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11Rationale and outline of this thesis

Rationale and outline of this thesis

The biological properties and clinical significance of the amino acid glutamine has been 
subject of investigation by our group for almost two decades. This interest in glutamine 
was developed against a background of increasing awareness of the importance 
of optimal nutrition for the recovery of critically ill patients, who are often deprived of 
glutamine when fed with total parenteral nutrition.
The biological properties of glutamine and the clinical benefits of supplemental 
glutamine with intravenous or enteral administration are described in Chapter 2. The 
ability of glutamine to decrease the incidence of infectious complications in critically ill 
was observed to stand out among its virtues. The recently established theory that the 
gut may become an inflammation generating organ after translocation of bacteria and/
or toxins across a leaky intestinal epithelium, supports the intestinal need for glutamine 
under these circumstances.

Our group previously observed an increased splanchnic blood flow with enteral 
glutamine in rats (1), which may represent an additional beneficial effect of glutamine 
on the gut. Furthermore, this observation could be related to the observed increase in 
plasma concentrations of arginine with enteral administration of glutamine in rats and 
trauma patients (2;3), since arginine is the precursor amino acid for the synthesis of 
nitric oxide (NO), a substrate with the property to enhance the blood flow through organs 
(4-6). Therefore, it could be speculated that glutamine exerts part of its beneficial effects 
by increasing the availability of arginine, another amino acid with important potential to 
improve clinical outcome (7). This idea encouraged us to study in-depth the metabolic 
relationship between glutamine and arginine, which is the core of this thesis.
The dipeptide alanyl-glutamine was included in these investigations, because free 
glutamine is unstable in aqueous solutions (8) and therefore not suitable for clinical 
practice. Dipeptides containing glutamine (eg. glutamine-glycine and alanyl-glutamine) 
on the other hand are stable in watery solutions (8-12), and therefore advocated as 
a replacement of (supplemental) glutamine in intravenous or enteral nutrition. Alanyl-
glutamine was shown to be the most optimal dipeptide due to a superior clearance rate 
in the human body (9;13).

First, a study was conducted (Chapter 3), to investigate how the route of administration of 
alanyl-glutamine affects the plasma response of glutamine and arginine with intravenous 
or enteral administration of the alanyl-glutamine. Preoperative patients received a 
continuous infusion with 92 mmol alanyl-glutamine within 4 hours on two consecutive 
days by the intravenous or enteral route. Plasma concentrations of glutamine, arginine 



12 Chapter 1

and intermediate metabolites glutamate and citrulline of the metabolic pathway of 
glutamine to arginine were observed to respond differently with intravenous or enteral 
administration of alanyl-glutamine, which encouraged us to further explore these 
metabolic differences, since different metabolic handling of glutamine by the enteral or 
parenteral route, as free molecule or dipeptide is likely to result in differential beneficial 
effects.

Stable isotope tracers were applied in our continued exploration of the metabolic 
relationship between glutamine and arginine, because it is not clear whether higher 
or lower plasma levels of an amino acid are the result of enhanced endogenous 
production, disposal or exogenous administration of the (precursor) amino acid (14). 
A stable isotope tracer refers to an atom with a different number of neutrons than a 
naturally occurring atom. In contrast to radioactive isotopes, there is no spontaneous 
decay of stable isotopes. Molecules containing stable isotope tracers express the same 
metabolic behaviour as the molecule of interest. Stable isotopes can therefore be used 
to quantify the endogenous rate of appearance of an amino acid and the conversion 
rate of one amino acid into another at the whole body level, which is achieved by using 
so-called dilution equations (15). Furthermore, when the draining vein of an organ is 
accessible, the use of stable isotopes will provide information about organ production 
and disposal of studied amino acids.
The most important goal of the stable isotope studies performed within the framework 
of this thesis was to quantify the contribution of glutamine to the de novo synthesis of 
arginine from citrulline. Another goal was to investigate the contribution of the intestines, 
the liver and the kidneys to the synthesis of citrulline from glutamine and arginine from 
citrulline, to test the concept  that  the intestinal conversion of glutamine leads to citrulline 
release from the gut, which, after bypassing the liver, is converted into arginine by the 
kidneys (4;16-18).  The final goal was to explore at the whole body and organ level, how 
the route of administration, intravenous or enteral, and the molecular presentation of 
glutamine, as free molecule or alanyl-glutamine, would affect the turnover of glutamine 
via citrulline into arginine. 

We continued with two experiments in mice (Chapter 4), who received a high dose 
of labelled glutamine as free amino acid ([2-15N]glutamine) or dipeptide (alanyl-[2-15N]
glutamine) by the intravenous or enteral route. Enteral administration of glutamine, 
provided as free molecule or dipeptide, was observed to contribute more to arginine 
synthesis, than parenteral administration. The contribution of glutamine to the synthesis 
of arginine was also observed to be affected by the molecular presentation of glutamine. 
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Results from these mice experiments encouraged us to pursue our investigations along 
the same lines in humans.
First, a study was conducted in 8 patients during major abdominal surgery (Chapter 
5). Patients received tracer doses of the labelled substrates glutamine, citrulline and 
arginine, to investigate the turnover of unlabeled glutamine, citrulline, arginine, and the 
synthesis of citrulline from glutamine, as well as the synthesis of arginine from citrulline, 
under post absorptive circumstances. The surgical procedure enabled us furthermore 
to study the turnover of glutamine, citrulline and arginine at intestinal, hepatic and renal 
level (Chapter 5 and 6).
Subsequently, the intestinal fractional extraction of glutamine and subsequent release of 
citrulline and arginine coming from glutamine was studied at the whole body, intestinal 
and renal level in surgical patients, with intravenous (n=8) or enteral (n=8) administration 
of [2-15N]glutamine (Chapter 7).
Finally, the contribution of glutamine provided as alanyl-[2-15N]glutamine by the 
intravenous or enteral route, to arginine synthesis was studied in patients during surgery, 
at whole body, intestinal, hepatic and renal level (Chapter 8). 

In Chapter 9 results of this thesis are summarized and discussed and directions for 
future research are outlined.
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Abstract

Purpose of review
The aim of this review is to describe the clinical relevance of supplementation of 
glutamine from the recent literature. First, new basic research and subsequently meta-
analyses and recent clinical trials concerning the effect of glutamine on clinical outcome 
are discussed.

Recent Findings
Recent basic research on glutamine has further improved our understanding about the 
possible mechanisms behind the beneficial effects of glutamine on clinical outcome. We 
now know that the purpose of glutamine to serve as a substrate for protein synthesis 
and a respiratory fuel for cells of the immune system and the gastro-intestinal tract 
is incomplete. Recent discoveries on glutamine emphasize its role as a regulating 
molecule. Glutamine supports the immune system and blunts the inflammatory 
response. Glutamine protects organs from inflammation and concomitant oxidative 
stress by enhancing the availability of the antioxidants glutathione and taurine and by 
enhancing the expression of heat shock proteins. Furthermore, glutamine regulates the 
nitric oxide synthesis from arginine in endothelial cells and macrophages, and is an 
important precursor for the de novo synthesis of arginine in humans. Finally, glutamine 
helps to preserve insulin sensitivity.

Summary of clinical evidence
Based on an ongoing meta-analysis and up-to-date clinical trials, we may conclude 
that supporting the parenterally fed, critically ill patient with > 0.2 g glutamine · kg-1 · 
day-1 is beneficial because it improves survival. The benefits of enteral supplementation 
of glutamine seem established in trauma and burn patients. Currently, a large trial is 
ongoing involving 1200 critically ill patients receiving a combination of intravenous (0.35 
g · kg-1 · day-1) and enteral glutamine (30 g/dag).

16
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Introduction

Glutamine is the most abundant amino acid in the body. It has the largest free pool and 
one of the highest fluxes over organs of all amino acids (1). Glutamine is synthesized 
in large quantities in the muscle and a major vehicle of transport of amino-nitrogen to 
organs like the intestine, the liver and the kidney (1). Glutamine is the preferred respiratory 
fuel for enterocytes, hepatocytes, lymphocytes and macrophages (2;3). Furthermore, 
glutamine is involved in the ammonia genesis and therefore largely responsible for acid-
base homeostasis (1).
Under normal circumstances, glutamine is considered to be a nonessential amino 
acid. Several studies, however, have shown a significant decrease in plasma glutamine 
concentrations in states of critical illness (4;5), implicating that glutamine may become 
a conditionally essential amino acid in patients with catabolic disease. In catabolic 
states, due to conditions such as sepsis or major injury, large amounts of glutamine are 
released from muscle tissue (6). Under these circumstances, the glutamine consumption 
in immunologic tissues and cells increases (3).
The last decade knowledge has evolved about the regulative properties of glutamine. 
Glutamine was shown to support the immune system and blunt the inflammatory response 
at the same time. Furthermore, glutamine and has been shown to protect cells during 
inflammation and concomitant oxidative stress. Glutamine was observed to induce the 
expression of heat shock proteins (HSPs) (7), serve as a precursor for glutathione and 
arginine (8;9), and enhance the availability of taurine (10). Arginine is the substrate for 
nitric oxide synthesis (11). Nitric oxide (NO) production is essential for smooth muscle 
relaxation and vasodilatation, but also plays a role in the pro-inflammatory immune 
response (9;12). Glutathione and taurine are important antioxidants (13). More recently, 
glutamine was also discovered to improve insulin sensitivity (14-16).
These mechanisms behind the beneficial effect of glutamine are discussed in detail 
in the following paragraphs. The second part of the review will discuss recent meta-
analyses and clinical trials on the effects of glutamine on outcome.

Possible mechanisms by which glutamine exerts its 
beneficial effects

Glutamine and the immune system
Several randomized controlled clinical trials indicate that glutamine supplementation 
decreases the incidence of infectious complications in surgical, critically ill and burn 
patients (http://www.criticalcarenutrition.com). It has been established that glutamine 
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provides nitrogen for the synthesis of purine and pyrimidine nucleotides, which are 
necessary for the proliferation of lymphocytes and DNA repair in macrophages (3;17). 
Glutamine is also an important source of energy for these white blood cells (18;19). 
However, more recently, glutamine was found to have a regulative effect on the immune 
system as well, thereby supporting the immune system and blunting the inflammatory 
response at the same time.

To facilitate interpretation of investigations concerning the effect of glutamine on the 
immune system and concerning the protection of tissues by glutamine from inflammation 
and concomitant oxidative stress, a short introduction of the immune response is 
warranted. The immune response consists of the cellular defence, that includes the 
functions of all polymorphonuclear granulocytes, macrophages and lymphocytes as 
well as their proliferation behaviour, and the systemic inflammatory response, which 
is characterized by the release of pro-inflammatory mediators such as the cytokines 
tumor necrosis factor-α (TNF-α) and the interleukins IL-1β, IL-6, IL8, leukotrienes, and 
free radicals such as NO, superoxide and peroxides at tissue level. Although necessary 
for defence of the host against invading pathogens, these activated leucocytes, 
inflammatory mediators and free radicals are at the same time able to cause oxidative 
stress and damage in (remote) tissues.
Following the initial pro-inflammatory phase, a parallel compensatory anti-inflammatory 
response ensues, represented by the release of anti-inflammatory cytokines, such as 
IL-10, IL-4 and soluble TNF receptors (20).

Support of the immune system by glutamine

Neutrophils increase their phagocytic activity and rate of production of superoxide when 
glutamine is offered in a dose-dependent manner (21). In agreement with this, glutamine 
was shown to improve the function of neutrophils by reducing the adrenaline-induced 
inhibition of superoxide production (22).
In-vitro experiments carried out by Spittler et al. (23) demonstrated that when cultured 
for 1 week in the presence of reduced concentrations of glutamine, blood monocyte-
derived macrophages expressed progressively less human leukocyte antigen (HLA)-DR 
on their surfaces. HLA-DR, a gene product of the MHC class II antigen, is essential in 
antigen presentation (23). In patients undergoing surgery, parenteral supplementation 
with glutamine (glycyl-glutamine) increased HLA-DR expression on monocytes for the 
first 48 h postoperatively (24). Boelens et al. (25) confirmed these results in trauma 
patients. They showed that glutamine-enriched enteral nutrition compared with an 
isonitrogenous, isocaloric control feeding increased HLA-DR expression on CD14+ 
monocytes from day 5 till 14 following trauma, which was accompanied by a decrease 
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in infectious morbidity (4). The authors also recently established in the same patients 
that enteral glutamine supplementation preserved the production of IL-4 cytokines, 
and supported the general ability of blood lymphocytes to produce cytokines when 
challenged (26).
A study by Pithon-Curi et al. (27) showed that glutamine delayed the process of 
apoptosis in both rats and human neutrophils. Furthermore, glutamine improved 
neutrophil mitochondrial function and glutamine-incubated neutrophils were observed 
to have a higher phagocytic capacity for Escherichia coli (E. coli) than cells cultured in 
the absence of glutamine.

Blunting of the inflammatory response by glutamine

Coeffier et al. (28) observed in an experiment with fasted volunteers that duodenal 
biopsies cultured with glutamine released less IL-6 and IL-8 than biopsies cultured 
without glutamine. Glutamine was not observed to affect culture concentrations of IL-1β, 
IL-4 and IL-10. In another experiment with healthy volunteers by Coëffier et al. (29) 
duodenal biopsies stimulated with IL-1β released less IL-6 and IL-8 and more IL-10 in the 
presence of glutamine than without glutamine.
When observing macrophage function in relation to glutamine availability in the obese, 
insulin-resistant Zucker rat, investigators found that TNF-α production decreased in 
macrophages of both obese and lean rats with increasing glutamine concentrations 
(30). Yeh et al. showed that enteral glutamine supplementation in mice with abdominally 
induced sepsis led to a reduction of IL-6 in the lung, kidney and gut and that glutamine 
increased the ratio of Th1/Th2 T-helper lymphocytes by inducing IFN-γ expression and 
reducing IL-4 which are produced by Th1 and th2 cells respectively (31), thereby causing 
a anti- and pro-inflammatory effect at the same time. 
Singleton et al. (32) observed that a single intravenous (IV) dose of glutamine (0.75 g/kg) 
can attenuate activation of Nuclear Factor (NF)-ĸB, a key mediator in the inflammatory 
response, in lung tissue, and prevent the degradation of its inhibitory protein IĸBα in the 
septic rat. This study also revealed that glutamine could inhibit the activation of the stress 
kinase pathway including p38 mitogen-activated protein kinase and extracellular signal-
regulated kinase. This effect led to attenuated TNF-α and IL-6 and IL-18 expression 
following sepsis (33),  and was furthermore associated with improved survival in septic 
rats receiving glutamine (32). The same investigators found in subsequent experiments 
that the limiting effect of glutamine on the pro-inflammatory cytokine response in lung 
tissue of septic mice was lost in knock-out mice without the ability to express heat shock 
protein-70 (34). The effect of glutamine on the expression of heat shock proteins will 
receive more attention in another paragraph of this review.
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A study in patients with severe pancreatitis showed a reduction in the release of Il-8 
by blood mononuclear cells when patients received glycyl-glutamine supplemented 
parenteral nutrition (35).

Enhanced availability of antioxidants by glutamine
Glutamine provides the source of the precursor glutamate, which is one of the amino 
acids necessary for the synthesis of glutathione (GSH). The GSH system is one of 
the major mechanisms of reducing oxidative stress in the cells of the body. GSH is 
quantitatively the most important endogenous scavenger of oxygen-derived free 
radicals and peroxides (36), and thereby protects the integrity of cell membranes. By 
maintaining the thiol groups of many proteins in the reduced form, GSH ensures their 
normal function (37). Furthermore, GSH prevents activation of NF–kB (38), and thus also 
inhibits the inflammatory response. After surgical trauma, glutathione concentrations in 
skeletal muscle are decreased (39), which indicates ongoing oxidative stress with the 
subsequent risk of tissue damage (40).
Chang et al. (41) studied whether glutamine was able to protect T lymphocytes from 
activation-induced T-cell death. This phenomenon is observed when previously 
activated T lymphocytes are re-activated. These authors showed that glutamine 
decreased the number of apoptotic activated Jurkat T cells, which was associated with 
an increased expression of glutathione in the Jurkat T cells. Rat models have shown that 
glutamine increases splanchnic GSH production (42), as well as tissue concentrations 
of GSH in catabolic animals (43). A study by Manhart et al. (44) showed that glutamine 
administration prevented the depletion of GSH in Peyer’s Patches in endotoxemic mice. 
More recently, another experiment in rats revealed that orally administered glutamine 
increased the level of GSH in hart tissue, which was associated with a cardio protective 
effect of glutamine (45).
Fläring et al. (46) investigated whether IV glutamine supplementation influences GSH 
metabolism in human skeletal muscle following trauma. A homogenous group of patients 
(n = 17) undergoing elective, uncomplicated abdominal surgery due to nonspreading 
rectal cancer, with an uneventful post-operative course, were randomly allocated to 
receive glutamine (0.56 g · kg-1 · day-1) or placebo, as part of an isonitrogenous and 
isocaloric nutrition. Percutaneous muscle biopsies and blood samples were taken 
preoperatively and postoperatively and concentrations of glutathione were determined 
in muscle tissue and plasma. The authors found that GSH concentration decreased in 
the control group, while the group receiving glutamine sustained preoperative values. 
In a recent trial with critically ill, who received alanyl-glutamine and antioxidants in a 
dose-escalating manner it was observed that a high dose of IV plus enterally provided 
glutamine (>0.35 g · kg-1 · day-1) resulted in preservation of plasma GSH levels (47). In 
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another randomized, controlled study 0.5 g · kg-1 · day-1 alanyl-glutamine-containing 
parenteral nutrition was observed to improve plasma GSH levels in patients after 
cardiac, vascular or colonic surgery. This was not the case in the control group who 
received isocaloric and isonitrogenous parenteral nutrition without glutamine (48).
Glutamine may also regulate the production of taurine, another important antioxidant 
because Boelens et al. (10) observed an increase of plasma taurine concentrations in 
trauma patients when glutamine was supplemented with enteral nutrition. Glutamine is 
metabolically linked with taurine via its deamidation product glutamate (49).  One major 
function of taurine is to trap chlorinated oxidants by producing the nontoxic, long-lived 
taurine-chloroamine, and thus protect the cell from self-destruction (50). As taurine is 
exceptionally abundant in the cytosol of inflammatory cells, especially in neutrophils, 
taurine will travel with the migrating neutrophils to the damaged tissue to combat free 
radicals (51).
Glutamine supplementation prevents extracellular water retention compared with 
a control solution (52). This effect could also be exercised through taurine, because 
taurine can serve as an osmoregulator. In general, osmoregulation involves the 
regulation of changes in the concentrations of solutes over the cellular membrane. The 
cytosolic concentration must change in parallel with the osmolarity of the extracellular 
compartment. The cell’s integrity will be disturbed if concentrations change drastically 
and thereby influence the membrane potential, enzyme activities or other cellular 
processes. Taurine is an excellent osmoregulator because it requires a minimum amount 
of energy to remain in high concentrations across the cell membrane and because it is 
efficient in responding to osmotic changes (53). When extracellular sodium increases, 
taurine influx increases (54). This could explain why the influx of taurine increases under 
circumstances of metabolic stress (55), demonstrating the importance of taurine as an 
osmoregulator.
Several studies report that plasma taurine concentrations decreased in response to 
surgical injury, trauma, sepsis and other critical illnesses (56). When metabolic and 
respiratory pattern progressively declines, plasma taurine concentrations are even 
more severely decreased, suggesting an increased taurine requirement under these 
conditions (56). 

Enhanced expression of heat shock proteins (HSPs) by glutamine
In 1983 Lanks (57) was the first to draw attention to the role of glutamine in the expression 
of HSPs. Since this observation by Lanks the effect of glutamine on the expression of 
HSPs was most extensively investigated by the group of Wischmeyer (7;58;59). HSPs are 
a family of highly conserved proteins involved in the most basic mechanisms of cellular 
protection. The expression of these proteins following a sublethal insult can induce  



22 Chapter 2

‘stress tolerance’, and provide protection from a subsequent stress that would otherwise 
be lethal. When induced after cellular stress, HSPs appear to repair injured, denatured 
proteins or promote their degradation when irreversibly damaged (7;60).
Wischmeyer et al. (61) observed that glutamine enhanced HSP-70 expression in 
intestinal epithelial cells and that this enhancement led to marked protection against 
oxidant and heat injury. Furthermore, they observed that administration of quercetin, a 
non-specific inhibitor of HSP-70 expression, markedly diminished glutamine’s positive 
effect. The HSP expression in human lymphocytes and monocytes was observed to 
depend on the availability of glutamine (62;63). 
Experiments in rats showed that glutamine was able to enhance HSPs in multiple 
organs of unstressed and stressed animals (64). Singleton et al. (65) showed in rats 
with sublethal endotoxemia that a single IV dose of 0.75 g/kg glutamine enhanced 
HSP-70 expression in macrophages and epithelial lung cells. Subsequently, the group 
of Wischmeyer embarked on a survival trial in rats with lung injury due to the ‘cecal 
ligation and puncture (CLP)’ procedure, resembling sepsis-induced lung injury, and 
showed that the same IV dose of glutamine (0.75 g/kg) 1 h after CLP improved survival, 
enhanced HSP-70 expression in lung tissue and prevented the acute respiratory distress 
syndrome. In agreement with this finding, Uehara et al. (66) showed that a single IV 
dose of 0.75 g/kg glutamine in rats before LPS-induced endotoxemia improved survival 
and reduced gut cell apoptosis as well as gut injury. This observation was associated 
with an enhanced expression of heme oxygenase-1 (HO-1), also known as HSP-32, 
within the ileum and the colon. Inhibition of HO-1 expression completely abolished the 
beneficial effect of glutamine.
More recently, experiments by the group of Wischmeyer have focussed on the 
mechanism behind the glutamine-induced expression of HSPs. They established 
that glutamine regulates HSP expression at the level of Heat Shock Factor-1 (HSF-1) 
(67-69). Singleton et al. elaborated on the mechanism behind the observed enhanced 
HSF-1 phosphorylation with additional glutamine and showed that glutamine enhances 
the O-linked glycolysation of HSF-1 and of stimulating protein-1 (SP-1; another key 
transcriptor factor for HSP-70 expression), which ensures HSF-1 and SP-1 phophorylation 
and subsequent transcriptional activity (70).
Until now one randomized controlled trial in humans has been performed investigating 
the effect of 0.5 g · kg-1 · day-1 IV alanyl-glutamine on serum HSP-70 (71). Investigators 
observed a marked increase in serum concentrations of HSP-70 of critically ill patients 
who received glutamine-containing parenteral nutrition. HSP-70 concentrations were 
unchanged in control patients who received isocaloric, isonitrogenous parenteral 
nutrition without glutamine.  Furthermore, a significant correlation was observed 
between increases in HSP-70 levels over baseline and decrease in ICU length of stay.
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Glutamine as an apoptotic modulator 
Glutamine is believed to have a limiting effect on apoptosis. Apoptosis is a programmed, 
highly regulated ATP dependent process that elicits the removal of unwanted or damaged 
cells and prevents an inflammatory response after cell death (72). Cell survival and 
apoptosis form equilibrium in human physiology. This equilibrium can, however, become 
unbalanced during periods of acute and chronic disease, when excessive apoptosis 
occurs (73;74). This may negatively affect clinical outcome as shown in the murine gut, 
when more apoptosis was observed to correlate with a reduced survival rate during 
sepsis (74). In the human gut cell line HT-29, the pro-inflammatory cytokines TNF-α 
and interferon-γ were shown to induce apoptosis, suggesting a detrimental effect of 
inflammation on bowel mucosa in humans as well (75). It was shown in the same study 
that glutamine can prevent cytokine- induced apoptosis via the pyrimidine pathway. 
Larson et al. (76) found that glutamine contributes to increased intestinal cell survival 
by activating extracellular signal-related kinase, which has been demonstrated to be 
important for DNA synthesis, cell proliferation and anti-apoptosis in numerous cell lines. 
As mentioned previously in the paragraph ‘Support of the immune system by glutamine’, 
glutamine was shown to delay the process of apoptosis in rat and human neutrophils 
and to protect T-lymphocytes from activation-induced T-cell death (27;41)

Glutamine and the gut
Besides being a digesting and nutrient absorbing organ, the intestine is considered to be 
an important partner in host defense. As the gut is built to give access to nutrients, it is at 
the same time crucial for the gut to prevent translocation of bacteria and their endotoxins. 
The barrier function of the gastrointestinal tract has been shown to be impaired following 
physical stress due to injury or surgery, or following inflammation (77;78). This loss of 
barrier function has been speculated to play a part in the translocation of bacteria and 
endotoxins across the gut wall, subsequently resulting in sepsis, a prolonged systemic 
inflammatory response, and eventually multiple organ failure (79). Although many 
animal experiments show that loss of intestinal integrity is associated with bacterial 
translocation and subsequent organ damage, data in humans are limited. In particular 
a study by Moore et al. (80) who took samples of portal venous blood at 6, 12, 24, 
and 48 h and 5 days after injury in patients who required emergency laparotomy due 
to major torso trauma, has created doubt about the translocation theory, since only 8 
positive portal venous blood cultures were discovered among 212 carried out and only 
1 systemic positive blood culture was observed, in contrast with the 6 patients (30%) 
presenting with multiple organ failure.
An attractive alternative hypothesis has been put forward by Deitch et al. (81) and others 
(33;78). Translocation of bacteria and/or toxins across a leaky intestinal epithelium may 
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induce an intestinal inflammatory response, which will destroy the invaders but also 
trigger the gut to produce cytokines and other inflammatory mediators, which reach 
the systemic circulation via the mesenteric lymph and subsequently the thoracic duct. 
(33;78). This view is supported by clinical and experimental data. Lymphatic mesenteric 
nodules are the first and often only tissue to present a positive culture for enteric bacteria, 
and elevated levels of cytokines have been identified in the thoracic duct (78).
Glutamine may preserve intestinal integrity by the mechanisms previously described 
in this review. We will now discuss some experiments concerning the direct effect of 
glutamine on the mechanical barrier of intestinal mucosal cells and the gut associated 
immune system (GALT).

Glutamine and the mechanical barrier of intestinal mucosal cells 

Clark et al. (82) tested the hypothesis that cellular glutamine availability plays a key 
role in enterocytes in modulation of bacterial translocation, using an in-vitro model 
of cytokine-mediated bacterial translocation to allow a direct study on the interaction 
between enterocytes, TNF-α, glutamine, and translocating bacteria. Translocation 
occurred without alteration of the monolayer integrity. Electron microscopy of 
monolayers in which bacterial translocation had occurred consistently demonstrated 
bacteria in vacuoles within enterocytes. The authors found that glutamine decreased 
TNF-α mediated bacterial translocation. Addition of amino-oxy-acetate, which inhibits 
oxidative glutamine metabolism within the citric acid cycle by blocking its conversion to 
α-ketoglutarate, completely diminished this effect of glutamine. The authors conclude 
that the ability of glutamine to prevent bacterial translocation depends on its use as an 
enterocyte fuel substrate.
Several other studies show a role for glutamine in the prevention of translocation along 
the paracellular channels/tight junctions as well. For instance, Kouznetsova et al. (83) 
added phorbol-12,13-dibutyrate to activate the protein kinase C system in HT-29CL.19A 
intestinal cells, to induce hyperpermeability by opening up the paracellular channels and 
found that administration of glutamine rapidly reduced hyperpermeability for horseradish 
peroxidase. Interestingly this effect was only observed when glutamine was supplied on 
the apical side of the cells.
In a by Le Bacquer et al. (84) Caco-2 cells were deprived of nutrients on the apical 
side but not on the basolateral side, mimicking in-vivo fasting conditions. Apical fasting 
increased transepithelial permeability, as measured with fluorescein-isothiocyanate-
dextran fluxes. Supplementation of a dose of 0.6 mmol/L glutamine either apical 
or basolateral decreased paracellular permeability. Glutamate was the only amino 
acid with the same effect. The absence of nutrients on the apical side also resulted 
in a decrease in intracellular glutamine and glutathione, despite the presence of 
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physiological concentrations of glutamine (0.6 mmol/L), glucose and other amino acids 
in the basolateral medium. The authors suggest that the loss of gut barrier function 
during fasting is mediated by functional alterations in the tight junction complex and that 
glutamine’s effects require its deamidation into glutamate.

The effect of glutamine of intestinal permeability in critically ill patients has primarily 
been established using the lactulose/mannitol (L/M) test (78).  Hulsewé et al. (85) 
recently measured glutamine concentrations in plasma and gut mucosa, gut permeability 
(using the L/M) test and mucosal morphology in 26 patients who required artificial 
nutrition, and observed  that glutamine levels did not to correlate with the degree of 
depletion, but did correlate negatively with the degree of inflammation. Importantly, the 
degree of intestinal permeability correlated positively with the degree of inflammation, 
whereas no correlation was observed with the degree of depletion. Authors conclude 
that inflammation plays an important role in the increase of intestinal permeability 
and decrease of mucosal concentrations of glutamine. This is in agreement with their 
observation in an randomized controlled study in 23 nutritionally depleted patients on 
isonitrogenous parenteral nutrition, that additional glutamine did not affect intestinal 
permeability (86).  Yao et al. (87) showed in a randomized controlled study in 40 
patients on isonitrogenous parenteral nutrition undergoing gastrointestinal surgery, that 
perioperative supplementation with alanyl-glutamine increased the plasma immunity 
against endotoxin, although no difference was observed between groups with respect to 
the plasma concentration of endotoxin.

Glutamine and the gut associated lymphoid tissue (GALT)

The GALT plays an important role in the barrier function of the gut, by preventing bacterial 
translocation across the gut wall, but perhaps also as a generator of inflammation in more 
distant organs. Approximately one-quarter of the intestinal mucosa is lymphoid tissue. 
GALT consists of four components: the intra-epithelial lymphocytes, the lymphoid cells 
of the lamina propria, the Peyer’s patches and mesenteric lymph nodes. GALT functions 
more or less independently from the systemic immunity and represents approximately 
50% of total body immunity, thereby producing most of the body’s immuno-globulins in 
the form of IgA (88).
A study by Salvalaggio et al. (89) showed that glutamine was not able to prevent 
bacterial translocation in rats with an obstructed terminal ileum after injection with E. 
coli into the ileal lumen. Nevertheless they found less positive cultures in blood and 
remote organs in the glutamine-supplemented group. They hypothesize that even 
though glutamine did not prevent bacterial translocation in these rats, it still has a role 
in gut barrier protection, possibly through enhancement of the immune system. The 
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idea that glutamine enhances the functionality of GALT is supported by the study of 
Ikeda et al. (90). The authors investigated the functional capacity and exudation of 
polymorphonuclear neutrophils (PMNs) and macrophages into the peritoneal cavity 
in response to an inflammatory stimulus in mice fed with parenteral nutrition with or 
without 2% glutamine. Macrophages and PMNs are important in eliminating bacteria in 
the early stages of peritoneal infections. The exudation of PMNs and macrophages and 
total exudative cell members was significantly lower when no glutamine was provided. 
Furthermore, the group receiving unsupplemented parenteral nutrition expressed less 
peritoneal phagocytosis by PMNs. The authors concluded that parenteral nutrition has 
a deleterious effect on the inflammatory response in the peritoneal cavity, which can be 
reversed with supplementation of glutamine.
Two studies by Coeffier et al. (28;29), which are discussed in the chapter about glutamine 
and the immune system, show that glutamine is also able to inhibit the inflammatory 
response in gut tissue.

Glutamine and ischemia-reperfusion injury
Considering the previously discussed mechanisms by which glutamine may blunt the 
inflammatory response and limit tissue damage due to inflammation and concomitant 
oxidative stress, glutamine may also play a role in protecting tissue from ischemia/
reperfusion (I/R) injury.
Gut I/R secondary to splanchnic hypoperfusion is a common event after a variety of 
clinical conditions (91). The gut is vulnerable to hypoperfusion after multisystem trauma, 
shock and cardiac or aortic surgery. Resuscitation allows gut blood flow to be recovered, 
resulting in gut I/R injury due to the activation of PMNs in the postischaemic gut and 
the concomitant ensuing systemic inflammatory response. Therefore, gut I/R may also 
promote remote organ injury.
Ikeda et al. (92) investigated in mice whether glutamine-supplemented parenteral nutrition 
affected mortality after a gut ischemic insult in mice. They supplemented glutamine 5 
days before operative occlusion of the superior mesenteric artery and found that survival 
improved in the glutamine-supplemented group. Fukatsu et al. (93) also investigated the 
effect of parenteral supplementation of glutamine on survival in mice after I/R induced 
by occlusion of the superior mesenteric artery. In contrast to the aforementioned study, 
the mice received glutamine immediately after onset of ischemia. The results were very 
striking. None of the 12 mice survived the treatment with glutamine, as opposed to 
survival of five of the 13 mice in the control group. These authors then looked into the 
leukocyte priming and tissue damage and showed that reactive oxygen intermediate 
production by PMNs and monocytes was higher in the glutamine-supplemented group. 
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The authors suggest that glutamine may have caused excessive priming of neutrophils 
and lymphocytes and conclude that timing of glutamine supplementation is critical.
Sato et al. (94) explored how luminal administration of glutamine in rodents would affect 
pro- and anti-inflammatory mediators activated by gut I/R injury. Endpoints were the 
protein expression of the pro-inflammatory mediator inducible NO synthase (iNOS), 
which is enhanced during inflammation resulting in the production of large amounts of 
NO, and the anti-inflammatory mediators HO-1 (=HSP-32), HSP-70 and peroxisome 
proliferator-activated receptor-γ (PPAR-γ). PPAR-γ has recently been recognized as an 
endogenous modulator of intestinal inflammation. Enteral glutamine was observed to 
decrease iNOS protein expression and increase PPAR-γ protein expression in the post-
ischemic small bowel, but failed to affect the expression of the HSPs. These results 
suggest that there may be a rationale for combining both routes of administration, IV 
and enteral, when administering glutamine as a therapeutic agent to limit tissue damage 
as a consequence of I/R injury.
Another organ which is particularly vulnerable for I/R injury is the heart. When the heart 
is subjected to a period of ischemia after myocardial infarction or open-heart surgery, this 
can cause irreversible damage to the cardiomyocytes, resulting in impaired functionality 
of the heart. Glutamine is hypothesized to have a beneficial effect on the recovery of 
cardiomyocytes after I/R injury.  For instance, cardiopulmonary bypass (CPB) surgery 
may induce I/R injury. Building tolerance prior to CPB-induced damage may improve 
postoperative outcome. Hayashi et al. (95) examined the hypothesis that preoperative 
glutamine administration can induce HSP70 expression before CPB and attenuate CPB-
induced inflammation in a rat model. Glutamine supplementation 1 week prior to CPB 
was observed to induce HSP70 expression before and after the termination of CPB and 
to attenuate CPB-induced inflammation. Wischmeyer et al. (96) endorsed these results 
when they incubated cardiomyocytes of chick embryo’s with glutamine after exposing 
them to I/R and studied the effect of glutamine on the expression of HSP72. HSP72 
expression in the cardiomyocytes was observed to be higher in the glutamine group, 
which was associated with less cell death. Also, the contractibility of the muscle layers 
incubated with glutamine recovered better when compared with the unsupplemented 
muscle layers.  Khogali et al. (97) compared the possible cardioprotective effects of 
glutamine supplementation to equimolar concentrations of glutamate and aspartate, 
using a model with a single working rat heart. Only glutamine completely restored output 
of the heart after I/R to the situation before ischemia. 

The first and so far only mechanistic study about how additional glutamine may protect 
a kidney transplant suffering from severe ischemic injury caused by prolonged cold 
preservation, was conducted by Fuller et al. (98). They found that intraperitoneal 
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administration of 0.75 g/kg glutamine as alanyl-glutamine to the donor rat significantly 
reduced papillary necrosis and tubular cell apoptosis in the renal graft, which was 
associated with a higher expression of HSP-70.

Glutamine and arginine
Arginine is another important amino acid with properties to enhance the recovery 
of (critically) ill patient, which has received like glutamine a lot of attention from 
investigators. Arginine plays an important role in protein synthesis and may therefore be 
a therapeutic agent in wound repair. Also, arginine is the direct precursor of NO, which 
is generated when arginine is oxidized into citrulline in the so-called NO cycle. The 
merits and possible working mechanisms of arginine have been thoroughly described 
by others (11;12;99;100). NO has been introduced in this review as a free radical causing 
tissue damage. However, NO is also known to be the most important vasodilator, that 
prevents platelet and leucocyte adhesion to the vascular wall and thereby augments 
the process of vascular inflammation and concomittant atherosclerosis (9;101). This 
paragraph focusses on the metabolic relationship between glutamine and arginine, and 
the observed interaction between both amino acids at the level of NO release.
Our group has shown interest in the metabolic relationship between glutamine and 
arginine, since Houdijk et al. (4;102) observed, first in rats and later in trauma patients, 
that a glutamine-enriched enteral diet increased the plasma concentration of arginine 
along with glutamine. He also observed an increased splanchnic blood flow with enteral 
glutamine in rats (103), which may be related to an increase in the availability of arginine 
with supplemental glutamine. Therefore, we speculate that glutamine may exert part of 
its beneficial effects by increasing the availability of arginine. The longer existing concept 
that the intestinal conversion of glutamine leads to release from the gut of citrulline, 
which, after its uptake from the bloodstream, is converted by the kidneys into arginine 
(11;99;104;105), was confirmed by us in mice and in humans (106-109). In humans, 
plasma glutamine was shown to be the precursor for 64% of de novo generated arginine, 
under post absorptive circumstances. The intestine was observed to be responsible for 
the entire de novo synthesis of plasma citrulline from glutamine, and the kidneys were 
shown to take up more than 50% of circulating plasma citrulline and release equimolar 
amounts of arginine into plasma. More studies are on the way to explore this relationship 
under fed circumstances with additional glutamine, in surgical and critically ill patients.
Others have investigated the relationship between glutamine and arginine at the level of 
NO release. Bryk et al. (110) very recently investigated the effect of citrulline and glutamine 
supplementation on NO production in lipopolysacharide-stimulated macrophage-like 
RAW 264.7 cells which were precultured in low-arginine (25 µM) or high-arginine (1000 
µM) media. They observed that withdrawal of glutamine significantly improved citrulline- 
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mediated recovery of NO production in the low-arginine precultured cells towards a 
production equivalent to that in the high-arginine precultured cells. This finding is in 
agreement with a previous study by others who showed that the presence of glutamine 
inhibited NO release in bovine venular cells  (111), bovine aortic endothelial cells and in 
rabbit aortic rings (112). Suh et al. (113) observed in an I/R study that enteral glutamine 
supplementation for 1 week before onset of ischemia decreased iNOS expression and 
the production of NO 8 h after reperfusion.

Glutamine-induced preservation of insulin sensitivity
Results of recent clinical trials suggest that glutamine can attenuate insulin resistance 
(14;15). The question is how glutamine affects insulin resistance. Does glutamine have a 
direct affect on the pancreatic β-cells?  Or does glutamine improve insulin sensitivity by 
attenuating the inflammatory response. In an animal experiment Li et al. observed that 
glutamine can directly stimulate the release of insulin by the pancreatic β-cell in mice. 
This phenomenon did not require enhanced glutaminolysis, suggesting that glutamine 
per se plays a signaling role in insulin release (114). Da Silva Krause and Bittencourt 
(115) suggest in a comprehensive review that glutamine and arginine deprivation due 
to inflammation shifts glutamate metabolism within the pancreatic β-cell from the 
synthesis of glutathione to that of arginine. This renders the β-cell more susceptible to 
inflammation induced oxidative stress.
Bakalar et al. (14) showed is a randomized controlled study with 40 critically ill patients 
that IV supplementation with 0.4 g · kg-1 · day-1 alanyl-glutamine next to enteral nutrition 
attenuated insulin resistance, as measured with the euglycemic hyperinsulinemic clamp 
technique. They also observed a more limited increase in energy expenditure in the 
alanyl-glutamine group. The authors speculate that glutamine may reduce systemic 
inflammation, resulting in improved insulin sensitivity and a more limited increase in 
energy expenditure.
Another remarkable study worth mentioning in this context is the metabolic study by Biolo 
et al. (116). They observed in a cross-over study in female cancer patients after major 
surgery with intra-operative radiotherapy, that treating hyperglycaemia enhanced the de 
novo synthesis of glutamine by the muscle, while stimulating protein synthesis in the 
muscle at the same time, thereby neutralizing the net protein balance across the muscle. 
The higher de novo synthesis of glutamine by the muscle was accompanied by higher 
plasma levels of glutamine. An editorial about this study states that exogenous glutamine 
and tight glycemic control are complementary with each facilitating the other (117).



