstrated that macrophage-mediated phagocytosis is influenced by
glutamine availability. Moreover, the authors also noted that glutamine may play a role as a precursor
for glutathione synthesis and as such may play a direct role in antioxidant defenses in these cells. In
addition, glutamine may act as an anaplerotic substrate in the $5-cell, via formation of glutamate and
2-oxoglutarate [9].

Nevertheless, many studies [8-11] have shown that glutamine levels in plasma and skeletal
muscle are lowered under catabolic conditions, such as sepsis, injury, burns, or surgery, as well as
physical activity and endurance exercise. Decreased glutamine plasma levels may be the result of
increased demand for glutamine by the immune system and other tissues, such as the liver, kidney
and gut. It has been suggested that the lowered plasma glutamine concentration contributes, at least in
part, to the immunosuppression which accompanies such situations [19].

3.2. Glutamine Supplementation and Gene Expression

Glutamine undergoes a partial oxidation process called glutaminolysis. This process serves
an important role in providing nitrogen and carbon for precursors for synthesis of macromolecules
essential for cell proliferation and tissue regeneration, such as nucleic acids (DNA and RNA) [13].
High rates of glutaminolysis also provide an ideal condition for the precise and sensitive control of
the use rate of the intermediates for biosynthesis when required without any need for extracellular
signals [7]. Furthermore, an in vivo study on hamsters demonstrated that glutamine can activate
ornithine descarboxylase, a first and rate-limiting enzyme in polyamine synthesis in a dose- and
time-dependent approach, thereby enhancing DNA synthesis [14].

Dietary glutamine supplementation has been demonstrated to attenuate oxidative stress-related
gene expression, enhance the antioxidant capacity, and suppress renal thioredoxin-interacting
protein expression in rats with streptozotocin-induced diabetes [20]. In another study, glutamine
supplementation was reported to partially prevent the increase in p38 mitogen-activated protein kinase
(p38) and c-Jun N-terminal kinase (JNK) phosphorylation in neutrophils obtained from rats, thereby
reducing exercise-induced apoptosis [21].

3.3. Effect of Glutamine on Enterocytes

Many studies suggested that enterocytes are responsible for a great deal of glutamine production
and metabolism in isolated preparations of the intestinal mucosa [22-24]. To specify, glutamine
metabolism proceeds by two steps. First, glutaminase catalyzes the conversion of glutamine to
glutamate. The following step is the transamination of glutamate via aspartate aminotransferase and
alanine aminotransferase to produce o-ketoglutarate, alanine, and aspartate. The end products of
glutamine metabolism by incubated gut preparations in vitro (mainly alanine) suggest that enterocytes
are responsible for most gut glutamine metabolism [25]. Indeed, utilization of glutamine by isolated
human enterocytes was previously reported to be at about 14.90 pmol/min/g dry cell weight [23].
Another study has demonstrated such utilization to be associated with a major increase in oxygen
consumption following prolonged exercise [24].

Moreover, provision of exogenous glutamine has had beneficial effects on humans and animals,
particularly in improving intestinal function. For example, parenteral glutamine supplementation
results in an improvement in nitrogen balance, gut barrier function, and diminished incidence of
infection in critically ill patients or patients after surgery [26].
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3.4. Clinical Application of Glutamine Supplementation

Glutamine supplementation is used in several clinical applications in patients with trauma, burns,
and following injuries. During severe metabolic stress, more glutamine must be produced and released
to meet the increased metabolic demands for rapidly dividing cells, such as in the gut and immune
system [27]. Glutamine depletion may contribute to infections, weight loss, and muscle-wasting
in trauma and critically ill patients [28]. Such conditions have been proposed as indications for
glutamine supplementation.

Numerous randomized clinical trials and experimental studies demonstrated that glutamine
supplementation has a beneficial effect on different organs and systems in the body [9,26,29]. In
addition, there is evidence that parentally administrated glutamine does not appear to pose a health
risk, or cause detrimental changes to the central nervous system and alterations in blood chemistry [22].
The authors did, however, report a higher content of plasma glutamine within five days following
treatment with glutamine [22]. Similarly, no adverse effects were reported when patients undergoing
elective abdominal surgery were administered with 0.285 g/kg body weight of glutamine-enriched total
parenteral nutrition [22]. In fact, patients receiving the glutamine formula exhibited an improvement
in nitrogen balance and a sparing of the intramuscular glutamine pool [22]. Furthermore, evidence
points towards enteral feeding still being the method of choice and use of increasing the concentration
of glutamine in the systemic circulation. Indeed, studies on healthy adults suggest that 40-50% of
radioactively labelled glutamine enters the circulating pool, while the remaining 50-60% is consumed
by the splanchnic bed [13,22,29].

3.5. Glutamine Supplements on the Gut Microbiota of Obese and Overweight Individuals

As demonstrated by the work of de Souza et al. [30], glutamine supplementation affects the gut
microbiota composition of obese individuals. The authors of that study found that glutamine
supplementation decreased the Firmicutes-to-Bacteroidetes ratio (from 0.85 to 0.57) and reduced
Actinobacteria in obese individuals, compared to alanine supplementation. Further evidence connecting
glutamate to gut microbiota composition was recently presented by Palomo-Buitrago et al. [31],
who showed that obese subjects tend to have a lower fecal glutamate and glutamate/glutamine
ratio than non-obese individuals. Moreover, they concluded that Coriobacteriaceae/Streptococaceae and
Coribacteriaceae/Strepttococaeae ratios were associated both with scores from the neuropsychological
Trail Making Test Part A (TMT-A) and fecal glutamate/glutamine ratios [31].

