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   Key Points 

•     Endotoxemia markedly modifi es glutamine metabolism in tissues with a decrease of intestinal 
glutamine uptake and metabolism.  

•   In liver, endotoxemia increases glutamine uptake and utilization but decrease glutamine endogenous 
synthesis.  

•   In skeletal muscles, endotoxemia increases synthesis and release of glutamine for other tissues, 
resulting in decrease of muscle glutamine content.  

•   In lungs, endotoxemia results in a decrease of glutamine uptake with increased glutamine endogenous 
synthesis and release.  

•   Supplementation with glutamine allows to mitigate in endotoxemic situation the increment of intes-
tinal permeability and bacterial translocation, and, in intestine and lung, to decrease infl ammation 
and injury.    
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  GS    Glutamine Synthetase   
  GSH    Glutathione   
  HSP    Heat Shock Protein   
  IL    Interleukin LPS: Lipopolysaccharide   
  MAPK    Mitogen-Activated Protein Kinase   
  MPEC    Microvascular Pulmonary Endothelial Cells   
  NO    Nitric Oxide   
  PAEC    Pulmonary Artery Endothelial Cells   
  TLR    Toll-Like Receptor   
  TNF    Tumor Necrosis Factor   

       Introduction 

 Endotoxemia is defi ned as the presence of endotoxin in blood and may result from a transfer of a 
pathological amount of endotoxin (also currently called bacterial lipopolysaccharide LPS) from the 
intestinal lumen to the bloodstream due to impaired gut selective barrier function. Major endotoxemia 
can lead to sepsis defi ned as a medical condition characterized by a whole-body infl ammatory state 
(also called systemic infl ammatory response syndrome or SIRS) [ 1 ]. Septic shock is another medical 
condition which results from severe infection and sepsis. Sepsis may begin with a localized infection 
which can reach the bloodstream. Septic shock can lead to the multiple organ dysfunction syndrome. 
Patients suffering from septic shock are taken in charge in intensive care units with a mortality rate 
being as high as 20–50 % [ 2 ,  3 ]. Although the pathogenesis of septic shock is much complicated and 
not entirely understood, it involves events including the release of cytokines, the activation of macro-
phages, neutrophils, and microvascular endothelial cells, as well as coagulation disorders and severe 
metabolic alterations [ 1 ,  4 ]. In critically ill patients, the gastrointestinal tract is believed to play a 
central role in the pathogenesis of septic shock [ 5 ,  6 ]. Indeed, increased gut permeability and bacterial 
translocation play an active role in multiple organ failure by inducing a vicious cycle of increased 
intestinal permeability, leading to increased transfer of luminal compounds to the bloodstream. In this 
way, the gut can be seen as both an instigator and a victim of post-injury multiple organ failure [ 5 ]. 
This idea was already present in the pioneering work of Deitch et al. [ 7 ] showing that intraperitoneal 
injection of endotoxin to mice was able to promote the translocation of bacteria from the gut. 

 In this general context, the aim of this chapter is to present an overview on (1) the effect of 
endotoxemia and sepsis on glutamine metabolism in tissues and (2) the effects of glutamine supple-
mentation in endotoxemia and sepsis.  

    Endotoxemia and Glutamine Metabolism in Intestine 

 It is well known that one of the major roles of the small intestine is to absorb the nutrients (including 
amino acids) from the intestinal lumen to the bloodstream. However, a signifi cant part of luminal 
amino acids are metabolized by enterocytes in the process of absorption. This is particularly true for 
several amino acids including glutamine which are very largely metabolized by the enterocytes during 
their transcellular journey [ 8 ]. Glutamine metabolism corresponds to energy supply in a context of 
rapid renewal of the epithelium (and thus intense ATP-consuming anabolic metabolism) and to 
sodium extrusion at the basolateral membrane through the action of the Na/K ATPase. As noted previ-
ously, glutamine also provides nitrogen for nucleotide synthesis, and is a precursor for several amino 
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acids produced in enterocytes. Lastly, glutamine has been shown to be able to preserve protein 
synthesis in Caco-2 cells submitted to “luminal fasting.” [ 9 ] 

 Sepsis considerably alters the intestinal barrier functions, which in turn modifi es the absorption and 
bioavailability of nutrients [ 10 ]. In septic patients, sodium-dependent glutamine transport is decreased 
in both jejunum and ileon when compared to control surgical healthy patients [ 11 ]. In addition, gut 
glutamine and oxygen consumption are markedly diminished in these patients [ 12 ]. In rats treated by 
intraperitoneal injection of LPS, transport data indicated decreases in both sodium- dependent jejunal 
glutamine uptake and glutaminase activity [ 11 – 13 ] suggesting that less glutamine is available for 
enterocyte metabolism. In the model of sepsis induced by cecal ligation and puncture, the capacity of 
enterocytes for glutamine oxidation and the intestinal mucosa glutaminase activity are decreased 
[ 14 ,  15 ] with a concomitant negative nitrogen balance. In contrast, in vivo, LPS treatment increases 
the activity of small intestine glutamine synthetase (GS) by 250 % [ 16 ]. However, experimental works 
by another group using the cecal ligation and puncture model of sepsis have shown that the effects of 
sepsis on glutamine transport may be biphasic with an initial increase followed by a decrease [ 17 ]. 
Simultaneously, intestinal extraction of glutamine from the bloodstream fell by 56 %. This latter 
reduction in the uptake of circulating glutamine cannot be accounted for by a fall in the arterial con-
centration. Thus, immediately after endotoxemia, brush border glutamine uptake is increased while 
consumption of glutamine entering across the basolateral membrane is decreased. 