30 Chapter 2

Effects of glutamine on outcome in catabolic disease

After discussing the recent insights about the mechanisms behind the beneficial effects 
of glutamine, in this part of the review the results on clinical outcome of recent clinical 
trials are discussed. Also, a systematic review by Novak et al. (118) and the ongoing 
meta-analysis on www.criticalcarenutrition.com about the effects of glutamine on 
outcome in surgical and critically ill patients and a very recent Cochrane review about 
the effects of glutamine on outcome in pre-term infants will be discussed.
Catabolic disease is associated with trauma, sepsis, major surgery, and bone marrow 
transplantation, as well as intense chemotherapy and radiotherapy, resulting in a 
catabolic state, which is characterized by a loss of lean tissue/body mass related to the 
(treatment of) disease itself as well and to physical inactivity (119). It seems that during 
severe metabolic stress the consumption of glutamine exceeds glutamine synthesis and 
supply from proteolysis, resulting in depletion of the glutamine stores. Acute glutamine 
deficiency could aggravate the patient’s condition by impairing the immune function, 
thereby making the patient more prone to infectious complications.

The European Prevalence of Infection in Intensive Care (120) study revealed the 
importance of infection in the intensive care unit (ICU) patients, with approximately 
half of the patients acquiring infections in the ICU. Furthermore, there was a significant 
correlation between the mortality rate and the prevalence of intensive care acquired 
infection. The gut seems to be a major source of contamination with Gram-negative 
pathogens. Not only are these Gram-negative pathogens the ‘commensal’ bacteria that 
form a large reservoir in the gut lumen, they are also the predominant infectious organisms 
in the ICU. It was shown that gut permeability increases following physical stress, due 
to injury or surgery, and due to inflammation (77), which may facilitate translocation of 
bacteria across the gut barrier and turn the gut into an inflammation generating organ, 
resulting in sepsis and possibly even in multiple organ failure (33;78;79).

The goal of nutritional support in catabolic patients is to prevent loss of lean body mass 
due to the (treatment of) disease as much as possible. Besides preventing loss of lean 
body mass, it has been established over the past decades that specific nutritional 
supplementation may be able to influence the response of the patient to metabolic 
stress, for instance by enhancement of the immune system, enforcement of the gut 
barrier function and protection of body cells from inflammation and oxidative stress. 
Within this scope many studies centre on the provision of the amino acid glutamine.
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Recent meta-analyses concerning the effect of additional glutamine on 
outcome in surgical & critically ill patients and pre-term infants
First, it is worth mentioning an important systematic review by Novak et al. (118). 
These authors systematically reviewed, critically appraised and statistically aggregated 
randomized trials evaluating the effect of glutamine supplementation on outcome in 
elective surgical and critically ill patients. Authors only included articles that reported 
on clinically important outcomes, like morbidity and mortality. They hypothesised that 
treatment effect may be different in surgical patients compared with critically ill patients, 
and that the treatment effect may be different based on route of administration and 
dosing. With respect to mortality, glutamine supplementation had no effect on surgical 
patients (RR: 0.99; 95% CI: 0.27-3.58) and was associated with a trend towards reduction 
in critically ill (RR: 0.77; 95% CI: 0.57-1.03). On examining complication rates, glutamine 
supplementation was associated with a treatment effect on surgical patients (RR: 0.36; 
95% CI: 0.14-0.92) and a trend towards fewer infectious complications in critically ill 
patients (RR: 0.86; 95% CI: 0.68-1.08). Furthermore, glutamine supplementation was 
associated with a reduction in hospital stay in surgical patients (-3.54 days; 95% CI: -5.3 
to –1.76), but failed to show such a reduction in the critically ill population.
When the effect of the route of administration was evaluated, the authors found that 
parenteral glutamine was associated with a reduction in mortality (RR: 0.71; 95% CI: 
0.51-0.99), whereas no such effect was observed in studies of enteral glutamine. On 
examining length of hospital stay, parenteral glutamine was associated with a significant 
reduction (-2.8 days; 95% CI: -4.8 to –0.7), whereas enteral glutamine had no effect.
A high-dose of glutamine, defined as more than 0.2 g · kg –1 · day–1, was also associated 
with a reduction in mortality (RR:0.71; 95% CI: 0.51-0.99), whereas no effect was observed 
with low dose glutamine (< 0.2 g kg –1 day–1). High-dose glutamine was associated with 
a reduction in complication rates (RR: 0.58; 95% CI: 0.43-0.80), whereas no effect was 
observed with low-dose glutamine. Furthermore high-dose glutamine was associated 
with a significant reduction in length of hospital stay (-2.67 days; 95% CI: -4.4 to –0.9), 
whereas no treatment effect was observed with low-dose glutamine.
The authors put their results into perspective by mentioning that this review contains 
only a few studies (14) with even fewer observed clinical endpoints. They state that 
their results should be viewed as hypothesis generating. They did conclude, however, 
that a dose of 0.5 g  · kg –1 · day–1 of glutamine is safe and that a dose higher than 0.2 
g · kg –1 · day–1 has a greater effect than a lower dose. Furthermore, they concluded 
that glutamine may be beneficial for surgical and critically ill patients, but that these two 
groups should be studied separately in future studies, which should be large enough to 
detect clinically important differences.
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Currently, results of randomized clinical trials involving supplementation of glutamine in 
critically ill patients are continuously summarized in an ongoing meta-analysis at www.
criticalcarenutrition.com. The last version dates from January 8th 2007.
Authors were able to  include a total of 7 studies on the effects of enterally supplemented 
glutamine (4;121-126). No significant effect was observed on mortality (RR: 0.80; 
95% CI: 0.45-.43) , with the exception of the study by Garrel et al. (122) who showed 
a significant reduction in mortality in  burn patients. A trend towards a reduction in 
infectious complications was demonstrated in 3 aggregated studies which assessed 
infectious complications (RR: 0.83; 95% CI: 0.64-1.08). Two of the 3 studies, in burn 
and trauma patients, showed a significant reduction in infectious complications (4;125). 
Furthermore, a trend towards a decreased length of hospital stay was observed in 
4 of the 7 studies (SMD: -0.42; 95% CI: -0.89-0.04; p=0.08).  Authors conclude that 
glutamine supplemented enteral nutrition may be associated with a reduction in mortality 
in burn patients, but remains inconclusive in other critically ill. They also conclude 
that glutamine supplemented enteral nutrition may be associated with a reduction in 
infectious complications in burn and trauma patients.
Authors were able to include a total of 10 studies on the effects of glutamine 
supplemnented parenteral nutrition (15;125;127-134). Glutamine supplemented 
parenteral nutrition was associated with a significant reduction in mortality in critically ill 
patients (RR: 0.67; 95% CI: 0.48-0.92; P=0.01). Aggregated results of 6 studies showed 
that glutamine supplementation was associated with a trend towards a reduction in 
infectious complications (RR: 0.75; 95% CI: 0.54-1.04; P=0.08). No effect was observed 
on length of hospital stay. Authors conclude that glutamine supplemented parenteral 
nutrition is associated with a significant reduction in mortality and a reduction in 
infectious complications in critically ill patients.

A very recent Cochrane Systematic Review (135) on the implementation of glutamine 
supplementation to prevent morbidity and mortality in preterm infants aggregated 
results of 7 randomized clinical trials, involving a total of 2365 preterm infants. They 
observed that glutamine does not have a statistically significant effect on mortality (RR: 
0.98; 95% CI: 0.80-1.20). Furthermore, glutamine supplementation was not observed to 
have a statistically significant effect on neonatal morbidities, including invasive infection 
and necrotising enterocolitis, and on time to achieve full nutrition or on duration of 
hospital stay. The reviewers state that the narrow confidence intervals for the effect size 
estimates suggest that further trial of this intervention is not a research priority.
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Effects of enteral supplementation of glutamine in studies over the past 
5 years (2003-2008); Design and other characteristics of the studies with clinical 
endpoints are summarised in Table 1.

Hall et al. (123) evaluated the influence of enterally supplemented glutamine on mortality 
and sepsis in critically ill patients. Patients in the glutamine group received on average 
19 g/day of glutamine which was added to their enteral nutrition. Patients received 
enteral feeding for approximately 10 days No significant differences were found for the 
main outcome events, which were death within 6 months of discharge from the ICU 
and the incidence of sepsis. Secondary endpoints relating to infectious complications 
were not influenced by enteral supplementation of glutamine. The authors themselves 
wonder if they gave enough glutamine to observe an effect and postulated that the 
glycine supplementation in the control group may have had a beneficial effect as well. 
On considering patient characteristics, it was interesting to observe that patients on 
average consumed 65 g of protein per day. The average weight of the patients was 
not described, but considering their median body mass index of 25 (IQR: 22-27 in the 
glutamine supplemented and 22-27 in control group) patients were not skinny. Therefore, 
it is hard to believe that patients actually reached the nutritional goal of 1.2-2 g · kg –1 
· day -1 of protein, as mentioned by the authors in ‘Patients and methods’ section. It is 
more likely that patients received on average 1 g · kg –1 · day -1 or less of protein. This 
may also have influenced their results.
A study by Zhou et al. (125) investigated the effect of alanyl-glutamine on gut permeability 
in  patients recovering from severe burn injury. Tube feedings were initiated on postburn 
day (PBD) 1 and continued until PBD 12. The authors found that glutamine improved 
gut permeability, and initially decreased the plasma endotoxin concentrations. These 
alterations were associated with a reduction in the length of hospitalization and lower 
costs.
Garell et al. (122) also studied the effect of enteral supplementation with glutamine on 
outcome in adults with thermal injury. The intervention with glutamine was continued 
until complete healing occurred. They found that enteral glutamine supplementation 
reduced blood infection by a factor three, prevented bacteremia with P. aeruginosa 
and decreased mortality. This study was not powered to adress the issue of mortality, 
but demonstrated anyhow that supplemental glutamine decreased mortality in these 
patients. Another study in severely burned patients by Peng et al. (124) showed that 
patients who received additional glutamine for 2 weeks, suffered less intestinal mucosal 
injury and less intestinal permeability than the patients who received placebo. In 
addition, the wound healing was better and the consequent hospital stay was shorter in 
the patients who received glutamine.
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Table 1: Effect of enteral supplementation of glutamine on clinical outcome over the past 5 years 
(2003 – 2008) in adults
Author Year Patients Design Glutamine Control Outcome Results

Hall (123) 2003 363 critically ill Controlled,
tripleblind, randomized

19 g/day enteral nutrition
Isocaloric/ nitrogenous
Glycine in stead of glutamine

- Mortality within 6 months
- Incidence of sepsis

No effect of glutamine on outcome

Zhou (125) 2003 40 patients with severe burn 
injury

Controlled,
double-blind, randomized

0.35 g · kg –1 · day -1

of Ala-Gln
Isocaloric/ -nitrogenous - Intestinal permeability

- LOS
- Costs

Glutamine decreased intestinal 
permeability, which was associated 
with reduction in LOS and costs 

Garrel  (122) 2003 45 adults with severe burns Controlled,
double-blind, randomized

26 g/day Isocaloric/ -nitrogenous - Infectious morbidity
- Mortality
- LOS

Glutamine reduced the rate of 
mortality and the incidence of blood 
infection; no difference was observed 
in LOS

Peng (124) 2004 48  adults with severe burns Controlled, randomized 0.5 g · kg –1 · day -1 Isocaloric/ -nitrogenous - Intestinal permeability
- Wound healing
- LOS

Glutamine attenuated mucosal injury,  
decreased intestinal permeability and 
reduced LOS

Schulman (136) 2005 185 surgical and trauma 
patients

Controlled;
3 groups: control, glutamine, 
immuno nutrition

20-40 g/day Not isocaloric/ -nitrogenous - Mortality
- Mean number of  infections, 
diarrhoea, need for PN,LOS, days 
on mechanical ventilation

No effect of glutamine on outcome

Beale (139) 2008 55 critically ill, septic patients Controlled,
double-blind, randomized

30 g/day (1st  

2 days); ± 40 g/day 
thereafter

Not isocaloric/ -nitrogenous Organ dysfunction as assessed 
by daily total SOFA score

Additional glutamine + other 
immunomodulating nutrients result in 
a faster recovery of organ function 

Byrne (140) 2005 41 adults dependent on PN double-blind, randomized;
3 groups: Gln, GH, Gln + GH

Gln: 30 g/day ;
GH: 0.1 mg · kg –1 · 
day -1

Not isocaloric/ -nitrogenous Change in PN requirement Glutamine, GH and  a combination 
of Gln and GH permitted a significant 
weaning from PN 

Ala-Gln, alanyl-glutamine; LOS, length of hospital stay; PN, parenteral nutrition; Gln, glutamine; GH, 
growth hormone.

Schulman et al. (136) included all surgical and trauma patients admitted to the surgical 
trauma ICU over a period of 3 years to evaluate the possible beneficial effects of 
glutamine and additional immunomodulating nutrients. Therefore, patients were 
sequentially allocated to receive 1) Replete® (Nestlé, Deerfield, IL) with additional 
protein, 2) Replete® with additional glutamine or 3) Crucial® (Immuno nutrition; Nestlé) 
for as long as they were tube-fed. Investigators aimed at as isocaloric (25-30 Kcal/
kg) and isonitrogenous (2g/kg protein) per day, but failed to reach this. No improved 
outcome was observed in group 2 and 3. The authors suggest that glutamine may even 
have a detrimental effect on outcome since mortality tended to be higher in groups 2 
and 3 vs. group 1 (P=0.09 in a posthoc analysis) and therefore recommend against 
routine administration of glutamine in the critically ill population. The study received 
quite some criticism from other investigators. Heyland (137) remarked that this study 
was not included in the ongoing meta-analysis on www.criticalcarenutrition.com 
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Table 1: Effect of enteral supplementation of glutamine on clinical outcome over the past 5 years 
(2003 – 2008) in adults
Author Year Patients Design Glutamine Control Outcome Results

Hall (123) 2003 363 critically ill Controlled,
tripleblind, randomized

19 g/day enteral nutrition
Isocaloric/ nitrogenous
Glycine in stead of glutamine

- Mortality within 6 months
- Incidence of sepsis

No effect of glutamine on outcome

Zhou (125) 2003 40 patients with severe burn 
injury

Controlled,
double-blind, randomized

0.35 g · kg –1 · day -1

of Ala-Gln
Isocaloric/ -nitrogenous - Intestinal permeability

- LOS
- Costs

Glutamine decreased intestinal 
permeability, which was associated 
with reduction in LOS and costs 

Garrel  (122) 2003 45 adults with severe burns Controlled,
double-blind, randomized

26 g/day Isocaloric/ -nitrogenous - Infectious morbidity
- Mortality
- LOS

Glutamine reduced the rate of 
mortality and the incidence of blood 
infection; no difference was observed 
in LOS

Peng (124) 2004 48  adults with severe burns Controlled, randomized 0.5 g · kg –1 · day -1 Isocaloric/ -nitrogenous - Intestinal permeability
- Wound healing
- LOS

Glutamine attenuated mucosal injury,  
decreased intestinal permeability and 
reduced LOS

Schulman (136) 2005 185 surgical and trauma 
patients

Controlled;
3 groups: control, glutamine, 
immuno nutrition

20-40 g/day Not isocaloric/ -nitrogenous - Mortality
- Mean number of  infections, 
diarrhoea, need for PN,LOS, days 
on mechanical ventilation

No effect of glutamine on outcome

Beale (139) 2008 55 critically ill, septic patients Controlled,
double-blind, randomized

30 g/day (1st  

2 days); ± 40 g/day 
thereafter

Not isocaloric/ -nitrogenous Organ dysfunction as assessed 
by daily total SOFA score

Additional glutamine + other 
immunomodulating nutrients result in 
a faster recovery of organ function 

Byrne (140) 2005 41 adults dependent on PN double-blind, randomized;
3 groups: Gln, GH, Gln + GH

Gln: 30 g/day ;
GH: 0.1 mg · kg –1 · 
day -1

Not isocaloric/ -nitrogenous Change in PN requirement Glutamine, GH and  a combination 
of Gln and GH permitted a significant 
weaning from PN 

Ala-Gln, alanyl-glutamine; LOS, length of hospital stay; PN, parenteral nutrition; Gln, glutamine; GH, 
growth hormone.

because it was not randomized. He furthermore criticized the investigators for making 
a strong recommendation against the use of glutamine in the ICU, because the study 
lacked the power to comment on mortality and because this in contradiction with results 
of the ongoing meta-analysis on the effects of glutamine in critically ill. Cynober (138) 
remarked that the standard diet Replete® is not standard since it is particulary rich in 
several micronutrients that may possess pharmacologic properties.
Another study evaluating the effect of additional glutamine in critically ill was performed 
very recently by Beale et al. (139). They investigated the effect of module Intestamin® 
(Fresenius Kabi, Bad Homburg, Germany) which contains a combination of key nutrients: 
glycyl-glutamine, vitamin C and E, β-carotene, selenium, zinc and butyrate, on organ 
dysfunction assessed by daily total Sequential Organ Failure Assessment (SOFA) score 
over a 10 day study period. Patients were randomized into 2 groups: the treatment group 
received on day 1 Intestamin®, from day 2-10 Intestamin® + Reconvan® (Fresenius 
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kabi) and from day 11 until discharge only Reconvan®. The control group received on 
day 1 an isocaloric but not isonitrogenous placebo solution, from day 2-10 this placebo 
solution + Fresubin® (Fresenius Kabi) and from day 11 until discharge only Fresubin®. 
The control group received no glutamine. After the interim analysis of data from 55 
patients, enrolment was suspended because the difference in the decline of the delta 
daily total SOFA score was significantly different between groups in favour of the 
treatment group. Although results are promising, it is difficult to interpret them since the 
feeding regimens for both groups were quite different. 

Byrne et al. (140) studied the effect of additional glutamine and growth hormone (GH) on 
the weaning from parenteral nutrition in adults dependent on parenteral nutrition. After 
6 weeks of treatment, additional glutamine alone reduced the number of infusion days/
week with 2 ± 1 (SD), additional GH alone with 3 ± 2 and the combination of glutamine 
and GH with 4 ± 1 days, which was the superior treatment (all 3 groups vs. baseline: 
P<0.02; Gln alone vs. Gln + GH: P<0.001).

Effects of parenteral supplementation of glutamine in studies over the 
past 5 years (2003-2008); Design and other characteristics of the studies with clinical 
endpoints are summarized in Table 2.

There must be caution in the use of GH in critically ill patients, because a previous 
study showed that GH treatment alone following the onset of critical illness may result 
in increased mortality (141), which is hypothesised to be due to further deprivation of 
glutamine in the body. Recent studies, however, demonstrate renewed interest in the 
concept of preserving lean body mass in critically ill with the help of GH administration. 
The difference with the previous study is that investigators are now aware of the risk of 
glutamine deprivation due to GH treatment and therefore combine this treatment with 
supplementation of glutamine. Carroll et al. (142) studied the influence of IV glutamine, 
with or without GH and insulin-like growth factor-I (IGF-1), on protein metabolism in 
critically ill patients. They found that parenteral nutrition with or without glutamine 
decreased protein breakdown, but failed to result in a positive protein balance. 
Combined treatment with glutamine-supplemented parenteral nutrition and GH/IGF-I 
did improve the net protein balance. A very recent study by Duška et al. (16) supports 
this observation. They observed in multiple trauma patients that IV alanyl-glutamine 
from day 4 -17 in combination with GH from day 7-17 after admittance to the ICU resulted 
in a less negative cumulative nitrogen balance (-97 ± 38 (SD) g) when compared with 
the other 2 groups receiving only additional glutamine or an isonitrogenous amount of 
protein (-193 ± 50 g and -198 ± 77 g). However, a down-side of the administration of 
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GH was the worsened insulin sensitivity. More insulin was required to maintain blood 
glucose levels within an acceptable range. Furthermore, although not the primary aim 
of this study, no difference was observed between the groups with respect to clinical 
outcome.
Fuentes-Orozco et al. (127) investigated the effect of additional alanyl-glutamine next 
to parenteral nutrition on infectious morbidity in patients with secondary peritonitis. 
Patients received parenteral nutrition with or without alanyl-glutamine from the morning 
after surgery for 10 consecutive days. Investigators observed only 4 cases (4 of n=17) 
of infection-related complications in the alanyl-glutamine group, whereas 12 cases 
(12 of n=16) of infectious related complications were detected in the control group. 
Furthermore, they observed a positive nitrogen balance in the treatment group, as well 
as higher levels of IgA and albumin. Hospital stay and days in ICU were similar for both 
groups. Also, a non-significant improvement of the mortality rate was observed in the 
treatment group.
Hulsewé et al. (86) investigated whether glutamine-enriched parenteral nutrition for 8-10 
days would improve intestinal integrity in depleted patients admitted for gastro-intestinal 
surgery. Depletion was defined as an involuntary weight-loss > 10% in the previous 6 
months or a bodyweight of less than 95% of ideal bodyweight. The L/M ratio measured 
before and at the end of the study was used to determine intestinal permeability. 
Duodenal mucosal biopsies were taken at baseline and the end of the study. No 
differences were observed between the treatment and the control group with respect 
to permeability or histological and immunohistochemical charactistics of the biopsies. 
The question is how much glutamine was provided per kg bodyweight per day. Authors 
do not report this, but 5.7 g/1000 ml would imply that a person receiving 2000 Kcal/
day would receive 11.4 g/day of glutamine. This is not much considering the systematic 
review by Novak et al. (118). Yao et al. (87) also observed the effect of alanyl-glutamine-
enriched parenteral nutrition (1 day before and 3 days after surgery) on gut integrity and 
clinical outcome in patients undergoing gastrointestinal surgery. Investigators observed 
that the total postoperative hospital stay was significantly shorter in the alanyl-glutamine 
group (10.6 ± 1.2 vs. 11.7 ± 2.0; P=0.03). They also demonstrated, as described earlier 
in this review, a post-surgical restoration of plasma endotoxin inactivation capacity in 
patients receiving alanyl-glutamine, which was not observed in the control group.
As mentioned in the mechanistic part of this review, another area of interest is the 
effect of glutamine on insulin resistance. Déchelotte et al. (15) recently finished a large 
multi-centre trial in 16 hospitals in France. ICU patients admitted for multiple trauma, 
complicated surgery or pancreatitis participated in the study. Parenteral nutrition with 
alanyl-glutamine  was administered for 5-10 days, as clinically required. The proportion 
of patients with a complicated clinical outcome was significantly lower among those 
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Table 2: Effect of parenteral supplementation of glutamine on clinical outcome over the past 5 years
Author Year Patients Design Glutamine Control Outcome Results

Caroll (142) 2003 19 critically ill Controlled, randomized 0.4 g · kg–1 · day-1 with or 
without 0.2 IU GH + 160 
µg-1 · kg-1 · day-1 of IGF

Not
Isocaloric/ -nitrogenous

Protein metabolism Combined treatment of Gln-supplemented 
PN + GH/IGF-1 resulted in a net positive 
protein balance

Duška (16) 2008 30 multiple trauma 
patients

Double blind,
Randomized
Open-label control arm
3 groups: no Ala-Gln, 
Ala-Gln, Ala-Gln +GH

0.3 g · kg-1 · day-1 of 
Ala-Gln with or without 
50 µg · kg-1 · day  GH in 8 
IV pulses

Isocaloric/ -nitrogenous Protein metabolism Additional Ala-Gln with GH resulted in a 
less negative cumulative N-balance, when 
compared with the other 2 groups

Fuentes-Orozco (127) 2004 33 patients with 
secondary peritonitis

Controlled, randomized 0.4 g · kg-1 · day-1 Ala-
Gln

Isocaloric/ -nitrogenous - Infectious morbidity
- LOS, days in ICU
- Mortality

A significant reduction in infectious 
morbidity was found in the Ala-Gln treated 
group. No effect was observed on hospital 
stay, days in the ICU and with respect to 
mortality 

Hulsewé (86) 2004 23 depleted patients 
admitted for gastro-
intestinal surgery

Controlled, randomized 5.7 g/l PN Isonitrogenous - intestinal permeability
- mucosal morphology
- gut mucosal inflammation

Gln-supplemented PN did not result in 
improvements in gut morphology and 
barrier function

Yao (87) 2005 40 patients undergoing 
gastrointestinal surgery

Controlled,
double-blind, randomized

0.5 g · kg-1 · day-1 of 
Ala-Gln

Isocaloric/ -nitrogenous - Plasma endotoxin level
- LOS
- Infectious complications

Gln decreased LOS, but no difference was 
observed between groups with respect 
to infectious complications or plasma 
endotoxin level

Déchelotte (15) 2006 114  ICU patients 
admitted for multiple 
trauma (38), complicated 
surgery (65) or 
pancreatitis (11)

Controlled,
double-blind, randomized

0.5 g · kg-1 · day-1 of 
Ala-Gln

Isocaloric/ -nitrogenous
Placebo: alanine + proline

- Complicated outcome
- LOS
- Mortality

The proportion of patients with a 
complicated clinical outcome was lower 
among those receiving Ala-Gln. No effect 
was observed of Ala-Gln on LOS or 
mortality

Kuskonmaz (144) 2007 41 children undergoing 
allogenic HSCT

Case-control 0.4 g · kg-1 · day-1 of 
Ala-Gln

Not
Isocaloric/ -nitrogenous

- mucositis
- other HSCT complications, 
such as fever, SOS

Mucositis tended to be less severe 
with supplemental Ala-Gln. Ala-Gln 
supplementation was associated with a 
decreased duration of fever and decreased 
incidence of SOS

Da Gama Torres (143) 2008 53 patients undergoing 
allogenic SCT

Controlled,
double-blind, randomized

0.3-0.4 g · kg-1 · day-1 of 
Ala-Gln

Isonitrogenous - Mortality
- Infections
- GVHD
- LOS
- Intestinal permeability

Additional Ala-Gln improved short-term 
survival, but did not affect intestinal 
permeability. A trend towards lower GVHD 
and infection rate was observed with Ala-
Gln.  No effect on LOS.

Xue (145) 2008 80 patients with severe 
acute pancreatitis

Randomized:
At admission or 5 days 
after admission

20 g Ala-Gln/day
(both groups!)

n/a - Organ failure
- Infection rate
- LOS
- Operation rate
- Mortality

Early treatment with Ala-Gln shortened the 
duration of enteroparalysis and reduced 
the infection rate, operation rate, LOS and 
mortality rate

GH, growth hormone; IGF-1, insuline-like growth factor-1; Gln, glutamine; PN, parenteral nutrition; Ala-
Gln, alanyl-glutamine; LOS, length of hospital stay; HSCT, hematopoietic stem cell transplantation; SOS, 
sinusoidal obstruction syndrome; GVHD, graft versus host disease
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Table 2: Effect of parenteral supplementation of glutamine on clinical outcome over the past 5 years
Author Year Patients Design Glutamine Control Outcome Results

Caroll (142) 2003 19 critically ill Controlled, randomized 0.4 g · kg–1 · day-1 with or 
without 0.2 IU GH + 160 
µg-1 · kg-1 · day-1 of IGF

Not
Isocaloric/ -nitrogenous

Protein metabolism Combined treatment of Gln-supplemented 
PN + GH/IGF-1 resulted in a net positive 
protein balance

Duška (16) 2008 30 multiple trauma 
patients

Double blind,
Randomized
Open-label control arm
3 groups: no Ala-Gln, 
Ala-Gln, Ala-Gln +GH

0.3 g · kg-1 · day-1 of 
Ala-Gln with or without 
50 µg · kg-1 · day  GH in 8 
IV pulses

Isocaloric/ -nitrogenous Protein metabolism Additional Ala-Gln with GH resulted in a 
less negative cumulative N-balance, when 
compared with the other 2 groups

Fuentes-Orozco (127) 2004 33 patients with 
secondary peritonitis

Controlled, randomized 0.4 g · kg-1 · day-1 Ala-
Gln

Isocaloric/ -nitrogenous - Infectious morbidity
- LOS, days in ICU
- Mortality

A significant reduction in infectious 
morbidity was found in the Ala-Gln treated 
group. No effect was observed on hospital 
stay, days in the ICU and with respect to 
mortality 

Hulsewé (86) 2004 23 depleted patients 
admitted for gastro-
intestinal surgery

Controlled, randomized 5.7 g/l PN Isonitrogenous - intestinal permeability
- mucosal morphology
- gut mucosal inflammation

Gln-supplemented PN did not result in 
improvements in gut morphology and 
barrier function

Yao (87) 2005 40 patients undergoing 
gastrointestinal surgery

Controlled,
double-blind, randomized

0.5 g · kg-1 · day-1 of 
Ala-Gln

Isocaloric/ -nitrogenous - Plasma endotoxin level
- LOS
- Infectious complications

Gln decreased LOS, but no difference was 
observed between groups with respect 
to infectious complications or plasma 
endotoxin level

Déchelotte (15) 2006 114  ICU patients 
admitted for multiple 
trauma (38), complicated 
surgery (65) or 
pancreatitis (11)

Controlled,
double-blind, randomized

0.5 g · kg-1 · day-1 of 
Ala-Gln

Isocaloric/ -nitrogenous
Placebo: alanine + proline

- Complicated outcome
- LOS
- Mortality

The proportion of patients with a 
complicated clinical outcome was lower 
among those receiving Ala-Gln. No effect 
was observed of Ala-Gln on LOS or 
mortality

Kuskonmaz (144) 2007 41 children undergoing 
allogenic HSCT

Case-control 0.4 g · kg-1 · day-1 of 
Ala-Gln

Not
Isocaloric/ -nitrogenous

- mucositis
- other HSCT complications, 
such as fever, SOS

Mucositis tended to be less severe 
with supplemental Ala-Gln. Ala-Gln 
supplementation was associated with a 
decreased duration of fever and decreased 
incidence of SOS

Da Gama Torres (143) 2008 53 patients undergoing 
allogenic SCT

Controlled,
double-blind, randomized

0.3-0.4 g · kg-1 · day-1 of 
Ala-Gln

Isonitrogenous - Mortality
- Infections
- GVHD
- LOS
- Intestinal permeability

Additional Ala-Gln improved short-term 
survival, but did not affect intestinal 
permeability. A trend towards lower GVHD 
and infection rate was observed with Ala-
Gln.  No effect on LOS.

Xue (145) 2008 80 patients with severe 
acute pancreatitis

Randomized:
At admission or 5 days 
after admission

20 g Ala-Gln/day
(both groups!)

n/a - Organ failure
- Infection rate
- LOS
- Operation rate
- Mortality

Early treatment with Ala-Gln shortened the 
duration of enteroparalysis and reduced 
the infection rate, operation rate, LOS and 
mortality rate

GH, growth hormone; IGF-1, insuline-like growth factor-1; Gln, glutamine; PN, parenteral nutrition; Ala-
Gln, alanyl-glutamine; LOS, length of hospital stay; HSCT, hematopoietic stem cell transplantation; SOS, 
sinusoidal obstruction syndrome; GVHD, graft versus host disease



40 Chapter 2

receiving alanyl-glutamine than among control patients (41% (CI: 29-54%) vs. 61% 
(CI: 48-74%); P<0.02). Patients receiving alanyl-glutamine had predominantly fewer 
nosocomial infections, mainly related to a reduction in the incidence of pneumonia. The 
median length of stay in the ICU and hospital and rate of mortality did not differ between 
groups. Remarkably, hyperglycaemia occurred in 20 patients in the treatment vs. 30 
in the control group (P<0.05), which was not related to a different number of diabetic 
patients at inclusion, and thus raised the question whether glutamine specifically affects 
insulin sensitivity.
The past 5 years 2 studies have been performed to investigate the effect of parenteral 
glutamine on outcome after bone marrow transplantation, in children and adults (143;144). 
The study in children by Kuskonmaz et al. (144) showed that IV supplementation of 
alanyl-glutamine for 9 days prior to allogenic bone marrow transplantation and 21 days 
thereafter decreased the duration of fever and incidence of sinusoidal obstruction 
syndrome. Mucositis tended to be less in the treated group. However, the design of 
the study does not permit strong conclusions about the beneficial effect of glutamine. 
The adult study by Da Gamma Torres et al. (143) in patients undergoing allogenic bone 
marrow transplantation, showed that  additional glutamine on the day of and during 
the first week after transplantation improved short time survival (Day +100: 85 vs. 62% 
(P=0.05) and on day +180: 74 vs. 46% (P=0.03)). This effect could not be attributed to 
improved intestinal integrity as measured with the L/M test on day +6 and +14. However, 
a non-significant reduction in the incidence of death-related graft versus host disease 
was observed, suggesting an immunomodulatory role of glutamine in bone marrow 
transplantation.
Finally, a study by Xue et al. (145) investigating the beneficial effect of glutamine 
on severe acute pancreatitis is worth mentioning. This study showed that early 
administration of alanyl-glutamine, starting on the day of admission for 10 days, improved 
every investigated end-point, including organ failure, infection rate and mortality, when 
compared with late administration of alanyl-glutamine (started 5 days after admission).  
This need for glutamine is in agreement with a recent publication describing low plasma 
levels of glutamine at the onset of severe acute pancreatitis (146). Investigators observed 
significantly lower plasma levels of glutamine in 26 patients diagnosed with severe 
acute pancreatitis, compared with healthy controls (P<0.0001), at admission and 72 h 
after admission. Lower plasma glutamine at admission was associated with increasing 
pain. After 72 h low plasma glutamine levels were associated with old age (>60 y), 
increasing pain, rebound tenderness on admission and a Ranson score of ≥ 4 points. 
A significant decrease in plasma glutamine levels was observed in those patients with 
billiary pancreatitis.
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Future study on clinical outcome
The future is already in progress. After a dose-escalating study with alanyl-glutamine 
separately and together with micronutrients in critcally ill, showed that IV administration 
0.35 g · kg-1 · day-1 of glutamine and 30 g/day by the enteral route in combination with 
enteral administration of an antioxidant cocktail is safe (47),  Heyland et al. (20) recently 
embarked on a large-scale randomized, controlled trial in 1200 mechanical-ventilated, 
critically ill patients, with as primary aim to determine the effect of IV + enteral glutamine 
and antioxidants on mortality. The study has a 2x2 factorial design: 1) glutamine, 2) 
antioxidant therapy, 3) glutamine and antioxidant therapy and 4) placebo. Glutamine 
is administered IV (0.5 g/day of alanyl-glutamine) as well as enterally (30 g alanyl- 
and glycyl-glutamine/day), because, given the major role of the gastro-intestinal tract 
in inflammation, the provision of key nutrients directly into the lumen makes sense 
(20). The possible beneficial effect of a combined administration of glutamine by the 
IV and the enteral route, is supported by other observations (147-149). The route of 
administration results in different metabolic handling of glutamine (147-149), and may 
therefore result in subsequent differential beneficial effects. Thus, a combination of IV 
and enteral administration of glutamine may be complementary.
However, the placebo solution in the study by Heyland and co-workers is saline and 
therefore not isonitrogenous (20). Furthermore, it is not clear how much protein in g 
· kg-1 · day-1 patients receive and if the large supplementation with glutamine will not 
result in a deficient protein intake. These are disadvantages of an otherwise promising 
study.

In conclusion

Results observed in experimental research exploring the mechanisms behind the 
beneficial effects of glutamine on outcome in cell-lines, animals and more recently also 
humans are more than promising. Glutamine proves to have an extensive effect on 
immune function, by inducing proliferation of immune cells, enhancing phagocytic ability 
of neutrophils and increasing HLA-DR expression on monocytes, but also by protecting 
the cells of the body, including cells of the immune system, from an inflammatory 
overshoot and concomitant oxidative stress, which may enhance cell apoptosis. This 
protective effect of glutamine may be the result of a blunted inflammatory response, an 
enhanced availability of glutathione and taurine, and an enhanced expression of HSPs.
More research is necessary to explore the relationship between glutamine and insulin 
resistance. Does glutamine directly affect the β-cell of the pancreatic islets of Langerhans 
or does glutamine improve insulin sensitivity by limiting the inflammatory response? Also, 
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more research is required concerning the metabolic and regulative relationship between 
glutamine and arginine, because glutamine is an important precursor for arginine and 
seems to inhibit NO release.

When recent clinical studies are examined, the benefits of parenteral supplementation of 
more than 0.2 g · kg –1 · day -1 of glutamine in critically ill and surgical patients dependent 
on parenteral nutrition is obvious because it reduces mortality. The benefits of enteral 
supplementation of glutamine seem established in trauma and burn patients. As recently 
discovered, people with severe acute pancreatitis seem to benefit enormously from early 
treatment with IV alanyl-glutamine. Furthermore, studies involving preservation of lean 
body mass in critically ill show that glutamine may not be a superior substrate for protein 
synthesis, but re-opens the door for employment of GH in combination with glutamine.
Foremost, glutamine seems to be effective in reducing infectious complications.
Finally, a combination of IV and enteral administration of glutamine could be most 
beneficial and deserves further attention in the future. This future is already in progress 
with the large scale REDOXS© study by Heyland and co-workers.
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Abstract

Enhancement of depressed plasma concentrations of glutamine and arginine is 
associated with better clinical outcome. Supplementation of glutamine might be a way 
to provide the patient with glutamine, and also arginine, because glutamine provides 
the kidney with citrulline, from which the kidney produces arginine when plasma levels 
of arginine are low. The aim of the present study was to investigate the parenteral and 
enteral response of the administered dipeptide L-alanyl-L-glutamine (Ala-Gln), glutamine, 
citrulline and arginine.
Therefore, seven patients received 20 g Ala-Gln, administered over 4 h, parenterally 
or enterally, on 2 separate occasions. Arterial blood samples were taken before and 
during the administration of Ala-Gln. ANOVA and a paired t test were used to test 
differences (P<0.05). Ala-Gln was undetectable with enteral administration, whereas 
Ala-Gln remained stable at a plasma concentration of 268 µmol/L throughout parenteral 
infusion and rapidly decreased towards 0 after infusion was stopped. The highest level 
of glutamine was observed with parenteral infusion of the dipeptide, although enteral 
infusion also significantly increased plasma levels of glutamine. The highest plasma 
response of citrulline was observed with the enteral administration of the dipeptide, 
although parenteral administration also increased plasma levels of citrulline. Plasma 
arginine increased significantly with parenteral infusion, but not with enteral administration 
of Ala-Gln. In conclusion, administrations of Ala-Gln, parenteral or enteral, resulted in 
an increased plasma glutamine response, as compared with baseline. Interestingly, in 
spite of the high availability of citrulline with enteral administration of the dipeptide, only 
parenteral infusion of Ala-Gln increased plasma arginine concentration.
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Introduction

The benefit of nutritional support in critically ill patients has been subject of extensive 
study in the recent years. The reason is that the intensive care population has a high 
prevalence of disease related malnutrition (> 40%), which is associated with an increased 
morbidity and mortality (1).
Next to improvement of food policy on the intensive care unit, including early, preferably 
enteral, feeding of an optimal dose of energy and protein, special formulas have been 
designed with an enrichment of certain nutrients to enhance recovery, based on their 
biological properties.
Within this scope, formulas enriched with the amino acids arginine and glutamine were 
developed. Both amino acids have been proven to enhance the immune system and 
improve organ function (2-5).
However, arginine supplementation for the critically ill is currently under debate, because 
a sub-analysis within a meta-analysis of twenty-two clinical trials showed a tendency 
(P=0.051) towards an increase in mortality in septic patients (6). This finding was 
confirmed in a recent randomised multicenter trial with patients having severe sepsis 
(7). There was a significantly higher mortality in patients receiving enteral arginine-
enriched nutrition compared with patients receiving parenteral nutrition.
Hypothetically, supplementation of the amino acid glutamine, an indirect precursor for 
arginine, might be a more physiological way to generate arginine, because synthesis is 
regulated by the kidney, and only low levels of arginine trigger synthesis (8). The kidney 
is the most important organ for endogenous arginine synthesis, where it is metabolised 
from citrulline (9). Citrulline in turn is predominantly metabolised in the intestine from 
either glutamine or arginine (9-11). Houdijk et al. (12) showed in an experimental rat 
model that a glutamine-enriched enteral diet increased plasma arginine concentrations 
by increasing renal arginine production. This finding was confirmed in a randomized 
clinical trial with trauma patients, who expressed a low plasma arginine concentration. 
A glutamine-enriched enteral feeding normalised plasma arginine concentrations within 
a couple of days (13).