3.6. Effect of Glutamine on Gut Microbiota during Post-Chemotherapy

Previous studies have documented a range of gastrointestinal bacterial infections associated
with various chemotherapeutic agents [32-34]. Only one study was carried out on a colon
cancer-bearing rat model, showing that glutamine treatment prevented the reduced abundance
of B-glucuronidase-positive bacterial species (Clostridium cluster XI and Enterobacteriaceae) following
the administration of the chemotherapeutic agent irinotecan [35]. The authors suggested that glutamine
supplementation may have a role in ameliorating chemotherapy-induced increase of 3-glucuronidase
activity in the cecum [35].

3.7. Effect of Glutamine on the Microbiota in Different Types of Diet

Several studies were carried out in vivo in animal models to determine the influence of dietary
supplementation with glutamine on the intestinal microbiota composition. For instance, one study
reported no effect of glutamine supplementation on Clostridium Cluster I/II levels, which remained
undetectable, as well as on restoring total fecal bacteria levels or fecal Bifidobacterium and Lactobacillus
groups in fructose-fed rats [36]. Similarly, a study by Chamorro et al. [37] on growing rabbits showed
no effect of diets supplemented with glutamine on the growth rates in fatteners. The authors did,
however, report that glutamine supplementation (from 0.5% to 1% of diet) reduced the presence of
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Clostridium spp. from 86.7% to 33.3% (p-value = 0.003) in the ileum and Helicobacter spp. and decreased
from 86.7% to 46.7% (p-value = 0.003) and from 86.7% to 46.7% (p-value = 0.028) in the ileum and
cecum, respectively [37].

On the other hand, a more recent study showed a positive correlation between glutamine
supplementation in cultured turbot and weight gain, feed efficient ratio, villous height and crypt depth,
integrity of the microvilli, serum lysozyme activity, and serum concentrations of complement (C3, C4)
and immunoglobulin (IgM) [38]. A similar trend was also shown by a previous study that investigated
the effect of dietary glutamine on growth performance, innate immune responses, and intestinal
structure of juvenile red drum fish [39]. The authors concluded that glutamine supplementation may
enhance the feed efficiency of red drum as well as promoting the development of the intestine [39].

3.8. Effect of Glutamine Supplements on Gut Microbiota in Constipation Groups

In a recent study in which constipated animals were supplemented with glutamine, an increase
of intestinal-friendly microbiota from the phyla Bacteroidetes and Actinobacteria was observed [17].
Indeed, glutamine supplementation can ameliorate constipation and improve intestinal function
by regulating the endogenous gut microbiota. In addition to enhancing the energy harvesting
capacity by Firmicutes spp., the mechanism of glutamine effect on constipation is thought to involve
nitrogen balance and protein synthesis in resident bacteria of the small intestine [17]. It is well
established that the composition and function of gut microbiota is altered by diet and nutritional status.
Accordingly, glutamine supplementation has been proposed as a potential therapeutic approach to
alleviating constipation.

3.9. Effect of Glutamine on Prevention of Bacterial Translocation

Previous studies have shown some variations in the results regarding the effect of glutamine on
bacterial translocation. For instance, Barber et al. [40] reported that glutamine did not prevent bacterial
overgrowth or bacterial translocation, whereas other studies showed that glutamine supplementation
reduced the intestinal permeability and bacterial translocation due to the ability of the amino acid
to preserve the integrity of the intestinal barrier [15,16,41]. Further evidence was reported by dos
Santos et al. [18], who demonstrated increased intestinal permeability and bacterial translocation in
untreated animals compared to in glutamine-treated animals. Additionally, it has been documented
that glutamine and bile may prevent the occurrence of bacterial translocation by decreasing epithelial
internalization of enteric bacteria or bacterial adhesion to the intestinal mucosa [42].

3.10. Impact of Glutamine Supplement on Gut Microbiota and Immunity

Several studies have shown that the addition of glutamine has a positive effect on the immune
response [15,16,18,43]. These in vivo studies and others [44—46] were able to demonstrate that glutamine
supplementation decreased bacterial colonization and promoted the activation of innate and adaptive
immunity. Similar results were reported by Xu et al. [47], who examined the effects of hypobaric
hypoxia on gut microbiota composition and found that glutamine significantly alleviated hypobaric
hypoxia-induced damage to main organs including the intestine, and increased serum superoxide
dismutase (1.14 + 0.03 vs 0.88 + 0.04, p-value < 0.05) and malondialdehyde (8.35 + 1.60, p-value < 0.01)
levels. Furthermore, in another study, glutamine supplementation increased secretory immunoglobulin
A (SIgA) concentrations in the jejunum and ileum, and the number of immunoglobulin A+ (IgA*)
plasma cells in the ileum in mice [48].

3.11. Relationship between Glutamine-Enriched Enteral Nutrition and Cytokine Profiles in the Neonatal Period

In a study conducted by Van Zwol et al. [49], it has been observed that, allergic infants had
lower counts of bifidobacteria than nonallergic infants. The authors did, however, report significant
increases in prevalence of bifidobacteria between the neonatal period and the first year of life in
very-low-birth-weight (VLBW) infants. Nevertheless, the study showed that the beneficial effect
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of receiving enteral preterm formula supplemented with glutamine on infectious morbidity in the
neonatal period and allergic diseases was not related to a direct effect on the intestinal microbiota
associated with allergy at age 1. Furthermore, Van Zwol et al. [50] indicated that glutamine-enriched
enteral nutrition did not influence cytokine profiles in VLBW infants during the neonatal period and
the first year of life. More specifically, the authors showed that the beneficial effects of glutamine enteral
nutrition on the incidence of serious neonatal infections and atopic dermatitis during the first year of
life were not associated with the changes in T helper 1 (Th1) and T helper 2 (Th2) cytokine profiles.