The subject of the present study was the relationship between arginine and glutamine. 
Considering the importance of enteral glutamine metabolism in endogenous arginine 
synthesis, we investigated how the route of feeding, either parenterally or enterally, 
affected plasma concentrations of glutamine, citrulline and arginine. Therefore, we 
compared a 4 h continuous parenteral infusion with a 4 h enteral administration of the 
dipeptide Ala-Gln (14). Furthermore, we investigated if there was a difference between 
the plasma concentrations of the dipeptide during parenteral or enteral supply.



54 Chapter 3

Patients and methods

Patients
Seven patients undergoing liver resection for metastatic colorectal cancer in the VU 
University Medical Centre, Amsterdam, The Netherlands, were included in the present 
study. Patients between 35 and 75 years were considered eligible for the study. Exclusion 
criteria were pregnancy, unfitness for surgery, use of corticosteroids 4 weeks before 
surgery, insulin-dependent diabetes mellitus, Coeliac or Crohn’s disease or another 
major cause of intestinal malabsorption.
Patients’ characteristics are given in Table 1. The BMI of patients did not reveal 
malnourishment. Patients were considered to be at risk for malnourishment if BMI was < 
20 kg/m2 (15). All patients expressed a slightly increased level of γ-glutamyl-transferase 
in plasma (92 (SEM 34) U/L) before the study. However, transaminases and bilirubin 
were not enhanced in any of the patients and, thus, liver function was considered to 
be normal.  Furthermore, none of the patients demonstrated malfunction of the kidney, 
judged by plasma creatinine and urea concentrations.
Informed consent was obtained from all patients before inclusion and the study protocol 
was approved by the ethical committee of the VU University Medical Centre.

Table 1: Patient characteristics (Mean values with their standard errors)

sem

Males (n) 5

Females (n) 2

Age (years) 63 2

Weight (kg) 88 6

Height (cm) 177 6

BMI (kg/m2) 29 3

Study design
Patients were admitted to the hospital 3 d before surgery. Height and weight were 
recorded and BMI was calculated. Furthermore, liver enzymes and renal function were 
observed before the start of the study, since both organs are involved in the observed 
metabolism of glutamine, citrulline and arginine.

All patients received a parenteral or enteral solution of Ala-Gln (Dipeptiven®; Fresenius 
Kabi, Bad Homburg, Germany) on 2 separate occasions, on 2 consecutive days. For 
the enteral route all patients received a self-propelling nasojejunal tube (Bengmark®; 
Nutricia, Zoetermeer, Netherlands). The pH was measured immediately after insertion 
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to check if the tube was properly placed in the stomach (pH<2) and an X-ray of the 
abdomen was made 1 d after insertion to check if the tube had migrated to the jejunum. 
For the parenteral route an intravenous line was placed in the forearm. Patients received 
the solution parenterally 2 d before surgery and enterally on the day before surgery. 
Patients received the solutions in the morning after overnight fasting. Water was allowed 
at libitum. Patients were not allowed to eat or drink other beverages after 2000 on the 
evening before the parenteral or enteral administration of Ala-Gln. Furthermore, coffee, 
tea and sleep-inducing medication were not allowed.

Infusion protocol
The continuous 4 h administration of 100 ml Dipeptiven® (Fresenius Kabi) containing 
20 g of the dipeptide Ala-Gln, dissolved in 400 ml 0.9% NaCl was started between 
8.00 and 10.00 hours, either parenterally or enterally on 2 separate occasions, on 2 
consecutive days. Administration rate was 23 mmol Ala-Gln/h. Arterial blood samples 
were taken before the start and at 15, 30, 45, 60, 90, 120, 180, 240, 250, 260 and 270 
min after start of administration. The last 3 samples (250, 260, 270 min) were obtained 
after the solution was administered, to study the decay curve.

Preparation of blood samples
Blood was collected in heparin tubes and directly put on ice. Samples were centrifuged 
within 15 min after collection, for 10 min at 2000 g in a 4 ○C cooled centrifuge. Two 
portions of 500 µl plasma of each sample were put in 2 cryovials with 20 mg dry 
sulfosalicyclic acid for deproteinizing, vortexed,  frozen in liquid N2 and kept at  – 80 ○C 
until analysis.

Amino acid analysis
The concentrations of free amino acids were determined using a reverse-phase HPLC 
as previously described (16). The plasma concentration of the Ala-Gln was determined 
using ion-exchange chromatography and spectrometric detection  after ninhydrin 
derivatization (17) on an automatic analyser (Jeol Aminotac JLC-500V analyser; Jeol, 
Croissy-sur-Seine, France). The manufacturer’s onboard program (Physio C) was 
adapted to enable adequate separation of the dipeptide. (Jonte J, Popovici T, De Bandt 
JP and Cynober L, unpublished results).

Statistical analysis
Data are expressed as mean with their standard errors. Distributions of Ala-Gln and free 
amino acid concentrations in samples, drawn at different points in time, were checked 
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for normality using the Shapiro-Wilks test. Because data were normally distributed, one-
way ANOVA for repeated measures was performed. If ANOVA was significant, a paired 
t test was performed to compare means of amino acid concentrations at different points 
in time with base-line (sample taken before the start of administration of Ala-Gln) and 
to compare means of amino acid concentrations obtained during enteral or parenteral 
administration at the corresponding points in time, on the two consecutive days. P<0.05 
was considered significant. SPSS 9.0 for Windows® (SPSS Inc.,Chicago, IL, USA) was 
used to perform the statistical calculations.

Results

No complaints or side-effects were observed during parenteral or enteral administration 
of Ala-Gln.

Plasma dipeptide concentration
Patients received on average 269 ± 21 µmol Ala-Gln · h-1 · kg-1 parenterally or enterally 
during 4 h on 2 separate occasions, on 2 consecutive days. When Ala-Gln was infused 
parenterally, the plasma concentration of Ala-Gln reached a concentration of 262 ± 
27 µmol/L at 60 min. Thereafter plasma concentration remained stable at an average 
concentration of 260 µmol/L throughout infusion. After finishing infusion, at 240 min, 
plasma concentration of Ala-Gln rapidly decreased towards 0 (Figure 1).

Figure 1. Graphic illustration of plasma Ala-Gln response with parenteral (-▲-) or enteral
(-●-) administration of Ala-Gln. Mean value was significantly different from that at baseline (* P<0.05). Mean 
value for parenteral infusion was significantly different from that of enteral administration (#P<0.05).
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Enteral administration of Ala-Gln, on the other hand, did not result in a detectable plasma 
concentration of Ala-Gln. This difference between the enteral and parenteral route was 
significant from 30 to 250 min.

Plasma glutamine concentration
Administration of Ala-Gln resulted in a significant increase in the plasma concentration 
of the constituent amino acids glutamine and alanine with both parenteral and enteral 
administration. Baseline plasma glutamine concentrations were 585 ± 51 µmol/L 
(parenteral) and 581 ± 20 µmol/L (enteral) (NS). Both feeding routes resulted in 
a significant increment in plasma glutamine response in time. During the parenteral 
infusion, plasma glutamine concentrations were higher than baseline at 15 min and still 
higher at 270 min after start of infusion, with a peak increment of 468 ± 57 µmol/L at 
240 min. During the enteral administration, plasma glutamine was significantly higher 
than baseline from 30 to 260 min, with a peak increment of 207 ± 42 µmol/L at 90 min. A 
comparison of enteral with parenteral administration at the corresponding points in time 
showed that plasma glutamine was significantly higher with parenteral infusion from 60 
to 270 min (Figure 2).

Figure 2. Graphic illustration of plasma glutamine (Gln) response with parenteral (-▲-) or enteral (-●-) 
administration of Ala-Gln. Mean value was significantly different from that at baseline (*P<0.05). Mean 
value for parenteral infusion was significantly different from that of enteral administration (#P<0.05).
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Plasma glutamate concentration
The plasma concentration of glutamate, the intermediary metabolite in the glutamine to 
citrulline pathway, did not change with parenteral infusion as compared with baseline. 
During enteral administration, plasma glutamate concentration increased significantly 
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from 45 to 260 min. This difference between enteral and parenteral administration was 
significant at 60, 120 and 240 min (Figure 3).

Plasma citrulline concentration
During parenteral or enteral administration of Ala-Gln, plasma citrulline concentrations 
were significantly higher than baseline from 45 to 260 min. Plasma citrulline response 

Figure 3. Graphic illustration of plasma glutamate (Glu) response with parenteral (-▲-) or enteral (-●-) 
administration of Ala-Gln. Mean value was significantly different from that at baseline (*P<0.05). Mean 
value for parenteral infusion was significantly different from that of enteral administration (#P<0.05).
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Figure 4. Graphic illustration of plasma citrulline (Cit) response with parenteral (-▲-) or enteral (-●-) 
administration of Ala-Gln. Mean value was significantly different from that at baseline (*P<0.05). Mean 
value for parenteral infusion was significantly different from that of enteral administration (#P<0.05).
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was significantly higher from 120 to 270 min during enteral administration when 
compared with parenteral infusion (Figure 4).

Plasma arginine concentration
During parenteral infusion a slight but significant increment in plasma arginine response 
in time was observed. Plasma arginine was higher than baseline from 30 to 180 min. A 
comparison of enteral with parenteral administration at the corresponding points in time 
did not reveal any difference (Figure 5).

Figure 5. Graphic illustration of plasma arginine (Arg) response with parenteral (-▲-) or enteral (-●-) 
administration of Ala-Gln. Mean value was significantly different from that at baseline (*P<0.05). Mean 
value for parenteral infusion was significantly different from that of enteral administration (#P<0.05)
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Plasma concentrations of other amino acids
Kinetics of other amino acids were studied as well (Table 2 and 3). This resulted in 
some interesting observations, which are summarized below.
The plasma concentration of the non-essential amino acid taurine increased significantly 
with parenteral infusion of Ala-Gln. Enteral administration of Ala-Gln did not affect 
plasma taurine concentration.
The essential amino acids phenylalanine, isoleucine, tyrosine, valine, tryptophan and 
leucine and the non-essential amino acid glycine decreased with both parenteral and 
enteral administration. A comparison of enteral and parenteral administrations at the 
corresponding points in time showed that plasma valine concentration decreased more 
during parenteral infusion than during enteral administration.
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Discussion

The goal of the present study was to investigate the plasma response of glutamine, 
citrulline and arginine to parenteral or enteral supply of Ala-Gln. Importantly, we found 
that both feeding routes increased plasma concentrations of glutamine and citrulline to 
a different extend and that plasma arginine concentration only increased with parenteral 
infusion of Ala-Gln. These results show that the metabolic pathway from glutamine to 
citrulline and arginine is affected by the feeding route. This suggests that the choice to 
how to feed patients - enterally or parenterally - also needs to be based on the metabolic 
effect of either route.

Table 2: Non-essential amino acid plasma concentrations (µmol/l) with parenteral and enteral administration 
of Ala-Gln (Mean values with their standard errors)

Time (min) 0 (baseline) 15 30 45 60 90 120 180 240 250 260 270

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Alanine ♣ ♣ ♣ ♣ ♣ ♣ ♣

IV 295 49 353* 64 465* 62 480* 42 515* 34 550* 31 569* 32 573* 29 572* 21 460* 20 395* 23 357 20

EN 287 18 305 23 361 43 392* 43 441* 48 472* 57 448* 45 417* 35 420 53 358 42 303 34 287 25

Glycine

IV 195 13 196 12 195 13 194 13 188 12 185 11 175* 9 166* 8 161* 7 158* 8 156* 7 156* 7

EN 188 11 188 11 192 9 186 9 182 9 173* 9 167 11 162* 10 157* 12 156* 11 151* 10 153* 8

Taurine ♣ ♣

IV 46 4 48 4 50* 5 50* 4 50* 3 51 4 50 4 50 3 49 3 45 3 44 4 42 3

EN 47 5 46 4 47 4 49 5 49 5 48 5 49 5 48 4 47 5 46 4 47 5 44 4

Serine

IV 112 5 116 4 123* 7 123* 7 123* 8 121* 7 116 8 109 5 107 6 101* 5 95* 4 93* 4

EN 110 7 111 7 114* 7 112 7 114* 7 108 7 107 9 102 7 103 9 102 9 98* 8 97* 7

Asparagine

IV 45 2 45 3 47* 2 47* 3 47 3 46 3 45 4 43 3 43 3 41* 2 40* 3 39* 3

EN 49 3 49 3 50 4 50 3 50 4 49 4 48 4 46 3 47 4 45 3 43* 3 43* 3

α-Amino-n-butyric acid

IV 26 3 27* 3 29* 3 29* 3 30* 4 30* 3 30* 3 30* 2 31* 3 30* 3 29* 3 28 2

EN 31 2 31 2 32 2 32 3 33 3 33 2 33 3 33 3 33 3 33 3 31 3 31 3

Time   = minutes after start of infusion
IV       = intra-venous infusion of Ala-Gln
EN      = enteral infusion of Ala-Gln
*         = significant different from baseline (P < 0.05)
♣       = significant difference between IV and EN (P < 0.05)
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Table 2: Non-essential amino acid plasma concentrations (µmol/l) with parenteral and enteral administration 
of Ala-Gln (Mean values with their standard errors)

Time (min) 0 (baseline) 15 30 45 60 90 120 180 240 250 260 270

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Alanine ♣ ♣ ♣ ♣ ♣ ♣ ♣

IV 295 49 353* 64 465* 62 480* 42 515* 34 550* 31 569* 32 573* 29 572* 21 460* 20 395* 23 357 20

EN 287 18 305 23 361 43 392* 43 441* 48 472* 57 448* 45 417* 35 420 53 358 42 303 34 287 25

Glycine

IV 195 13 196 12 195 13 194 13 188 12 185 11 175* 9 166* 8 161* 7 158* 8 156* 7 156* 7

EN 188 11 188 11 192 9 186 9 182 9 173* 9 167 11 162* 10 157* 12 156* 11 151* 10 153* 8

Taurine ♣ ♣

IV 46 4 48 4 50* 5 50* 4 50* 3 51 4 50 4 50 3 49 3 45 3 44 4 42 3

EN 47 5 46 4 47 4 49 5 49 5 48 5 49 5 48 4 47 5 46 4 47 5 44 4

Serine

IV 112 5 116 4 123* 7 123* 7 123* 8 121* 7 116 8 109 5 107 6 101* 5 95* 4 93* 4

EN 110 7 111 7 114* 7 112 7 114* 7 108 7 107 9 102 7 103 9 102 9 98* 8 97* 7

Asparagine

IV 45 2 45 3 47* 2 47* 3 47 3 46 3 45 4 43 3 43 3 41* 2 40* 3 39* 3

EN 49 3 49 3 50 4 50 3 50 4 49 4 48 4 46 3 47 4 45 3 43* 3 43* 3

α-Amino-n-butyric acid

IV 26 3 27* 3 29* 3 29* 3 30* 4 30* 3 30* 3 30* 2 31* 3 30* 3 29* 3 28 2

EN 31 2 31 2 32 2 32 3 33 3 33 2 33 3 33 3 33 3 33 3 31 3 31 3

Time   = minutes after start of infusion
IV       = intra-venous infusion of Ala-Gln
EN      = enteral infusion of Ala-Gln
*         = significant different from baseline (P < 0.05)
♣       = significant difference between IV and EN (P < 0.05)

The chronological order of the metabolic pathway from glutamine to arginine, starting 
with the metabolic handling of the dipeptide, will be followed in the discussion of the 
results and their relevance for the clinical practice.
Ala-Gln is a practical way to provide glutamine parenterally (18-21). Not much is known 
about the fate of enterally supplied Ala-Gln. The present study proved that glutamine 
derived from enterally supplied Ala-Gln reaches the systemic circulation, although the 
plasma response of glutamine was more pronounced with parenteral administration. 
Enterally supplied Ala-Gln was completely hydrolysed, which was demonstrated by the 
undetectable low concentration of the dipeptide. This is an observation that has not 
been described before. However, absorption and subsequent hydrolysis of dipeptides 
has been studied extensively in the past. Therefore, enterally supplied Ala-Gln was 
most probably either hydrolysed on the surface of the intestinal mucosal cell or taken up 
in one piece, followed by intracellular hydrolysis or by hydrolysis in the liver (22;23). In 
contrast, Ala-Gln was detectable in plasma during parenteral infusion. Patients received 
on average 269 ± 21 µmol Ala-Gln · h-1 · kg-1, a rate of infusion higher than in other 
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Table 3: Essential amino acid plasma concentrations (µmol/l) with parenteral and enteral infusion of Ala-
Gln (Mean values with their standard errors)

Time (min) 0 (baseline) 15 30 45 60 90 120 180 240 250 260 270

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Phenylalanine

IV 57 5 56 4 55 4 53* 4 52* 4 50* 4 48* 5 47* 5 47* 5 47* 5 47* 5 47* 5

EN 62 3 61 4 61 4 59* 4 58* 4 55* 4 54* 5 53* 4 53* 5 54* 5 52* 4 52* 4

Histidine

IV 94 6 96 6 99* 6 100* 6 102* 7 104* 6 103 7 103* 5 105* 5 102* 5 101* 6 99 4

EN 96 7 96 5 100 5 100 7 102 7 101 7 101 5 102 6 104 5 102 6 99 5 99 5

Threonine

IV 114 6 116 8 122* 5 123* 7 123* 7 121 8 114 9 106 8 102* 8 97* 6 93* 7 90* 7

EN 119 6 120 8 125 8 124 7 123 7 119 7 115 10 108 8 106 10 105* 9 99* 9 97* 8

Isoleucine

IV 72 6 70 6 70 5 68* 6 67* 6 64* 5 62* 6 61* 6 62* 6 62* 6 62* 6 62* 6

EN 84 3 83 5 83 5 81 5 79* 4 74* 4 73* 6 72* 6 60 16 74* 5 71* 5 71* 4

Leucine

IV 127 7 124 7 124 7 120* 7 118* 8 112* 6 109* 7 107* 7 108* 7 108* 6 108* 6 109* 6

EN 141 6 139 6 139 5 136* 7 133* 5 124* 5 120* 7 119* 5 120* 5 120* 4 116* 3 116* 3

Valine ♣ ♣ ♣ ♣

IV 259 29 257 29 254 27 249* 26 249* 29 241* 25 236* 26 229* 21 228* 21 228* 20 226* 21 226* 19

EN 289 23 285 21 285 22 281* 24 279* 22 265* 19 264* 22 257* 19 273 30 274 30 263* 26 261* 25

Methionine

IV 23 2 24 2 24 2 23 2 23 2 23 2 22 2 22 2 22 2 21 2 21 2 21 2

EN 27 2 27 2 29 3 27 2 27 2 27 2 26 3 26 3 26 3 26 3 25 3 25 3

Cysteine

IV 83 4 91 6 93 5 92 6 88 5 87 4 86 4 90 6 87 5 78 4 73 4 72 6

EN 74 5 74 6 74 5 72 6 76 5 73 5 73 4 71 4 71 5 73 4 72 4 71 5

Tryptophan

IV 39 2 38 1 37 1 37 1 37 2 36* 2 36* 2 35* 2 33* 2 34* 1 34* 2 34* 2

EN 41 2 40 3 40 3 39 3 39 3 39* 3 37 2 37 3 37 2 38 2 37 2 37 2

Tyrosine (semi-essential)

IV 61 5 59 5 58 4 57* 5 56* 5 53* 4 52* 5 49* 5 48* 4 48* 4 48* 4 48* 4

EN 60 5 59 5 59 6 57* 6 57* 5 54* 5 53* 6 51* 5 51* 6 51* 6 49* 5 48* 5

Time   = minutes after start of infusion
IV       = intra-venous infusion of Ala-Gln
EN      = enteral infusion of Ala-Gln
*         = significant different from baseline (P < 0.05)
♣       = significant difference between IV and EN (P < 0.05)
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Table 3: Essential amino acid plasma concentrations (µmol/l) with parenteral and enteral infusion of Ala-
Gln (Mean values with their standard errors)

Time (min) 0 (baseline) 15 30 45 60 90 120 180 240 250 260 270

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Phenylalanine

IV 57 5 56 4 55 4 53* 4 52* 4 50* 4 48* 5 47* 5 47* 5 47* 5 47* 5 47* 5

EN 62 3 61 4 61 4 59* 4 58* 4 55* 4 54* 5 53* 4 53* 5 54* 5 52* 4 52* 4

Histidine

IV 94 6 96 6 99* 6 100* 6 102* 7 104* 6 103 7 103* 5 105* 5 102* 5 101* 6 99 4

EN 96 7 96 5 100 5 100 7 102 7 101 7 101 5 102 6 104 5 102 6 99 5 99 5

Threonine

IV 114 6 116 8 122* 5 123* 7 123* 7 121 8 114 9 106 8 102* 8 97* 6 93* 7 90* 7

EN 119 6 120 8 125 8 124 7 123 7 119 7 115 10 108 8 106 10 105* 9 99* 9 97* 8

Isoleucine

IV 72 6 70 6 70 5 68* 6 67* 6 64* 5 62* 6 61* 6 62* 6 62* 6 62* 6 62* 6

EN 84 3 83 5 83 5 81 5 79* 4 74* 4 73* 6 72* 6 60 16 74* 5 71* 5 71* 4

Leucine

IV 127 7 124 7 124 7 120* 7 118* 8 112* 6 109* 7 107* 7 108* 7 108* 6 108* 6 109* 6

EN 141 6 139 6 139 5 136* 7 133* 5 124* 5 120* 7 119* 5 120* 5 120* 4 116* 3 116* 3

Valine ♣ ♣ ♣ ♣

IV 259 29 257 29 254 27 249* 26 249* 29 241* 25 236* 26 229* 21 228* 21 228* 20 226* 21 226* 19

EN 289 23 285 21 285 22 281* 24 279* 22 265* 19 264* 22 257* 19 273 30 274 30 263* 26 261* 25

Methionine

IV 23 2 24 2 24 2 23 2 23 2 23 2 22 2 22 2 22 2 21 2 21 2 21 2

EN 27 2 27 2 29 3 27 2 27 2 27 2 26 3 26 3 26 3 26 3 25 3 25 3

Cysteine

IV 83 4 91 6 93 5 92 6 88 5 87 4 86 4 90 6 87 5 78 4 73 4 72 6

EN 74 5 74 6 74 5 72 6 76 5 73 5 73 4 71 4 71 5 73 4 72 4 71 5

Tryptophan

IV 39 2 38 1 37 1 37 1 37 2 36* 2 36* 2 35* 2 33* 2 34* 1 34* 2 34* 2

EN 41 2 40 3 40 3 39 3 39 3 39* 3 37 2 37 3 37 2 38 2 37 2 37 2

Tyrosine (semi-essential)

IV 61 5 59 5 58 4 57* 5 56* 5 53* 4 52* 5 49* 5 48* 4 48* 4 48* 4 48* 4

EN 60 5 59 5 59 6 57* 6 57* 5 54* 5 53* 6 51* 5 51* 6 51* 6 49* 5 48* 5

Time   = minutes after start of infusion
IV       = intra-venous infusion of Ala-Gln
EN      = enteral infusion of Ala-Gln
*         = significant different from baseline (P < 0.05)
♣       = significant difference between IV and EN (P < 0.05)
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studies. For instance, Lochs et al. (21) infused 100 µmol · h-1 · kg-1 and Albers et al. (19) 
110 µmol · h-1 · kg-1 parenterally. This might explain the difference between the level of 
Ala-Gln at steady state during parenteral infusion in the present study, when compared 
with the levels in these other studies: the plasma concentration of Ala-Gln remained 
stable at an average concentration of 268 µmol/L in the present study, while Lochs et 
al. (21) observed a steady state at 70 µmol/l and Albers et al. (19) at 50 µmol/l, during 
continuous parenteral infusion. Anyhow, the steady state and the rapid decrease of 
levels of Ala-Gln towards 0, after infusion was finished, showed that parenterally infused 
Ala-Gln did not accumulate in the body. 
A large part of glutamine derived from the enterally administered Ala-Gln was probably 
metabolised in the splanchnic area, which can be suggested from the lower plasma 
glutamine response to enteral administration. This might be explained by the importance 
of glutamine as a major fuel and nucleotide substrate for the gut and the gut-associated 
immune system (24-26). Previous studies have shown that the total splanchnic use of 
enterally supplied glutamine is likely to represent 50-70% of glutamine load (27;28). Also, 
glutamine is used for gluconeogenesis by the liver in the fasting state (29) and was likely 
to be used by the tumour in the patients studied here (29-31). It is not clear how much 
glutamine was used by the tumour in these patients. Ridge et al. (32) have described 
how colorectal metastasis extracts as much glutamine as a comparable amount of liver 
tissue when glutamine is provided by the hepatic artery. Furthermore, they described 
that less glutamine is extracted when glutamine is offered by the portal vein, which 
was the case in the present study by the enteral route. In the present study, baseline 
values of glutamine were within the range of what is considered to be normal and levels 
of glutamine were largely elevated with parenteral administration of glutamine, despite 
the positive uptake in the tumour. We therefore estimate the uptake by the tumour to 
be small. The metabolism of enterally supplied glutamine in the splanchnic area was 
furthermore reflected by the plasma response of glutamate and citrulline. Glutamate 
increased with the enteral but not with the parenteral route of administration. This 
increment in the plasma glutamate concentration might contribute to the beneficial effect 
of enterally supplied glutamine on gut integrity (33), because deamidation of glutamine 
into glutamate is required to reduce the paracellular permeability of the gut mucosa (34). 
The finding that glutamine is largely metabolised  in the splanchnic area suggests that 
in case of severe depression of the glutamine content in blood, enteral supplementation 
might need to be combined with parenteral supplementation of glutamine, in order to 
have more than a local effect on the permeability of the intestine and the gut surrounding 
immune system.
As for citrulline, the results from the present study indicate that enterally supplied 
glutamine serves indeed as a precursor for citrulline in the intestine. Despite the more 
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pronounced increase in levels of citrulline with enterally supplied Ala-Gln, arginine levels 
did not increase with enteral supply of Ala-Gln. In contrast, despite the lower plasma 
response of citrulline, plasma levels of arginine did increase with parenteral supply of 
Ala-Gln. Houdijk et al. (13) showed that glutamine-enriched enteral nutrition normalised 
plasma arginine concentration in trauma patients with low plasma arginine levels at 
the onset of the trial (56 ± 25 (sd) µmol/L). Patients from the present study expressed 
already slightly elevated plasma concentrations of arginine (105 ± 11 µmol/L) at the start 
of the study. Therefore, plasma arginine concentrations were not likely to trigger arginine 
production from citrulline by the kidney. This result suggests that the enteral route might 
be preferable to the parenteral route in critically ill patients. However, the present study 
does not prove that the parenterally provided glutamine was converted into arginine. To 
elucidate this, a study design involving stable isotopes is required. 
As for the other amino acids, a slight but significant increase in plasma concentrations 
of taurine was observed during parenteral infusion. Glutamine might be regulative in 
taurine metabolism, because Boelens et al. (35) observed an increase in plasma taurine 
concentrations in trauma patients who received glutamine-enriched enteral nutrition. 
However, the relationship between glutamine and taurine remains to be elucidated, and 
is likely to be different under circumstances of critical illness.
Almost all concentrations of essential amino acids decreased with both administrations 
of Ala-Gln. This is most certainly due to the restriction of a normal diet for 16 h, since 
essential amino acids need to be ingested by nutrition.

In conclusion, interesting differences were observed in plasma responses of glutamine, 
citrulline and arginine to parenteral or enteral administration of Ala-Gln in preoperative 
patients, suggesting that the choice of feeding route results in different metabolic 
handling of glutamine. Important is that both enteral and parenteral administration 
of Ala-Gln resulted in a higher plasma glutamine concentration, which suggests that 
enteral supply of Ala-Gln might be useful in clinical practice.
The splanchnic metabolism of enterally supplied Ala-Gln was suggested by the absence 
of Ala-Gln in plasma, less pronounced increase in plasma concentrations of glutamine 
and more pronounced increase in plasma concentrations of glutamate and citrulline with 
enteral administration, as compared with parenteral infusion. Splanchnic metabolism 
of glutamine might contribute to the beneficial effects of glutamine-enriched enteral 
nutrition on gut integrity. Since critically ill patients are more prone to infections, this 
might be a reason to provide at least a part of the supplementary glutamine by the 
enteral route.
Furthermore, parenteral infusion of Ala-Gln increased the plasma arginine concentration, 
whereas enteral supply did not increase plasma arginine levels, despite an abundance 
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of citrulline. Further exploration of the observed differences is warranted, considering 
the concern about possible harmful side effects of arginine. Within this scope, it might 
be necessary to investigate the pathway from glutamine to arginine with the help of 
stable isotopes.
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Abstract

A pathway from enteral L-glutamine as substrate for L-arginine synthesis is suggested 
by previous studies. L-glutamine and L-glutamine dipeptides exhibit numerous beneficial 
effects in experimental and clinical studies. In trauma patients, enteral L-glutamine 
supply increased plasma L-arginine. The present study was designed to quantify the 
contribution of L-glutamine to the de novo L-citrulline and L-arginine synthesis in mice 
when L-glutamine is administered in a high dose of labelled L-glutamine or L-alanyl-L-
glutamine by the enteral or parenteral route. For this purpose, male Swiss mice (n = 
43) underwent a laparotomy, and catheters were inserted for sampling and infusion. 
A primed, constant, and continuous infusion of L-alanyl-L-[2-15N]glutamine (dipeptide 
groups) or L-[2-15N]glutamine (free L-glutamine groups), simultaneously with L-[ureido-
13C,2H2]citrulline and L-[guanidino-15N2,2H2]arginine, was given (steady state model). 
Mice received the L-glutamine-tracers intravenously (jugular vein) or enterally 
(duodenum). Enrichments of metabolites were measured by LC-MS. Arterial L-glutamine 
concentrations were the highest in the intravenous dipeptide group. L-Glutamine was 
converted to L-citrulline and L-arginine when L-[2-15N]glutamine and L-alanyl-L-[2-15N]
glutamine were given by enteral or parenteral route. The contribution of L-glutamine to 
the de novo synthesis of L-citrulline and L-arginine was higher in the enteral groups when 
compared with the intravenous groups (P<0.005). Therefore, the route of administration 
(enteral or parenteral) affects the contribution of L-glutamine, provided as free molecule 
or dipeptide, to the de novo synthesis of L-arginine in mice. 
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Introduction

L-glutamine is an important amino acid during a metabolic stress such as surgery (1). 
During metabolic stress, L-glutamine concentrations in plasma and muscle fall sharply 
due to increased requirements (2-8). These low plasma L-glutamine concentrations 
are associated with poor clinical outcome (9). Fortunately, many clinical studies show 
that exogenous L-glutamine, as in L-glutamine-enriched parenteral or enteral formulas, 
improve recovery of the patient, by reducing the number of infectious complications 
and the “6-mo mortality” (10-13). The exact mechanism behind the beneficial effects of 
L-glutamine remains to be clarified.
The suggested metabolic pathway from L-glutamine through L-citrulline into L-arginine, 
indicates that L-glutamine could serve as a substrate for intestinal L-citrulline production 
and that L-citrulline could serve as a substrate for renal L-arginine production (14;15).
L-Arginine is known to be the physiologic precursor for the synthesis of nitric oxide, 
which has been identified as the endothelium-dependent relaxing factor, a mediator 
of immune responses, a neurotransmitter, and a signaling molecule (16). The clinical 
relevance of L-arginine itself is also well established (17).
It is conceivable that the beneficial effects of L-glutamine are exerted partially by its 
contribution to L-arginine production. The relationship between L-glutamine and L-arginine 
was already suggested from the results of a double-blind, randomized trial performed by 
our group (18), providing free L-glutamine-enriched enteral nutrition or an isonitrogenous 
and isocaloric control nutrition to severely injured trauma patients. Plasma L-arginine 
concentrations increased in the patients who received L-glutamine-enriched nutrition 
compared with the control group. In the majority of studies investigating L-glutamine-
enriched nutrition, parenteral nutrition was given, and no significant changes in plasma 
L-arginine were found. Because the gut plays a key role in L-glutamine conversion to 
L-citrulline, we hypothesized that the contribution of L-glutamine to L-citrulline synthesis 
would be enhanced when L-glutamine was offered intraluminally compared with 
parenterally delivered L-glutamine. This way, enterally provided L-glutamine could also 
contribute more to de novo L-arginine production from L-citrulline. 
However, enriching nutrition with L-glutamine is pharmacologically complicated because 
L-glutamine has a relative aqueous instability (19). A dipeptide, for example L-alanyl-L-
glutamine, which is stable in a watery solution, was shown to be a good alternative 
(20-22). In human volunteers, an intravenous bolus of L-alanyl-L-glutamine had an 
elimination half-life from plasma of only 4 min. Moreover, the dipeptide disappearance 
was accompanied by a prompt equimolar increase in the concentrations of L-alanine 
and L-glutamine (23). However, most of the information about dipeptides is derived 
from studies involving intravenous treatment (24), whereas a minimum of information is 
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available on enteral dipeptide intervention (25;26). No evidence is available yet comparing 
the effect of L-glutamine or glutamine-dipeptides on L-citrulline and L-arginine synthesis 
in-vivo in mice. 
The aim of this study was to investigate whether and how much L-glutamine contributes 
to L-citrulline and L-arginine synthesis when L-glutamine is provided parenterally or 
enterally in a high dose of free L-glutamine or as a dipeptide with L-alanine. For this 
purpose the pathway of L-glutamine to L-citrulline and L-arginine was quantified using 
stable isotope technology. 

Material and Methods

Animals
Male Swiss mice (n = 43) were obtained from IFFA Credo Broekman (Someren, The 
Netherlands). The mice were fed standard lab chow before the start of the experiments 
(SMRA 2131, Hope Pharms, Woerden, The Netherlands) and were operated on in the 
postabsorptive state. The mice were subjected to standard 12:12-h light-dark cycle 
periods (0730 to 1930). Room temperature was maintained at 25°C. Radio music was 
on to acclimate the animals to noise in the environment in order to reduce their stress 
towards noise induced by the caretakers/researchers. Experiments were performed in 
accordance with the recommendations of the Guide for the Care and Use of Laboratory 
animals, and approved by the Ethics Committee of Animal Research of the Maastricht 
University. 

Experimental design
Two series of mouse experiments were performed. Mouse characteristics are shown in 
Table 1. The mice received a primed, constant, and continuous infusion of L-Alanyl-L-
[2-15N]glutamine (dipeptide groups) in series 1 or L-[2-15N]glutamine (free L-glutamine 
groups) in series 2, simultaneously with L-[ureido-13C,2H2]citrulline and L-[guanidino-

Table 1 Mouse group characteristics
Feeding route Tracer Number Body weight (g)

Series 1 Group 1 Parenteral L-Ala-L-[2-15N]Gln 11 17 ± 0.6

Group 2 Enteral L-Ala-L-[2-15N]Gln 12 19 ± 0.6

Series 2 Group 3 Parenteral L-[2-15N]Gln 10 23 ± 0.3

Group 4 Enteral L-[2-15N]Gln 10 23 ± 0.3

Values are means ± SEM. L-Ala-L-Gln, L-alanyl-L-glutamine. The mice of series 1 that were receiving the 
dipeptide had a lower body weight than the mice of series 2 receiving the free glutamine. (P<0.05). In the 
stable-isotope dilution equations we calculated quantities per 10 g body wt.
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15N2,2H2]arginine in both series, for 1 h in a steady-state experiment. Mice received a 
large dose of labelled L-glutamine or L-alanyl-glutamine to bring about an effect. Braulio 
et al. (27), who also studied the turnover of L-glutamine in mice from the same trunk 
as ours, giving labeled L-glutamine in a tracer dose, established the whole body rate 
of appearance of L-glutamine to be ≈1470 µmol ⋅ kg-1 ⋅ h-1. Assuming that this figure 
represents the real turnover of L-glutamine in mice, it is almost 6 times higher than the 
turnover of L-glutamine in humans, which is ≈260 µmol ⋅ kg-1 ⋅ h-1 (28). To be able to 
bring about an effect of the supplemented L-glutamine comparable to an intervention 
150 µmol ⋅ kg-1 ⋅ h-1 of L-glutamine in humans, mice in this study received approximately 
6 times this dose.
When the unit of the infusion rate was translated to µmol⋅kg-1⋅hr-1, mice in series 1 
received on average 858 µmol ⋅ kg-1 ⋅ h-1 and mice in series 2 on average 665 µmol ⋅ 
kg-1 ⋅ h-1  of L-[2-15N]glutamine. Differences between series were due to differences in 
bodyweight.

Tracer infusion protocol
Tracer experiments were conducted under ketamine-medetomidine anesthesia and fluid 
management, as described in detail before (29). A primed, constant, and continuous 
infusion of stable isotopes (Cambridge Isotope Laboratories, Andover, MA; the dipeptide 
tracer was a kind gift of Prof. DE Matthews, University of Vermont, Burlington, VT) was 
given (Table 2). All tracer primes were given intravenously. Continuous infusion of L-[2-
15N]glutamine or L-alanyl-L-[2-15N]glutamine was given in the jugular vein (intravenous 
groups) or directly in the duodenum (enteral groups). Simultaneously, in all experiments 
L-[ureido-13C,2H2]citrulline and L-[guanidino-15N2,2H2]arginine were infused into the 
jugular vein. Blood was collected from the carotid artery 30 and 40 min after the start 
of the primed continuous infusion of stable isotopes. In pilot experiments, this model 
yielded a steady state in 30 min, which is illustrated in Figure 1 for this experiment 
(30). Amino acid concentrations and tracer-to-tracee ratios (TTRs) were determined in 
deproteinized plasma, as previously described (31;32). Briefly, 65 µl of plasma were 
added to 4 mg of solid 5’-sulfosalicylic acid, vortexed, frozen in liquid nitrogen, and stored 

Table 2 Tracer prime and infusion rates
mM Prime (nmol) 

(in bolus of 0.04 ml/mouse)
Infusion (nmol/min)
(in: 0.2 ml/min)

Series 1 L-Ala-L-[2-15N]Gln 75 3000 250

Series 2 L-[2-15N]Gln 75 3000 250

Series 1&2 L-[ureido-13C-2H2]Cit 0.9 36 3

Series 1&2 L-[guanidino-15N2-2H2]Arg 1.5 60 5

L-Ala-L-Arg, L-alanyl-L-glutamine; L-Cit, citrulline; L-Arg, L-arginine
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at –80°C. Plasma amino acid concentrations and enrichments, calculated as TTRs, were 
measured using a fully automated liquid chromatography-mass spectrometry (LC-MS) 
system, using precolumn derivatization with o-phthalaldehyde . Detailed information on 
the accuracy and precision of this method was given before (33).

Calculations
Tracer-enrichments are shown for L-[2-15N]glutamine, L-[2-15N]citrulline and L-[2-
15N]arginine to illustrate the pathway. The pathway of L-glutamine to L-citrulline and 
L-arginine was quantified using the L-[2-15N]glutamine, L-[ureido-13C,2H2]citrulline and 
the L-[guanidino-15N2,2H2]arginine tracers, for tracer methodological reasons, to avoid 
inaccuracies.

Whole body rate of appearance
Tracer-to-Tracee ratio (TTR) is an equivalent of specific activity. Therefore, formulas 
were derived from metabolic studies using radioactive tracers. Correction for 
background enrichment and when necessary for the contribution of lower isotopomers, 
was performed as described by Wolfe (34). Plasma glutamine, citrulline, and arginine 
whole body rate of appearance (Wb Ra in nmol · 10 g-1 · min-1) were calculated from 
the arterial isotope TTR values of, respectively, L-[2-15N]glutamine (Gln Mass (M)+1), 
L-[ureido-13C,2H2]-citrulline (Cit M+3) and L-[guanidino-2H2,15N2]-arginine (Arg M+4) and 
the known infusion rate (I), using the steady state isotope dilution equation (34):

Wb Ra = Ι/TTR,

Figure 1. Tracer steady state in plasma. Δ Time between t = 30 and t = 40 min of arterial tracer-to-tracee 
ratios (TTRs) L-[2-15N]glutamine. Data represent means +/ SEM. Statistics with ANOVA. No significant 
change in time was observed. IV, intravenous, EN, enteral, L-ALA-L-GLN, L-alanyl-L-glutamine.
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Splanchnic extraction (SE) per series was calculated for glutamine as follows; 

SE = 1 - intravenous Wb Ra/ enteral Wb Ra

Whole body de novo L-citrulline production from L-glutamine
Calculation of the plasma whole body L-glutamine-to-L-citrulline flux (de novo L-citrulline 
production derived from L-glutamine, in nmol · 10 g-1 · min-1) was made in the same 
fashion as the calculation described by Castillo et al. (35) .

QGln→Cit = Wb Ra Cit X (TTR Cit M+1 / TTR Gln M+1)

where Wb Ra Cit is the plasma whole body citrulline rate of appearance, estimated from 
the primed constant infusion of the L-[ureido-13C,2H2]citrulline tracer, and TTR Cit M+1 
and TTR Gln M+1 are the respective TTRs of L-[2-15N]citrulline and L-[2-15N]glutamine.
Furthermore, the above mentioned calculation according to Castillo et al. (36) was 
adapted to be able to include the contribution of the conversion of L-[2-15N]glutamine to 
L-[2-15N]citrulline in the total whole body conversion of L-glutamine to L-citrulline. This 
adaptation is necessary because the endogenously synthesized L-[2-15N]citrulline (I Cit 
M+1), which might be substantial in this study providing L-[2-15N]glutamine or L-alanyl- 
L-[2-15N]glutamine in a therapeutic dose, is not part of the Wb Ra of L-citrulline. The 
calculation was adapted as follows:

QGln→Cit = (Wb Ra Cit + I Cit M+1) X (TTR Cit M+1 / TTR Gln M+1)

Û

QGln→Cit = (I Cit M+3 / TTR Cit M+3) X (TTR Cit M+1 / TTR Gln M+1) + 
[(I Cit M+1 X (TTR Cit M+1/ TTR Gln M+1)]

I Cit M+1 is the unknown factor. However, it is know how much L-glutamine contributes 
to L-citrulline turnover, calculated as a percentage of total glutamine turnover:

QGln→Cit / Wb Ra Gln

Because no difference is to be expected in metabolic handling of unlabeled L-glutamine 
or Gln M+1, the infusionrate of Cit M+1 can be calculated:

(QGln→Cit / Wb Ra Gln) X I Gln M+1

Therefore the complete equation is:

QGln→Cit = (I Cit M+3 / TTR Cit M+3) X (TTR Cit M+1 / TTR Gln M+1) + 
{[(QGln→Cit / Wb Ra Gln) X I Gln M+1] X (TTR Cit M+1 / TTR Gln M+1)}
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Whole body de novo L-arginine production rate from L-citrulline 
Calculation of the plasma citrulline-to-arginine flux (whole body total de novo arginine 
production derived from citrulline, in nmol · 10 g-1 · min-1) was made in a similar fashion:

QCit→Arg = Wb Ra Arg X (TTR Arg M+3 / TTR Cit M+3)

where Wb Ra Arg is the plasma arginine flux, estimated from the primed constant infusions 
of the L-[guanidino-15N2,2H2]arginine tracer and TTR Arg M+3 and TTR Cit M+3 are the 
respective TTRs of L-[ureido-13C,2H2]arginine and L-[ureido-13C,2H2]citrulline. 

To calculate the contribution of the conversion of L-[2-15N]citrulline to L-[2-15N]arginine, 
to the total whole body conversion of L-citrulline to L-arginine, this calculation was 
adapted in the same way as the equation calculating the conversion from L-glutamine 
to L-citrulline:

QCit→Arg =(I Arg M+4 / TTR Arg M+4) X (TTR Arg M+3 / TTR Cit M+3) + 
{[(QCit→Arg/ WbRa Cit) X I Cit M+1] X (TTR Arg M+3 / TTR Cit M+3)}

Percentage of L-citrulline and L-arginine derived from L-glutamine
For this calculation we used the conversions from L-glutamine to L-citrulline and from 
L-citrulline to L-arginine, QGln→Cit and QCit→Arg   (without the contribution of the M +1 
tracers), which were divided by the Wb Ra of L-citrulline or L-arginine.
The contribution of L-glutamine to the de novo synthesis of L-arginine was calculated by 
multiplying QGln→Cit as a percentage of the Wb Ra of L-citrulline with QCit→Arg as a 
percentage of the Wb Ra of L-citrulline:

(QGln→Cit / Wb Ra Cit) * (QCit→Arg / Wb Ra Cit)

The contribution of L-glutamine to the total 
Wb Ra of L-arginine was calculated in the same fashion, but QCit→Arg  was expressed 
as a percentage of Wb Ra of L-arginine:

(QGln→Cit / Wb Ra Cit) * (QCit→Arg / Wb Ra Arg)

The contribution of L-glutamine to de novo synthesis of L-arginine or total turnover 
of L-arginine, was solely described as a percentage of the de novo synthesis or total 
turnover of L-arginine, as the absolute figures involve more assumptions and are 
therefore less accurate.
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Statistical analysis
Results are presented as means ± SEM. The significance of enrichment with L-[2-15N]
glutamine, L-[2-15N]citrulline, and L-[2-15N]arginine was tested per group by use of the 
one-sample t-test. With respect to the quantitative results, comparisons were made 
between intravenous and enteral groups per series by use of a Student’s t test when 
normally distributed or a Mann-Whitney U-test when not normally distributed. (SPSS for 
Windows release 11.0.1 2001; SPSS, Chicago, Il). Significance was defined as P<0.05.

Results

The tracer enrichment with L-[2-15N]glutamine, L-[2-15N]citrulline, and L-[2-15N]arginine 
was significant (P<0.001), which illustrates the existence of the metabolic pathway from 
L-glutamine to L-citrulline and subsequently to L-arginine (Figure 2).

Figure 2. Tracer enrichment of L-[2-15N]glutamine, L-[2-15N]citrulline and L-[2-15N]arginine. Data 
represent the tracer enrichments of L-[2-15N]glutamine (GLN M+1), L-[2-15N]citrulline (CIT M+1) and L-[2-
15N]arginine (ARG M+1), expressed in TTR% and corrected for background enrichment. All enrichments 
were significantly different from zero (1-sample t-test; P<0.001).

Arterial amino acid concentrations
Arterial plasma concentrations of L-glutamine were significantly higher when the 
dipeptide was given parenterally compared with enteral administration (P<0.05). 
L-Glutamate concentrations were higher after enteral administration of both glutamine 
tracers compared with the intravenous administration (P<0.05). Other arterial amino 
acid concentrations were not different between the groups with respect to the route of 
administration (Table 3).
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Wb Ra L-glutamine, L-citrulline and L-arginine

The Wb Ra of L-glutamine was higher after administration of both L-glutamine tracers 
in the enteral groups than in the parenteral groups, most likely due to extraction of the 
tracer by the splanchnic viscera (P<0.05) (Table 4). Splanchnic extraction was 53% in 
the enteral dipeptide group and 39% in the enteral free L-[2,15N] glutamine group.  
The Wb Ra of L-citrulline and L-arginine were not different among the groups with regard 
to the route of administration. The total turnovers of L-citrulline and L-arginine were only 
marginally affected by the calculated contribution of the endogenously synthesized L-[2-
15N]citrulline and L-[2-15N]arginine (within the margin of the SE) (Table 4). Therefore, 
adjusted figures are not shown.

Table 3 Arterial amino acid concentrations
Ala-Gln µmol/L Gln µmol/L

iv en iv En

Gln * 1532 ± 137 981 ± 74 1017 ± 41 863 ± 33

Glu*# 91 ± 4 103 ± 4 87 ± 2 100 ± 4

Cit 132 ± 4 129 ± 6 129 ± 5 135 ± 8

Arg 156 ± 9 139 ± 8 169 ± 10 172 ± 10

Ala 2234 ± 206 1737 ± 84 770 ± 43 863 ± 43

Gly 775 ± 69 584 ± 41 399 ± 13 443 ± 21

Thr 199 ± 9 199 ± 10 226 ± 8 222 ± 12

Ser 241 ± 11 218 ± 9 180 ± 9 179 ± 12

His 118 ± 4 117 ± 4 131 ± 5 132 ± 7

Tyr 94 ± 4 100 ± 5 127 ± 5 126 ± 7

Met 72 ± 2 73 ± 3 105 ± 2 103 ± 5

Orn 134 ± 16 117 ± 7 98 ± 9 93 ± 7

Ile 91 ± 3 89 ± 4 76 ± 5 76 ± 7

Phe 102 ± 5 107 ± 4 81 ± 7 86 ± 10

Trp 38 ± 1 40 ± 2 57 ± 2 59 ± 3

Aab 11 ± 1 10 ± 0 10 ± 0 10 ± 1

Asn 53 ± 2 56 ± 3 59 ± 3 55 ± 2

Val 230 ± 7 210 ± 9 223 ± 9 230 ± 11

Leu 161 ± 5 161 ± 7 173 ± 7 176 ± 8

Lys 584 ± 26 569 ± 27 632 ± 25 598 ± 29

Values are means ± SEM in μM. Four groups of mice: IV Ala-Gln, intravenous L-alanyl-L-glutamine 
infusion; EN Ala-Gln, enteral L-alanyl-L-glutamine administration; IV Gln, intravenous free L-glutamine 
group; EN Gln, enteral free L-glutamine administration. Students t test was performed when data were 
parametric and Mann -Whitney U test when non-parametric. *P<0.05 when difference between mice was 
significant for series 1, #P<0.05 when the difference between mice was significant for series 2.
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The conversion from L-glutamine to L-citrulline
Whole body de novo L-citrulline production derived from L-glutamine (QGln→Cit) 
resulted in a higher L-citrulline production when isotopes were given enterally (P<0.05) 
compared with the parenteral route. The lowest production of de novo L-citrulline from 
L-glutamine was seen in the intravenous dipeptide group when quantitatively compared 
with the other groups. The tracer conversion of L-[2-15N]glutamine to L-[2-15N]citrulline 
was found to represent between 10 and 20% of the total de novo L-citrulline synthesis 
from L-glutamine (Table 4).
De novo L-citrulline derived from L-glutamine, as a percentage of Wb Ra of appearance 
of L-citrulline, was the lowest in the intravenous dipeptide group, with 15 %. In the 

Table 4  Whole body L-glutamine, L-citrulline and L- arginine rate of appearance, whole body substrate 
conversions and percentages of WB Ra

Ala-Gln Gln

IV EN IV EN

Gln (nmol·10gBW-1·min-1) 149 ± 9 316 ± 18 152 ± 8 248 ± 8

Cit (nmol·10gBW-1·min-1) 17 ± 1 19 ± 1 17 ± 1 17 ± 1

Arg (nmol·10gBW-1·min-1) 40 ± 1 38 ± 1 40 ± 2 38 ± 1

QGln Cit *,# 2.5 ± 0.2 6.0 ± 0.4 4.0 ± 0.2 6.2 ± 0.2

QGln+Gln M+1 Cit + Cit M+1 *,#
(nmol·10gBW-1·min-1)

3.0 ± 0.2 6.7 ± 0.5 4.7 ± 0.2 7.8 ± 0.3

% of WbRa Gln 2 ± 0.2 % 2 ± 0.1 % 3 ± 0.2 % 2 ± 0.1 %

% of WbRa Cit 15 ± 1% 32 ± 2% 24 ± 0.8 % 36 ± 1%

QCitArg 7.3 ± 0.7 8.9 ± 0.6 11.2 ± 1 9.4 ± 0.8

QCit + Cit M+1  Arg + Arg M+1
(nmol·10gBW-1·min-1)

7.4 ± 0.7 9.0 ± 0.6 11.3 ± 1 9.6 ± 0.8

% of WbRa Cit# 43 ± 2% 47 ± 2% 65 ± 5% 55 ± 4%

% of WbRa Arg* 17 ± 2% 21 ± 1% 25 ± 2% 23 ± 2%

GlnCitArg *,#

% of WbRa Cit 6 ± 0.7 % 16 ± 1% 16 ± 1% 20 ± 2%

GlnCitArg*,#

% of WbRa Arg 3 ± 0.3 % 7 ± 0.7 % 6 ± 0.5 % 8 ± 0.6 %

Values are means ± SEM in nmol · 10 g BW-1 · min-1 or %, abbreviated as QGlnCit, QCitArg, 
QGlnCitArg, which are conversions of glutamine to citrulline, citrulline into arginine and glutamine 
via citrulline into arginine). Wb Ra, whole body rate of appearance. Four groups of mice: IV Ala-Gln, 
intravenous L-alanyl-L-glutamine infusion; EN Ala-Gln, enteral L-alanyl-L-glutamine administration; IV 
Gln, intravenous free L-glutamine group; EN Gln, enteral free L-glutamine administration. Cit, citrulline; 
Arg, arginine. Student’s t test was performed when data were parametric and Mann-Whitney U-test when 
non-parametric. *P<0.05 when difference between mice was significant for series 1, #P<0.05 when 
difference between mice was significant for series 2.
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enteral dipeptide group this accounted for 32 %. In the enteral free L-glutamine group, 
L-citrulline production derived from L-glutamine accounted for 36 % of the total body 
L-citrulline turnover, while intravenous free L-glutamine accounted for 24 % (Table 4).

The conversion of citrulline to arginine (QCit→Arg) and the contribution 
of glutamine
No significant difference was observed within series between the enteral and the 
intravenous groups with respect to the absolute de novo synthesis of L-arginine from 
L-citrulline. When the tracer conversion of L-[2-15N]citrulline to L-[2-15N]arginine was 
included in the equation, the contribution of this route was found to represent only a 
marginal part of the total de novo L-arginine synthesis from L-citrulline (Table 4).
The relative amount of L-citrulline (% of Wb Ra L-citrulline) used for the de novo synthesis 
of L-arginine was significantly lower in the enteral free L-glutamine group, when compared 
with the intravenous free L-glutamine group. This was the other way around for the 
dipeptide groups, although this difference was not significant. On the other hand, the 
conversion from L-citrulline to L-arginine (% of Wb Ra L-arginine) contributed significantly 
more to total L-arginine production in the enteral dipeptide group, when compared with 
the intravenous dipeptide group, which was the other way around in the free L-glutamine 
groups (not significant) (Table 4).
The de novo synthesis of L-arginine from L-citrulline at whole body level, expressed as 
a percentage of the whole body rate of appearance of L-citrulline, tended to be higher 
in the free L-[2,15N]glutamine groups (IV: 65 %; EN: 55 %) when compared with the 
dipeptide groups (IV: 43 %; EN: 47 %) (Table 4).
The contribution of L-glutamine to the de novo synthesis of L-arginine was significantly 
higher in the enteral groups (dipeptide: 16 %; free L-[2-15N]glutamine: 20 %) compared 
with the intravenous groups (dipeptide: 6 %; free L-[2,15N]glutamine:16 %).
When the contribution of L-glutamine to the novo synthesis of L-arginine was expressed 
as a percentage of the whole body rate of appearance of L-arginine, the same differences 
were observed. 

Discussion

Main conclusions
Endogenous generated and exogenous delivered L-glutamine, unbound or derived 
from L-alanyl-L-glutamine, serves as a substrate for L-citrulline and L-arginine de novo 
synthesis at the whole body level in mice. Enterally given L-glutamine contributed more 
to the de novo synhthesis of L-arginine than parenterally supplied L-glutamine.
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Validity of the model
 In this study, we used stable isotope tracers to quantify the metabolic interrelationships 
of L-glutamine, L-citrulline, and L-arginine in-vivo in mice. The model assumes that when 
a steady state of tracer infusion is reached the amount of isotope entering and leaving 
per unit of time is equal. Additionally, assuming that the isotopes move freely among 
the pools, the calculated whole body substrate turnover will thus represent the rate of 
appearance and disappearance of the unlabeled substrate from or into the free plasma 
pool (34).
The metabolic pathway in our model was quantified with the help of the isotopic transfer 
of L-[2-15N]glutamine, (from the free L-[2-15N]glutamine or indirectly derived from the 
L-alanyl-L-[2-15N]glutamine infusion) to L-[2-15N]citrulline and of L-[ureido-13C,2H2]
citrulline to L-[guanidino-13C,2H2]arginine. The quantification of the conversions of 
L-glutamine to L-citrulline and L-citruline to L-arginine were both necessary to calculate 
the relative contribution of L-glutamine to de novo synthesis of L-arginine.
Furthermore, a large dose of L-[2-15N]glutamine or L-alanyl- L-[2-15N]glutamine was 
given to bring about an effect. To include the contribution of the conversions of L-[2-
15N]glutamine to L-[2-15N]citrulline and L-[2-15N]citrulline to L-[2-15N]arginine in the total 
conversions of L-glutamine to L-citrulline and L-citrulline to L-arginine, equations were 
slightly adapted.

Arterial plasma L-glutamine, L-citrulline and L-arginine pool 
First, we will discuss the arterial amino acid responses. Because all our mice received 
L-glutamine, or the glutamine-dipeptide in equimolar concentrations, we expected 
equimolar increases in the concentrations of plasma L-glutamine when given 
intravenously. In contrast, we found 50% higher plasma concentrations of L-glutamine in 
the intravenous dipeptide group compared with the intravenous free L-glutamine group. 
An explanation might be provided by the increase in the plasma L-alanine concentration 
with the administration of the dipeptide. L-alanine and L-glutamine are related amino 
acids with the same property of interorgan nitrogen/carbon carrier for ureagenesis and 
gluconeogenesis (37). Battezzati et al. (38) investigated the amino acid kinetics during 
the anhepatic phase of liver transplantation and confirmed the importance of the liver in 
the clearance of both amino acids. Furthermore, it is known that in the postabsorptive 
state L-glutamine derived L-glutamate is converted to L-alanine in the gut (39) and it was 
shown by Funovics et al. (40) that the postoperative infusion of L-alanine (0.9 g · kg -1 

· h –1) significantly increased the plasma L-glutamine concentration. In the view of this 
evidence, it could be speculated that the increase in the plasma L-alanine concentration 
as a consequence of the administration of L-alanyl-L-[2-15N]glutamine might have 
affected the plasma L-glutamine concentration as well. The plasma L-glutamine 
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concentration was highest in the group receiving L-alanyl-L-[2-15N]glutamine by the 
intravenous route. In the enteral group, the splanchnic extraction of L-alanyl-L-[2-15N]
glutamine or its constituent metabolites L-alanine and L-[2-15N]glutamine might have 
blunted the effect observed in the group receiving L-alanyl-L-[2-15N] glutamine by the 
intravenous route. In future experiments, it would probably be wise to give free L-alanine 
next to free L-glutamine, when one is comparing the effects of L-glutamine as a free 
amino acid or bound in a dipeptide as L-alanyl-L-glutamine.
Intravenous supply of L-glutamine resulted in higher arterial L-glutamine concentrations 
than enteral L-glutamine administration in both series, which was expected because 
of the partial breakdown of L-glutamine in the intestinal wall. Plasma L-citrulline or 
L-arginine concentrations were not affected by the feeding route or the difference in 
molecular form of L-glutamine in our mice model. All groups had higher plasma arterial 
L-citrulline and L-arginine concentrations than the control mice described before in a 
separate experimental series (respectively 60 ± 6 μmol/L, 105 ± 7 μmol/L) (41). The 
higher arterial values in our series might have caused a suppression of endogenous 
production of L-citrulline and L-arginine. 

Wb Ra of L-glutamine, L-citrulline and L-arginine
The Wb Ra of L-glutamine was not different between the intravenous groups. Lower 
plasma L-[2-15N]glutamine enrichments were found after enteral administration of L-[2-
15N]glutamine or L-alanyl-L-[2-15N]glutamine, presumably due to their first pass through 
the splanchnic region, resulting in a higher calculated Wb Ra of glutamine. Haisch 
et al. (42) found in humans, consistent with our findings, lower plasma L-glutamine 
enrichments after enteral administration of labelled L-glutamine compared with 
intravenous infusion and estimated humans splanchnic extraction to be ≈64 % . In our 
mouse model, splanchnic L-glutamine extraction was estimated to be somewhat lower 
than in the human study. It has been shown in human intestines, that L-glutamine-
dipeptides are predominantly absorbed as intact dipeptide rather than being hydrolysed 
into L-glutamine (43). Our observations suggest that this might be different in mice, 
since the splanchnic extraction was calculated to be higher in the groups receiving the 
dipeptide, suggesting hydrolysis of the dipeptide in the intestine or the liver.   
Interestingly, the Wb Ra of L-citrulline and L-arginine were not affected by the route of 
administration or the molecular form of L-glutamine. In a previous mouse study, when no 
L-glutamine or dipeptide of L-glutamine was administered, the Wb Ra of L-citrulline was 
≈26% higher and Wb Ra of L-arginine was ≈31% higher than in the present study (44). 
Because the arterial plasma L-citrulline and L-arginine values were, respectively, 50% 
and 30% lower in the previous study, the present study indicates that the exogenous 
L-glutamine dosage might have suppressed the metabolic turnover of L-citrulline and 
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L-arginine. This finding is in agreement with the observation that the large dose of 
L-[2-15N]glutamine or L-alanyl-L-[2-15N]glutamine probably suppressed the turnover of 
L-glutamine, when compared with the observed turnover of 245 nmol · 10 g-1 · min-1 
L-glutamine by Braulio et al. (45).
Summarized and compared with the other experiments (46;47), the results from this 
study might indicate that the plasma concentrations of L-glutamine, enhanced by the 
exogenous supply of labelled L-glutamine, L-arginine, and L-citrulline regulate the 
metabolic turnover of the respective amino acids, independent of precursor supply.
Furthermore, it should be taken into account that the Wb Ra of L-arginine reflects the 
entry of L-arginine into the plasma pool from mostly 1) whole body protein breakdown 
and less from 2) de novo L-arginine synthesis from L-citrulline (48). 

L-glutamine conversion to L-citrulline and L-arginine 
L-glutamine contributed more to the de novo synthesis of L-citrulline and L-arginine when 
L-[2-15N]glutamine or L-alanyl-L-[2-15N]glutamine was provided by the enteral route. The 
contribution of L-glutamine to the conversion of L-citrulline to L-arginine was highest in 
the enteral groups and the free L-glutamine groups without introducing a difference in 
the absolute de novo synthesis of L-arginine.
By the enteral route, L-glutamine is first passing the gut, which is the main “L-glutamine-
consuming” and “L-citrulline-producing” organ (49;50). In rats, it was shown that a normal 
rat chow containing L-glutamine stimulates glutaminase specific activity the most, 
followed by L-glutamine-enriched parenteral nutrition. Glutaminase specific activity 
was lowest in rats receiving conventional parenteral nutrition (51). Therefore, it could 
be hypothesized that luminal delivery of L-glutamine will enhance intestinal L-glutamine 
metabolism. Exact mechanisms behind the preference of luminally or intravenously 
offered precursors remain to be unravelled.
The conversion of glutamine into citrulline is 2-3 % of the total appearance rate of 
L-glutamine, of which approximately one-half is converted into L-arginine. Thus, 
glutamine is quantitatively an important source for de novo synthesis of L-arginine but 
L-arginine is quantitatively an unimportant product of L-glutamine metabolism. The 
results from the adapted equation, revealing the direct contribution of the conversion 
of L-[2-15N]glutamine to L-[2-15N]citrulline to the total conversion of L-glutamine to 
L-citrulline, suggest that the effect of provision of L-glutamine by the enteral route is an 
effect on total intestinal glutamine metabolism. 
The relative contribution of the de novo synthesis of L-arginine from L-citrulline to the 
Wb Ra of L-arginine was observed to be different for route between the dipeptide and 
the free L-glutamine group. This observation suggests an interaction between route 
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and molecular form of L-glutamine. This finding deserves further attention in future 
research.

Free L-[2-15N]glutamine or dipeptide 
More de novo L-arginine was synthesized from L-citrulline when free L-[2-15N]glutamine 
was given compared with the dipeptide. De novo L-arginine production was ≈60% of 
the substrate pool (Wb Ra of L-citrulline) in the free L-glutamine groups, and ≈45% in 
the dipeptide groups. This finding supports the hypothesis that the molecular form of 
L-glutamine also affects the contribution of L-glutamine to L-arginine. This possible 
effect deserves further exploration.

Summary of main findings 
In conclusion, L-glutamine serves as substrate for de novo L-citrulline and L-arginine 
synthesis in mice. Also, quantities of the product were observed to be affected by the 
feeding route (enteral or intravenous) and the different molecular forms (free amino acid 
or dipeptide) of the provided exogenous L-glutamine. When (L-alanyl-)L-glutamine was 
administered by the enteral route, L-glutamine contributed significantly more to the de 
novo L-citrulline and L-arginine synthesis in-vivo in mice. The finding that feeding route 
and molecular structure of L-glutamine affect the contribution of L-glutamine to the de 
novo synthesis of L-arginine raises a number of questions for future research. Most 
importantly: what is the contribution of L-glutamine to de novo synthesis of L-arginine in 
humans?
After the contribution of L-glutamine to de novo synthesis of L-arginine under post-
absorptive circumstances in humans is established, it will be interesting to investigate 
the effect of an exogenous supplementation with L-glutamine, parenteral or enteral, free 
or as a dipeptide with L-alanine, on the de novo synthesis of L-arginine.
Furthermore, considering the observed effect of enterally provided (L-alanyl)-L-
glutamine on de novo synthesis of L-citrulline and L-arginine, the question arises what 
will be the quantitative importance of the intestinal-renal axis in the de novo synthesis of 
L-arginine will be. This last question was recently answered in mice (6), but remains to 
be answered in humans. 
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Abstract

Background
A metabolic relationship exists between glutamine and arginine, 2 amino acids with 
properties that enhance the recovery of seriously ill patients. It is possible that glutamine 
exerts part of its beneficial effects by enhancing the availability of arginine.

Objective
We aimed to quantify under post absorptive conditions the metabolic pathway of plasma 
glutamine into arginine via the intermediate citrulline and to establish the contribution of 
the kidneys to the synthesis of arginine.

Design
The study was conducted in patients during surgery. The metabolism of glutamine, 
citrulline and arginine was studied by using intravenous administration of stable isotope 
tracers of the amino acids. Results were interpreted using established equations. 
Parametric tests were used to test and correlate results. P<0.05 was regarded as 
significant.

Results
Mean (±SEM) whole-body plasma turnover rates of glutamine, citrulline, and arginine 
were 240 ± 14, 6.2 ± 0.6 and 42 ± 2.9 µmol · kg-1 · h-1, respectively (P<0.01). Plasma 
turnover of citrulline derived from glutamine was shown to be 5.1 ± 0.7 µmol · kg-1 · h-1, 
and arginine derived from citrulline was shown to be 4.9 ±1 0.9 µmol · kg-1 · h-1 (P<0.01). 
The contribution of plasma glutamine to plasma arginine derived from plasma citrulline 
was calculated to be 64%. The kidneys were observed to take up >50% of circulating 
plasma citrulline and release equimolar amounts of arginine into plasma.

Conclusions
This study shows that glutamine is an important precursor for the synthesis of arginine in 
humans. It also provides a firm basis for future studies exploring the effect of a treatment 
dose and the route of administration (enteral or parenteral) of glutamine.
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Introduction

The relation between glutamine and arginine has been subject of research by our group 
since the early 1990s, when Houdijk et al. (1) observed that a glutamine-enriched 
enteral diet enhanced plasma concentrations of citrulline and arginine and resulted in 
a higher renal uptake of citrulline and release of arginine in rats. A few years later, our 
group established that supplemental glutamine provided by the enteral route normalized 
depressed concentrations of arginine in trauma patients (2) and that intravenous 
administration of the dipeptide alanyl-glutamine in preoperative patients resulted in a 
rise in plasma levels of arginine (3).
The importance of these observations is supported by the clinical relevance of both 
glutamine and arginine - substrates with a broad spectrum of properties – in enhancing 
recovery after surgery, trauma, and other conditions of serious illness (4-6). In view 
of the apparent relation between glutamine and arginine, it could be speculated that 
glutamine exerts its positive effects partly by enhancing the availability of arginine.
The current concept is that the intestinal conversion of glutamine leads to a release from 
the gut of citrulline, which, after its uptake from the bloodstream, is converted by the 
kidneys into arginine (4;6-8). Evidence has accumulated for the existence of this pathway 
in mice and rats (1;9-12). Boelens et al. (9;10) were the first to confirm the existence of 
the complete pathway of glutamine into citrulline and arginine in mice with both enteral 
and intravenous administration of glutamine. Their experiments also showed that the 
quantitative importance of glutamine for arginine synthesis was affected by the route of 
administration and that the enteral route is more favorable.
In humans, previous investigations show that the intestines are the most important 
site for the release of citrulline (13;14), and glutamine was recently established to be 
quantitatively the only important precursor for this intestinal release of citrulline (15). 
Furthermore, other stable isotope studies in humans support the quantitative importance 
of citrulline in the generation of arginine at the whole body (WB) level (16;17), and a 
correlation was shown between the uptake of citrulline and release of arginine by the 
human kidneys (14;18;19). These observations together suggest that glutamine is a 
precursor for arginine synthesis in humans, and that intestinal and renal metabolism 
may be involved is this pathway.
However, in humans, the metabolic route of glutamine to citrulline and then to arginine 
remains to be confirmed, and the importance of glutamine as a precursor of arginine 
remains to be quantified. The aim of this study was to investigate this pathway at the 
WB and organ levels in humans under postabsorptive conditions in an effort to provide 
a firm basis for future studies involving the effect of a treatment dose of glutamine or the 
route of administration. Therefore we applied a classic stable-isotope in vivo approach 
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in 8 subjects undergoing major abdominal surgery, which facilitated access to the portal, 
hepatic and renal veins. The stable isotope tracers L-[2-15N]glutamine, L-[13C]ureido[5,5-
2H2]citrulline and L-[guanidino-15N2]arginine were used to investigate the metabolic 
relations of glutamine, citrulline and arginine at the WB plasma level and across the 
intestines, the liver and the kidneys in these surgical patients.
Intestinal and hepatic results are described elsewhere (15). In this report, we show the 
quantitative importance of glutamine for the de novo synthesis of arginine in fasting 
humans, as well as the contribution of the kidneys to the release of arginine.

Patients and Methods

Patients
Eight patients (6 male; 2 female) undergoing gastrointestinal surgery (n = 6, 1, 
and 1 undergoing liver resection, pancreaticoduodenectomy, and duodenectomy, 
respectively) at the University Hospital Maastricht (UHM), because of liver metastasis 
due to previously resected colonic cancer (n=6), cancer in the head of the pancreas 
(n=1) or because of familial adenomatous polyposis (n=1), were included. On the day 
of admission, routine blood tests were performed, a dietary questionnaire was obtained 
and body composition was measured by using bioelectrical impedance analysis (Xitron 
4200: Xitron Technologies, San Diego, CA). Patients with known parenchymal liver 
disease, inborn errors of metabolism, diabetes mellitus type I, a history of weight loss, 
clear cachexia, or other indications of metabolic disorders were excluded from the 
study. Patient characteristics are presented in Table 1. Oral intake except for water 
was stopped at 2000 on the day before surgery. All patients were transported to the 
operation theatre at ≈ 0730 the next day.
All patients gave written informed consent. The Medical Ethical committee of the UHM 
approved the study.

Study design
The metabolic study was conducted during surgery. Stable isotope tracers were 
administered intravenously to quantify the plasma turnover of the L-amino acids 
glutamine, citrulline and arginine and the conversions of glutamine into citrulline and of 
citrulline into arginine at the WB plasma level in the fasted state. The surgical procedure 
also enabled us to quantify renal citrulline and arginine turnover with the provided tracers 
and their metabolic products.
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Table 1: Patient characteristics1
Mean ± SEM Reference values2

Baseline characteristics
Age (year) 60 ± 2

Height (cm) 173 ± 4

Weight (kg) 92 ± 6

FFM (kg) 67 ± 3

BMI (kg/m2) 30 ± 1

Intake of kcal / kg on the day prior to surgery 17 ± 1.2  

Intake of protein (g) / kg on the day prior to surgery 0.68 ± 0.06

Preoperative laboratory results
Kidney function:

- urea (mmol/L) 4.5 ± 0.3 3.0 - 8.0

- creatinine (µmol/L) 81 ± 6 60 - 115

Liver function:

- Transaminases

AST (U/L) 24 ± 3 0 - 35

ALT (U/L) 35 ± 5 0 - 45

- Bilirubine (µmol/L) 15 ± 0.8 0 - 20

Pancreatic function: amylase (U/L) 130 ± 26 0 - 220

Other parameters:

- Total protein (g/L) 73 ± 1 60 - 80

- Albumin (g/L) 37 ± 5 32 - 47

- C-reactive protein (mg/L) 5.8 ± 2.7 0 - 10

- Glucose (mmol/L) 6.1 ± 0.4 3.1 - 7.8

Laboratory results during surgery
Acid-base status:

pH
- Baseline 7.45 ± 0.03 7.35 - 7.45

- After 90 min of surgery 7.41 ± 0.02

- After 150 min of surgery (end of study protocol) 7.38 ± 0.02

HCO3- (mmol/L)
- Baseline 23.7 ± 2.55 22 - 28

- After 90 min of surgery 22.8 ± 1.01

- After 150 min of surgery (end of study protocol) 20.2 ± 0.95

Glucose (mmol/L) 10.0 ± 0.4 3.1 - 7.8

Renal plasma flow of 2 kidneys (mL · kg-1 · h-1) 335 ± 31

Blood loss during protocol (mL) 710 ± 120

Provided fluid during protocol (mL) 4690 ± 980

Urine production during protocol (mL) 215 ± 40
1 n = 6 M, 2 F. AST, aspartate aminotransferase; ALT, alanine aminotransferase; FFM, fat-free mass; BW, 
body weight. 2 From the laboratory at the University Hospital Maastricht
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Stable isotopes tracers
The tracers L-[2-15N]glutamine, L-[13C]ureido[5,5-2H2]citrulline and  L-[guanidino-15N2]
arginine (all: >98% mol percent enrichment) were purchased from Cambridge Isotope 
Laboratories (Woburn, MA). Sterile and pyrogen-free stock solutions of the tracers were 
prepared by the Department of Clinical Pharmacy at the UHM and were kept at -20 °C 

until the evening before surgery. The stock solutions were diluted with normal saline 
before the start of each tracer infusion.

Surgical procedure and anesthesia
To standardize metabolic and surgical conditions, all patients underwent surgery at the 
same time of the day and were operated on by the same surgical team. Anesthesia was 
applied by using isoflurane and propofol. In all patients, a thoracic epidural catheter 
was inserted for perioperative administration of analgesia; indwelling catheters were 
inserted in a jugular vein and a radial artery to monitor arterial and central venous 
blood pressure, as well as pH, HCO3

- and glucose. No exogenous bicarbonate was 
supplied, and lactate-containing infusates were routinely avoided in patients undergoing 
liver surgery. Urine output was monitored by using transurethral catheterization. Body 
temperature was kept constant using a Bair Hugger system (Arizant Healthcare Inc, 
Eden Prairie, MN).

Tracer infusion, blood sampling and renal blood flow measurement
After the induction of anesthesia, a catheter was placed in an antecubital vein for isotope 

infusion. Blood was sampled from the radial artery catheter. After baseline sampling 
and shortly after incision, a primed, continuous intravenous infusion of the stable 
isotope tracers was started and continued for 2.5 h (Table 2). For the tracer infusion, a 
calibrated, volume-controlled pump (Graseby 3000, Watfords, Herts, UK) was used.
During infusion, blood samples were drawn at 30, 60, 90, 120, and 150 min after the 
beginning of the infusion for the study of WB plasma amino acid turnover. After 1 h, 
when experience has shown that an isotopic steady state would be present, blood was 
drawn from the right renal vein by direct puncture, and arterial blood sampling was done 
simultaneously to study renal metabolism. The renal vein was sampled before organ 

Table 2: Tracer dosages 
Tracer Infusion rate Priming dosage

µmol · kg-1 · h-1 µmol/kg

L-[2-15N]glutamine 18.0 25.6

L-[13C]ureido[5,5-2H2]citrulline 0.27 0.58

L-[guanidino-15N2]arginine 3.51 3.65



95The pathway of glutamine to arginine in humans

transection in those patients undergoing liver resection. To quantify renal amino acid 
fluxes, blood flow was measured in the right renal vein by using a color Doppler ultrasound 
(Prosound SSD 5000; Aloka Co., Ltd, Tokyo, Japan) before samples were taken from the 
renal vein. Time-averaged mean velocities of the blood stream and cross-sectional area 
of the right renal vein were measured as described previously (19). Briefly, the renal vein 
was traced using a sterile transducer (UST-579T-7.5, 5-10-MHz linear; Aloka Co., Ltd). 
For accurate measurements, care was taken to keep the angle between the ultrasonic 
beam direction and blood flow direction <60°. The cross-sectional area of the vessel 
was calculated by drawing an area ellipse at the same point at which the velocity was 
measured. Blood flow in the renal vein was calculated by multiplying the time-averaged 
velocity of the blood stream by the cross-sectional area of the vessel. Renal plasma flow 
was calculated from measured blood flow and hematocrit [Plasma flow = Blood flow x 
(1-hematocrit)] and multiplied by 2 for each patient separately (assuming both kidneys 
contribute equally to total renal flow).

Processing of blood samples
Blood was collected in chilled heparinized vacuum tubes (Vacutainer; Becton-Dickinson, 
Franklin Lakes, NJ) and placed on ice. Within 1 h, blood was centrifuged (10 min, 4000 
rpm, 4°C) and 500 µl of plasma was added to 80 mg dry sulphosalicylic acid (Across 
Inc., Geel, Belgium) to precipitate plasma proteins. After vortex mixing, deproteinized 
plasma samples were snap-frozen in liquid nitrogen and stored at -80°C until they were 
analyzed. The use of stable isotopes requires plasma sampling, because sampling 
should occur from a pool in which the tracer mixes freely (20). Before centrifugation, 
hematocrit of each blood sample was measured by using a micro capillary centrifuge.

Laboratory analysis 
Amino acid concentrations in deproteinized plasma samples and infusates were 
measured by using HPLC as described elsewhere (21). Glutamine, citrulline and arginine 
enrichments were measured by using liquid chromatography-mass spectrometry (22) 
and were expressed as tracer-to-tracee ratio [(TTR) tracer = labeled substrate; tracee 
= unlabeled substrate] x 100 (TTR %). The mean (±SD) of the measured standards for 
tracer enrichments were: 6.8 ± 0.29 TTR% for [15N]glutamine, 8.4 ± 0.49 TTR% for [15N]
citrulline, 1.4 ± 0.37 TTR% for [13C-2H2]citrulline, 8.4 ± 0.25 TTR% for [15N]arginine, and 
0.8 ± 0.21 TTR% for [15N2]arginine and [13C-2H2]arginine.
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Calculations
Isotopic enrichment was calculated by taking into account the contribution of overlapping 
isotopomer distributions of the tracee and tracers with lower masses to the measured 
TTR as described by Vogt et al. (23). Metabolic fluxes and conversions were calculated 
using established formulas (24;25).

Steady state curve-fitting
For the estimation of individual steady state values, arterial enrichment curves at 
each mass of each amino acid under study were fitted for each patient with the use 
of PRISM for WINDOWS software (version 4.03; GraphPad Software Inc, San Diego, 
CA). For calculations of renal metabolism, the enrichment of the arterial sample taken 
simultaneously with the sample from the right renal vein was used for the calculations.