3.12. Glutamine Effect on Amino Acids Utilization and Metabolism

In an in vivo study carried out by Dai et al. [51], using a pig model, glutamine administration
showed a reduction in the net utilization of asparagine, lysine, leucine, valine, ornithine, and serine by
luminal bacteria. Moreover, the authors of the study suggested that extracellular concentrations of
glutamine might initiate the signaling pathways related to the metabolism of amino acids in bacterial
species of the small intestine.

4. Discussion

This review considered the evidence of the glutamine-mediated crosstalk between intestinal
microbes and the immune system as well as the effect of glutamine supplementation on intestinal
health. Intestinal microbes are known to largely influence the effectiveness of mucosal and systemic
immune responses in host mammalian systems [52]. Moreover, amino acid metabolism plays a vital
role in the survival and proliferation of the gut microbes [5]. Glutamine, which is the most abundant
amino acid in the body and comprises more than 50% of the body’s free amino acid pool, occupies an
important position among nutritional metabolism and mammalian host health [53]. Dietary glutamine
has received an enormous amount of attention owing to its versatile nature and its many functions in
the body. In addition to its ability to stimulate intestinal mucosal hyperplasia [54], glutamine can also
initiate the signaling pathways related to the metabolism of nitrogenous compounds in bacteria as
demonstrated previously in mammalian cells [51].

Previous studies have demonstrated the importance of glutamine during periods of major
physiologic stress [11,27,55]. Glutamine supplementation in patents with serious illness increases levels
of immunoglobulin A (IgA) and decreases bacterial translocation [55]. Further, it has been suggested
that SIgA promotes aggregation of bacteria in the intestinal lumen, which prevents its adhesion in the
epithelial surface, thereby avoiding bacterial translocation. Indeed, results from a study of Ding and
Li [53] showed that the levels of mucosal IgA from glutamine treated rats were significantly higher
than those in the control and total parenteral nutrition groups. The authors concluded that glutamine
supplementation minimized changes in intestinal permeability and bacteria translocation.

Glutamine starvation was initially highlighted by nutritionists, who noticed that plasma glutamine
levels reduce significantly during severe injury [56]. Such a concept was further substantiated with
several other pathological conditions, which were often associated with hypercatabolic states (e.g.,
injury, trauma, and sepsis), to compensate the loss of circulating glutamine [57]. For instance, muscle
protein catabolism that occurs in cachexia patients is used to maintain plasma glutamine concentrations
at a lower level during periods of starvation [58]. As such, glutamine supplementation was reported to
reduce muscle breakdown in tumor-bearing animals and protect immune and gut-barrier function in
patients with advanced cancer receiving chemo- and radiotherapy [59,60].

Furthermore, studies have suggested that patients receiving chemotherapy and radiotherapy,
both of which cause intestinal mucosal damage such as stomatitis and mucositis, may also benefit
from oral glutamine [61-63]. However, oral and parenteral glutamine supplementation has produced
inconsistent results concerning the prevention of chemotherapy-induced oral mucositis. For example,
Ward et al. [64] failed to demonstrate any beneficial effect of glutamine in preventing oral mucositis in
children undergoing chemotherapy.
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The effects of glutamine supplementation on obesity were also studied. In a recent study by
Abboud et al. [65], glutamine supplementation was demonstrated to induce a reduction in waist
circumference and serum lipopolysaccharide concentration in overweight volunteers. The authors
also reported a reduction in insulin action and glucose uptake in fat and adipose mass of rats fed with
a high-fat diet. Further, the association of glutamine supplementation and shifts in gut microbiota
composition in obese and overweight individuals was evident [3].

5. Materials and Methods

The present systematic review was performed according to the steps developed by Egger et al. [66]
as follows:

1. Configuration of a working group: three operators skilled in clinical nutrition with one acting as
a methodological operator and two participating as clinical operators;

2. Formulation of the revision question on the basis of considerations made in the abstract: “The
role of glutamine in the complex interaction between gut microbiota and disease”;

3. Identification of relevant studies: a research strategy was planned on PubMed and Scopus
as follows:

a.  definition of the keywords allowing for the definition of the interest field of the documents
to be searched, grouped in inverted commas (“... ”), and used separately or in combination;

b.  use of the Boolean AND operator, which allows for the establishment of logical relationships
among concepts;

c. research modalities: advanced search;
limits: papers published until June 2019; humans, animals, in vivo, and in vitro studies;
languages: English;

e. manual search performed by senior researchers experienced in clinical nutrition through
the revision of reviews and research articles on glutamine and gut published in qualified
journals of the Index Medicus.

6. Conclusions

This review has highlighted the potential applications of glutamine supplementation. Nevertheless,
data on the precise mechanisms by which glutamine exerts its effects are still limited. Therefore,
additional clinical trials and evaluation studies are required to better define glutamine’s purported
effects in order to maximize its use for nutritional support.