Whole-body plasma turnover of the amino acids studied
Whole- body plasma rate of appearance of glutamine, citrulline and arginine
The WB plasma rate of appearance (WB Ra; µmol · kg-1 · h-1) of glutamine, citrulline, 
and arginine was calculated from the arterial TTR values (TTR-A) of [15N]glutamine, 
[13C-2H2]-citrulline,  and [15N2]arginine, respectively, and the known infusion rate of 
these tracers by using the following equation (24):

WB Ra = Ι/TTR-A      (1)

where I is the known infusion rate of the tracers.

Whole-body de novo citrulline synthesis from glutamine

Calculation of the rate of WB plasma turnover (Q; µmol · kg-1 · h-1) of glutamine into 
citrulline was performed by using the following equation of Castillo et al. (17): 

Q GlnCit = WB Ra Cit * TTR-A Cit M+1 / TTR-A Gln M+1  (2)

where WB Ra Cit is the plasma WB Ra  of citrulline, calculated from the TTR of the 
infused [13C-2H2]citrulline tracer by using equation 1, and Cit M(mass)+1 is [15N]citrulline 
coming from [15N]glutamine (Gln M+1).

Whole-body de novo arginine production rate from citrulline

Calculation of the WB plasma turnover of citrulline into arginine (de novo arginine 
synthesis) was performed as described by Castillo et al. (17) by using the following 
equation:

Q CitArg = WB Ra Arg * TTR-A Arg M+3 / TTR-A Cit M+3  (3)
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where WB Ra Arg is the WB Ra of arginine, calculated from the TTR of the [15N2]arginine 
tracer by using equation 1, and Arg M+3 is [13C-2H2]arginine coming from [13C-2H2]
citrulline (Cit M+3).

Renal metabolism of the amino acids studied
Renal net balance, disposal and production of the amino acids studied

The renal net balance (NB) of glutamine, citrulline and arginine was calculated by 
subtracting renal output ([renal venous (RV) amino acid concentration (in µmol/L)] * 
plasma flow (F) in L/kg/hr) from renal input ([arterial (A) amino acid concentration (in 
µmol/L)]* F):

NB = ([A] * F) – ([RV ] * F)    (4)

The tracer net balance (tnb) of the glutamine, citrulline and arginine tracers was calculated 
in the same way as the renal NB. Plasma tracer concentrations were calculated by 
multiplying the plasma concentration of an amino acid by the concomitant TTR of this 
amino acid, according to the following equation:

tnb = ([A]*TTR-A *F) – ([RV ]*TTR-RV*F)  (5)

where TTR-A represents arterial tracer enrichment and TTR-RV represents renal 
venous tracer enrichment.

The tnb of arginine was corrected for [2H2]arginine as described by Hallemeesch et al. 
(26). The rationale for this correction is that the [13C-2H2]arginine coming from [13C-2H2]
citrulline, may in turn be catabolized by arginase, which would lead to [2H2]ornithine, 
which in turn will give rise to [2H2]citrulline and [2H2]arginine. This correction assumes 
that [2H2]citrulline (Cit M+2) is converted into [2H2]arginine (Arg M+2) in the same way as 
[13C-2H2]citrulline (Cit M+3) is converted into [13C-2H2]arginine (Arg M+3):

Corrected tnb Arg M+2 =     (6)

[A Arg] * TTR-A Arg M+2 * F – { ([RV Arg]*TTR-RV Arg M+2 * F ) -   
((TTR-A Cit M+2 / TTR-A Cit M+3) * [RV Arg] * TTR-RV Arg M+3 * F) }

The fractional extraction (FE) of the amino acids studied was calculated dividing tnb by 
input of the concomitant provided tracer, according to the following equation: 

FE = tnb/([A]*TTR-A *F)    (7)

Renal disposal, representing the unidirectional absolute renal uptake of glutamine, 
citrulline, or arginine was calculated from the tnb and the TTR-RV of the respective 
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tracer, which is known to most accurately represent intracellular enrichment (27). The 
calculation was done according to the following equation:

Disposal = tnb / TTR-RV      (8) 

Renal production, representing the unidirectional absolute release of glutamine, 
citrulline, and arginine was calculated by subtracting the renal NB from the renal 
disposal, according to the following equation:

Production = disposal – NB     (9)

Renal de novo synthesis of arginine from citrulline

Renal de novo synthesis of arginine from citrulline (Q Cit→Arg) was calculated using the 
TTR-A of [13C-2H2]citrulline (Cit M+3) and the TTR-RV of [13C-2H2]arginine (Arg M+3). 
First, the renal output of Arg M+3 was corrected for the fraction of bypassing arginine, 
which was calculated with the help of the renal FE of arginine, as in the following 
equation:

Corrected renal output Arg M+3 =    (10)

([RV Arg]*TTR-RV Arg M+3 * F) – ([A Arg] * TTR-A Arg M+3 * F * (1- FE Arg )) 

Subsequently Q Cit→Arg was calculated by multiplying the ratio between the corrected 
renal output of Arg M+3 to the renal input of Cit M+3 by the renal input of unlabeled 
citrulline, according to the following equation:

Renal Q Cit→Arg =      (11)

(Eq 10  / ([A Cit] * TTR-A Cit M+3 *F)) * [A Cit] * F

Statistical analysis
Results are presented as means ± SEMs. With respect to renal metabolism, disposal 
(only in case of arginine), production and conversion rates <0 were considered absent 
and therefore equal to 0. This adaptation did not affect the direction of the results.
The one-factor analysis of variance for repeated measurements was used to test 
whether arterial enrichments were in steady state. The one-sample t test was used 
to test whether arterial and venous enrichments; WB turnover, renal NB, disposal, 
and production; and the renal conversion of citrulline into arginine differed from zero. 
Correlations were studied by using the Pearson test. We used EXCEL for WINDOWS 
software (version 2003; Microsoft Corp, Redmond, WA) to perform calculations, and 
SPSS for WINDOWS software (Version 14.0.1; SPSS Inc, Chicago, IL) to perform 
statistical tests. P<0.05 was considered to indicate significance.
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Results

Flow measured in the right renal vein was multiplied by two for each patient. Subsequently, 
the mean plasma flow of all patients was used in calculations, because results did not 
differ significantly from individual flow results, but variation was larger.
Arterial plasma enrichment (expressed as TTR) was observed to be in steady state for all 
infused tracers: 6.66 ± 0.35% for [15N]glutamine, 2.58 ± 0.44% for [13C-2H2]citrulline and 
6.7 ± 0.67% for [15N2]arginine (Figure 1). Moreover, the TTRs of the metabolic products 
of [15N]glutamine metabolism - [15N]citrulline and [15N]arginine - were observed to be 
significantly different from zero (5.52 ± 0.44% and 1.43 ± 0.12%, respectively; P<0.001), 
which shows that the 15N label of glutamine found its way to citrulline and arginine.

Figure 1. The arterial enrichments of the given stable isotope tracers L-[2-15N]glutamine, L-[13C]
ureido[5,5-2H2]citrulline, and L-[guanidino-15N2]arginine. TTR%, tracer-to tracee ratio (in %). No 
significant change in the slope of arterial enrichment was observed between 30 and 120 min (one-factor 
repeated-measures analysis of variance) for any of the given tracers. Therefore, the enrichment of all 
given tracers was considered to be in steady state. Furthermore, arterial enrichment curves were fitted for 
each patient to estimate individual steady state values. In 4 patients the last measurement (at 150 min) 
was omitted from the analysis because the infusion of the tracers was terminated before the last sample 
was taken.
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Whole-body plasma amino acid turnover
Whole-body rate of appearance of glutamine, citrulline, and arginine

WB plasma turnover rates for glutamine, citrulline and arginine were observed to be 240 
± 14, 6.2 ± 0.6, and 42 ± 2.9 µmol · kg-1 · h-1, respectively (P<0.01).

Whole-body conversions of glutamine into citrulline and arginine

WB plasma citrulline derived from plasma glutamine was observed to be 5.1 ± 0.7
µmol · kg-1 · h-1 (P<0.01), representing 83 ± 5% of the total plasma turnover of citrulline. 
Plasma arginine synthesis from plasma citrulline was observed to be 4.9 ± 0.9
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µmol · kg-1 · h-1 (P<0.01), representing 11 ± 2% of the total plasma turnover of arginine 
and 76 ± 10% of the total plasma turnover of citrulline. Both conversions are shown 
together with the WB Ra of citrulline in Figure 2. The contribution of glutamine to the de 
novo synthesis of arginine from citrulline in plasma was calculated to be 64 ± 11%.

Figure 2. The conversion of glutamine into citrulline and of citrulline into arginine, together with the whole-
body (WB) plasma rate of appearance (Ra) of citrulline. From these results, the contribution of glutamine 
to citrulline, of citrulline to arginine, and of glutamine to arginine synthesis can be calculated. When 
expressed as a percentage of the WBRa of citrulline, glutamine contributes 83 ± 5% to the plasma Ra of 
citrulline and 76 ± 10% of plasma citrulline turnover is converted into plasma arginine, which represents 
the de novo synthesis of arginine. Thus, the contribution of glutamine to de novo synthesis of arginine was 
calculated by multiplying the contribution of glutamine to citrulline synthesis (as % of citrulline turnover) 
with the % of citrulline converted into arginine (as % of citrulline turnover); the result was 64 ± 11%. Gln, 
glutamine; Cit, citrulline; Arg, arginine. * Significant difference from 0 (P<0.05, 1- sample t test).
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Renal metabolism of citrulline and arginine
Arterial and RV enrichments (expressed as TTRs) of the isotopic tracers [15N]glutamine, 
[13C-2H2]citrulline, and [15N2]arginine and the labeled conversion products [15N]citrulline,  
[15N]arginine, and [13C-2H2]arginine from [15N]glutamine and [13C-2H2]citrulline are 
summarized in Table 3. These results were used to calculate the renal NB of glutamine, 
citrulline and arginine, as well as the unidirectional uptake and release of these amino 
acids by the kidneys.

Renal net balance, disposal and production of citrulline and arginine

Renal NB, disposal, and production of glutamine, citrulline, and arginine are summarized 
in Table 4. Significant renal unidirectional uptake of citrulline (7.2 ± 2.2 µmol · kg-1 · h-1; 
P=0.01) and release of arginine (6.2 ± 1.6 µmol · kg-1 · h-1; P<0.01) was observed in all 
patients, illustrating the role of the kidney in the plasma release of arginine. 
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Renal de novo synthesis of arginine from citrulline

Renal synthesis of plasma arginine from plasma citrulline was observed to be 1.5 ± 0.7 
µmol · kg-1 · h-1 (P=0.05). This value represents ≈ 21 ± 9% of the total renal production of 
plasma arginine and 57 ± 25% of the WB plasma turnover of citrulline into arginine.

Discussion

For the first time we show in humans the qualitative and quantitative importance of 
glutamine as a precursor for the synthesis of citrulline and arginine under post absorptive 
conditions. Our data suggest that ≈83% of circulating plasma citrulline comes from 
plasma glutamine and that ≈11% of plasma arginine is derived from plasma citrulline. It 
is important that the present data indicate that 64% of the arginine obtained by de novo 
synthesis is generated from citrulline that comes from glutamine.

Whole body rate of appearance of glutamine, citrulline and arginine
In the current study, the WB plasma flux of glutamine was in the range typically reported 
in the literature (28-31). Glutamine metabolism was not affected by the presence of 
cancer, perhaps because patients with a history of weight loss, clear cachexia, or other 
indications of metabolic disorders were excluded from the study. The WB turnover of 

Table 3: Arterial and renal venous enrichments (in tracer-to-tracee ratio) of given isotopic tracers1

TTR% Gln M+1 Cit M+3 Arg M+2 Arg M+3 Cit M+1 Arg M+1

A 6.43 ± 0.27 2.39 ± 0.35 6.58±0.54 0.23±0.03 5.67±0.36 1.32±0.09 

RV 5.82 ± 0.52 2.26±0.59 5.93±0.53 0.32±0.11 6.21±0.73 1.80±0.24 
1All values are mean ± SEM. Gln M+1, [15N]glutamine; Cit M+3, [13C-2H2]citrulline; Arg M+2, [15N2]
arginine; Arg M+3, [13C-2H2]arginine; Cit M+1, [15N]citrulline; Arg M+1, [15N]arginine. The isotopic tracers 
are [15N]glutamine, [13C-2H2]citrulline, and [15N2]arginine; labeled conversion products are [15N]citrulline, 
[15N]arginine, and [13C-2H2]arginine from [15N]glutamine and [13C-2H2]citrulline. All TTRs were significantly 
different from 0, P<0.05 (1-sample t test).

Table 4: Renal net balance (NB), disposal and production of glutamine, citrulline and arginine1

µmol · kg-1 · h-1 Renal NB Renal Disposal Renal Production

Glutamine 17.1 ± 8.7 53.8 ± 20.7 2 40.9 ± 23.5

Citrulline 3.1 ± 0.6 2 7.2 ± 2.2 2 4.6 ± 2.0

Arginine -3.0 ± 1.1 2 3.7 ± 1.3 6.2 ± 1.6 2

1All values are mean ± SEM. A positive NB represents net uptake, and a negative NB represents net 
release of the amino acid. Disposal represents the unidirectional uptake, and production represents the 
unidirectional release of the amino acid. The renal uptake of citrulline was equal to the release of arginine. 
2 Significant different from 0, P<0.05 (1-sample t test).
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arginine observed was comparable to values reported by Castillo et al. (16;17;32;33) 
in fasted subjects, but the WB turnover of citrulline was observed to be lower. This 
difference may be related to the study design, such as the inclusion of a different 
citrulline tracer in the present study. If the citrulline tracer was somehow recycled, the 
citrulline turnover might have been underestimated. 
Moreover, patients were studied during surgery. Previous investigations suggested that 
general anesthesia does not affect metabolism, but indicated that surgery causes a 
depression of WB protein metabolism (34-38). However, WB fluxes of glutamine and 
arginine were not observed to be affected by this phenomenon in the present study.
The acid-base status, which has a distinct influence on glutamine metabolism, was 
closely monitored and was not observed to be disturbed by the surgical procedure. 
Moreover, metabolic steady state was maintained during the entire study, and venous 
blood was sampled before the liver transection. During surgery, patients received more 
fluids than they excreted via blood loss and urine production. However, no significant 
plasma dilution, which could have affected results at the organ level, occurred when the 
percentage hematocrit was observed over time (data not shown). Because no patient 
received supplemental blood during the protocol, hematocrit may have been affected 
only by intravascular volume changes. Other investigators have suggested that, besides 
disappearing into blood loss or urine production, intraoperative infused fluids evaporate 
from the wound, the airways and the skin and accumulate in peripheral tissues (39;40). 
These losses may explain why infusion of a large amount of fluid to sustain cardiac 
output not automatically result in a dilution of the plasma pool.
The patients in the present study had an average BMI of 30. Unfortunately such a high 
BMI currently is representative of well nourished Dutch (and other Western) people over 
40 y old. Therefore, whereas the inclusion of slightly obese subjects may have influenced 
the results, for the same reason, it also contributes to the internal and external validity 
of the present data. However, no correlation was observed between BMI and metabolic 
results.

Conversion of glutamine into citrulline and arginine at the whole body 
level
It was suggested by previous studies that glutamine can be deamidated in the intestines 
by phosphate-dependent glutaminase into glutamate, which is subsequently converted 
into ornithine and citrulline (8). Citrulline appears to be an end-product of intestinal 
glutamine metabolism (11-15;41), and ≈80% of circulating plasma citrulline is now known 
to come from this intestinal glutamine metabolism (15). Results of the current study 
at intestinal level, showing this observation, are summarized in Table 5. At WB level, 
glutamine was observed to be the precursor for 83% of circulating plasma citrulline. 
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Therefore it can be stated that the intestines are the most important site, if not only site, 
for the conversion of glutamine into citrulline. 
Arginine obtained by de novo synthesis from citrulline, was observed to represent 76% 
of the WB plasma turnover of citrulline and 11% of the WB plasma flux of arginine, both of 
which values are lower than the values observed by Castillo et al. (17). Those investigators 
established that 100% of circulating plasma citrulline is used for  the synthesis of plasma 
arginine and that the de novo synthesis of plasma arginine represents 15% of the total 
plasma arginine release  (17). It is also possible that we underestimated the turnover of 
citrulline in our study, because of the choice of tracer.
Combining the 2 observations of the conversion of glutamine into citrulline and of 
citrulline into arginine (Figure 2), we conclude that glutamine is the precursor for 64 ± 
11% of arginine generated by de novo synthesis. It is important to outline that glutamine 
contributes to the synthesis of arginine along 2 pathways: the carbon moiety together 
with the amino group can end up in citrulline and subsequently in arginine, and glutamine 
can donate its amino nitrogen atom to the guanidino group by transamination processes, 
as described by van de Poll et al. (15). Using [15N]glutamine to study the conversion of 
glutamine into citrulline (amino group) and [13C-2H2]citrulline to study the conversion 
of citrulline into arginine (carbon moiety) at the WB level, enabled us to quantify the 
contribution of glutamine to arginine through citrulline without including the contribution 
of glutamine to arginine synthesis by transamination processes.

Renal contribution to de novo synthesis of arginine
The kidney is considered to be the most important organ for arginine synthesis. According 
to animal experiments, ≈60% of de novo arginine synthesis occurs in the kidneys. 
Argininosuccinate synthase and argininosuccinate lyase catalyze the transamination 
reaction by which arginine is synthesized from citrulline (6).
Our study showed that the kidneys are indeed an important site for the uptake of 
citrulline and release of arginine. More than 50% of citrulline appearing in plasma was 

Table 5: Metabolism of glutamine and citrulline across the portally drained viscera (PDV)1

µmol · kg-1 · h-1 PDV 
NB

PDV 
Disposal

PDV 
Production

Conversion of glutamine 
into citrulline by the PDV

Glutamine 27.8 ± 4.22 45.1 ± 9.42 17.3 ± 8.2

Citrulline -5.8 ± 0.52 0.0 ± 0.0 5.8 ± 0.82 5.9 ± 0.82

1All values are mean ± SEM. A positive NB represents net uptake, and a negative NB represents net 
release of the amino acid. Disposal represents the unidirectional uptake, and production represents the 
unidirectional release of the amino acid. The production of citrulline derived from glutamine was shown to 
equal the total intestinal production of citrulline, which indicates that glutamine is the only quantitatively 
important precursor for citrulline produced by the PDV. 2 Significant different from 0, P<0.05 (1-sample t 
test).
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observed to be taken up by the kidneys, and this process resulted in equimolar releases 
of arginine in plasma. Tracer results indicate a renal uptake of citrulline and release of 
arginine even greater than the renal NBs of both. The calculated renal conversion of 
citrulline into arginine suggests that this conversion is responsible for ≈60% of the de 
novo synthesis of plasma arginine from plasma citrulline at the WB level, a possibility 
that is in agreement with results reported in the literature.
However, the results at renal level do raise a few questions. The renal production 
of arginine was observed to exceed the calculated renal conversion of citrulline into 
arginine. An explanation may be that other substrates were converted within the kidney 
into citrulline and subsequently converted into arginine. A likely candidate as one of 
these other substrates is plasma glutamine, which was shown to be taken up by the 
kidneys in large quantities and which is able to serve arginine synthesis in a manner 
independent of its conversion into plasma citrulline. Unfortunately, the current study 
design impedes the distinction between [15N]glutamine or [15N]citrulline as the source 
for renal synthesis of plasma [15N]arginine.
It is not known where the other 40% of arginine is synthesized, assuming that the 
synthesis does not occur in the kidneys. The kidney is the only organ known to both take 
up and release arginine in mammals. The fact that argininosuccinate synthase and lyase 
are also widely expressed in other cell types, such as hepatocytes, endothelial cells and 
macrophages, may clarify this uncertainty. In these cells, arginine is being formed and 
broken down in intracellular cycles such as the urea cycle (liver) and the nitric oxide 
cycle (endothelial cells, macrophages). Although compartmentalization of metabolites 
within these cycles should prohibit the net release of newly formed arginine into the 
circulation (42), results from the present study and a study by Wu et al. (6) suggest that 
the conversion of citrulline into arginine within one of these cycles may result in the net 
release of arginine into the circulation.
In conclusion, the present study showed that glutamine contributes 64% to the synthesis 
of arginine from citrulline in plasma under post absorptive conditions. It also showed that 
the kidneys take up >50% of circulating citrulline, which results in the release of equimolar 
amounts of arginine.  However, the challenge remains to investigate the ways in which 
a treatment dose of glutamine affects the synthesis of arginine in patients, especially 
critically ill patients, and to determine whether different routes of administration (enteral 
or parenteral) results in different quantitative outcomes. Recent studies by our group in 
mice and humans indicated that more glutamine is taken up and converted into citrulline 
when provided by the enteral route than by the parenteral route (10;43). The present 
study provides a firm basis for future explorations along these lines.
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Abstract

Glutamine plays an important role in nitrogen homeostasis and intestinal substrate 
supply. It has been suggested that glutamine is a precursor for arginine through an 
intestinal-renal pathway involving interorgan transport of citrulline. The importance of 
intestinal glutamine metabolism for endogenous arginine synthesis in humans, however, 
has remained unaddressed. The aim of this study was to investigate the intestinal 
conversion of glutamine to citrulline and the effect of the liver on splanchnic citrulline 
metabolism in humans. Eight patients undergoing upper gastrointestinal surgery 
received a primed continuous intravenous infusion of [2-15N]glutamine and [ureido-13C-
2H2]citrulline. Arterial, portal venous and hepatic venous blood were sampled and portal 
and hepatic blood flows were measured. Organ specific amino acid uptake (disposal), 
production and net balance, as well as whole body rates of plasma appearance were 
calculated according to established methods. The intestines consumed glutamine at a 
rate that was dependent on glutamine supply. Approximately 13% of glutamine taken 
up by the intestines was converted to citrulline. Quantitatively glutamine was the only 
important precursor for intestinal citrulline release. Both glutamine and citrulline were 
consumed and produced by the liver, but net hepatic flux of both amino acids was not 
significantly different from zero. Plasma glutamine was the precursor of 80% of plasma 
citrulline and plasma citrulline in turn was the precursor of 10% of plasma arginine. 
In conclusion, glutamine is an important precursor for the synthesis of arginine after 
intestinal conversion to citrulline in humans.
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Introduction

The amino acid glutamine is well known for its pivotal role in nitrogen homeostasis and 
intestinal energy supply. From animal experiments (1;2) and some human studies (3;4) it 
has become clear that the gut is an important player in whole body glutamine metabolism. 
Glutamine is degraded by the intestines by means of the enzyme glutaminase, yielding 
glutamate and ammonia. Subsequently ammonia is released in the portal vein (3), and 
the glutamate is subsequently metabolized by the intestine, mostly to α-ketoglutarate 
or alanine (1). In addition glutamate can be converted to ornithine and subsequently 
to citrulline. By the conversion of glutamine to citrulline, glutamine metabolized by the 
intestines can become a precursor for the synthesis of arginine elsewhere in the body 
(5). Arginine is the precursor for the pluripotent signalling molecule nitric oxide and as 
such is important in the regulation of amongst others organ perfusion, immune function 
and wound healing.
Although it is generally conceived that the gut is the principal organ for citrulline 
synthesis, the contribution of the gut to whole body glutamine turnover and whole body 
citrulline synthesis has not yet been quantified in man. Moreover the potential role 
of the liver in modulating the release of intestinally derived citrulline to the systemic 
circulation is generally neglected, since early in-vitro studies suggested that the liver 
is inert towards citrulline passing through its vascular bed (6). We showed recently, 
however, that the human liver is capable of taking up a substantial amount of intestinally 
derived citrulline (7).
The aim of the present study was to quantify the intestinal conversion of glutamine to 
citrulline and to study hepatic metabolism of citrulline in man. Studies were conducted 
in patients undergoing upper gastrointestinal surgery, which enabled access to intra-
abdominal vessels. This allowed us to sample blood from the portal and hepatic veins 
and to measure intestinal and hepatic blood flows to quantify net amino acid flux. By 
simultaneous stable isotope infusion we were also able to study the absolute uptake 
(disposal) and absolute release (production) of glutamine and citrulline by the intestines 
and the liver as well as the whole body plasma rates of appearance of these amino 
acids.

Methods

Patients
Eight patients undergoing gastrointestinal surgery (6 liver resections, 1 pancreatico-
duodenectomy, 1 duodenectomy) at the University Hospital Maastricht were studied. All 
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but 1 of the patients were operated on for malignant disease. On the day of admission 
routine blood tests were performed, a dietary questionnaire was obtained by a dietician 
and body composition was measured. Patients with known parenchymal liver disease, 
inborn errors of metabolism, diabetes mellitus type I or cancer cachexia were excluded 
from the study. Patient characteristics are presented in Table 1. Oral intake except for 
water was ceased at 2000 on the day of admission and all patients were transported 
to the operation theatre at ≈0730 the next day. The study was approved by the Medical 
Ethical committee of the University Hospital Maastricht, all patients gave written informed 
consent, and the study conformed to the Declaration of Helsinki.

Stable isotope study
Isotopes

[2-15N]glutamine was obtained from Cambridge Isotope Laboratories (Woburn, MA, 
USA) and [ureido-13C-2H2]citrulline from ARC laboratories (Apeldoorn, The Netherlands). 
Both tracers were dissolved in sterile water, and thereafter sodium chloride was added 
to create an isotonic solution. Sterility and non-pyrogenity were tested and confirmed by 
the hospital pharmacy. Before the experiment aliquots of the stock solution were diluted 
in normal saline to obtain the final infusion solution.

Table 1: Patient characteristics
Mean SEM

Age (year) 60 2

Length (cm) 173 4

Weight (kg) 92 6

Body Mass Index (kg/m2) 30 1

Fat Free Mass (kg) 67 4

AST (IU/L) 24 3

alkaline phosphatase (IU/L) 152 44

Bilirubine (µmol/L) 15 1

APTT (s) 28 1

INR 1 0

urea (mmol/L) 4.5 0.3

creatinine (µmol/L) 81 6

albumin (g/L) 37 6

C-reactive protein (mg/L) 5.8 3.0

Glucose (mmol/L) 6.1 0.5

Surgical procedures used were 6x hepatectomy, 1x pancreaticoduodenectomy and 1x duodenectomy. 
AST, aspartate amino transferase; APPT, activiated partial thromboplastin time; INR, international 
normalized ratio.
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Study protocol

Anesthetic management was in accordance with institutional routines and included 
placement of 2 peripheral venous catheters, an epidural catheter for pre- and 
postoperative analgesia, an arterial line, and a central venous line. Anesthesia was 
maintained using isoflurane and propofol. After induction of anesthesia, an additional 
peripheral venous catheter was placed in an antecubital vein for tracer infusion. This 
catheter was kept patent with normal saline until the start of the tracer infusion. After 
laparotomy a baseline blood sample was drawn from the arterial line, followed by the 
start of a primed continuous intravenous tracer infusion (dosages in Table 2). Blood 
samples were drawn from the arterial line every 30 min for the following 2 h. After 1 h, 
when based upon prior experience an isotopic steady state was known to be present, 
blood was drawn from the portal vein and the middle hepatic vein by direct puncture, 
simultaneously with arterial blood sampling. Blood sampling occurred before organ 
transection to resemble the physiological situation as closely as possible. Blood was 
collected in prechilled heparinized vacuum tubes (BD Vacutainer, Franklin Lakes, NJ, 
USA) and placed on ice. Within 1 h, blood was centrifuged (10 min, 4000 rpm, 4°C) 
and 500 µL of plasma were added to 80 mg dry sulphosalicylic acid (Across Inc., Geel, 
Belgium) to precipitate plasma proteins. After vortex mixing, deproteinized plasma 
samples were snap frozen in liquid nitrogen and stored at -80 °C until analysis. Before 
centrifugation, hematocrit of each blood sample was determined using a micro capillary 
centrifuge.

Table 2: Tracer dosages
Tracer Infusion rate Priming dosage
L-[2-15N]glutamine 15.8  µmol · kg-1 · h-1 18.7 µmol/kg

L-[ureido-13C-2H2]citrulline 0.14  µmol · kg-1 · h-1 0.43 µmol/kg

Duplex flow measurement

Hepatic and intestinal blood flow was measured by means of colour Doppler ultrasound 
(Aloka Prosound SSD 5000, Aloka Co., Ltd, Tokyo, Japan) as described before (8). 
Briefly, time-averaged mean velocities of the blood stream and cross sectional area 
of the portal vein and hepatic artery were measured before their hilar bifurcations. 
Blood flow was calculated by multiplying the cross-sectional area of the vessel with the 
velocity of the blood stream. Plasma flow (PF) was calculated by correcting blood flow 
(BF) for hematocrit (Hct): PF = BF x (1 - Hct)). Hepatic (and splanchnic) plasma flow was 
calculated by adding up plasma flows in the portal vein and hepatic artery. Mean blood 
flows were used to calculate organ fluxes.
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Laboratory analysis
Amino acid concentrations in deproteinized samples and infusates were measured 
using high performance liquid chromatography as described elsewhere (9). Glutamine, 
citrulline and arginine enrichments were measured by liquid chromatography-mass 
spectrometry (10). Coefficients of variation were 2.7% for [15N]glutamine enrichments, 
5.9% for [15N]citrulline enrichments, 25% for [13C-2H2]citrulline enrichments and <2% 
for amino acid concentrations. Arterial pH and HCO3

- were measured by an automated 
analyser (GEM Premier 3000, Instrumentation Laboratory, Breda, the Netherlands).

Calculations
Isotopic enrichment was expressed as tracer-to-tracee ratio (TTR, %), taking into account 
the contribution of overlapping isotopomer distributions of the tracee and tracers with 
lower masses to the measured TTR as described by Vogt et al. (11). Metabolic fluxes 
and conversions were calculated using established formulas for radioactive and stable 
isotopic tracers as described in detail by Bruins et al. (12). In summary, whole body 
plasma rates of appearance of the tracee (Q) were calculated from the infusion rate of 
the tracer (IR) and the corresponding arterial enrichment (TTRA):

Q=IR/TTRA        (1 )

The whole body conversion of plasma glutamine (gln) to plasma citrulline (cit) (Qgln-cit) 
was calculated from arterial [15N] glutamine enrichment (TTR15Ngln), arterial [15N] citrulline 
enrichment (TTR15Ncit) and citrulline plasma rate of appearance (Qcit) calculated from 
[13C-2H2] citrulline infusion rate and TTRA using eqn 1:

Qgln-cit = (TTR15Ncit / TTR15Ngln) x Qcit    (2)

Net amino acid fluxes across the portal drained viscera (PDV) and the splanchnic 
area were calculated from arterial [A] and venous [V] concentrations (PDV: portal 
vein, splanchnic area: hepatic vein) and from portal and splanchnic plasma flow (PF) 
respectively.

Net flux = ([V] – [A]) x PF     (3)

Accordingly, a negative flux indicates organ specific net uptake whereas a positive flux 
indicates net release. Unidirectional absolute organ specific amino acid uptake (disposal) 
by the PDV and the splanchnic area was calculated from arteriovenous (A-V) balances 
of the infused tracers (tracer net balance, tNB) and from venous enrichments (TTRV) 
of the infused tracers, which most accurately represents intracellular enrichment (13), 
needed to convert tracer uptake (tNB) to unidirectional tracee uptake (disposal):

tNB = [(TTRA x [A]) – (TTRV x [V])] x PF   (4)



115Splanchnic glutamine exchange in humans

Disposal = tNB / TTRV     (5)

Since organ specific net balance is the resultant of disposal and organ specific production, 
organ specific production can be calculated from net flux (eqn 3) and disposal (eqn 5):

Production = net flux + disposal    (6)

The intestinal conversion of glutamine to citrulline (Qgln-cit PDV) was calculated from the 
PDV tracer net balance of [15N] citrulline (tNB15Ncit PDV) (eqn 4) and the arterial enrichment 
of [15N] glutamine (TTR15Ngln), corrected for the extraction of 15N citrulline reaching the 
PDV through the circulation:

FE = tNB / TTRAx [A] x PF      (7)

Qgln-cit PDV = (tNB15Ncit  – FE x [A]cit x TTRA15Ncit x PF) / TTR15Ngln  8)

Hepatic amino acid metabolism was quantified by subtracting PDV net flux, disposal 
and production from their corresponding splanchnic values.

Data analysis
In depth analysis of raw data revealed perceptibly too low arterial enrichments of [13C2H2] 
citrulline in 2 cases (arterial enrichment below venous enrichments and below adjacent 
arterial enrichments) and too low portal [13C-2H2] citrulline enrichments in 2 other cases 
(portal enrichment below hepatic venous enrichment). The perceptibly erroneous 
arterial values were replaced by the average enrichment of 2 adjacent arterial samples. 
For ethical reasons the portal vein was sampled only once and no substitute values 
could be deduced from repeated measures in the 2 latter cases. Substitute values for 
portal [13C-2H2] citrulline enrichment in these 2 cases were chosen so that [13C-2H2] 
citrulline balance across the PDV (eqn 4) was 0, which equalled the average value in the 
other subjects. No obvious erroneous values were found in other samples and for other 
isotopic enrichments.

Statistics
Arterial enrichment curves were fitted to calculate a mean steady state value per 
individual. Arteriovenous gradients were tested versus a theoretical mean of zero 
using a one sample t test. Correlations were tested using Pearson’s test. Results are 
expressed as mean ± SEM. All statistical calculations were performed using Prism 
4.03 for Windows (GraphPad Software Inc. San Diego, CA, USA). A P value <0.05 was 
considered to indicate statistical significance.
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Results

Isotopic enrichments of glutamine and citrulline
Within 30 min isotopic steady state was achieved for both administered tracers (Figure 
1A and B), which is in keeping with previous data from our group. Based upon arterial 
enrichments at steady state, it was calculated that whole body glutamine plasma rate 
of appearance was 240 ± 15 µmol · kg-1 · h-1 and whole body citrulline plasma rate of 
appearance was 6.2 ± 0.7 µmol · kg-1 · h-1. During the experiment citrulline enrichment 
could be detected at mass+1 (m+1) (Figure 1A), reflecting the conversion of [15N]
glutamine to [15N]citrulline. Average citrulline enrichment at m+1 was 5.7 ± 0.4%. The 
ratio between arterial [15N] citrulline and [15N] glutamine enrichments indicates that 
approximately 80% of plasma citrulline is derived from plasma glutamine. According to 
eqn 2 this comes down to a conversion rate of 5.1 ± 0.7 µmol · kg-1 · h-1.

Qualitative relationships between glutamine, citrulline and arginine
During the study significant enrichments of arginine were found in arterial plasma at 
m+1 (Figure 1A) and m+3 (Figure 1B), reflecting the conversion of [15N]glutamine to 
[15N]citrulline and [15N]arginine and the conversion of [13C-2H2]citrulline to [13C-2H2]
arginine respectively. The ratio between arginine m+3 and citrulline m+3 (0.10 ± 0.02) 
indicates that approximately 10% of arginine released in the circulation is newly formed 
from plasma citrulline.

A B

Figure 1. Eight patients undergoing upper gastrointestinal surgery received a primed, continuous 
intravenous infusion of [2-15N]glutamine (A) and [ureido-13C-2H2]citrulline (B). Within 30 min an isotopic 
steady state was achieved for both administered tracers. During the experiment significant enrichments of 
isotopically labelled endproducts [15N] citrulline (A) and [13C-2H2] arginine (B) occurred. The ratio between 
product enrichment and precursor enrichment represents the contribution of the precursor to whole body 
plasma rate of appearance of the product according to eqn 2.
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Flow measurements
Duplex flow measurements yielded mean portal venous and hepatic arterial blood flows 
of 836 ± 143 mL/min and 442 ± 85 mL/min, respectively. Mean blood flows were in 
agreement with data in the literature data (8, 14).

Glutamine and citrulline metabolism across the portal drained viscera
Net amino acid flux across an organ (arteriovenous concentration gradient times 
plasma flow) is the resultant of absolute unidirectional uptake (disposal) and absolute 
unidirectional release (production). Disposal can be measured by stable isotope 
techniques since appropriately chosen isotopic tracers cannot be produced within the 
body. From the organ specific disposal calculated from tracer data and the organ specific 
net flux, absolute production rates can be quantified for organs that simultaneously 
consume and produce a single amino acid. As expected, net glutamine uptake by the 
PDV was observed (Figure 2). Absolute PDV glutamine uptake (disposal) calculated 
from [15N]glutamine data was 45 ± 9 µmol · kg-1 · h-1 and could account for 19% of 
plasma glutamine turnover. In addition to their substantial glutamine uptake, the PDV 
tended to produce glutamine and release it to the portal vein (17 ± 8 µmol · kg-1 · 
h-1). This value, however, was not statistically different from 0 (P=0.07). Tracer data 
further revealed that glutamine disposal by the PDV was significantly correlated with 

Figure 2. Portal drained viscera glutamine 
metabolism in 8 patients undergoing upper 
gastrointestinal surgery. The PDV disposed gluta-
mine from the circulation (P=0.004 vs. 0) and 
simultaneously tended to produce glutamine 
and release it into the portal vein (P=0.07 vs. 0). 
Glutamine net flux and PDV glutamine-to-citrulline 
conversion were both significantly different from 0 
(P=0.0003 and P=0.013, respectively). Thirteen per 
cent of intestinal glutamine uptake was used for 
citrulline production.

glutamine supply with a fractional extraction of 0.15 ± 0.03. No such correlation was 
found between glutamine supply and net glutamine flux (Figure 3). Thirteen per cent of 
glutamine taken up by the PDV was converted to citrulline (Figure 2). The balance of 
[13C-2H2]citrulline across the PDV and hence PDV citrulline disposal (extraction) was not 
significantly different from 0 (Figure 4). This indicates that net PDV citrulline flux equals 
total citrulline production (Figure 4). The production of citrulline derived from glutamine 
equalled the total production of citrulline, showing that glutamine is quantitatively the 
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only important precursor for citrulline produced by the PDV (Figure 4). There was an 
excellent agreement between total PDV citrulline production (calculated from [13C-2H2]
citrulline, eqn 6) and citrulline released from the PDV, derived from glutamine (calculated 
from [15N]citrulline and [15N]glutamine data, eqn 8). No release of [13C-2H2] or [15N]
arginine by the PDV was found.

Splanchnic and hepatic glutamine and citrulline metabolism
Arterial pH during sampling of hepatic venous blood was 7.4 ± 0.03. Net splanchnic 
glutamine flux (Figure 5A) was similar to net PDV glutamine flux, indicating that net 
hepatic glutamine flux was not significantly different from 0 (Figure 5B). Tracer data, 
however, revealed that this 0 net balance was the resultant of very active glutamine 
uptake and glutamine release by the liver (Figure 5B). Hepatic glutamine release (73 ± 22 
µmol · kg-1 · h-1) could account for about 30% of total plasma glutamine appearance. Net 
splanchnic citrulline flux (Figure 6A) was dominated by intestinal citrulline production, 

Figure 4. Citrulline metabolism by the portal 
drained viscera in 8 patients undergoing upper 
gastrointestinal surgery. No PDV citrulline disposal 
was found, whereas the PDV released citrulline 
into the portal vein (production and net flux both 
P<0.005 vs. 0). Quantitatively glutamine was 
the only important precursor for PDV citrulline 
production.

Figure 3. Fractional extraction of glutamine 
by the portal drained viscera in 8 patients 
undergoing upper gastrointestinal surgery. [15N]
glutamine uptake, representing unidirectional 
glutamine disposal, was related to [15N]glutamine 
influx, evidencing that PDV glutamine disposal 
is related to PDV glutamine influx. PDV net flux, 
which is the resultant of PDV glutamine disposal 
and production, is not related to glutamine influx 
(inset).
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Figure 5. Splanchnic (A) and hepatic (B) glutamine metabolism in 8 patients undergoing upper 
gastrointestinal surgery. The splanchnic area simultaneously disposed and produced glutamine, leading 
to net glutamine consumption (all P<0.02 vs. 0). Splanchnic glutamine net flux was determined by PDV 
glutamine net flux. The liver simultaneously disposed and released large amounts of glutamine (both 
P<0.02), resulting in a zero net balance.

Figure 6. Splanchnic (A) and hepatic (B) citrulline metabolism in 8 patients undergoing upper 
gastrointestinal surgery. The splanchnic area tended to simultaneously dispose and produce citrulline 
(P=0.085 and P=0.014 vs. 0, respectively). Net splanchnic citrulline flux (P=0.027 vs. 0) was determined 
by PDV net flux. The liver consumed a considerable amount of citrulline (P=0.039 vs. 0). However, both 
hepatic citrulline production and hepatic net flux failed to reach statistical significance.

resulting in a hepatic citrulline net flux that was not significantly different from 0. Tracer 
data, however, show that the liver is capable of taking up citrulline (hepatic citrulline 
disposal; P=0.046 vs. 0). This suggests that the net balance of citrulline across the liver, 
like that of glutamine, is determined by the opposing effects of active hepatic citrulline 
uptake and similarly active hepatic release, although hepatic citrulline release failed to 
reach statistical significance (P=0.138) (Figure 6B). No hepatic release of [15N]citrulline, 
[13C2H2]arginine or [15N]arginine was found.
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Discussion

This study was set up to address the role of the intestines and the liver in the metabolism 
of glutamine and citrulline in humans. Net fluxes of glutamine and citrulline across these 
organs are the resultant of both uptake and production, and therefore assessment of 
net fluxes may not give reliable information about the absolute unidirectional uptake 
(disposal) or absolute unidirectional release (production). We used stable isotope 
techniques to unravel the contribution of both unidirectional disposal and unidirectional 
release to net organ flux. Whole body rate of plasma appearance of glutamine (240 
µmol · kg-1 · h-1) was in the range typically reported in the literature (15-18). Also in 
agreement with data in the literature (1-4), we show that the PDV take up glutamine from 
the circulation. Interestingly, tracer data revealed that absolute unidirectional glutamine 
disposal by the portal drained viscera is related to glutamine supply, a phenomenon 
that could not be detected before by measurement of net fluxes (3;4). This observation 
is of interest because it indicates that intestinal glutamine metabolism is regulated by 
glutamine supply in non-depleted humans.
The liver simultaneously disposed and released glutamine, ultimately leading to a 0 net 
balance. This high bidirectional flux enables the liver to respond rapidly to changes in 
nitrogen metabolism and acid-base balance. Mechanisms of hepatic glutamine uptake 
and release have been disentangled in depth. Both processes occur in different parts of 
the lobule by zonation of glutamine metabolizing enzymes (19). Glutaminase is primarily 
located in periportal hepatocytes and serves the provision of nitrogen and carbon for 
ureagenesis and gluconeogenesis, respectively. Glutamine synthetase is expressed 
in perivenous hepatocytes and is suggested to function as an ammonia overflow trap 
that serves hepatic ammonia detoxification under conditions of diminished hepatic 
ureagenesis, such as during acidosis (20). Arterial pH in our patients was normal and 
also ureagenesis is not affected by this type of surgery (21). This shows that also under 
physiological conditions the liver is a key organ in glutamine homeostasis that accounts 
for approximately 30% of whole body plasma glutamine release in humans. However, 
we cannot rule out that these numbers may be somewhat different in human subjects 
without malignant disease. Unfortunately this subject category is virtually inaccessible 
for the currently applied methods.
Glutamine is a known precursor for citrulline. We found a rate of appearance of citrulline 
in plasma of 6.2 µmol · kg-1 · h-1. That is approximately 35% lower than values reported 
by Castillo et al. (5;22), which to our knowledge so far are the only published human 
data. Unpublished data from our own group have yielded whole body rates of plasma 
appearance of citrulline varying between 13.4 and 22.0 µmol · kg-1 · h-1 (23). Against 
this background it should be noted that splanchnic unidirectional citrulline production 
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exceeded the calculated whole body plasma rate of appearance of citrulline. Hence the 
value for whole body citrulline flux obtained in the present study may be an underestimate 
of the true plasma rate of appearance of citrulline. Further studies are needed to elucidate 
this. The conversion of glutamine to citrulline has not been quantified before in-vivo 
in man. From the ratio between [15N]glutamine and [15N]citrulline plasma enrichments, 
however, it can be concluded that approximately 80% of plasma citrulline is immediately 
derived from plasma glutamine. Although measurement of [13C-2H2]citrulline enrichment 
yielded slightly more variable data than measurement of [15N]glutamine and [15N]
citrulline enrichment, the validity of the resulting data was confirmed by the excellent 
agreement between PDV citrulline productions calculated from [13C-2H2]citrulline data 
and from [15N]citrulline data.
In the present study, no significant net flux of citrulline across the liver was observed, 
although there was a trend towards net hepatic uptake of citrulline. Absolute unidirectional 
hepatic citrulline uptake, measured by tracer data, however, was significant and coincided 
with a trend towards hepatic citrulline release. Studies in animals (24) and in humans 
with liver cirrhosis (3) have previously demonstrated the capability of the liver to take up 
citrulline. Recent data on humans with a normal non-cirrhotic liver are in keeping with this 
(7). Since unidirectional hepatic citrulline uptake has not been recognized, mechanisms 
regulating hepatic citrulline uptake and release are unknown. This observation requires 
further study and is subject to ongoing investigation in our group.
Since citrulline is the precursor for arginine synthesis it can be conceived that arginine 
is an ultimate product of glutamine metabolism. This is supported by the observation 
of increased arginine levels during glutamine supplementation (25;26). The conversion 
of glutamine to arginine is thought to be effectuated in an interorgan pathway involving 
intestinal glutamine to citrulline and renal citrulline to arginine conversion (6;20;27;28), 
but the existence of this pathway and its potential significance has not been quantified 
before in-vivo in humans. We now show that the human gut indeed converts glutamine 
to citrulline. In addition, significant enrichments of arginine at m+1 and m+3 were found 
in arterial plasma. This reflects the conversion of plasma citrulline to plasma arginine 
and confirms that glutamine is a precursor for arginine de novo synthesis. The ratio 
between citrulline m+3 and arginine m+3 (0.10) indicates that approximately 10% of 
plasma arginine is derived from citrulline via de novo synthesis (probably in the kidney) 
(7), which is in agreement with literature data (5), the remainder probably being derived 
from protein breakdown (23). Interestingly, the ratio between arginine m+1 and glutamine 
m+1 (0.19) exceeded the ratio between citrulline m+1 and arginine m+1 with a factor 2. 
This probably indicates that the interorgan transport of citrulline is not the only way to 
transfer the amino nitrogen atom of glutamine to arginine. Most likely these data are 
explained by a pathway involving the conversion of [15N]glutamine to [15N]glutamate and 
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subsequent transamination of [15N]glutamate. Subsequent transamination reactions 
ultimately can lead to the formation of [15N]aspartate, which can become the precursor 
for [15N] argininosuccinate and [guanido-15N]arginine (in contrast to [amino-15N]arginine, 
derived from the glutamine-citrulline-arginine pathway). It has been suggested that the 
availability of nitrogen donors for argininosuccinate synthesis limits the endogenous 
synthesis rate of arginine .
In conclusion, this is the first human study that quantifies the role of the intestines and 
the liver in the conversion of glutamine to citrulline and arginine. Plasma glutamine can 
account for approximately 80% of plasma citrulline production. The intestines account 
for the major part of this conversion although splanchnic citrulline release to the systemic 
circulation may be limited by hepatic citrulline extraction. Plasma citrulline accounts for 
10% of plasma arginine release. Intestinal glutamine metabolism is therefore crucial for 
endogenous arginine synthesis in humans.
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Abstract

Background
Glutamine exhibits numerous beneficial effects in experimental and clinical studies. It 
has been suggested that these effects may partly be mediated by the conversion of 
glutamine into citrulline and arginine. The intestinal metabolism of glutamine appears 
to be crucial in this pathway. The present study was designed to establish the effect of 
the feeding route, enteral or parenteral, on the conversion of exogenously administered 
glutamine into citrulline and arginine at an organ level in humans, with a focus on gut 
metabolism.

Methods
Sixteen patients undergoing upper gastrointestinal surgery received an intravenous (IV) 
or enteral (EN) infusion of L-[2-15N]glutamine. Blood was sampled from a radial artery 
and from the portal and right renal vein. Amino acid concentrations and enrichments 
were measured and net fluxes of [15N] labelled substrates across the portal drained 
viscera (PDV) and kidneys were calculated from arteriovenous differences and plasma 
flow.

Results
Arterial [15N]glutamine enrichments were significantly lower during enteral tracer 
infusion (tracer-to-tracee ratio [labeled vs unlabeled substrate, TTR%] IV: 6.66 ± 0.35 
vs. EN: 3.04 ± 0.45; P<0.01), reflecting first pass intestinal metabolism of glutamine 
during absorption. Compared with IV administration, enteral administration of the 
glutamine tracer resulted in a significantly higher intestinal fractional extraction of [15N]
glutamine (IV: 0.15 ± 0.03 vs. EN: 0.44 ± 0.08 µmol · kg-1 · h-1; P<0.01). Furthermore, 
enteral administration of the glutamine tracer resulted in higher arterial enrichments 
of [15N]citrulline (TTR% IV: 5.52 ± 0.44 vs EN: 8.81 ± 1.1; P=0.02), and both routes of 
administration generated a significant enrichment of [15N]arginine (TTR% IV: 1.43 ± 0.12 
vs. EN: 1.68 ± 0.18). This was accompanied by intestinal release of [15N]citrulline across 
the PDV, which was higher with enteral glutamine (IV: 0.38 ± 0.07 vs. EN: 0.72 ± 0.11 
µmol · kg-1 · h-1; P=0.02), and subsequent [15N]arginine release in both groups.

Conclusion
In humans, the gut preferably takes up enterally administered glutamine, compared to 
intravenously provided glutamine. The route of administration, enteral or intravenous, 
affects the quantitative conversion of glutamine into citrulline and subsequent renal 
arginine synthesis in humans.
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Introduction

Numerous studies indicate that parenteral or enteral administration of the amino acid 
glutamine to critically ill patients improves clinical outcome (1;2). However, it is not 
clear whether the route of administration of glutamine, enteral or parenteral, affects the 
metabolic fate of glutamine, with possible implications for clinical outcome.
It has been suggested that intestinal metabolism of glutamine is important for two 
reasons. First, glutamine is a crucial metabolite for intestinal mucosal cells and may 
play a role in the preservation of the gut barrier (3-10). Second, metabolites of intestinal 
glutamine conversion may play a role downstream through their interorgan conversion 
(11). For instance, citrulline derived from intestinal glutamine metabolism may become 
a precursor for renal arginine synthesis (12-16). The latter may contribute to the positive 
effects of glutamine on clinical outcome (17).
The route of administration determines whether the gut is the first organ or one of the 
organs to receive glutamine. A landmark study in rats showed that arterial administered 
6-diazo-5-oxo-L-norleucine (DON), a glutaminase inhibitor, inhibited the hydrolysis 
of both luminal and arterially provided glutamine (18), suggesting  that a difference is 
not expected from the route of administration of glutamine. The question is whether 
this theory is applicable to humans as well. Our group showed in patients, that enteral 
administration of alanyl-glutamine resulted in higher plasma concentrations of glutamate 
and citrulline than parenteral infused alanyl-glutamine, suggesting that the route of 
administration might affect the metabolic fate of glutamine in humans (19). Furthermore, 
recent animal data indicate that enteral adminstration of glutamine compared with 
parenteral administration generated more citruline and resulted in more de novo arginine 
derived from glutamine (20;21).
Until now no data are available on the metabolic fate of enterally or parenterally 
administered glutamine in humans and whether there is a difference between the 
routes of administration. The present study was designed to investigate the effect of 
the feeding route, enteral or parenteral, on the intestinal conversion of glutamine into 
citrulline and the renal conversion of citrulline into arginine, and to investigate whether 
there is a difference in intestinal fractional extraction of glutamine with enterally or 
parenterally administered glutamine.  For this purpose, the stable isotope tracer L-[2-
15N]glutamine was provided intravenously or enterally to patients undergoing major 
abdominal surgery.
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Materials and Methods 

Patients
Sixteen patients undergoing gastrointestinal surgery at the University Hospital 
Maastricht were studied. Patients with known parenchymal liver disease, inborn 
errors of metabolism or diabetes mellitus type I were excluded from the study. Patient 
characteristics are presented in Table 1. Oral intake except for water was stopped at 
8 pm on the day of admission and all patients were operated at 8 am the next day. 
The study was approved by the Medical Ethical committee of the University Hospital 
Maastricht and all patients gave written informed consent. Patients received L-[2-15N]
glutamine by the enteral (n=8) or parenteral route (n=8) in a randomized fashion. A 
self-propelling nasojejunal tube (Bengmark, Nutricia, Zoetermeer, the Netherlands) was 
used for enteral L-[2-15N]glutamine adminstration. This tube was placed after induction 
of anesthesia and manually positioned in the jejunum during surgery.

Table 1: patient characteristics
IV (n=8) EN (n=8)

Type of surgery 6x liver resection
1x pancreaticoduodenectomy

1 x duodenectomy

7x liver resection
1x pancreaticoduodenectomy

Gender (m/f) 6/2 7/1

Age (years) 60 ± 2 60 ± 5

Body mass (kg) 92 ± 6 94 ± 9

Length (cm) 172 ± 4 177 ± 4

Fat Free Mass (kg) 67 ± 3 72 ± 6

Glutamine (µmol/L) 771 ± 45 699 ± 68

Citrulline (µmol/L) 29 ± 2 32 ± 4

Arginine (µmol/L) 76 ± 4 69 ± 6

Prothrombin time (s) 11 ± 0.1 11 ± 0.6

AST (IU/L) 24 ± 3 21 ± 2

ALT (IU/L) 35 ± 5 27 ± 6

Creatinine (µmol/L) 81 ± 6 89 ± 4

Urea (mmol/L) 4.5 ± 0.3 5 ± 0.3

Albumin (g/L) 37 ± 6 38 ± 2

C-reactive protein (g/L) 6 ± 3 5 ± 1

Data are expressed in mean ± SEM, IV, intravenous (parenteral) ; EN, enteral ; AST, aspartate 
aminotransferase ; ALT, alanine aminotransferase

L-[2-15N]-glutamine 
The tracer L-[2-15N]glutamine (>98% mole percent enrichment) was obtained from 
Cambridge Isotope Laboratories (Woburn, MA). The tracer was dissolved in sterile 
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water and sodium chloride was added to create an isotonic solution. Sterility and non-
pyrogenity were tested and confirmed by the hospital pharmacy. Before the experiment 
aliquots of the stock solution were diluted in normal saline to obtain the final solution.

Study protocol
Anesthetic management included placement of 2 peripheral venous catheters, an 
epidural catheter for per- and postoperative analgesia, an arterial line, and a central 
venous line. Anesthesia was performed using isoflurane and propofol. After induction of 
anesthesia, an additional peripheral venous catheter was placed in an antecubital vein 
for tracer infusion. This catheter was kept patent with normal saline until the start of the 
tracer infusion. After laparotomy and (when appropriate) verification of the intrajejunal 
position of the enteric tube, a baseline blood sample was drawn from the arterial 
line, followed by the start of a primed continuous tracer infusion of L-[2-15N]glutamine 
(dosages in Table 2). Blood samples were drawn from the arterial line every 30 min for 
the subsequent 2 hours. After 1 h, when based upon prior experience an isotopic steady 
state was known to be present (22), blood was drawn from the portal vein and the renal 
vein by direct puncture, simultaneously with arterial blood sampling.

Table 2: Dosage of L-[2-15N]glutamine
IV EN

Prime (µmol/kg) 18.7 ± 1.2 18.0 ± 1.4

Continuous infusion (µmol · kg-1 · h-1) 15.8 ± 0.9 15.5 ± 1.1

Data are expressed in mean ± SEM, IV, intravenous (parenteral); EN, enteral  

Blood was collected in prechilled heparinized vacuum tubes (BD Vacutainer, Franklin 
Lakes, NJ) and placed on ice. Within 1 hour, blood was centrifuged (10 min, 4000 rpm, 
4°C) and 500 µL of plasma was added to 80 mg dry sulphosalicylic acid (Across Inc., 
Geel, Belgium) to precipitate plasma proteins. After vortex mixing, deproteinized plasma 
samples were snap frozen in liquid nitrogen and stored at -80°C until analysis. Before 
centrifugation, hematocrit of each blood sample was determined using a micro capillary, 
and a manual hematocrit reader. 

Duplex flow measurement 
Intestinal and renal blood flow (BF) were measured by means of colour Doppler 
ultrasound (Aloka Prosound SSD 5000, Aloka Co., Ltd, Tokyo, Japan) as described 
before (23). Briefly, time-averaged mean velocity of the blood stream and cross sectional 
area of the portal vein and right renal vein were measured before their bifurcations 
into the organ. BF was calculated by multiplying the cross-sectional area of the vessel 
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with the velocity of the blood stream. Plasma flow (PF) was calculated by correcting 
blood flow (BF) for hematocrit (PF = BF x [1 – Ht]). Total renal flow was estimated by 
multiplying flow through the right renal vein with two. Mean plasma flows were used to 
calculate organ fluxes.

Laboratory analysis 
Amino acid concentrations in deproteinized samples and infusates were measured 
using high performance liquid chromatography as described elsewhere (24). Isotopic 
enrichment was expressed as tracer-to-tracee (= labeled vs. unlabeled substrate) ratio 
(TTR, %), which was corrected for background TTR determined in the baseline sample. 
Glutamine, citrulline and arginine TTRs were measured by liquid chromatography-mass 
spectrometry (25). Coefficients of variation were 2.7% for [15N]glutamine TTR, 5.9% for 
[15N]citrulline TTR, 3.0% for  [15N]arginine TTR and <2% for amino acid concentrations.

Calculations
Organ net balances (NB) of amino acid were calculated from the differences between 
(A) and venous (V) amino acid concentrations and from the corresponding plasma flow 
(PF)

NB amino acids = (A - V) x PF

Hereby a positive value indicates net amino acid uptake and a negative value indicates 
net release by the organ.
Net tracer organ balances (nb) were calculated accordingly, from arterial and venous 
amino acid concentrations, corresponding [15N] enrichments (TTR) and from the 
appropriate plasma flow:

Tracer nb = {( TTRA x A) – (TTRV x V)} x PF

Organ tracer nb are presented as absolute values. Whether the tracer nb represents net 
release or net uptake by the organ will be specifically mentioned in the text. To calculate 
the NB of glutamine and tracer nb of [15N]glutamine across the portal drained viscera 
(PDV) in patients receiving enteral tracer infusion, the enteral infusion rate was added to 
the calculated PDV amino acid NB and tracer nb.  

Statistics 
Results are expressed as mean ± SEM. Differences between the intravenous and 
enteral groups were tested using Student’s t test. Arteriovenous gradients were tested 
vs. a theoretical mean of zero using a one sample t test. All statistical calculations were 
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performed using Prism 4.03 for Windows (GraphPad Software Inc. San Diego, CA). A P 
value <0.05 was considered to indicate statistical significance.

Results

Patient characteristics (Table 1)
Patients received comparable surgical treatment. No difference was observed for the 
baseline characteristics gender, age and bodyweight. No liver or renal dysfunction was 
observed in either of the groups. Plasma concentrations of glutamine, citrulline and 
arginine were similar for both groups during surgery.

Systemic isotopic enrichments
An isotopic steady state was achieved for [15N]glutamine within 1 h in both groups (IV: 
6.66 ± 0.35; EN: 3.04 ± 0.45 TTR%). Arterial [15N]glutamine TTR was significantly 
higher in the patients who received the glutamine tracer intravenously compared with 
the patients who received the glutamine tracer by the enteral route (Figure 1A). This 
difference reflects the splanchnic extraction of the glutamine tracer in the enteral group.
The [15N]citrulline TTR on the other hand, was significantly higher in the group receiving 
the glutamine tracer enterally (IV: 5.52 ± 0.44; EN: 8.81 ± 1.1 TTR%) (Figure 1B). No 
difference was observed between arterial [15N]arginine TTR with parenteral or enteral 
administration of L-[2-15N]glutamine (IV: 1.43 ± 0.12; EN: 1.68 ± 0.18 TTR%) (Figure 1C).

The PDV: metabolism of exogenously administered glutamine
Due to the lower systemic [15N]glutamine TTR, supply of [15N]glutamine to the PDV via 
the circulation was lower in the enteral group. However, this difference was not observed 
when the total [15N]glutamine supply to the PDV was corrected by adding the amount of 
enterally delivered [15N]glutamine to the amount of [15N]glutamine supplied through the 
circulation (Figure 2A).
Both absolute uptake and the fractional extraction of [15N]glutamine were higher with 
enteral administration of [15N]glutamine compared with intravenous administration 
(Figure 2B & C). Furthermore, in patients receiving the glutamine tracer enterally, 
there was a significantly higher net release of [15N]citrulline by the PDV (Figure 3A). 
No significant net release of [15N]arginine by the PDV was observed with intravenous or 
enteral administration of the glutamine tracer (Figure 3B).
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Figure 1. Arterial tracer-to trace (TTR) of 
[15N]-labelled amino acids in patients receiving 
either L-[2-15N]glutamine by intravenous (IV) or 
enteral (EN) administration (n=8 per group). TTR 
was significantly different from 0 (P<0.001). Arterial 
[15N]glutamine TTR was significantly higher in the 
IV group, reflecting splanchnic extraction of the 
enterally administered tracer (A). Arterial [15N]
citrulline TTR was higher in the enteral group, 
indicating that enterally delivered glutamine is 
transformed to [15N]citrulline in considerable 
measure, either immediately in the gut or via 
precursors that are formed within the gut and 
released in the portal vein (B). Arterial [15N]arginine 
TTR tended to be higher in the enteral group, also 
reflecting the conversion of enterally delivered 
[15N]glutamine to [15N]arginine. *P<0.05

Figure 2. Metabolism of [15N]glutamine by the 
portal drained viscera (PDV) in patients receiving 
L-[2-15N]glutamine (GLN) by intravenous (IV) 
or enteral (EN) administration (n=8 per group). 
Tracer net balances of glutamine were significantly 
different from 0 in both groups (P=0.001). Total 
L-[2-15N]glutamine supply (via the gut lumen and 
the circulation) was not different between groups 
(A). The gut metabolized [15N]glutamine more 
avidly when it was supplied enterally, because 
uptake and fractional extraction were higher with 
EN than with IV administration *P<0.05.
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Renal metabolism of citrulline and  arginine derived from exogenously 
administered glutamine
An uptake of [15N]citrulline by the kidneys was observed, as well as a net release of [15N]
arginine, which was comparable for both routes of administration (results not shown).

Discussion

The objective of this study was to investigate the effect of the route of administration, 
parenteral or enteral, of glutamine on its intestinal conversion into citrulline, the renal 
conversion of glutamine-derived citrulline into arginine and the intestinal fractional 
extraction of glutamine.
We observed that the TTR of [15N]glutamine was lower with enteral administration of the 
glutamine tracer, reflecting the splanchnic extraction of enterally provided glutamine. 
Enterally administered glutamine was observed to result in a higher release of [15N]
citrulline by the portally drained viscera and a higher intestinal fractional extraction of 
[15N]glutamine, when compared with parenteral administration of the glutamine tracer.
To our knowledge, this is the first time that the preference of the gut for enterally provided 
glutamine has been shown in humans by metabolic tracing. It can be suggested that 
the human gut preferably takes up glutamine from the enteral side, in order to secure 
important effects on the gut; for instance intestinal oxidation, gut integrity, gut protection 
with heat shock proteins, and by serving as a substrate for the  gut-associated lymphoid 
tissue (GALT) and synthesis of glutathione (3-10). Because the TTR of [15N]glutamine 
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patients receiving L[2-15N]glutamine by intravenous (IV) or enteral (EN) administration (n=8 per group). 
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was observed to be higher with parenteral administration of the glutamine tracer, it can 
be speculated that the maximum effect of glutamine administration is obtained with a 
combination of parenterally and enterally administered glutamine in order to secure the 
maximum systemic effect and the optimal local effect on the gut.
Because enteral provision of glutamine was observed to result into a higher release of 
citrulline by the portally drained viscera, which was observed to be a precursor for the 
de novo synthesis of arginine, it can be suggested that enterally provided glutamine 
probably affects the immune system also at a systemic level. However, de novo 
production of arginine is not expected to be enhanced when enough arginine is available. 
It was shown by our group that plasma levels of arginine are regulated by the kidney, 
meaning that the kidney only generates arginine when plasma levels are low (26). This 
observation was supported by recent observations in preoperative patients and mice 
by our group (19-21). Patients and mice demonstrated normal plasma levels of arginine 
and received a high dose of glutamine enterally or parenterally. Enteral administration of 
unlabeled glutamine in the patients resulted in a higher plasma concentration of citrulline, 
and enteral administration of labeled glutamine to the mice was observed to contribute 
more to the de novo synthesis of citrulline and arginine. However, the plasma levels of 
arginine were not enhanced by enteral provision of glutamine in the patients and the 
total de novo synthesis of arginine was similar for both routes of administration in the 
mice. The results of the current study support these observations, since no differences 
were observed in the TTR of [15N]arginine or renal [15N]arginine release between both 
routes of administration.

Conclusions

In conclusion, this is the first study in humans, which proves that the metabolic fate of 
glutamine is different with enteral or parenteral administration of glutamine, showing a 
preference of the gut for enterally provided glutamine.
This finding will force us to re-evaluate prior research involving the clinical benefit of 
glutamine because results of clinical studies with parenterally or enterally administered 
glutamine are now expected to be different due to differences in metabolism. This study 
furthermore raises the question whether other amino acids are also metabolized in a 
different fashion when offered enterally or parenterally. In new studies with the aim to 
investigate the effect of glutamine on clinical outcome, the difference in metabolism 
should be taken into account. It will also be interesting to evaluate the effect of a 
combination of enterally and parenterally administered glutamine on clinical outcome.
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Considering the previously established importance of glutamine for human nitrogen 
metabolism, the preference of the gut for luminally offered glutamine might in part 
explain the beneficial effects of enterally provided nutritrion.
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Abstract

Background
We previously confirmed in humans the existence of a pathway of glutamine into 
citrulline and arginine, which is preferentially stimulated by luminal provided glutamine. 
However, because glutamine is unstable, we tested this pathway with a stable dipeptide 
of glutamine. 

Objective:
To explore how alanyl-glutamine contributes metabolically to the de novo synthesis of 
arginine in humans, provided by the enteral or intravenous route.

Design
The study was conducted under post absorptive conditions during surgery. Sixteen 
patients received alanyl-[2-15N]glutamine by the enteral or intravenous route, together 
with intravenously administered stable isotope tracers of citrulline, and arginine. Blood 
was sampled from an artery, the portal vein, a hepatic vein and the right renal vein. 
Arterial and venous enrichments (TTR), as well as (tracer) net balances of alanyl-
glutamine and glutamine, citrulline and arginine across the portal drained viscera (PDV), 
liver and kidneys, were determined. Parametric tests were used to test and correlate 
results (mean (±SEM)). P<0.05 was regarded as significant.

Results
Most of enterally administered alanyl-[2-15N]glutamine was extracted (99.6 ± 04%) on 
first pass through the intestines. Higher arterial TTRs of [15N] citrulline and arginine were 
observed with enteral compared to intravenous administration.  However, the release of 
[15N]citrulline at organ level was comparable for both routes of administration. Surprisingly, 
the intestine was observed to release [15N]arginine with enteral administration of the 
dipeptide.

Conclusion
Enterally provided alanyl-glutamine contributes more to the de novo synthesis of 
arginine than intravenously infused alanyl-glutamine. Surprisingly, the gut was observed 
to release arginine derived from glutamine after enteral administration of the dipeptide.



139The contribution of alanyl-glutamine to arginine synthesis in humans

Introduction

Glutamine and arginine are 2 amino acids that may enhance the recovery of seriously ill 
patients (1-3). Houdijk et al. (4;5) observed, first in rats and later in trauma patients, that 
a glutamine-enriched enteral diet increased the plasma concentration of arginine along 
with glutamine. The concept that the intestinal conversion of glutamine leads to release 
from the gut of citrulline, which, after its uptake from the bloodstream, is converted by 
the kidneys into arginine (6-9), was confirmed in mice and in humans (10-13). In humans, 
plasma glutamine was shown to be the precursor for 64% of arginine generated by de 
novo synthesis from citrulline, under post absorptive circumstances. The intestine was 
observed to be responsible for the entire de novo synthesis of plasma citrulline from 
glutamine, and the kidneys were shown to take up more than 50% of circulating plasma 
citrulline and release equimolar amounts of arginine into plasma.
Furthermore, the route of administration (enteral or intravenous) was shown to affect 
the metabolic fate of glutamine (11;14). Patients, who received [15N]glutamine by the 
enteral route during surgery, demonstrated a greater intestinal fractional extraction of 
glutamine, concomitant with a greater intestinal release of [15N]citrulline and a higher 
plasma enrichment of [15N]citrulline, when compared with patients who received 
[15N]glutamine intravenously (14). These results suggest that enteral administration 
of glutamine provides the human body with more substrate for de novo synthesis of 
arginine than intravenous admininstration, which is in line with previous observations in 
mice (11).
However, free glutamine is unstable in aqueous solutions (15). Previous research 
has demonstrated that glutamine-containing dipeptides (e.g. glycine-glutamine and 
alanyl-glutamine) are stable in aqueous solutions (16-19). Therefore these dipeptides 
are currently used instead of glutamine in intravenous nutrition (15). Alanyl-glutamine 
was shown to be the most optimal dipeptide due to a superior clearance rate (16;20). 
However, alanyl-glutamine was observed to have a slightly different metabolic fate than 
free glutamine in mice (10;11).  In addition, in preoperative patients, enterally provided 
alanyl-glutamine resulted in higher plasma concentrations of citrulline without increasing 
plasma concentrations of arginine, in comparison with intravenous administration, 
whereas intravenous administration of the dipeptide enhanced plasma concentrations 
of arginine in spite of lower plasma concentrations of citrulline (21).
With the current study we aimed to explore the contribution of alanyl-glutamine to the 
de novo synthesis of arginine in humans, with enteral or intravenous administration of 
the dipeptide. The use of the same design as in our previous human studies (12-14), 
enabled us to compare the effect of the molecule, as well as the route of administration 
at the whole body (WB) and organ (intestinal, hepatic and renal) level. Results from the 
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present study will help us to understand the benefits/disadvantages of using alanyl-
glutamine in clinical practice.

Patients and Methods

Patients
Sixteen patients undergoing gastrointestinal surgery were included in the study. The 
reasons for surgery and the surgical procedures are summarized in Table 1 & 2. 
Patients were admitted at the surgical oncology department of the VU University Medical 

Table 1: Baseline patient characteristics
Administration of alanyl-
[2-15N]glutamine

Intravenous Enteral

Preoperative diagnosis colorectal liver metastasis (n=3); 
melanoma liver metastasis (n=1); 
hepatocellular liver carcinoma (n=2); 
pancreatic head carcinoma (n=1); 
intra-abdominal lipo-sarcoma (n=1)

colorectal liver metastasis (n=6) 
ovarian carcinoma  liver metastasis 
(n=1); gastro-intestinal stromal tumor 
(n=1)

ASA score ASA 1 (n=2) ASA 1 (n=1)

ASA 2 (n=5) ASA 2 (n=7)

ASA 3 (n=1)

Male/Female 7/1 6/2

Age (year) 59 ± 41 62 ± 4

Height (cm) 181 ± 4 178 ± 4

Weight (kg)  87 ± 4 86 ± 6

FFM (kg) 65 ± 3 63 ± 5

BMI (kg/m2) 27 ± 1 27 ± 1

laboratory results (reference values) 2

Kidney function:

urea (3.0 – 7.5 mmol/L) 5.7 ± 0.6 5.0 ± 0.4

creatinine (60 – 110 mmol/L) 98 ± 6 95 ± 5

Liver function: 

Bilirubine (< 20 µmol/L) 23 ± 14 14 ± 2

AST (10 – 40 U/L) 27 ± 4 27 ± 5

ALT (5 – 45 U/L) 27 ± 6 28 ± 5

Other parameters:

Albumin (34 – 50 g/L) 38 ± 1 41 ± 1

CRP (< 8 mg/L) 14 ± 7 4 ± 1

FFM, fat free mass; BMI, body mass index, AST, aspartate amino transferase; ALT, alanine amino 
transferase, CRP, C-reactive protein. 1   ± SEM (all such values), 2 From the laboratory at the VU 
University Medical Center

x
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Table 2: Patient characteristics during surgery1:
Route of administration of 
alanyl-[2-15N]glutamine

Intravenous Enteral

Surgery Liver resection (n=5); 
pancreatico-duodenectomy 
(n=1); resection liposarcoma 
(n=1); explorative laparatomy 
(n=1)

Liver resection (n=5); 
resection gastro-intestinal 
stromal tumor(n=1); 
explorative laparatomy (n=2)

laboratory results (reference values) 2

plasma [A] amino acid3

Glutamine (663 ± 31 mmol/L) 614 ± 474 674 ± 25

Citrulline (35 ± 3 mmol/L) 36 ± 3 40 ± 4

Arginine (99 ± 6 mmol/L) 95 ± 6 106 ± 6

Acid-base status:

pH (7.35-7.45)

- Baseline pH 7.43 ± 0.01 7.40 ± 0.02

- pH (90 min) 7.41 ± 0.01 7.39 ± 0.01

- pH (150 min) 7.39 ± 0.01 7.37 ± 0.01

HCO3- (22-28 mmol/L)

- Baseline HCO3- 24.2 ± 0.4 24.9 ± 0.4

- HCO3- (90 min) 23.8 ± 0.7 22.5 ± 0.4

- HCO3- (150 min) 22.3 ± 0.5 22.6 ± 0.5

Glucose (3.7-5.2 mmol/L)

- Baseline glucose 8.0 ± 1.3 7.1 ± 0.6

- glucose (90 min) 8.9 ± 0.7 8.3 ± 0.4

- glucose (150 min) 9.0 ± 0.7 8.7 ± 0.7

Bloodloss (ml) 451 ± 81 673 ± 213

Provided fluid (ml) 3988 ± 682 4850 ± 582

Urine production during the study protocol (ml) 125 ± 37 229 ± 50

plasma flow (ml/kg/hr)5

- kidneys (renal vein x 2) 335 ± 31

- intestines (portal vein) 354 ± 37

- hepatic artery 130 ± 23

- liver (portal vein & hepatic artery) 484 ± 47
1No differences were observed between the groups receiving the dipeptide by the intravenous or 
the enteral route (t test for independent samples). 2From the laboratory at the VU University Medical 
Center, 3From the laboratory at the University Hospital of Maastricht: reference values of male subjects 
between 50-59 y (42). 4   ± SEM (all such values), 5Mean blood flows were in agreement with data in 
the literature (22).

x



142 Chapter 8

Center (VUMC). On the day of admission, routine blood tests were performed, and body 
composition was measured by using bioelectrical impedance analysis (Xitron 4200, 
Xitron Technologies, San Diego, CA). Patients with known parenchymal liver disease 
other than cancer, or inborn errors of metabolism, diabetes mellitus type I, recent weight 
loss, clear cachexia, or other indications of metabolic disorders were excluded from the 
study. Patient characteristics are presented in Table 1 & 2. Oral intake except for water 
was stopped at 2000 on the day before surgery. All patients were transported to the 
operation theatre at ≈0730 the next day. All patients gave written informed consent. The 
Medical Ethical Committee of the VUMC approved the study. The study adhered to the 
declaration of Helsinki.

Surgical procedure and anesthesia
To standardize metabolic and surgical conditions, all patients underwent surgery at the 
same time of the day and were operated on by the same surgical team. Anesthesia 
was applied by using Sevoflurane, Sufentanyl and Tracium. Patients received a thoracic 
epidural catheter for perioperative administration of analgesia; indwelling catheters 
were inserted in a jugular vein and a radial artery to monitor arterial and central venous 
blood pressure, as well as pH, HCO3

- and glucose. No exogenous bicatbonate was 
supplied, and lactate-containing infusates were routinely avoided in patients undergoing 
liver surgery. Urine output was monitored by using transurethral catheterization. Body 
temperature was kept constant by using a Bair Hugger system (Arizant Healthcare Inc, 
Eden Prairie, MN).

Study design
The metabolic study was conducted during surgery. Labeled glutamine was provided as 
the dipeptide L-alanyl-L-[2-15N]glutamine. The dipeptide was provided at random by the 
intravenous (n=8) or the enteral route (n=8) for exploration of possible differences in the 
metabolic fate of glutamine derived from the dipeptide due to the route of administration. 
Enteral alanyl-[2-15N]glutamine was provided by a self-propelling nasojejunal tube 
(Bengmark tube; Nutricia, Zoetermeer, the Netherlands), which was inserted 2 days 
before surgery by a qualified nurse. The position of the nasojejunal tube was checked 
by using X-ray, and if necessary manually maneuvered into the jejunum by a radiologist 
(n=1).
Like in the previous studies (12-14), stable isotopes of L-citrulline and L-arginine were 
provided intravenously.
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Stable Isotopes tracers
The tracers (all > 98% mole percent enrichment),  L-alanyl-[2-15N]glutamine and 

L-[13C]ureido[3,3,4-2H3]citrulline were purchased from Buchem BV/ARC laboratories 
(Apeldoorn, the Netherlands), and L-[guanidino-15N2]arginine was purchased from 
Cambridge Isotope Laboratories (Woburn, MA). Sterile and pyrogen-free stock solutions 
of the tracers were prepared by the Department of Clinical Pharmacy of the VUMC and 

were kept at -20 °C until the evening before surgery. The stock solutions were diluted 
with normal saline before the start of each tracer infusion.

Tracer infusion, blood sampling and organ blood flow measurements
After induction of anesthesia, a catheter was placed in an antecubital vein for isotope 

infusion. Blood was sampled from the radial artery catheter. After baseline sampling 
and shortly after incision, a primed, continuous administration of the mentioned stable 
isotope tracers was started and continued for 2.5 h (Table 3). For the tracer infusion, 
1 calibrated, volume-controlled pump (Graseby 3000; Graseby Medical Ltd, Watford, 
United Kingdom) was used for intravenous infusion of stable isotopes, and another 
Graseby 3000 pump (Graseby Medical Ltd, Watford, United Kingdom) was used for the 
enteral administration of the labeled dipeptide.
During tracer administration, blood samples were drawn at 30, 60, 90, 120, and 150 
min after the beginning of the tracer administration for the study of WB plasma amino 
acid turnover. After 1 h, when experience has shown that an isotopic steady state would 
be present, blood was drawn from the portal vein, a hepatic vein and the right renal 
vein by direct puncture, and arterial blood sampling was done simultaneously to study 
intestinal, hepatic and renal metabolism. These venous samples were obtained before 
organ transection in those patients undergoing liver resection. To quantify amino acid 
(tracer) fluxes across the portal drained viscera (PDV; representing the intestine), the 
liver and the kidneys, blood flow was measured before bifurcations, in the portal vein, the 
hepatic artery and the right renal vein by means of color Doppler ultrasound (Prosound 
SSD 5000, Aloka Co., Ltd, Tokyo, Japan) before abdominal blood samples were taken. 
Time-averaged mean velocites of the blood stream and cross-sectional area of the 
vessels were measured as described previously (22). Briefly, the vessel was traced 

Table 3: Tracer dosages1

 Tracer Infusion rate (µmol·kg-1·h-1) Priming dosage (µmol/kg)
L-alanyl-L-[2-15N]glutamine 10.02 ± 0.48 17.80  ± 0.83

L-[ureido-13C-2H3]citrulline 0.17 ± 0.01 0.42 ± 0.02

L- [guanidino-15N2]arginine 2.75 ± 0.12 3.11 ± 0.15
1All values are    ± SEMx
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using a sterile transducer (UST-579T-7.5, 5-10-MHz linear; Aloka Co., Ltd). For accurate 
measurements, care was taken to keep the angle <60○. The cross-sectional area of the 
vessel was calculated by drawing an area ellipse at the same point at which the velocity 
was measured. Blood flow was calculated by multiplying the time-averaged velocity of 
the blood stream by the cross-sectional area of the vessel. Plasma flow was calculated 
from measured blood flow and hematocrit (plasma flow = blood flow x (1 - hematocrit)). 
Total renal flow was estimated by multiplying flow through the right renal vein by two for 
each patient separately, assuming that both kidneys contribute equally.