Author Contributions: Conceptualization, S.P., G.P, PA., M.R. and Z.A.; methodology, S.P.; resources, T.A., M.R.,
C.G. and V.I; writing of original draft preparation, S.P., T A., A.R., Z.A., and L.H.; writing of review and editing,
T.A.A., PA., and M.R; visualization, V.L; supervision, S.P. and T.A.A_; project administration, S.P.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Rao, R.; Samak, G. Role of Glutamine in Protection of Intestinal Epithelial Tight Junctions. J. Epithel. Biol.
Pharmacol. 2012, 5, 47-54. [CrossRef] [PubMed]

2. Kim, M.H.; Kim, H. The Roles of Glutamine in the Intestine and Its Implication in Intestinal Diseases. Int. J.
Mol. Sci. 2017, 18, 1051. [CrossRef] [PubMed]

3. Liu, R;Hong, J; Xu, X,; Feng, Q.; Zhang, D.; Gu, Y.; Shi, ].; Zhao, S.; Liu, W.; Wang, X.; et al. Gut microbiome
and serum metabolome alterations in obesity and after weight-loss intervention. Nat. Med. 2017, 23, 859-868.
[CrossRef]


http://dx.doi.org/10.2174/1875044301205010047
http://www.ncbi.nlm.nih.gov/pubmed/25810794
http://dx.doi.org/10.3390/ijms18051051
http://www.ncbi.nlm.nih.gov/pubmed/28498331
http://dx.doi.org/10.1038/nm.4358

Int. ]. Mol. Sci. 2019, 20, 5232 8of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

Clarke, G,; Stilling, R M.; Kennedy, PJ.; Stanton, C.; Cryan, ].F; Dinan, T.G. Minireview: Gut Microbiota: The
Neglected Endocrine Organ. Mol. Endocrinol. 2014, 28, 1221-1238. [CrossRef] [PubMed]

Ma, N.; Ma, X. Dietary Amino Acids and the Gut-Microbiome-Immune Axis: Physiological Metabolism and
Therapeutic Prospects. Compr. Rev. Food Sci. Food Saf. 2019, 18, 221-242. [CrossRef]

Ardawi, M.S.; Newsholme, E.A. Glutamine metabolism in lymphocytes of the rat. Biochem. ]. 1983, 212,
835-842. [CrossRef]

Newsholme, E.A.; Crabtree, B.; Ardawi, M.S. Glutamine metabolism in lymphocytes: Its biochemical,
physiological and clinical importance. Q. J. Exp. Physiol. 1985, 70, 473—-489. [CrossRef]

Ardawi, M.S. Glutamine and glucose metabolism in human peripheral lymphocytes. Metabolism 1988, 37,
99-103. [CrossRef]

Newsholme, P.; Lima, M.M.; Procopio, J.; Pithon-Curi, T.C.; Doi, S.Q.; Bazotte, R.B.; Curi, R. Glutamine and
glutamate as vital metabolites. Braz. ]. Med. Biol. Res. 2003, 36, 153-163. [CrossRef]

Xue, H.; Sawyer, M.B.; Field, C.J.; Dieleman, L.A.; Murray, D.; Baracos, V.E. Bolus Oral Glutamine Protects
Rats against CPT-11-Induced Diarrhea and Differentially Activates Cytoprotective Mechanisms in Host
Intestine but Not Tumor. . Nutr. 2008, 138, 740-746. [CrossRef]

Ziegler, T.R. Glutamine Supplementation in Cancer Patients Receiving Bone Marrow Transplantation and
High Dose Chemotherapy. J. Nutr. 2001, 131, 25785-2584S. [CrossRef] [PubMed]

Wu, G. Intestinal Mucosal Amino Acid Catabolism. J. Nutr. 1998, 128, 1249-1252. [CrossRef] [PubMed]
Curi, R.; Newsholme, P.; Procopio, J.; Lagranha, C.; Gorjao, R.; Pithon-Curi, T.C. Glutamine, gene expression,
and cell function. Front. Biosci. 2007, 12, 344. [CrossRef] [PubMed]

Leitao, R.F; Ribeiro, R.A.; Lira, A.M,; Silva, L.R.; Bellaguarda, E.A.; Macedo, ED.; Sousa, R.B.; Brito, G.A.
Glutamine and alanyl-glutamine accelerate the recovery from 5-fluorouracil-induced experimental oral
mucositis in hamster. Cancer Chemother. Pharmacol. 2007, 61, 215-222. [CrossRef]

Margaritis, V.G.; Filos, K.S.; Michalaki, M.A.; Scopa, C.D.; Spiliopoulou, I.; Nikolopoulou, V.N.; Vagianos, C.E.
Effect of Oral Glutamine Administration on Bacterial Tanslocation, Endotoxemia, Liver and Ileal Morphology,
and Apoptosis in Rats with Obstructive Jaundice. World J. Surg. 2005, 29, 1329-1334. [CrossRef]

Azuma, H.; Mishima, S.; Oda, J.; Homma, H.; Sasaki, H.; Hisamura, M.; Ohta, S.; Yukioka, T. Enteral
Supplementation Enriched With Glutamine, Fiber, and Oligosaccharide Prevents Gut Translocation in a
Bacterial Overgrowth Model. . Trauma Acute Care Surg. 2009, 66, 110-114. [CrossRef]

Zhang, Y,; Lu, T.; Han, L.; Zhao, L.; Niu, Y.; Chen, H. L-Glutamine Supplementation Alleviates Constipation
during Late Gestation of Mini Sows by Modifying the Microbiota Composition in Feces. BioMed Res. Int.
2017, 2017, 1-9. [CrossRef]

dos Santos, R.G.C.; Viana, M.L.; Generoso, S.V.; Arantes, R.E.; Davisson Correia, M.I.T.; Cardoso, V.N.
Glutamine Supplementation Decreases Intestinal Permeability and Preserves Gut Mucosa Integrity in an
Experimental Mouse Model. |. Parenter. Enter. Nutr. 2010, 34, 408—413. [CrossRef]