Laboratory analysis and calculation of tracer enrichments
Blood was collected in chilled heparinized vacuum tubes and placed on ice. Within 1 h, 
blood was centrifuged (10 min, 2000 g, 4°C) and 500 µl of plasma was added to 20 mg 
dry sulphosalicylic acid to precipitate plasma proteins. After vortex mixing, deproteinized 
plasma samples were snap frozen in liquid nitrogen and stored at -80°C until they were 
analyzed. The use of stable isotopes requires plasma sampling, because sampling 
should occur from a pool in which the tracer mixes freely (23). Before centrifugation, the 
hematocrit of each blood sample was determined by using a micro capillary centrifuge.

The plasma concentration of alanyl-[2-15N]glutamine was determined by the department 
of clinical biochemistry of the Université Paris Descartes (France) as described 
previously (21). Alanyl-[2-15N]glutamine could be detected at a level of 1 µmol/L.
Determination of plasma amino acid concentrations and tracer enrichments was 
performed by the laboratory of  the University Hospital of Maastricht (NL) as described 
previously (12-14;24;25). and were expressed as tracer-to-tracee ratio [(TTR) tracer = 
labeled substrate; tracee = unlabeled substrate] x 100 (TTR %). Isotopic enrichment was 
calculated taking into account the contribution of overlapping isotopomer distributions 
of the tracee and tracers with lower masses to the measured TTR as described by Vogt 
et al. (26).
For the estimation of individual steady state values, arterial enrichment curves at 
each mass of each amino acid under study were fitted for each patient with the use 
of PRISM for WINDOWS software (version 4.03; GraphPad Software Inc, San Diego, 
CA). For calculations of organ metabolism, the enrichment of the arterial sample 
taken simultaneously with the sample from the corresponding vein was used in the 
calculations.
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Calculation of whole-body plasma turnover of the amino acids studied
Whole- body plasma rate of appearance of glutamine, citrulline and arginine

The WB plasma rate of appearance (WB Ra; µmol · kg-1 · h-1) of glutamine, citrulline, 
and arginine was calculated from the arterial TTR values (TTR-A) of [15N]glutamine, 
[13C-2H2]-citrulline,  and [15N2]arginine, respectively and the known infusion rate of these 
tracers, using the following equation (27):

WB Ra = Ι/TTR-A      (1)

where I is the known infusion rate of the tracers. For [15N]glutamine the infusion rate 
of alanyl-[2-15N]glutamine was used, because a very high fraction of the dipeptide is 
immediately hydrolyzed into [2-15N]glutamine and alanine (16;20).

The WB Ra of glutamine was used to calculate the first pass splanchnic extraction 
(SE) of glutamine derived from enterally provided alanyl-[2-15N]glutamine. The SE of 
glutamine could be estimated from the difference between the mean ( x ) WB Ra Gln 
with intravenous (IV) or enteral (EN) administration of the dipeptide:

SE = (1 – x  IV WB Ra Gln / x  EN WB Ra Gln) * 100% (2)

Whole-body de novo citrulline synthesis from glutamine and whole-body de novo 
synthesis of arginine from citrulline
The rate of WB plasma turnover (Q; µmol · kg-1 · h-1) of glutamine (Gln) into citrulline (Cit) 
and from Cit into arginine (Arg) was calculated by using the following equations (13;28):

Q GlnCit = WB Ra Cit * TTR-A Cit M+1 / TTR-A Gln M+1  (3)

where WB Ra Cit is the plasma WB Ra  of citrulline, calculated from the TTR of the 
infused [13C-2H2]citrulline tracer by using equation 1, and Cit M(mass)+1 is [15N]citrulline 
coming from [15N]glutamine (Gln M+1).

Q CitArg = WB Ra Arg * TTR-A Arg M+3 / TTR-A Cit M+3  (4)

where WB Ra Arg is the WB Ra of arginine, calculated from the TTR of the [15N2]arginine 
tracer by using equation 1, and Arg M+3 is [13C-2H2]arginine coming from [13C-2H2]
citrulline (Cit M+3).

Concerning the synthesis of citrulline from glutamine an additional correction was 
made to investigate the effect of the route of administration of the dipeptide. Indeed, 
the first pass splanchnic extraction of [15N]glutamine derived from enterally provided 
alanyl-[2-15N]glutamine leads to an overestimation of citrulline synthesis from glutamine 
because of the lower plasma TTR of [15N]glutamine in relation to the tissue TTR where 
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the conversion of glutamine into citrulline takes place. This was corrected in the group 
receiving the dipeptide enterally by multiplying TTR-A [15N]glutamine by the ratio of 
the mean TTR-A [15N]glutamine during intravenous administration to the mean TTR-A 
[15N]glutamine during enteral administration of the dipeptide. This is a rough correction, 
because the assumption was made that the first pass splanchnic extraction of glutamine 
was equal for each patient who received alanyl-glutamine by the enteral route.

It is important to state that the calculations of the WB Ra of glutamine, and the rate of WB 
plasma turnover of glutamine into citrulline with enteral administration of the dipeptide 
were only performed to explore if a difference could be detected between the intravenous 
and enteral route of administration of the dipeptide. Observed differences between the 
intravenous and enteral feeding route should not be interpreted as an observation of 
an absolute difference in the metabolism of unlabeled glutamine and citrulline, since 
patients under study received a tracer dose of alanyl-glutamine, and therefore remained 
in the post absorptive state. Any observed differences between WB Ra of glutamine and 
the rate of WB plasma turnover of glutamine into citrulline, with intravenous or enteral 
administration of the dipeptide, only indicate that luminally provided alanyl-glutamine is 
treated differently by the enterocyte than basolaterally provided glutamine derived from 
intravenously administered alanyl-glutamine.

Calculation of intestinal, hepatic and renal metabolism of the amino 
acids studied 
Intestinal  and renal ( tracer) net balances of the amino acids studied
The amino acid net balances (NBs) across the portal drained viscera (PDV), representing 
the intestines, and the kidneys, of alanyl-glutamine, glutamine, citrulline, arginine, and 
alanine were calculated by subtracting organ output ([portal or renal venous (V) amino 
acid concentration (in µmol/L)] * plasma flow (F) in L · kg-1 · h-1) from organ input ([arterial 
(A) amino acid concentration (in µmol/L)]* F) according to the following equation (13):

NB = ([A] * F) – ([V ] * F)    (5)

The tracer net balance (tnb) of the glutamine, citrulline and arginine tracers was 
calculated in the same way as the NB (13). Plasma tracer concentrations were calculated 
by multiplying the plasma concentration of an amino acid by the concomitant TTR of this 
amino acid:

tnb = ([A]*TTR-A *F) – ([V ]*TTR-RV*F)  (6)

where TTR-A represents arterial tracer enrichment and TTR-V represents venous tracer 
enrichment.
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To calculate the organ specific fractional extraction (FE) of glutamine, citrulline and 
arginine the tnb of concomitant administered tracers was divided by the organ specific 
input of the provided tracer, according to the following equation (13):

FE = tnb/([A]*TTR-A *F)     (7)

To calculate the (FE) of alanyl-glutamine (Ala-Gln) the NB of Ala-Gln was divided by the 
organ specific input of the dipeptide, including the infusion rate of the dipeptide tracer in 
the patients who received alanyl-[2-15N]glutamine by the enteral route (14).

Hepatic (tracer) net balances of the amino acids studied
Hepatic amino acid NBs and tnbs were calculated by subtracting PDV net balances from 
their corresponding splanchnic (PDV + Liver) values, as described by van de Poll et al 
(12).
Splanchnic (SPL) NBs and tnbs were calculated by using the amino acid concentrations 
and TTRs of corresponding tracers in the hepatic vein (HV) and the combined flow of the 
portal vein (F PV) and the hepatic artery (F HA), according to the following equations:

SPL NB = ([A] * (FHA + FPV )) – ([HV ] * (FHA + FPV )) (8)

SPL tnb = ([A]*TTR-A * (FHA + FPV )) – ([HV ]*TTR-HV * (FHA + FPV ))    (9)

The hepatic FE of the amino acids was calculated according to equation 7. The hepatic 
tracer input was calculated by adding up the hepatic input by the hepatic artery and the 
hepatic input by the portal vein, according to the following equation:

Tracer input liver = ([A]*TTR-A * FHA) + ([PV]*TTR-PV * FPV) (10)

Statistical analysis
Results are presented as means (±SEM). The one-factor analysis of variance for repeated 
measurements was used to test whether arterial enrichments were in steady state. 
The one-sample t test was used to test whether arterial and venous enrichments; WB 
turnover; and net balances across organs of the amino acids, concomitant tracers, and 
the dipeptide differed from zero. Differences between the groups receiving the dipeptide 
by the intravenous or enteral route were tested using a t test for independent samples. 
Correlations were studied by using the Pearson test. We used EXCEL for WINDOWS 
software (version 2003; Microsoft Corp, Redmond, WA) to perform calculations, and 
SPSS for WINDOWS software (Version 14.0.1; SPSS Inc., Chicago, IL) to perform 
statistical tests. P <0.05 was considered to indicate statistical significance.
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Results

We included 16 patients in the study. Eight patients received alanyl-[2-15N]glutamine by 
the intravenous (IV) route and the other 8 received the labeled dipeptide by the enteral 
route (EN) (Table 1). One patient in the IV group, with pancreatic cancer showed high 
levels of preoperative bilirubine (due to obstruction of the biliary tract) and of CRP. 
However, metabolic results of this patient were in line with results of the other patients. 
Table 2 summarizes patient characteristics during surgery. For each vessel, the mean 
plasma flow results of all patients were used in calculations, because results did not 
differ significantly from individual flow results, but variation was larger.

Fractional extraction of alanyl-[2-15N]glutamine with intravenous or 
enteral administration of the dipeptide:
The intact dipeptide was retrieved in arterial blood of 4 patients (IV: 2; EN: 2), in portal 
venous blood of 3 patients (IV: 2; EN: 1), in hepatic venous blood of 2 patients (IV:1 and 
EN: 1), and in the renal venous blood of 3 patients (IV: 1; EN: 2). When detected, plasma 
concentrations of alanyl-[2-15N]glutamine ranged between 1 and 5 µM. The dipeptide 
was not detectable in any of the other arterial and venous samples.
The fractional extraction of enterally administered alanyl-[2-15N]glutamine by the PDV 
was virtually complete (99.6%), since the dipeptide was only detectable in the portal vein 
of one patient. This observation suggests that the enterally provided dipeptide is almost 
completely hydrolyzed in the gut. It was impossible to establish where the dipeptide 
was hydrolyzed with intravenous administration, due to undetectable low levels of the 
dipeptide in most of the blood samples.
Data on metabolites of [15N]glutamine derived from intravenous or enteral administered 
alanyl-[2-15N]glutamine will be reported in the following paragraphs.

The route of administration affects the synthesis of citrulline and 
arginine from glutamine at the whole body level
Arterial plasma enrichment (expressed as TTR) was in steady state for all given tracers 
and for the conversion substrates [15N]citrulline, [15N]arginine and [13C-2H3]arginine 
(Figures 1, 2 & 3). Moreover, the TTRs of the metabolic products of [15N]glutamine 
metabolism - [15N]citrulline  and [15N]arginine - were significantly different from zero 
in all patients (P<0.001), which shows that the 15N label of glutamine derived from the 
dipeptide alanyl-[2-15N]glutamine found its way to citrulline and arginine, with both routes 
of administration (Figure 2). The [15N]glutamine enrichment was significantly lower with 
enteral compared to intravenous administration of alanyl-[2-15N]glutamine (Figure 1). 
On the other hand, the TTRs of [15N]citrulline and [15N]arginine were significantly higher 
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with enteral administration of the dipeptide (Figure 2). No difference was observed in 
the [13C-2H3]arginine enrichment between the 2 routes of administration of the dipeptide 
(Figure 3).

The WB Ra of glutamine was calculated to be 201±15 and 281±31 µmol · kg-1 · h-1 
respectively with intravenous or enteral administration of the dipeptide, reflecting 
splanchnic extraction of [15N]glutamine with the enteral administration of the dipeptide, 
which was calculated to be 29%. No differences were observed in the WB Ra of citrulline 
(IV: 6.0 ± 0.5 vs. EN: 6.9 ± 0.8) or arginine (IV: 47 ± 1 vs. EN: 42 ± 2) between the 2 
routes of administration of the dipeptide.
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Figure 1. The arterial enrichments of the administered stable isotope tracers: L-alanyl-L-[2-15N]glutamine-
derived L-[2-15N]glutamine ([15N]Gln), L-[13C]ureido[3,3,4-2H3]citrulline ([13C-2H3]Cit), L-[guanidino-15N2]
arginine, and ([15N2]Arg) with intravenous (IV) or enteral (EN) administration of alanyl-[2-15N]glutamine. 
TTR%, tracer-to tracee ratio (in %). No significant change in the slope of arterial enrichment was observed 
between 30 and 120 minutes (one-factor repeated measures analysis) for any of the administered 
tracers). Therefore, the enrichment of all administered tracers was considered to be in steady state, 
with both routes of administration of the dipeptide. The enrichment of [15N]Gln was significantly different 
between the IV or EN route of administration of the dipeptide, P=0.02 (t test for independent samples).
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Figure 2. The arterial enrichment of [15N] citrulline (Cit) and arginine (Arg) with intravenous (IV) or enteral 
(EN) administration of L-alanyl-L-[2-15N]glutamine. TTR%, tracer-to tracee ratio (in %). No significant 
change in the slope of arterial enrichment was observed between 30 and 120 minutes (one-factor 
repeated measures analysis) for any of the administered tracers) for any of the substrates. Therefore, the 
TTRs of all [15N] substrates were considered to be in steady state, with the 2 routes of administration of 
the dipeptide. The enrichments of [15N] Cit and Arg were significantly different between the IV or EN route 
of administration of the dipeptide, P<0.01 (t test for independent samples).
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A higher rate of plasma citrulline synthesis from glutamine was observed with enteral 
compared to intravenous administration of the dipeptide. Presented data are corrected 
for the first pass splanchnic extraction of glutamine with enteral administration of the 
dipeptide (Figure 4), as described in the Patients and Methods section. No difference 
was observed in the rate of the de novo synthesis of arginine from citrulline between the 
2 routes of administration of the dipeptide (Figure 4).

Enteral administration of the alanyl-[2-15N]glutamine results in release of 
[15N]arginine by the portal drained viscera (PDV), which represents the 
gut
In the PDV, the fractional extraction (FE) of glutamine and the release of [15N] Cit did 
not differ between the 2 routes of administration of the dipeptide (Table 4). However, 
the FE of [15N]glutamine correlated only with the intestinal release of [15N]citrulline when 
the dipeptide was provided by the enteral route (IV: r2= 0.11, P=0.80 vs. EN: r2= 0.81, 
P=0.016). The release of alanine by the PDV tended to be higher when alanyl-glutamine 
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Figure 3. Arterial enrichment (TTR) of [13C-2H3]arginine (Arg) with intravenous (IV) or enteral (EN) 
administration of alanyl-[2-15N]glutamine. No significant change in the slope of arterial enrichment was 
observed between 30 and 120 min (ANOVA for repeated measurements: NS). Therefore the TTR of 
[13C-2H3]Arg was considered to be in steady state, with both routes of administration of the dipeptide. 
No difference was observed between the mean TTRs with IV or EN administration of the dipeptide (t test 
for independent samples).
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Figure 4. WB plasma conversions of 
glutamine (Gln) into citrulline (Cit) and Cit 
into arginine (Arg) with intravenous (IV) or 
enteral (EN) administration of alanyl-[2-
15N]glutamine, corrected for the first pass 
splanchnic extraction of gluramine with 
enteral administration of the dipeptide. The 
significant difference in the WB plasma 
conversion of glutamine into citrulline 
supports the notion that more citrulline 
is generated from luminally provided 
glutamine., P<0.001 (t test for independent 
samples). The WB conversion of Cit into 
Arg remained unaffected by the routeof 
administration..
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Table 4: Organ net balances of glutamine, citrulline and arginine and tracer net balances of [15N] 
substrates, and the fractional extraction of glutamine, citrulline, arginine, which were calculated with 
administered tracers1

μmol/kg/hr Portal drained viscera Liver Kidneys
% IV EN IV EN IV EN
Gln NB 24.1 ± 6.9 * 28.1 ± 7.9 * -18.9 ± 8.9 7.2 ± 8.7 -3.3 ± 10.7 7.1 ± 8.9

[15N]Gln tnb 1.6 ± 1.0 6.2 ± 2.4 * -3.0 ± 1.8 5.1 ± 1.7 *† -1.4 ± 1.0 -0.3 ± 0.7

FE Gln (%) 11.0 ± 7.8% 25.0 ± 9.0% * ND 28 ± 10 % *† ND ND

Cit NB -4.7 ± 1.8 * -3.8 ± 1.3 * 3.1 ± 1.8 2.7 ± 1.3 1.7 ± 0.7 * 2.3 ± 0.6 *

[15N]Cit tnb -0.29 ± 0.14 -0.22 ± 0.11 -0.01 ± 0.15 0.19 ± 0.20 0.0 ± 0.1 0.3 ± 0.2

FE Cit (%) 19 ± 10 % 28 ± 8 % * ND 0.1 ± 11 % ND 24 ± 14 % †

Arg NB -0.56 ± 1.13 -1.09 ± 1.03 2.7 ± 2.2 7.8 ± 1.7 * -4.6 ± 1.6 * -2.2 ± 1.5

[15N]Arg 0.03 ± 0.15 -0.17 ± 0.05 * 0.08 ± 0.15 0.25 ± 0.17 -0.12 ± 0.13 -0.1 ± 0.1

[13C-2H3]Arg 0.03 ± 0.01 0.03 ± 0.02 0.05 ± 0.04 0.12 ± 0.02 * -0.01 ± 0.02 0.01 ± 0.01

FE Arg (%) 21 ± 6 % * 6 ± 5 % 11 ± 7 % 18 ± 3 % * 1.0 ± 4.8 % 9.2 ± 5.7 %
1All values are   ± SEM. IV, intravenous; EN, enteral; Gln, glutamine; Cit, citrulline; Arg, arginine. A 
positive NB represents uptake, and a negative NB represents net release of the amino acid. A positive 
tnb represents uptake of the tracer, and a negative tnb represents net release of the tracer. The tnbs are 
shown of the [15N]Gln and its conversion substrates - [15N]Cit, and [15N]Arg - as wel conversion substrate 
[13C-2H3]Arg derived from [13C-2H3]Cit. The tnb of [13C-2H3]Arg was calculated to investigate differences 
between [15N]Arg and [13C-2H3]Arg release across the organs with IV or EN administration of alanyl-[2-
15N]glutamine. The FEs were calculated using the tnbs of the concomitant administered tracers: the FE of 
Gln was calculated using the tnb of [15N]Gln; the FE of Cit was calculated using the tnb of [13C-2H3]Cit, and 
the FE of Arg was calculated using the tnb of [15N2]Arg. * Significantly different from 0, P<0.05 (1-sample 
t test). †Significantly different from the intravenous group, P<0.05 (t test for independent samples)

was provided by the enteral route (IV: -6.3 ± 3.5 vs. EN: -22.9 ± 8.4 µmol · kg-1 · h-1; 
P=0.09). Most interestingly, the gut was shown to release a significant amount of [15N]
arginine with enteral administration of the dipeptide (P=0.02) (Table 4). No difference 
was observed in the intestinal release of [13C-2H3]arginine, which is derived from 
[13C-2H3]citrulline, between the 2 routes of administration of the dipeptide (Table 4).

The liver and kidneys do not contribute to the release of [15N] citrulline 
or arginine
The liver extracted significantly more glutamine and arginine, when the dipeptide was 
provided by the enteral route (Table 4). No hepatic release of [15N]arginine was observed. 
The (tracer) net balances of citrulline were close to zero in all patients. A significant 
hepatic uptake of alanine was shown with enteral administration of the dipeptide (IV: 
18.3 ± 8.0 vs. EN: 54.0 ± 12.0 µmol · kg-1 · h-1; P= 0.03).
The kidneys extracted significantly more citrulline, which was calculated with the 
provided [13C-2H3]citrulline tracer, with enteral compared to intravenous administration 

x
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of the dipeptide (Table 4). However, despite a higher renal supply of [15N]citrulline with 
enteral administration of alanyl-[2-15N]glutamine, the renal uptake of [15N]citrulline and 
release of [15N]arginine were shown to be similar for both routes of administration of 
the dipeptide (Table 4 & Figure 5). The renal fractional extraction of glutamine was 
negligible with both routes of administration of the dipeptide.

Discussion

To our knowledge this is the first time that alanyl-glutamine-derived glutamine was shown 
to be used for the synthesis of citrulline and arginine in humans. Surprisingly, the higher 
enrichment of [15N] citrulline and arginine with enteral administration of the dipeptide 
could not be explained by the intestinal release of [15N]citrulline and renal release of 
[15N]arginine. Interestingly, the intestines were observed to release a significant amount 
of [15N]arginine when alanyl-[2-15N]glutamine was administered enterally.
Patients were studied in the post absorptive state and during abdominal surgery to gain 
access to the portal, hepatic and renal vein. The reasons for and consequences of this 
design have been discussed in a prior publication by our group (13).

Arterial enrichment of [15N]citrulline and arginine and whole body 
turnover of glutamine, citrulline and arginine
Plasma TTRs of [15N]citrulline and [15N]arginine were higher with enteral compared to 
intravenous administration of the dipeptide. In a similar study concerning the metabolic 
fate of intravenously administered versus enterally administered free [2-15N]glutamine 
(14), the plasma TTR of [15N]citrulline was also higher with enteral administration of 
[2-15N]glutamine. However, in contrast with the result of the present study, the plasma 
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Figure 5. Renal supply and uptake (= tracer 
net balance) of [15N]citrulline ([15N]Cit), as well 
as renal release of [15N]arginine ([15N]Arg) with 
intravenous (IV) or enteral (EN) administration 
of the dipeptide alanyl-[2-15N]glutamine. A 
higher renal supply of [15N]citrulline with enteral 
administration was not observed to result in 
significant difference in the uptake of [15N]
citrulline, and release of [15N]arginine with the 
2 routes of administration of the dipeptide (t test 
for independent samples).
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TTRs of [15N]arginine were comparable with intravenous or enteral administration of free 
[2-15N]glutamine (14). No difference was observed in the enrichment of [13C-2H3]arginine 
between the 2 routes of administration of the dipeptide, which shows that the difference 
in the plasma TTR of [15N]arginine was really a route effect. This observation furthermore 
suggests that the previously observed increase in the plasma concentrations of arginine 
with intravenous administration of a treatment dose of alanyl-glutamine was not coming 
from the dipeptide-derived glutamine (21).
The WB plasma turnover rates of glutamine (with IV administration of alanyl-[2-15N]
glutamine), citrulline, and arginine were in line with previous observations (13). The WB 
plasma turnover of glutamine was higher with enteral administration of alanyl-[2-15N]
glutamine than with intravenous administration, which reflects the splanchnic extraction 
of enterally provided glutamine (14;29). The calculated plasma turnover rate of glutamine 
into citrulline was higher with enteral compared to intravenous administration of the 
dipeptide. This difference between the intravenous and enteral route of administration 
strongly suggests that luminally provided alanyl-glutamine-derived glutamine contributes 
more to the de novo synthesis of plasma citrulline, and therefore indirectly to the de 
novo synthesis of arginine than intravenously administered alanyl-glutamine-derived 
glutamine. This is in agreement with previous observations by our group in mice and 
humans (11;14).

Organ specific fractional extraction of alanyl-[2-15N]glutamine with 
intravenous or enteral administration of the dipeptide
The gut was shown to be the most important site for extraction of enterally administered 
alanyl-glutamine. The organ specific extraction of the intravenously provided dipeptide 
could not be determined due to undetectable plasma levels of alanyl-[2-15N]glutamine.
Enterally provided dipeptides are preferably taken up intact by the enterocyte, followed 
by intracellular hydrolysis (30;31). Once in the enterocyte, glutamine becomes subject to 
a number of interconnected metabolic pathways (8;9;32-37). First step in most pathways 
is the conversion of glutamine into glutamate, which is subsequently converted into 
α-ketoglutarate, an intermediary of the Krebs cycle, or into ornithine, the precursor of 
citrulline.
Previous data showed a higher intestinal fractional extraction of glutamine, as well 
as a higher intestinal release of [15N]citrulline with enteral compared to intravenous 
administration of free [2-15N]glutamine (14). However, results from the present study did 
not show a difference in the intestinal fractional extraction of [15N]glutamine derived from 
the alanyl-[2-15N]glutamine nor a difference in the intestinal release of [15N]citrulline with 
intravenous or enteral administration of the dipeptide, although the intestinal fractional 
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extraction of [15N]glutamine was only observed to correlate with the release of intestinal 
[15N]citrulline when the dipeptide was provided by the enteral route.
Interestingly, enteral administration of the dipeptide resulted in a significant intestinal 
release of [15N]arginine. Most previous studies involving intestinal arginine release have 
been performed in newborn pigs, which represent a well established animal model 
for the intestinal metabolism of the human newborn. The intestine of the newborn pig 
releases arginine until a couple of weeks after birth, after which the ability is lost (38). 
Van der Hulst et al. (39) are, to our knowledge, the only other investigators who observed 
intestinal arginine release in patients, which was also observed during surgery.
We can only speculate why the intestines of patients in the present study were observed 
to release [15N]arginine with enteral administration of the alanyl-[2-15N]glutamine. 
Others have established that the enzymes responsible for the synthesis of arginine: 
argininosuccinate synthase and lyase (ASS and ASL), which remain present in the 
intestines after birth, are inducible by the presence of glutamine and glucocorticoids 
(8;36;40). Patients in the present study and the study by van der Hulst et al. (39) received 
surgical treatment, which is known to be associated with a hormonal stress response. 
Furthermore, results from our previous study (13) indicated the existence of another 
site for the de novo synthesis of arginine, because renal synthesis of plasma arginine 
from citrulline accounted for approximately 60% of the total de novo synthesis of plasma 
arginine in adult humans under post absorptive circumstances, leaving 40% of arginine 
to be synthesized elsewhere.
No intestinal [15N]arginine release was observed in the previous study with a similar 
design, involving intravenous or enteral administration of free [2-15N]glutamine, in spite 
of a higher arterial plasma enrichment of [15N]citrulline with enteral administration 
of [2-15N]glutamine (14). Furthermore, in the present study the intestinal fractional 
extraction of citrulline, and release of [13C-2H3]arginine were absent with both routes 
of administration of the dipeptide, which is in agreement with results from our previous 
study about intestinal and hepatic metabolism of glutamine and citrulline in humans (12). 
Therefore, [15N]citrulline was not likely to be the precursor for intestinal synthesis of [15N]
arginine in the present study.
Because glutamine was provided as alanyl-[2-15N]glutamine in the present study, we 
speculate that the concomitant administration of alanine may have contributed to the 
intestinal release of [15N]arginine with enteral administration of the dipeptide. The higher 
intra-enterocyte concentration of alanine may have enhanced the transamination of 
oxalacetate into aspartate at the expense of pyruvate into alanine, concomitant with 
the transamination of glutamine into α-ketoglutarate, since this event may enhance 
the chance that the [15N] amino label of glutamine is transferred to aspartate and 
subsequently to arginine, as described by van de Poll et al. (12). The enhanced intestinal 
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release and subsequent hepatic uptake of alanine with enteral administration of the 
dipeptide supports the notion that the enteral administration of alanyl-glutamine in the 
current study affected splanchnic metabolism.
In agreement with previous observations (12), the liver was not observed to release 
[15N] citrulline or arginine. A higher arterial plasma concentration of [15N]citrulline with 
enteral compared to intravenous administration of alanyl-[2-15N]glutamine, did not result 
in a greater renal uptake of [15N]citrulline or release of [15N]arginine, although a greater 
total fractional extraction of citrulline was observed in the patients who received  the 
dipeptide enterally.
However, intestinal [15N]arginine release was too limited to explain the significantly 
higher plasma enrichment of [15N]arginine with enteral administration of the dipeptide. 
Furthermore, none of the organs studied were observed to release significantly more 
[15N]citrulline with enteral compared to intravenous administration of the dipeptide. 
Therefore, the question remains where (else) the higher arterial enrichment of [15N]
citrulline and [15N]arginine originate from. Others have shown that polymorphonuclear 
neutrophils convert glutamine into arginine for the purpose of NO production (41). 
Therefore, glutamine utilization by these and perhaps other cells of the immune system 
may also have contributed to the whole body plasma appearance of [15N] citrulline and 
arginine. This would however suggest that the urea cycle or the nitric oxide cycle, which 
are currently the only other known sites for citrulline and arginine synthesis in the human 
body, may in fact be less compartmentalized than their cyclic character suggests. More 
research is necessary to further explore this hypothesis

In conclusion, glutamine derived from alanyl-glutamine contributed to the de novo 
synthesis of arginine, and enterally provided alanyl-glutamine contributed more to the 
de novo synthesis of arginine than intravenously administered alanyl-glutamine. Most 
interestingly, the intestine was shown to release [15N]arginine with enteral administration 
of alanyl-[2-15N]glutamine.
It seems that the administration of glutamine as alanyl-dipeptide does affect the 
conversion of glutamine into citrulline and arginine, at the whole body level and intestinal 
level. More studies are needed to answer the questions raised by this study. The next 
step could be to give a treatment dose of alanyl-glutamine and to monitor glutamine 
metabolism using stable isotope tracers, and if possible to measure the activity of 
enzymes involved in glutamine metabolism in enterocytes and immune cells, with 
special attention for the expression of ASS and ASL.
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Summary, general conclusion and future 
perspectives

In this chapter the results of the studies performed within the scope of this thesis are 
summarized and discussed, and a direction for future studies is given.
Additional attention is paid to arginine, because all investigations within this thesis focus 
on the metabolic relationship between glutamine and arginine, which is assumed to be 
responsible for at least part of the beneficial effects of glutamine.

Introduction glutamine (Chapter 2)
The development of long-term total parenteral nutrition in the sixties of the past century 
may have contributed to the accumulation of publications about glutamine in the years 
after 1960 (number of Pubmed citations on glutamine before 1960: 261 (0.02% of all 
Pubmed citations) and after 1960: 27835 (0.17% of all Pubmed citations), because 
glutamine was not included in this intravenous nutrition due its instability in aqueous 
solutions. Since glutamine is a non-essential amino acid, it was assumed that no harm 
was done.
However, time and research proved otherwise. As described in detail in chapter 2, 
glutamine has been established to be an important respiratory fuel and nucleotide 
substrate for the enterocyte and the (gut associated) immune system. Furthermore, 
recent discoveries on the mechanisms behind the beneficial effects of glutamine 
emphasize its role as a signalling molecule. For example, glutamine has been shown 
to support the immune system and blunt the inflammatory response at the same time, 
to preserve insulin sensitivity and to help organs withstand or recover from oxidative 
stress, by inducing the expression of protective heat shock proteins and by enhancing 
the availability of antioxidant substrates such as glutathione and taurine. Also, glutamine 
was shown to regulate the nitric oxide synthesis from arginine in endothelial cells, and to 
be an important precursor for the de novo synthesis of arginine in humans (this thesis).
From a clinical perspective, based on an ongoing meta-analysis and up-to-date clinical 
trials, it is safe to state that supporting the parenteral fed, critically ill patient with ≥ 0.2 g 
glutamine · kg-1 · day-1 is beneficial because it improves survival. The benefits of enteral 
supplementation of glutamine seem established in trauma and burn patients. Currently, 
a large trial is ongoing involving 1200 critically ill patients receiving a combination of 
intravenous (0.35 g · kg-1 · day-1) and enteral glutamine (30 g/dag) (1).

Arginine
As described in the rationale, glutamine is believed to exert at least part of its beneficial 
effects by being an indirect precursor for the synthesis of arginine. Arginine is a versatile 
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amino acid which has received a great deal of attention over the past decades in critical 
care medicine, especially when arginine was shown to be the precursor of nitric oxide 
(NO). NO plays an important role in vasodilation, but also in the immune response, 
neurotransmission and adhesion of platelets and leucocytes (2;3). A meta-analysis 
of clinical trials showed that an enteral diet enriched with a combination of nutrients 
including arginine was associated with fewer infectious complications in elective surgical 
patients, but suggested that this kind of immunonutrition might be detrimental for 
critically ill patients (4). Therefore, authors recommended against routine administration 
of arginine-enriched nutrition in critically ill (4;5). However, others argue that the critical 
ill condition ‘sepsis’ may be an arginine-deficiency state. Arginine availibilty is reduced 
in the septic state due to increased arginine catabolism and diminished endogenous 
arginine synthesis, which limits the arginine availability for NO production. Although 
increased NO production by inducible nitric oxide synthase (iNOS) in sepsis is linked to 
systemic hypotension, many characteristics of sepsis can be linked to locally diminished 
NO availibilty. For example, impaired NO synthesis by endothelial NOS (eNOS) may 
be related to loss of ability to autoregulate the microcirculation. Whereas iNOS is 
up-regulated, eNOS was shown to be down-regulated by inflammation. In-vitro studies 
show that NO production by eNOS can be stimulated by exogenous arginine when 
arginine stores were depleted, thereby improving the microcirculation (6;7).

Glutamine and arginine & Focus of this thesis
As described in the rationale of this thesis, it is speculated that glutamine exerts part of 
its beneficial effects by being a precursor for the synthesis of arginine.
The studies described in this thesis investigate the metabolic pathway of glutamine into 
citrulline and arginine in mice and humans, in an attempt to lift a tip of the veil of this 
metabolic relationship between glutamine and arginine. The dipeptide alanyl-glutamine 
was included in our studies, because it is stable in aqueous solutions and already used 
as a therapeutic alternative for glutamine. Results of the studies presented in this thesis 
will now be discussed chronologically.

Chapter 3
Results show that administration of alanyl-glutamine by the intravenous or enteral 
route to patients enhanced the plasma concentration of glutamine with both routes of 
administration, but most when administered by the intravenous route. This observation 
shows that the gut as well as the rest of the human body will profit from the enteral supply 
of alanyl-glutamine. The more pronounced splanchnic metabolism of glutamine with 
enteral compared to intravenous administration of alanyl-glutamine was also illustrated 
by the absence of plasma alanyl-glutamine and the more pronounced increase in the 
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plasma concentrations of glutamate and citrulline with enteral administration of the 
dipeptide. Interestingly, intravenous administration of alanyl-glutamine enhanced the 
plasma concentrations of arginine, which was not the case with enteral administration of 
the dipeptide, despite the higher plasma availibility of citrulline. The results of this study 
encouraged us to investigate the pathway of glutamine into citrulline and arginine with 
the help of stable isotopes, first in mice and subsequently in humans.

Chapter 4
One series of mice received free [2-15N]glutamine and the other series received the 
dipeptide alanyl-[2-15N]glutamine, by the intravenous or enteral feeding route. Results 
show that glutamine serves as substrate for de novo citrulline and arginine synthesis in 
mice. However, when (alanyl-)glutamine was administered by the enteral route, glutamine 
contributed significantly more to the de novo synthesis of citrulline and arginine. Also, 
more arginine was synthesized from citrulline with the administration of free glutamine 
compared to alanyl-glutamine. The investigation of the metabolic pathway of glutamine 
into citrulline and arginine was continued in humans.

Chapter 5
The contribution of glutamine to the synthesis of arginine was established in 8 surgical 
patients under post absorptive conditions. The results from this study suggest that 
approximately 83% of the plasma citrulline turnover comes from plasma glutamine and 
that 76% of the plasma citrulline turnover is used for the de novo synthesis of plasma 
arginine. Therefore, 64% of de novo produced arginine was calculated to be derived 
from citrulline coming from glutamine. The 8 patients included in our study underwent 
major abdominal surgery, which facilitated access to the portal, hepatic and renal veins. 
Therefore, we were able to asses the turnover of glutamine, citrulline and arginine at 
intestinal, hepatic and renal level.
It was shown that the kidneys are indeed an important site for the uptake of citrulline 
and release of arginine. More than 50% of citrulline appearing in plasma was observed 
to be taken up by the kidneys, resulting in equimolar release of arginine in plasma. 
The calculated renal conversion of citrulline into arginine shows that this conversion is 
responsible for approximately 60% of the de novo synthesis of plasma arginine from 
plasma citrulline at the whole body level. It can only be speculated where the other 40% 
of de novo arginine is synthesized. The fact that argininosuccinate synthase and lyase 
are also widely expressed in other cell types, such as hepatocytes, endothelial cells and 
macrophages, may clarify this uncertainty. In these cells arginine is being formed and 
broken down in intracellular cycles like the urea cycle (liver) and the nitric oxide cycle 
(endothelial cells, macrophages). Although compartmentalization of metabolites within 
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these cycles should prohibit the net release of newly formed arginine into the circulation 
(3), results from this study and another study by Wu et al. (2) suggest that the conversion 
of citrulline into arginine within one of these cycles might actually result in net release of 
arginine into the circulation.

Chapter 6
The results of the same study at intestinal and hepatic level are described in chapter 6. 
The absolute uptake of glutamine by the intestines accounted for 19% of total plasma 
glutamine turnover. Interestingly, tracer data revealed that glutamine disposal by the 
intestines is related to glutamine supply, a phenomenon that could not be detected 
before by measurement of net fluxes (8;9). This observation is of interest because it 
indicates that intestinal glutamine metabolism is regulated by glutamine supply in 
humans. Furthermore, the intestinal production of citrulline from glutamine equalled the 
total intestinal production of citrulline and the turnover of citrulline at whole body level, 
which makes glutamine the most important precursor of citrulline and the intestines 
the most important site for the synthesis of citrulline. The liver was observed to take 
up citrulline, although the net hepatic balance of citrulline was not significantly different 
from zero.

Chapter 7
The objective of the subsequent study was to investigate in 16 patients undergoing 
abdominal surgery the effect of the route of administration, intravenous or enteral, of 
glutamine on its intestinal conversion into citrulline, the renal conversion of glutamine-
derived citrulline into arginine and the intestinal fractional extraction of glutamine. We 
observed that the plasma enrichment of [15N]glutamine was lower with enteral compared 
to parenteral administration of the glutamine tracer, reflecting the splanchnic extraction 
of enterally provided glutamine. Furthermore, when compared with intravenous 
administration, enteral administration of [15N]glutamine was observed to result in a 
higher intestinal fractional extraction of glutamine and a higher intestinal release of 
[15N]citrulline. To our knowledge this is the first time that the preference of the gut for 
enterally provided glutamine has been shown in humans by metabolic tracing. It can be 
suggested that the human gut preferably takes up glutamine from the enteral side, in 
order to secure important beneficial effects on the gut, as described in chapter 2 of this 
thesis. Because the plasma enrichment of [15N]glutamine was observed to be higher with 
parenteral administration of the glutamine tracer, it can be speculated that the maximum 
effect of glutamine administration is obtained with a combination of intravenous and 
enteral supply of glutamine, in order to secure the maximum systemic effect and the 
optimal local effect on the gut.
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Chapter 8
The aim of this study was to explore how alanyl-glutamine contributes metabolically to 
the de novo synthesis of arginine in humans, when provided by the enteral or intravenous 
route. By applying the same design as used in our previous human studies (10-12), the 
opportunity was created to compare the effect of the molecule, as well as the route of 
administration at the whole body and organ (intestinal, hepatic and renal) level. Results 
show that glutamine derived from alanyl-glutamine contributes to the de novo synthesis of 
arginine, and that enterally provided alanyl-glutamine contributes most. Although alanyl-
glutamine virtually disappeared in the intestines when provided by the enteral route, the 
fractional extraction of glutamine derived from alanyl-glutamine was not observed to be 
different with the route of administration. Most interestingly, the intestines were shown 
to release [15N]arginine with enteral administration of alanyl-[2-15N]glutamine. This 
release was not observed with enteral administration of [15N]glutamine (10), although 
others have previously observed the intestinal release of unlabeled arginine in surgical 
patients in the post absorptive state (9). The surgery-induced stress response and 
the concomitant administration of alanine with enteral administration of the dipeptide 
may have induced the intestinal synthesis of arginine. Surprisingly, the higher plasma 
enrichment of [15N] citrulline with enteral administration of the dipeptide could not be 
explained by the intestinal release of [15N]citrulline. Also, the kidneys were not observed 
to contribute to the higher plasma enrichment of [15N]arginine with enteral administration 
of the dipeptide, in spite of a higher supply with[15N]citrulline. In fact, neither the liver nor 
the kidneys contributed to any of the observed differences at whole body level due to 
the route of administration of the dipeptide. 

Most important findings & general conclusion
The connected investigations of this thesis yielded the following important results: 
glutamine is an important precursor for de novo synthesis of arginine in humans, being 
responsible for 64% of de novo synthesized arginine under post absorptive conditions. 
Glutamine is the most important precursor of citrulline and the intestines are the 
most important site for the synthesis of citrulline. When compared with intravenous 
administration, enteral administration of [15N]glutamine was observed to result in a 
higher intestinal fractional extraction of glutamine and a higher intestinal release of 
[15N]citrulline. Glutamine derived from alanyl-glutamine also contributed to the de novo 
synthesis of arginine, but enterally provided alanyl-glutamine contributed most. Alanyl-
glutamine virtually disappeared in the intestines when provided by the enteral route, 
but intestinal fractional extraction of glutamine derived from alanyl-glutamine was not 
significantly higher with enteral compared to intravenous administration of the dipeptide. 
Most interestingly, the intestines were shown to release [15N]arginine with enteral 
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administration of alanyl-[2-15N]glutamine. Finally, the results of the studies in mice and 
humans described in this thesis show that the route of administration, intravenous or 
enteral, and the molecular presentation of glutamine, as free molecule or the dipeptide 
alanyl-dipeptide, does affect the conversion of glutamine into citrulline and arginine, at 
the whole body and organ level. This observation should be taken into account in the 
design of future studies on the effects of glutamine, and in the application of glutamine 
in clinical practice. The different metabolic fate of enterally or intravenously provided 
(alanyl-)glutamine suggests the possibility of a differential beneficial effect related to the 
route of administration. Therefore, a combined treatment with enteral and intravenous 
glutamine may be most beneficial for the critically ill patient.

Future perspectives
The thesis confirms the importance of the relationship between glutamine and arginine. 
However, many more questions are raised by the results of these experiments and more 
research is necessary to make the knowledge applicable for clinical practice. Alanyl-
glutamine seems to be the appropriate way to supplement the (critically) ill patient with 
glutamine because of its stability in aqueous solutions and superior clearing rate in 
plasma, when compared with other glutamine dipeptides. However, the outcome of this 
thesis suggests that free glutamine and glutamine derived from alanyl-glutamine have a 
different metabolic fate and are not simply exchangeable. Also, the human tracer studies 
described in this thesis were performed in the post absorptive state and during surgery, 
whereas the patients most likely to benefit from additional glutamine are critically ill, fed 
patients.
Therefore, studies recommended for the future should involve a treatment dose of 
alanyl-glutamine and preferably take place on the ICU. We are currently working on the 
design of 2 stable isotopes studies. First, we want to investigate the effect of a treatment 
dose of 0.5 g · kg-1 · day-1 of alanyl-glutamine by the intravenous or enteral feeding route 
on whole body and organ metabolism of glutamine, citrulline and arginine. This study 
will also take place during surgery to facilitate access to the portal, hepatic and renal 
vein. The other study aims to investigate the effect of additional alanyl-glutamine (0.5 
g · kg-1 · day-1) to enteral tube feeding in critically ill patients. To estimate the role of the 
intestines in the metabolic handling of glutamine in critically ill, patients participating in 
the protocol on the ICU will receive the glutamine tracer by the intravenous or enteral 
route, at random, on two consecutive days.

Other future studies should pay attention to the role of the intestines in the release of 
arginine and on the possible contribution of immune or endothelial cells to the plasma 
release of citrulline and arginine. These studies should probably include determination of 
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the expression of genes encoding for the enzymes involved in the synthesis of citrulline 
and arginine.
Also, studies are needed, which investigate the effects of a combination of intravenous 
and enteral administered (alanyl-)glutamine on clinical outcome in critically ill patients, 
because these patients are believed to profit most from the local protection of the 
gut integrity and modulation of the intestinal inflammatory response by glutamine in 
combination with systemic (protective) effects of glutamine. This hypothesis is supported 
by the recently commenced large-scale randomized, controlled trial in 1200 critically 
ill patients, with as primary goal to determine the effect of parenteral and enteral 
administration of a glutamine dipeptide and antioxidants on mortality (1).
Eventually, this research will contribute to a tailor-made nutrition for critically ill patients, 
taking into account individual needs including the state of the disease. For instance, a 
patient with kidney failure will benefit from additional arginine, whereas a patient with 
liver failure will not benefit from additional arginine. The composition of this tailor made 
nutrition should be flexible enough to include the right amount of calories and protein, 
additional substrates such as glutamine and/or arginine and additional micro-nutrients 
for each patient.
This tailor made nutrition should be developed step-wise, introducing one new substrate 
at the time, to avoid problems with the interpretation of the beneficial or adverse effects 
of additional substrates.
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Introductie glutamine
De toegenomen wetenschappelijke belangstelling voor het aminozuur glutamine is 
mogelijk het gevolg van de ontwikkeling van complete parenterale voeding in de jaren 
’60 van de vorige eeuw. In de jaren voor 1960 zijn slechts 261 publicaties (0.02% van 
het totale aantal publicaties) over glutamine terug te vinden op Pubmed1. Na 1960 stijgt 
het aantal publicaties over glutamine explosief naar 27835 (0.17% van het totale aantal 
publicaties). Glutamine is namelijk geen standaard onderdeel van deze intraveneuze 
voeding, aangezien het in waterige oplossingen niet stabiel is. En omdat glutamine 
geen essentieel aminozuur is, werd aangenomen dat het ontbreken in de parenterale 
voeding geen kwaad kon.
De inzichten daarover zijn in de tussentijd diepgaand veranderd. Zo beschrijft hoofdstuk 2. 
Klinisch onderzoek laat zien dat een lage plasmaconcentratie van glutamine bij patiënten 
op de intensive care geassocieerd is met sterfte. Gerandomiseerde gecontroleerde 
studies hebben aangetoond dat het normaliseren van de plasmaconcentratie van 
glutamine met behulp van glutamineverrijkte intraveneuze voeding de overleving 
verbetert en dat enterale glutamineverrijkte voeding het aantal infectieuze complicaties 
vermindert. Er is inmiddels veel onderzoek gedaan naar de manier waarop glutamine 
het herstel van ernstig zieke patiënten bevordert. Het was al bekend dat glutamine 
een belangrijke brandstof en nucleaire bouwstof is voor de cellen van de darm en het 
immuunsysteem. Sinds kort is ook bekend dat glutamine een regulerende rol heeft in het 
lichaam bij ziekte. Zo is vastgesteld dat glutamine de inflammatoire respons bij ziekte 
ondersteunt en afremt, dat het de insulinesensitiviteit bij ziekte bevordert en dat het de 
organen helpt zichzelf te beschermen tegen of te herstellen van de schade als gevolg van 
inflammatie en bijkomende oxidatieve stress. Dit laatste doet glutamine door te zorgen 
voor meer expressie van beschermende ‘heat shock’ eiwitten en door de aanwezigheid 
van de antioxidanten glutathion en taurine te bevorderen. Een aantal studies heeft laten 
zien dat glutamine ook de aanmaak van stikstofmonoxide reguleert in cellen van de 
vaatwand en cellen van het immuunsysteem. Stikstofmonoxide speelt een rol bij de 
vaatverwijding, maar ook bij oxidatieve stress. Het lichaam maakt stikstofmonoxide 
uit arginine, een ander belangrijk aminozuur, dat behalve bij de doorbloeding van de 
organen, een belangrijke rol speelt bij de opbouw van spier- en orgaanmassa en bij de 
wondgenezing tijdens herstel van een trauma of een grote operatie.

Focus van dit proefschrift
Nadat een onderzoeker uit onze groep waarnam dat de toediening van enterale 
glutamineverrijkte voeding aan traumapatiënten zowel de plasmaspiegel van glutamine 
als die van arginine normaliseerde, was de interesse in de relatie tussen de aminozuren 

1  Pubmed, digitale medische bibliotheek
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glutamine en arginine gewekt. Eerder was al waargenomen dat de toediening van 
een enterale glutamineverrijkte voeding aan ratten leidde tot een verhoogde arginine 
productie door de nier. Ander onderzoek met ratten liet zien dat extra toediening van 
glutamine de doorbloeding van de splanchicus (darm, lever en milt) verbeterde. Dat 
bracht ons op het idee dat de specifieke omzetting van glutamine in arginine wellicht 
gedeeltelijk verantwoordelijk is voor de heilzame werking van glutamine.
Met de studies beschreven in dit proefschrift wordt getracht meer inzicht te krijgen in 
de metabole relatie tussen glutamine en arginine. Eerder dierexperimenteel onderzoek 
suggereert dat de synthese van arginine als volgt plaatsvindt: glutamine wordt omgezet 
in citrulline in de darm, dat vervolgens aan de circulatie wordt afgegeven, de lever 
passeert en ten slotte door de nieren wordt omgezet in arginine. Met het onderzoek 
beschreven in dit proefschrift wordt deze metabole route in zijn geheel onderzocht en 
gekwantificeerd in muizen en mensen.  Het dipeptide alanyl-glutamine is betrokken bij 
deze studies, omdat dit een stabiel alternatief is voor glutamine en al therapeutisch 
wordt toegepast.

De invloed van de voedingsroute op plasmaconcentraties van glutamine, 
citrulline en arginine, met de toediening van alanyl-glutamine (Hoofdstuk 3)
Het eerste onderzoek is uitgevoerd met chirurgische patiënten vóór de operatie, waarbij 
bekeken is wat het effect is van de route van toediening, intraveneus of enteraal, van een 
interventie dosis alanyl-glutamine op de plasmaconcentraties van de alanyl-glutamine, 
glutamine, glutamaat, citrulline en arginine. Glutamaat is het eerste aminozuur waarin 
glutamine kan worden omgezet alvorens het bijvoorbeeld wordt omgezet in citrulline.
De dipeptide werd met enterale toediening volledig gehydroliseerd in de splanchicus. 
De splanchicus consumeerde direct ongeveer de helft van de enteraal toegediende 
hoeveelheid glutamine, maar liet een deel passeren dat leidde tot een verhoging van de 
plasmaconcentratie van glutamine. Met intraveneuze toediening van alanyl-glutamine 
steeg de plasmaconcentratie van glutamine significant hoger dan met enterale 
toediening. De consumptie van enteraal toegediende glutamine door de splanchicus 
bleek tevens uit de stijging van de plasmaconcentraties van glutamaat en citrulline, 
welke meer stegen met enterale dan met intraveneuze toediening van de dipeptide. 
Deze waarnemingen ondersteunen de theorie dat glutamine wordt omgezet in citrulline 
in de darm. Opvallenderwijs leidde deze hoge plasmaconcentratie van citrulline niet tot 
een verhoging van de plasmaconcentratie van arginine. Intraveneuze toediening van 
de dipeptide leidde daarentegen wel tot een stijging van de plasmaconcentratie van 
arginine.
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Omdat plasmaconcentraties geen informatie bieden over de herkomst van glutamine, 
citrulline en arginine in het lichaam, werd het onderzoek voortgezet met - door stabiele 
isotopen - verzwaarde/gelabelde glutamine, citrulline en arginine. Omdat het gelabelde 
molecuul zich metabool net zo gedraagt als de in de natuur overwegend voorkomende 
lichtere variant, kunnen omzettingen van de bestudeerde aminozuren worden 
gekwantificeerd.

De voedingsroute is van invloed op de bijdrage van glutamine aan de synthese 
van arginine in muizen (Hoofdstuk 4)
Een 2-tal muizenexperimenten werd uitgevoerd waarbij een interventie dosis gelabeld 
glutamine werd gegeven. In het 1e experiment kregen de muizen gelabelde glutamine 
intraveneus of enteraal. In het 2e experiment kregen de muizen gelabelde glutamine 
in de vorm van de dipeptide alanyl-glutamine intraveneus of enteraal. De resultaten 
laten zien dat glutamine in muizen via citrulline wordt omgezet in arginine. Er werd 
meer arginine uit glutamine gesynthetiseerd wanneer glutamine, als vrij molecuul en 
dipeptide, enteraal werd aangeboden. Ook bleek dat uit het vrije glutamine meer arginine 
werd gemaakt dan uit de dipeptide. Deze bemoedigende resultaten hebben vervolgens 
geleid tot een reeks humane studies.

Glutamine is een belangrijke precursor voor de synthese van arginine in 
mensen (Hoofdstuk 5)
Ten eerste werd bij 8 patiënten onder nuchtere omstandigheden tijdens abdominale 
chirurgie met behulp van stabiele isotopen de omzetting van glutamine in citrulline 
en vervolgens arginine onderzocht. De operatie bood ons tevens de mogelijkheid te 
bekijken wat de afzonderlijke bijdrage was van de darm, de lever en de nieren aan deze 
omzettingen. Van totale omzetting van plasma citrulline was 83% afkomstig van plasma 
glutamine en van de totale omzetting van citrulline werd 76% gebruikt voor de synthese 
van arginine. Zo kon worden berekend dat 64% van het nieuw gesynthetiseerde plasma 
arginine afkomstig was van plasma glutamine. Uit de analyse van het niermetabolisme 
bleek dat meer dan 50% van het circulerende plasma citrulline werd opgenomen door 
de nieren, wat resulteerde in een equimolaire afgifte van plasma arginine door de 
nieren. De bijdrage van de nier aan de totale omzetting van citrulline in arginine in het 
hele lichaam bedroeg ca. 60%. Waar de overige 40% van het nieuw gesynthetiseerde 
arginine had plaats gevonden, kon alleen over worden gespeculeerd. Een mogelijke 
verklaring is dat de enzymen die de laatste stappen van de aanmaak van arginine 
begeleiden ook voorkomen in andere cellen, zoals levercellen, endotheelcellen en 
de macrofagen. Echter, in deze cellen wordt arginine aangemaakt en afgebroken in 
intracellulaire substraatcycli, de ureumcyclus (lever) en de stikstofmonoxidecyclus 
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(endotheelcellen en macrofagen), wat theoretisch niet tot netto afgifte van arginine aan 
de circulatie kan leiden. Het resultaat van deze studie suggereert dat de omzetting 
van citrulline in arginine in deze substraatcycli mogelijk toch leidt tot netto afgifte van 
arginine aan de circulatie.

Darm- en levermetabolisme van glutamine en citrulline in mensen 
(Hoofdstuk 6)
In dit hoofdstuk worden de resultaten van dezelfde studie op het niveau van de darm 
en de lever beschreven. De darm neemt 19% van de in het lichaam geproduceerde 
glutamine op. De glutamineconsumptie door de darm correleert met het aanbod van 
glutamine aan de darm. Dit suggereert dat het metabolisme van glutamine in de darm 
gereguleerd wordt door het aanbod van glutamine. De aanmaak van citrulline uit 
glutamine in de darm kwam overeen met de totale citrullineproductie door de darm en de 
totale productie van citrulline in het lichaam. Hieruit blijkt dat glutamine de belangrijkste 
precursor is voor citrulline en dat de darm de belangrijkste plek is voor deze omzetting 
bij de mens. Een ander resultaat was dat citrulline de lever niet klakkeloos passeert. De 
lever blijkt neemt een bepaalde hoeveelheid citrulline op en geeft dezelfde hoeveelheid 
ook weer af te geven aan de circulatie.

De fractionele extractie van glutamine in de darm is afhankelijk van de 
voedingsroute van glutamine in mensen (Hoofdstuk 7)
Het doel van de hier opvolgende stabiele isotopenstudie was om vast te stellen in de 
mens of de route van glutamine toedienen, intraveneus of enteraal, van invloed is op 
de omzetting van glutamine in citrulline in de darm en op de synthese van arginine 
uit citrulline afkomstig van glutamine in de nieren. Een ander aandachtspunt was de 
fractionele extractie (= opname als % van het aanbod) van glutamine in de darm. Voor 
dit doel werden 16 patiënten die abdominale chirurgie ondergingen geïncludeerd.
Intraveneuze toediening van gelabeld glutamine leidde tot een 2x zo hoge 
plasmaverrijking (= verhouding tussen gelabeld en ongelabeld aminozuur) van gelabelde 
glutamine als enterale toediening. Dit weerspiegelt de splanchische extractie van 
enteraal toegediende glutamine. De fractionele extractie van glutamine in de darm was 
3x zo hoog met enterale versus intraveneuze toediening van glutamine. Dit is de eerste 
keer dat de voorkeur van de darm voor enteraal toegediende glutamine met behulp van 
stabiele isotopen is vastgesteld bij de mens. Deze bevinding wijst op een intensiever 
metabolisme van enteraal toegediende glutamine in de darm. Dit wordt ondersteund 
door de waarneming dat de darm meer citrulline afkomstig van glutamine afgaf aan het 
plasma van de poortader met enterale dan met intraveneuze toediening van glutamine. 
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De voedingsroute van glutamine was niet van invloed op de omzetting van citrulline 
afkomstig van glutamine in arginine door de nieren.

Enterale toediening van alanyl-glutamine levert een grotere bijdrage aan de 
synthese van arginine dan intraveneus toegediening van de dipeptide
(Hoofdstuk 8)
Het doel van deze stabiele isotopenstudie was te onderzoeken welke bijdrage glutamine 
levert aan de synthese van arginine wanneer het wordt aangeboden als het dipeptide 
alanyl-glutamine via de intraveneuze of enterale route. Doordat deze studie dezelfde 
opzet had als onze voorgaande humane studies, werd de mogelijkheid gecreëerd om 
op lichaamsniveau en orgaanniveau (darm, lever, nieren) de effecten van het molecuul, 
vrij glutamine of alanyl-glutamine, en de voedingsroute, intraveneus of enteraal, te 
vergelijken.
De resultaten laten zien dat glutamine afkomstig van alanyl-glutamine bijdraagt aan 
de synthese van arginine. Enterale toediening van de dipeptide droeg meer bij aan de 
synthese van arginine dan intraveneus toegediende alanyl-glutamine. Ondanks het feit 
dat enteraal toegediende alanyl-glutamine bijna volledig verdween en dus gehydrolyseerd 
werd in de darm, bleek de fractionele extractie van glutamine niet te verschillen met 
intraveneuze of enterale toediening van de dipeptide. De meest interessante bevinding 
was dat de darm arginine afkomstig van glutamine bleek af te geven aan het plasma van 
de poortader. Dit werd eerder niet waargenomen met enterale toediening van het vrije 
molecuul glutamine. De stress respons als gevolg van de chirurgie en het gelijktijdige 
aanbod van alanine aan de darm met enterale toediening van alanyl-glutamine hebben 
mogelijk bijgedragen.
De hogere plasmaverrijking van gelabelde citrulline afkomstig van glutamine met 
enterale toediening van de dipeptide kon niet worden verklaard door een hogere 
afgifte vanuit de darm. Ook bleken de nieren geen bijdrage te leveren aan de hogere 
plasmaverrijking van gelabeld arginine afkomstig van glutamine met enterale toediening 
van alanyl-glutamine, ondanks een hoger aanbod van gelabelde citrulline afkomstig van 
glutamine met enterale toediening van de dipeptide aan de nieren. De leverresultaten 
leverden hiervoor ook geen verklaring. Gespeculeerd wordt dat het immuunsysteem 
een bijdrage heeft geleverd aan de hogere plasmaverrijking van gelabeld citrulline en 
arginine, afkomstig van glutamine met enterale toediening van de dipeptide.
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Belangrijkste bevindingen en conclusie 
l De metabole route van glutamine via citrulline naar arginine bestaat in muizen en 

mensen.
l Glutamine een belangrijke precursor voor nieuw gesynthetiseerde arginine in de 

mens.
l Glutamine is de belangrijkste precursor voor citrulline en de darm is de belangrijkste 

plek voor deze omzetting in de mens.
l Enterale toediening van glutamine leidt tot een hogere fractionele extractie van 

glutamine en een grotere afgifte van citrulline afkomstig van glutamine, dan 
intraveneuze toediening van glutamine.

l Glutamine afkomstig van alanyl-glutamine levert ook een bijdrage aan de synthese 
van arginine. Enterale toediening van de dipeptide levert de grootste bijdrage.

l De darm geeft arginine afkomstig van glutamine af aan het plasma van de poortader 
met enterale toediening van de dipeptide.

Concluderend kan worden gesteld dat de route van toedienen, intraveneus of enteraal, 
en de moleculaire presentatie van glutamine, als vrij molecuul of alanyl-glutamine, van 
invloed zijn op de omzetting van glutamine in citrulline en (vervolgens) arginine. Hiermee 
dient rekening te worden gehouden bij toekomstig onderzoek naar effecten van glutamine 
en bij de klinische toepassing. Omdat er een verschil bestaat tussen het metabolisme 
van enteraal of intraveneus toegediende (alanyl-)glutamine, is het waarschijnlijk dat het 
positieve effect van glutamine op herstel ook beïnvloed wordt door de toedieningsroute. 
Daarom zou het zo kunnen zijn dat de ernstig zieke patiènt het meeste baat heeft bij een 
combinatie van enteraal en intraveneus toegediende glutamine.

Aanbevelingen voor toekomstig onderzoek
Onderzoeken in het proefschrift bevestigen het belang van de metabole relatie tussen 
glutamine en arginine. Echter, het onderzoek roept ook veel vragen op. Meer onderzoek 
is nodig om deze vragen te beantwoorden en om de kennis op termijn te vertalen naar 
de klinische praktijk. Het geven van (extra) alanyl-glutamine lijkt een goede manier om 
(ernstig) zieke patiënten te voorzien van voldoende glutamine, vanwege het stabiele 
karakter van deze dipeptide in waterige oplossingen en het omdat het snel door het 
lichaam wordt geklaard. Echter, uit de resultaten van dit proefschrift blijkt dat vrij glutamine 
en de dipeptide alanyl-glutamine metabool niet zondermeer uitwisselbaar zijn.
Ook moet worden opgemerkt dat de stabiele isotopenstudies in dit proefschrift zijn 
uitgevoerd bij chirurgische patiënten in gevaste toestand, terwijl ernstig zieke patiënten 
zijn die gevoed worden waarschijnlijk het meeste profijt hebben van glutamine.
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Daarom wordt aangeraden in toekomstige studies, bij voorkeur bij ernstig zieke 
patiënten, te bekijken wat het effect is van een interventie dosis alanyl-glutamine op 
het de omzetting van glutamine via citrulline in arginine. Op dit moment wordt gewerkt 
aan de opzet van 2 nieuwe stabiele isotopenstudies. Eerst zal bekeken worden wat het 
effect is van intraveneus of enteraal toegediende alanyl-glutamine (0.5 g · kg-1 · d-1) op 
het lichaamsmetabolisme en orgaanmetabolisme (darm, lever, nieren) van glutamine, 
citrulline en arginine. Deze studie zal opnieuw worden uitgevoerd tijdens abdominale 
chirurgie, zodat toegang wordt verkregen tot de relevante bloedvaten. De andere studie 
heeft als doel om het effect van alanyl-glutamineverrijkte  (0.5 g · kg-1 · d-1) enterale 
voeding op de omzetting van glutamine in citrulline en vervolgens arginine te meten 
bij ernstig zieke patiënten. Om de rol van de darmen bij de metabole omzetting van 
glutamine in de tweede studie goed in kaart te kunnen brengen wordt de gelabelde 
glutamine zowel intraveneus als enteraal gegeven, in gerandomiseerde volgorde, op 2 
opeenvolgende dagen.

Ook kan worden onderzocht wat de rol van de darm en het immuunsysteem is bij de 
synthese van arginine. Hierbij is het interessant om de expressie van de genen die 
coderen voor de enzymen betrokken bij de synthese van arginine te onderzoeken.
Ook zijn studies nodig die het effect onderzoeken van een gecombineerde toediening 
van glutamine (intraveneus en enteraal) op het herstel van ernstig zieke patiënten. 
Deze patiënten hebben immers baat hebben bij lokale effect (bescherming van de 
darmintegriteit) en het systemische effect van glutamine (effect op immuunsysteem, 
oxidatieve stress en insulineresistentie). Deze hypothese wordt ondersteund door de 
recent gestarte trial, waaraan 1200 ernstig zieke patiënten deelnemen. Het primaire 
doel van deze studie is te onderzoeken welk effect een combinatie van intraveneuze en 
enterale toediening van glutamine, al dan niet in combinatie met antioxidanten, heeft op 
de mortaliteit.
Uiteindelijk zal dergelijk onderzoek bijdragen aan ‘voeding op maat’ voor ernstig zieke 
patiënten. Hierbij wordt rekening wordt gehouden met de individuele behoefte van 
de patiënt. Bijvoorbeeld, een patiënt met nierfalen heeft mogelijk wel belang bij een 
arginineverrijkte voeding terwijl een patiënt met leverfalen juist geen belang heeft bij 
een arginenverrijkte voeding.
De samenstelling van deze ‘voeding op maat’ moet flexibel genoeg zijn om de juiste 
hoeveelheid calorieën, eiwit, micro-nutriënten en toegevoegde ‘sleutel nutriënten’ zoals 
glutamine en/of arginine te bevatten welke de individuele patiënt nodig heeft.
‘Voeding op maat’ zou idealiter stapsgewijs moeten worden ontwikkeld, waarbij het effect 
van 1 ‘sleutel nutriënt’ per keer wordt onderzocht, zodat problemen met de interpretatie 
van de resultaten wordt vermeden.
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Dankwoord

Na 5 jaar is het project bijna klaar. Het proefschrift is af, nu de promotie plechtigheid 
nog. Wat een werk! Het is als een tocht door een bergachtig landschap, waarbij na 
elke top een nieuw obstakel opdoemt. Het was leuk en leerzaam maar soms ook intens 
frustrerend. Een promotie doe je gelukkig niet alleen. Er zijn dan ook velen die ik wil 
bedanken. Allereerst natuurlijk de patiënten die in bange, onzekere tijden bereid waren 
om mee te werken aan onze studies. Verder was dit uiterst complexe onderzoek nooit 
uitgevoerd zonder de intensieve samenwerking met vele anderen in het VUMC en 
daarbuiten, van Maastricht (de afdeling heelkunde van het azM) tot over de grens in 
Frankrijk en de VS. Een aantal mensen wil ik graag in het bijzonder bedanken.

Prof. P.A.M. van Leeuwen, promotor. Beste Paul, zonder jou was ik waarschijnlijk nooit 
gepromoveerd. Je bood me de kans het onderzoek over te nemen van Petra Boelens, 
die verder moest met haar opleiding tot chirurg. Jij had er vertrouwen in dat ik, een 
diëtist, dit onderzoek tot een goed einde zou kunnen brengen. Vooral dankzij jouw 
grenzeloze vertrouwen is me dit inderdaad gelukt. Ik heb je leren kennen als een uniek 
persoon met een volstrekt eigen kijk op alles om je heen. Dit verklaart waarschijnlijk je 
briljante ingevingen waar ook dit onderzoek het resultaat van is. Verder is je vermogen 
om van een onderzoekmanuscript een helder, leesbaar en bijna spannend verhaal te 
maken, een absoluut talent.

Prof. C.H.C. Dejong, co-promotor, chirurg en onderzoeker bij de afdeling Heelkunde 
van het azM. Beste Kees, jij was essentieel bij de uitvoering van het Maastrichtse deel 
van de humane tracer studie. Jij leverde je bijdrage aan de opzet van het onderzoek, 
je opereerde alle patiënten die deelnamen aan de studie in het azM en nam daarbij de 
benodigde abdominale bloedmonsters af. De onderzoeksmanuscripten las je intensief 
en je bracht de nodige verbeteringen aan. Ik heb veel gehad aan je luchtige, rationele 
benadering bij de aanpak van het onderzoek en het op schrift stellen van de resultaten.

Leden van de lees- en promotiecommissie. Prof. R.P. Bleichrodt, Prof. H.N. Lafeber, 
Prof. P.B. Soeters, Prof. R.J. Vonk, Bedankt voor het bestuderen van het manuscript en 
het voeren van de oppositie. Prof. L. Cynober, Prof. P.E. Wischmeyer,  Prof. R. Meier. 
Thank you for you critical appraisal of my thesis and for travelling all the way to Holland 
to oppose at my thesis defence.

Prof. L. Cynober from the department of clinical biochemistry of the Hotel-Dieu hospital  
and the Université Paris Descartes. Dear Luc, your hospitality when we visited your 
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laboratory was heart-warming. The contribution of your laboratory to the research 
described in this thesis was most valuable.
 
Prof. N.E.P. Deutz van het ‘Center for Translational Research in Aging & Longevity,’ 
aan het ‘Donald W. Reynolds Institute on Aging’ van het UAMS in Little Rock in de 
VS. Beste Mick, we hebben elkaar leren kennen toen je nog de scepter zwaaide op 
het stabiele isotopen laboratorium van de heelkunde faculteit van het azM. Nu ben je 
professor in Amerika met je eigen onderzoeksgroep. Ik heb veel van je geleerd. Bij het 
opschrijven van een muizenstudie die door Petra Boelens was uitgevoerd, moedigde 
je me aan bestaande tracer formules aan te passen voor optimale interpretatie van de 
resultaten. Toen realiseerde ik me dat de ‘Final Frontier’ van het tracer onderzoek nog 
niet is bereikt. Daarom is Amerika de plek voor jou om de grenzen van dit onderzoek te 
verkennen en verder op te rekken. 

Professor S. Meijer en Dr. M.P. van den Tol, chirurgen van het VUMC. Beste professor 
Meijer en Petrousjka, jullie zijn van onschatbare waarde geweest voor de uitvoering van 
het Amsterdamse deel van de humane tracer studie. Jullie opereerden 12 patiënten die 
deelnamen aan onze studie in het VUMC en namen daarbij de benodigde abdominale 
bloedmonsters af. Petrousjka, jij hebt ook nog het manuscript over het Amsterdamse 
deel van de studie beoordeeld en je daarbij dapper door de stabiele isotopen materie 
heen geslagen. Dank daarvoor!
Joost van der Sijp, chirurg. Toen ik hoorde dat je weg ging uit het VUMC, was dat een 
fikse tegenvaller. Maar je hebt in die laatste maand dat je in het VUMC werkte nog wel 4 
patiënten geopereerd die deelnamen aan het tracer protocol. Dank daarvoor!

Petra Boelens en Mechteld Vermeulen, paranimfen, maar tevens voorganger (Petra) 
en opvolger (Mechteld) in het onderzoek. We hebben samen aan hetzelfde loodzware 
onderzoekstraject gewerkt en dat schept een band. Wat Petra heeft opgezet, heb ik 
afgemaakt en Mechteld zal uiteindelijk het klinische relevante vervolg realiseren, waarvoor 
ik een voorzet heb gegeven. Beste Petra, je lijkt een beetje op onze promotor, jij gaat door 
waar ieder ander afgehaakt. Beste Mechteld, jij hebt het relativeringsvermogen om ook in 
onzekere tijden iets moois te maken van het onderzoek. Of het nu gaat om koolhydraat- 
of om traceronderzoek, je slaat je er met verve doorheen. Doorzettingsvermogen 
hebben we alle drie gemeenschappelijk, dus we komen er wel.

Barbara Molenkamp, chirurg in opleiding en voormalig onderzoekscollega. Lieve 
Barbara, jij hebt ‘het’. Je bent werkelijk goed in alles wat je doet en daarbij ook nog eens 
ontzettend aardig. Ik heb veel lief en leed met je gedeeld op de onderzoeksgang waar 
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wij gezamenlijk zaten te zwoegen op onze promoties. Ook met de afronding van het 
proefschrift heb jij de zaken weer even voor me op een rijtje gezet. Daarbij put je uit je 
eigen ervaring met ‘de laatste loodjes’. Dankzij jou weet ik dat het leven er in sociale zin 
weer flink op vooruit zal gaan na de promotie. Daar verheug ik me nu al op.

De onderzoeksgang en tegenwoordig -kamer van de Heelkunde. Frank Termaat, Michiel 
Siroen, Berbel Sluijter, Robert-Jan Derksen, Steven Oosterling en Martijn Elzinga, 
jullie zijn allemaal al hard op weg om chirurg te worden. Bedankt voor jullie support 
en gezelligheid bij de dagelijkse routine van het onderzoek! Milan Richir en Mireille 
van Stijn, allebei op weg om te promoveren en straks hopelijk ook chirurg te worden. 
Bedankt voor jullie support en gezelligheid! Milan, dank voor de reflectieve gesprekken 
en je hulp bij het koolhydraatonderzoek! Mireille, dankzij jou bloeide het antioxidanten 
onderzoek weer op.
Martijn Garretsen, Astrid Rijssenbeek en Diederik Bos, studenten geneeskunde. Beste 
Martijn, Astrid en Diederik, jullie zijn mij het meest bijgebleven van alle studenten die 
de afgelopen jaren hun steentje hebben bijgedragen aan het onderzoek. Martijn en 
Astrid, zonder jullie had ik het Amsterdamse deel van de humane tracer studie niet 
eens uit kunnen voeren. Verder ben ik erg trots dat jullie allebei ook een artikel hebben 
geschreven tijdens de stageperiode. Martijn, jij hebt daarbij het koolhydraatonderzoek 
een belangrijke impuls gegeven met je belangstelling voor maaglediging bevorderende 
en remmende hormonen.

Marcel van de Poll, chirurg in opleiding in het azM. Mede dankzij jou is het Maastrichtse 
deel van de humane tracer studie een succes geworden. Ik heb veel van je geleerd.

Robert-Harm Bremer, dokter en goede vriend van Petra Boelens, dank voor je 
gastvrijheid. Ik heb menige keer bij jou in Maastricht gelogeerd als we weer een patient 
hadden geincludeerd in het azM.

Dr. C Keijzer, anesthesist Nederlands Kanker Instituut – Antoni van Leeuwenhoek 
Ziekenhuis. Beste Christiaan, toen je nog werkte in het VUMC heb je speciaal voor 
de humane tracer studie een anesthesie protocol geschreven. Toen het allemaal niet 
zo liep met de uitvoering van het protocol in Maastricht, bedacht je een nieuw protocol 
voor het Amsterdamse deel van de studie, dat de Maastrichtse aanpak zoveel mogelijk 
benaderde. Zo waren de groepen toch weer vergelijkbaar. Later heb je ook nog 
meegedacht over de anesthesie paragraaf in de artikelen over de humane tracer studie. 
Bedankt voor je betrokkenheid!
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Drs. P.M. Bet, Drs. E.N. Bakker, Drs. A.J. Wilhelm, apothekers van het VUMC. Beste 
Pierre, Eke en Bram, zonder jullie waren die poedervormige tracers nooit in oplossing 
gebracht. Het klinkt zo simpel, maar dit was misschien wel de belangrijkste hobbel in dit 
onderzoek. Ik beloof jullie dat we nooit meer zo krap zullen bestellen!

Prof.dr. R.A. Manoliu, voormalig afdelingshoofd van de afdeling radiologie in het VUMC, 
Drs. C van Schaik, radioloog, Dr. M.B.M. Hofman, klinisch fysicus, Lloyd Belliot en Erwin 
Kist, laboranten. Beste professor Manoliu, bedankt voor de mogelijkheid om onderzoek 
te doen naar de beste manier om bloed ‘flow’ te meten bij de patiënten die deelnamen 
aan onze studies. Ook dank voor uw hulp bij de beoordeling van de moeilijkste beelden! 
Beste Cors en Lloyd, jullie waren de toppers van de Duplex, die tijdens de operatie de 
bloed flow door de darm, lever en nieren kwantificeerden bij patiënten die deelnamen 
aan de Amsterdamse humane tracer studie. Lloyd was zelfs bereid mee af te reizen 
naar Maastricht om ze daar het kunstje te leren. Na gedane werkzaamheden ging een 
pilsje op een Maastrichts terras er wel in. Marcel van de Poll en Kees Dejong zien hem 
beslist graag nog een keer terug!
Beste Mark, we hadden de MRI flow metingen graag gebruikt voor interpretatie van de 
resultaten van de humane tracer studies. Dat was een brug te ver. Jouw gecombineerde 
MRI flow protocol voor de vena porta, de arterie hepatica en de vena arenalis is wel 
een noviteit. We zullen hier dan ook zeker over publiceren. Beste Erwin, jij draaide je 
hand niet om voor het MRI flow protocol. En ook jij bent nog een keer meegereisd naar 
Maastricht. Ik ben je ontzettend dankbaar voor alle tijd die je in het ‘flow onderzoek’ hebt 
geïnvesteerd.

Prof. R.G.H. Beets Tan van de afdeling radiologie in het azM, bedankt voor uw 
medewerking aan het flow onderzoek.

Sigrid de Jong, Rob Barko, Erik Wever, Tom Teerlink, Peter Scheffer en Astrid Kok van 
het klinisch chemische en het metabole laboratorium. Jullie hebben allemaal een eigen 
bijdrage geleverd aan het onderzoek. Onze paden kruisen elkaar nu veel minder, maar 
ik zal jullie nooit vergeten. Sigrid, jij was mijn rots in de branding bij alle labtechnische 
handelingen. Jij en Rob hebben me ooit een eigen set pipetten gegeven, zodat ik van 
die van jullie af zou blijven. Tom en Peter, jullie hebben regelmatig meegedacht over de 
interpretatie van de resultaten van ons onderzoek. Peter heeft daarnaast veel energie 
gestoken in een aantal belangrijke bepalingen voor het antioxidanten onderzoek. Dank 
hiervoor!



191Dankwoord

Els Jagtenberg, Marit Kuilman en Femke Klinkenberg van het planbureau van het 
VUMC. Beste Els, Marit en Femke, jullie planden de operaties van de patiënten die 
deelname aan het onderzoek en hielpen mij met de inclusie. Mede dankzij jullie is het 
onderzoek in het VUMC zo vlot verlopen. En dan de gezelligheid! Zonder jullie was het 
beslist veel saaier geweest!

Monique van Wolveren, Rita Blom en Hella Masuger van het secretariaat van de 
Heelkunde. Beste Monique, Rita, en Hella, ik kwam weleens bij jullie langs voor een 
poliklinische status of als ik weer eens op zoek was naar professor Meijer. Dank voor 
jullie support!

De verpleegafdelingafdeling chirurgische oncologie (VHON). Alle betrokken 
verpleegkundigen, bedankt voor jullie bijdrage aan dit onderzoek. Bij 8 patiënten werd 
door jullie onder andere heel professioneel een Bengmarksonde geplaatst. Ook nu werk 
ik weer met veel plezier als diëtist op jullie afdeling.
Nelleke Roffel, de bevlogen secretaresse van de afdeling VHON. Beste Nelleke, tijdens 
het onderzoek kwam ik je tegen op de planning en op de VHON. Je was en bent nog 
steeds mijn belangrijkste telefonische intermediair met de afdeling!

Dr. M.A.E. van Bokhorst-de van der Schueren, hoofd Sectie Diëtetiek & Voedingsweten-
schappen. Beste Marian, jij bent degene geweest die professor van Leeuwen op mijn 
pad heeft gebracht. Daarvóór had je er al voor gezorgd dat ik een Master opleiding kon 
doen. Ook zonder jou was ik niet gepromoveerd. Dank voor je nooit aflatende steun en 
betrokkenheid!

Collega’s van de Sectie Diëtetiek & Voedingswetenschappen. Beste Barbara, Floor, 
Willy, Miranda, Sabine, Jacqueline, Carina, Maaike, Caroline, Marja, Vrouwke, Alice, 
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