Calder, P.C.; Yaqoob, P. Glutamine and the immune system. Amino Acids 1999, 17, 227-241. [CrossRef]
Tsai, PH.; Liu, J.J.; Yeh, C.L.; Chiu, W.C.; Yeh, S.L. Effects of glutamine supplementation on oxidative
stress-related gene expression and antioxidant properties in rats with streptozotocin-induced type 2 diabetes.
Br. J. Nutr. 2012, 107, 1112-1118. [CrossRef]

Lagranha, C.J.; Hirabara, SM.; Curi, R,; Pithon-Curi, T.C. Glutamine supplementation prevents
exercise-induced neutrophil apoptosis and reduces p38 MAPK and JNK phosphorylation and p53 and
caspase 3 expression. Cell Biochem. Funct. 2007, 25, 563-569. [CrossRef] [PubMed]

Castell, L.M.; Bevan, S.J.; Calder, P.; Newsholme, E.A. The role of glutamine in the immune system and in
intestinal function in catabolic states. Amino Acids 1994, 7, 231-243. [CrossRef]

Ashy, A A; Ardawi, M.; Ardawi, M. Glucose, glutamine, and ketone-body metabolism in human enterocytes.
Metabolism 1988, 37, 602-609. [CrossRef]

Castell, L. Glutamine Supplementation In Vitro and In Vivo, in Exercise and in Immunodepression. Sports Med.
2003, 33, 323-345. [CrossRef]

Newsholme, E.A; Carrié, A.L. Quantitative aspects of glucose and glutamine metabolism by intestinal cells.
Gut 1994, 35, S13-517. [CrossRef] [PubMed]


http://dx.doi.org/10.1210/me.2014-1108
http://www.ncbi.nlm.nih.gov/pubmed/24892638
http://dx.doi.org/10.1111/1541-4337.12401
http://dx.doi.org/10.1042/bj2120835
http://dx.doi.org/10.1113/expphysiol.1985.sp002935
http://dx.doi.org/10.1016/0026-0495(88)90036-4
http://dx.doi.org/10.1590/S0100-879X2003000200002
http://dx.doi.org/10.1093/jn/138.4.740
http://dx.doi.org/10.1093/jn/131.9.2578S
http://www.ncbi.nlm.nih.gov/pubmed/11533316
http://dx.doi.org/10.1093/jn/128.8.1249
http://www.ncbi.nlm.nih.gov/pubmed/9687539
http://dx.doi.org/10.2741/2068
http://www.ncbi.nlm.nih.gov/pubmed/17127303
http://dx.doi.org/10.1007/s00280-007-0463-2
http://dx.doi.org/10.1007/s00268-005-7721-4
http://dx.doi.org/10.1097/TA.0b013e318193109b
http://dx.doi.org/10.1155/2017/4862861
http://dx.doi.org/10.1177/0148607110362530
http://dx.doi.org/10.1007/BF01366922
http://dx.doi.org/10.1017/S0007114511004168
http://dx.doi.org/10.1002/cbf.1421
http://www.ncbi.nlm.nih.gov/pubmed/17542038
http://dx.doi.org/10.1007/BF00807699
http://dx.doi.org/10.1016/0026-0495(88)90179-5
http://dx.doi.org/10.2165/00007256-200333050-00001
http://dx.doi.org/10.1136/gut.35.1_Suppl.S13
http://www.ncbi.nlm.nih.gov/pubmed/8125383

Int. ]. Mol. Sci. 2019, 20, 5232 9of11

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fuentes-Orozco, C.; Anaya-Prado, R.; Gonzdlez-Ojeda, A.; Arenas-Marquez, H.; Cabrera-Pivaral, C.;
Cervantes-Guevara, G.; Barrera-Zepeda, L.M. L-alanyl-L-glutamine-supplemented parenteral nutrition
improves infectious morbidity in secondary peritonitis. Clin. Nutr. 2004, 23, 13-21. [CrossRef]

Soeters, P.B. Glutamine: The link between depletion and diminished gut function? J. Am. Coll. Nutr. 1996,
15,195-196. [CrossRef]

Windle, E.M. Glutamine Supplementation in Critical Illness: Evidence, Recommendations, and Implications
for Clinical Practice in Burn Care. . Burn Care Res. 2006, 27, 764-772. [CrossRef]

Alpers, D.H. Is glutamine a unique fuel for small intestinal cells? Curr. Opin. Gastroenterol. 2000, 16, 155.
[CrossRef]

De Souza, A.Z.; Zambom, A.Z.; Abboud, K.Y;; Reis, S.K.; Tannihao, F.; Guadagnini, D.; Saad, M.].; Prada, P.O.
Oral supplementation with l-glutamine alters gut microbiota of obese and overweight adults: A pilot study.
Nutrition 2015, 31, 884-889. [CrossRef]

Palomo-Buitrago, M.E.; Sabater-Masdeu, M.; Moreno-Navarrete, ].M.; Caballano-Infantes, E.;
Arnoriaga-Rodriguez, M.; Coll, C; Rami6, L.; Palomino-Schitzlein, M.; Gutiérrez-Carcedo, P;
Pérez-Brocal, V.; et al. Glutamate interactions with obesity, insulin resistance, cognition and gut microbiota
composition. Acta Diabetol. 2019, 56, 569-579. [CrossRef] [PubMed]

Raza, S.; Baig, M.; Russell, H.; Gourdet, Y.; Berger, B. Clostridium Difficile Infection Following Chemotherapy.
Recent Pat. Antiinfect. Drug Discov. 2010, 5, 1-9. [CrossRef] [PubMed]

Stringer, A.M.; Gibson, R.J.; Bowen, ] M.; Logan, R.M.; Ashton, K.; Yeoh, A.S.].; Al-Dasooqi, N.; Keefe, D.M.K.
Irinotecan-induced mucositis manifesting as diarrhoea corresponds with an amended intestinal flora and
mucin profile. Int. J. Exp. Pathol. 2009, 90, 489-499. [CrossRef] [PubMed]

Panebianco, C.; Adamberg, K.; Jaagura, M.; Copetti, M.; Fontana, A.; Adamberg, S.; Kolk, K.; Vilu, R.;
Andriulli, A.; Pazienza, V. Influence of gemcitabine chemotherapy on the microbiota of pancreatic cancer
xenografted mice. Cancer Chemother. Pharmacol. 2018, 81, 773-782. [CrossRef] [PubMed]

Lin, X.B.; Dieleman, L.A.; Ketabi, A.; Bibova, I.; Sawyer, M.B.; Xue, H.; Field, C.J.; Baracos, V.E.; Ganzle, M.G.
Irinotecan (CPT-11) Chemotherapy Alters Intestinal Microbiota in Tumour Bearing Rats. PLoS ONE 2012,
7,e39764. [CrossRef]

Jegatheesan, P; Beutheu, S.; Ventura, G.; Sarfati, G.; Nubret, E.; Kapel, N.; Waligora-Dupriet, A.J.; Bergheim, I.;
Cynober, L.; De-Bandt, J.P. Effect of specific amino acids on hepatic lipid metabolism in fructose-induced
non-alcoholic fatty liver disease. Clin. Nutr. 2016, 35, 175-182. [CrossRef]

Chamorro, S.; de Blas, C.; Grant, G.; Badiola, L; Menoyo, D.; Carabafio, R. Effect of dietary supplementation
with glutamine and a combination of glutamine-arginine on intestinal health in twenty-five-day-old weaned
rabbitsl. J. Anim. Sci. 2010, 88, 170-180. [CrossRef]

Gu, M,; Bai, N.; Xu, B.; Xu, X; Jia, Q.; Zhang, Z. Protective effect of glutamine and arginine against soybean
meal-induced enteritis in the juvenile turbot (Scophthalmus maximus). Fish Shellfish Immunol. 2017, 70,
95-105. [CrossRef]

Cheng, Z.; Buentello, A.; Gatlin, D.M. Effects of dietary arginine and glutamine on growth performance,
immune responses and intestinal structure of red drum, Sciaenops ocellatus. Aquaculture 2011, 319, 247-252.
[CrossRef]

Barber, A.E.; Jones, W.G.; Minei, ].P.; Fahey, T.J.; Moldawer, L.L.; Rayburn, J.L.; Fischer, E.; Keogh, C.V,;
Shires, G.T.; Lowry, S.E Glutamine or Fiber Supplementation of a Defined Formula Diet: Impact on Bacterial
Translocation, Tissue Composition, and Response to Endotoxin. J. Parenter. Enter. Nutr. 1990, 14, 335-343.
[CrossRef]

Karatepe, O.; Acet, E.; Battal, M.; Adas, G.; Kemik, A.; Altiok, M.; Kamali, G.; Koculu, S.; Catay, A.;
Kamali, S.; et al. Effects of glutamine and curcumin on bacterial translocation in jaundiced rats. World ].
Gastroenterol. 2010, 16, 4313-4320. [CrossRef] [PubMed]

Wells, C.L.; Jechorek, R.P; Erlandsen, S.L. Inhibitory effect of bile on bacterial invasion of enterocytes. Crit.
Care Med. 1995, 23, 301-307. [CrossRef] [PubMed]

Ren, W,; Duan, J.; Yin, J.; Liu, G.; Cao, Z.; Xiong, X.; Chen, S.; Li, T; Yin, Y.; Hou, Y,; et al. Dietary l-glutamine
supplementation modulates microbial community and activates innate immunity in the mouse intestine.
Amino Acids 2014, 46, 2403-2413. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0261-5614(03)00055-4
http://dx.doi.org/10.1080/07315724.1996.10718588
http://dx.doi.org/10.1097/01.BCR.0000245417.47510.9C
http://dx.doi.org/10.1097/00001574-200003000-00010
http://dx.doi.org/10.1016/j.nut.2015.01.004
http://dx.doi.org/10.1007/s00592-019-01313-w
http://www.ncbi.nlm.nih.gov/pubmed/30888539
http://dx.doi.org/10.2174/157489110790112608
http://www.ncbi.nlm.nih.gov/pubmed/19929843
http://dx.doi.org/10.1111/j.1365-2613.2009.00671.x
http://www.ncbi.nlm.nih.gov/pubmed/19765103
http://dx.doi.org/10.1007/s00280-018-3549-0
http://www.ncbi.nlm.nih.gov/pubmed/29473096
http://dx.doi.org/10.1371/journal.pone.0039764
http://dx.doi.org/10.1016/j.clnu.2015.01.021
http://dx.doi.org/10.2527/jas.2008-1698
http://dx.doi.org/10.1016/j.fsi.2017.08.048
http://dx.doi.org/10.1016/j.aquaculture.2011.06.025
http://dx.doi.org/10.1177/0148607190014004335
http://dx.doi.org/10.3748/wjg.v16.i34.4313
http://www.ncbi.nlm.nih.gov/pubmed/20818815
http://dx.doi.org/10.1097/00003246-199502000-00016
http://www.ncbi.nlm.nih.gov/pubmed/7867356
http://dx.doi.org/10.1007/s00726-014-1793-0
http://www.ncbi.nlm.nih.gov/pubmed/25023447

Int. ]. Mol. Sci. 2019, 20, 5232 10 of 11

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Liu, G.; Ren, W,; Fang, J.; Hu, C.A; Guan, G.; Al-Dhabi, N.A; Yin, J.; Duraipandiyan, V.; Chen, S.; Peng, Y.; et al.
L-Glutamine and l-arginine protect against enterotoxigenic Escherichia coli infection via intestinal innate
immunity in mice. Amino Acids 2017, 49, 1945-1954. [CrossRef]

Domeneghini, C.; Di Giancamillo, A.; Bosi, G.; Arrighi, S. Can Nutraceuticals Affect the Structure of Intestinal
Mucosa? Qualitative and Quantitative Microanatomy in L -Glutamine Diet-Supplemented Weaning Piglets.
Vet. Res. Commun. 2006, 30, 331-342. [CrossRef] [PubMed]

Chen, S.; Xia, Y.; Zhu, G,; Yan, J.; Tan, C.; Deng, B.; Deng, J.; Yin, Y.; Ren, W. Glutamine supplementation
improves intestinal cell proliferation and stem cell differentiation in weanling mice. Food Nutr. Res. 2018, 62.
[CrossRef]

Xu, C.L.; Sun, R.; Qiao, X.J.; Xu, C.C.; Shang, X.Y.; Niu, W.N. Protective effect of glutamine on intestinal
injury and bacterial community in rats exposed to hypobaric hypoxia environment. World ]. Gastroenterol.
2014, 20, 4662. [CrossRef]

Wu, M,; Xiao, H,; Liu, G.; Chen, S.; Tan, B.; Ren, W.; Bazer, EW.; Wu, G.; Yin, Y. Glutamine promotes intestinal
SIgA secretion through intestinal microbiota and IL-13. Mol. Nutr. Food Res. 2016, 60, 1637-1648. [CrossRef]
[PubMed]

Van Zwol, A.; Van Den Berg, A.; Knol, ].; Twisk, ] W.R; Fetter, W.PE,; Van Elburg, R.M. Intestinal microbiota
in allergic and nonallergic 1-year-old very low birth weight infants after neonatal glutamine supplementation.
Acta Paediatr. 2010, 99, 1868-1874. [CrossRef]

Van Zwol, A.; Neu, J.; van Elburg, R M. Long-term effects of neonatal glutamine-enriched nutrition in
very-low-birth-weight infants. Nutr. Rev. 2011, 69, 2-8. [CrossRef]

Dai, Z.L.; Li, X.L,; Xi, P.B.; Zhang, J.; Wu, G.; Zhu, W.Y. L-Glutamine regulates amino acid utilization by
intestinal bacteria. Amino Acids 2013, 45, 501-512. [CrossRef] [PubMed]

Macpherson, A.].; Harris, N.L. Interactions between commensal intestinal bacteria and the immune system.
Nat. Rev. Immunol. 2004, 4, 478-485. [CrossRef] [PubMed]

Ding, L.A; Li, ].S. Effects of glutamine on intestinal permeability and bacterial translocation in TPN-rats
with endotoxemia. World J. Gastroenterol. 2003, 9, 1327-1332. [CrossRef] [PubMed]

Sukhotnik, I.; Khateeb, K.; Mogilner, J.; Helou, H.; Lurie, M.; Coran, A.G.; Shiloni, E. Dietary Glutamine
Supplementation Prevents Mucosal Injury and Modulates Intestinal Epithelial Restitution Following
Ischemia-Reperfusion Injury in the Rat. Dig. Dis. Sci. 2007, 52, 1497-1504. [CrossRef] [PubMed]

De Oliveira, M.A.; Lemos, D.S.; Diniz, S.O.E; Coelho, J.V.; Cardoso, V.N. Prevention of bacterial translocation
using glutamine: A new strategy of investigation. Nutrition 2006, 22, 419—-424. [CrossRef] [PubMed]
Savarese, D.M.; Savy, G.; Vahdat, L.; Wischmeyer, P.E.; Corey, B. Prevention of chemotherapy and radiation
toxicity with glutamine. Cancer Treat. Rev. 2003, 29, 501-513. [CrossRef]

Jiang, J.; Srivastava, S.; Zhang, J. Starve Cancer Cells of Glutamine: Break the Spell or Make a Hungry
Monster? Cancers 2019, 11, 804. [CrossRef]

Curthoys, N.P.; Watford, M. Regulation of Glutaminase Activity and Glutamine Metabolism. Annu. Rev.
Nutr. 1995, 15, 133-159. [CrossRef]

Skubitz, K.M.; Anderson, PM. Oral glutamine to prevent chemotherapy induced stomatitis: A pilot study. J.
Lab. Clin. Med. 1996, 127, 223-228. [CrossRef]

Yoshida, S.; Kaibara, A.; Ishibashi, N.; Shirouzu, K. Glutamine supplementation in cancer patients. Nutrition
2001, 17, 766-768. [CrossRef]

Choi, K; Lee, S.S.; Oh, S.J.; Lim, S.Y.; Lim, S.Y; Jeon, WK,; Oh, T.Y.; Kim, ].W. The effect of oral glutamine on
5-fluorouracil/leucovorin-induced mucositis/stomatitis assessed by intestinal permeability test. Clin. Nutr.
2007, 26, 57-62. [CrossRef] [PubMed]

Pathak, S.; Soni, T.P.; Sharma, L.M.; Patni, N.; Gupta, A.K. A Randomized Controlled Trial to Evaluate
the Role and Efficacy of Oral Glutamine in the Treatment of Chemo-radiotherapy-induced Oral Mucositis
and Dysphagia in Patients with Oropharynx and Larynx Carcinoma. Cureus 2019, 11, e4855. [CrossRef]
[PubMed]

Tsujimoto, T.; Yamamoto, Y.; Wasa, M.; Takenaka, Y.; Nakahara, S.; Takagi, T.; Tsugane, M.; Hayashi, N.;
Maeda, K.; Inohara, H.; et al. L-glutamine decreases the severity of mucositis induced by chemoradiotherapy
in patients with locally advanced head and neck cancer: A double-blind, randomized, placebo-controlled
trial. Oncol. Rep. 2015, 33, 33-39. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00726-017-2410-9
http://dx.doi.org/10.1007/s11259-006-3236-1
http://www.ncbi.nlm.nih.gov/pubmed/16437309
http://dx.doi.org/10.29219/fnr.v62.1439
http://dx.doi.org/10.3748/wjg.v20.i16.4662
http://dx.doi.org/10.1002/mnfr.201600026
http://www.ncbi.nlm.nih.gov/pubmed/27005687
http://dx.doi.org/10.1111/j.1651-2227.2010.01934.x
http://dx.doi.org/10.1111/j.1753-4887.2010.00359.x
http://dx.doi.org/10.1007/s00726-012-1264-4
http://www.ncbi.nlm.nih.gov/pubmed/22451274
http://dx.doi.org/10.1038/nri1373
http://www.ncbi.nlm.nih.gov/pubmed/15173836
http://dx.doi.org/10.3748/wjg.v9.i6.1327
http://www.ncbi.nlm.nih.gov/pubmed/12800250
http://dx.doi.org/10.1007/s10620-006-9629-8
http://www.ncbi.nlm.nih.gov/pubmed/17404857
http://dx.doi.org/10.1016/j.nut.2005.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16472985
http://dx.doi.org/10.1016/S0305-7372(03)00133-6
http://dx.doi.org/10.3390/cancers11060804
http://dx.doi.org/10.1146/annurev.nu.15.070195.001025
http://dx.doi.org/10.1016/S0022-2143(96)90082-7
http://dx.doi.org/10.1016/S0899-9007(01)00629-3
http://dx.doi.org/10.1016/j.clnu.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16949180
http://dx.doi.org/10.7759/cureus.4855
http://www.ncbi.nlm.nih.gov/pubmed/31410338
http://dx.doi.org/10.3892/or.2014.3564
http://www.ncbi.nlm.nih.gov/pubmed/25351453

Int. ]. Mol. Sci. 2019, 20, 5232 11 0f 11

64.

65.

66.

Ward, E.; Smith, M.; Henderson, M.; Reid, U.; Lewis, I.; Kinsey, S.; Allgar, V.; Bowers, D.; Picton, S.V. The
effect of high-dose enteral glutamine on the incidence and severity of mucositis in paediatric oncology
patients. Eur. J. Clin. Nutr. 2009, 63, 134-140. [CrossRef] [PubMed]

Abboud, K.Y.; Reis, S.K.; Martelli, M.E.; Zordao, O.P,; Tannihao, E; de Souza, A.Z.Z.; Assalin, H.B.;
Guadagnini, D.; Rocha, G.; Saad, M.J.A,; et al. Oral Glutamine Supplementation Reduces Obesity,
Pro-Inflammatory Markers, and Improves Insulin Sensitivity in DIO Wistar Rats and Reduces Waist
Circumference in Overweight and Obese Humans. Nutrients 2019, 11, 536. [CrossRef]

Egger, M.; Dickersin, K.; Smith, G.D. Problems and Limitations in Conducting Systematic Reviews.
In Systematic Reviews in Health Care; BM] Publishing Group: London, UK, 2001; pp. 43-68.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/sj.ejcn.1602894
http://www.ncbi.nlm.nih.gov/pubmed/17728695
http://dx.doi.org/10.3390/nu11030536
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Overview of Glutamine Mechanisms 
	Results 
	Glutamine and Immune Cells 
	Glutamine Supplementation and Gene Expression 
	Effect of Glutamine on Enterocytes 
	Clinical Application of Glutamine Supplementation 
	Glutamine Supplements on the Gut Microbiota of Obese and Overweight Individuals 
	Effect of Glutamine on Gut Microbiota during Post-Chemotherapy 
	Effect of Glutamine on the Microbiota in Different Types of Diet 
	Effect of Glutamine Supplements on Gut Microbiota in Constipation Groups 
	Effect of Glutamine on Prevention of Bacterial Translocation 
	Impact of Glutamine Supplement on Gut Microbiota and Immunity 
	Relationship between Glutamine-Enriched Enteral Nutrition and Cytokine Profiles in the Neonatal Period 
	Glutamine Effect on Amino Acids Utilization and Metabolism 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