 Although the mechanisms involved in the decreased glutamine metabolism in enterocytes recov-
ered from septic animals remain unclear, interleukin-1 (IL-1) has been shown to act as a mediator of 
the alterations in gut glutamine metabolism in endotoxemia and sepsis [ 18 ,  19 ]. Karinch et al. [ 20 ] 
suggested that IGF-1 has a direct effect on the stimulation of the glutamine transport. However, the 
effect of endotoxemia and sepsis on glutamine metabolism in the intestinal mucosa appears rather 
unspecifi c since absorption of several other amino acids (including leucine, proline, glutamate, argi-
nine) are also affected [ 11 ,  21 – 24 ]. Indeed, following endotoxemia, almost all circulating amino acids 
(including amino acids like citrulline and ornithine which are not incorporated in alimentary proteins 
but are derived from amino acid precursors) are markedly decreased suggesting a marked decrease of 
the intestinal functions [ 25 ]. In addition, endotoxemia affects the morphology of the intestinal mucosa 
[ 26 ,  27 ], and decreases the mucosal oxygen consumption [ 28 ,  29 ], reinforcing the view that endotox-
emia affects the intestinal functions. The main alterations of glutamine metabolism in intestine due to 
endotoxemia are presented in Fig.  10.1 .   

  Fig. 10.1    Main alterations of 
glutamine metabolism in 
intestine due to endotoxemia       
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    Glutamine Supplementation and Intestinal Functions 
in Endotoxemia and Sepsis 

 Clinical and preclinical studies have suggested that glutamine supplementation may be benefi cial to 
humans with altered intestinal functions. Using a gastrostomy-fed rat infant “pup-in-a-cup” model, 
the effects of glutamine supplementation on the proinfl ammatory response induced by LPS given 
before dietary supplementation via the gastrostomy tube were examined [ 30 ]. Using a 3.5 g/kg/day 
dose of glutamine, a decrease of the expression of the intestinal cytokine-induced neutrophil chemoat-
tractant and a decrease of the myeloperoxidase activity (used as a parameter indicating neutrophil 
accumulation in intestinal mucosa), as well as a decrease of intestinal and plasma TNF-α concentra-
tions occurred in endotoxemic animals when compared with control (untreated) animals. In a model 
of infant rats treated with intraperitoneal injection of LPS and receiving at the same time a supplemen-
tation of glutamine (2 mmol/g) by the same intraperitoneal way, glutamine supplementation was able 
to counteract the fast decrease of the circulating glutamine concentration and to partly prevent the 
increase of circulating TNF-α provoked by the LPS treatment. In rats receiving LPS by the subcutane-
ous way, supplementation with 2 % glutamine given in the drinking water before and following injec-
tion of LPS was able to prevent gut mucosal injury and to improve the mucosal recovery in terms of 
bowel weight and mucosal weight as well as villus height in the jejunum [ 31 ]. Ding and Li [ 32 ] found 
that prophylactic treatment with glutamine could minimize the increment of intestinal permeability 
and bacterial translocation caused by endotoxemia in rats treated with total parenteral nutrition. 
Uehara et al. [ 33 ] reported that glutamine pretreatment signifi cantly ameliorated intestinal tissue 
injury and the survival of rats following LPS treatment. 

 When given before LPS administration, glutamine treatment signifi cantly ameliorated LPS- 
induced mucosal injury, infl ammation, and apoptotic cell death in the ileum and the colon, as judged 
by signifi cant decreases in TNF-α gene expression and ameliorated histologic damage scores. In adult 
humans, glutamine pretreatment decreases the production of the proinfl ammatory cytokines IL-6 and 
IL-8 by the intestinal mucosa [ 34 ,  35 ]. Accordingly, glutamine deprivation enhanced IL-8 production 
by Caco-2 colonic human adenocarcinoma cells after LPS stimulation [ 36 ,  37 ]. In human fetal and 
adult intestinal epithelium, it has been shown that glutamine modulates LPS-induced IL-8 production 
through IκB/NFκB transduction pathways [ 38 ]. Zhou et al. [ 39 ] revealed that an oral preventive sup-
ply of combined glutamine and arginine before endotoxemia induction signifi cantly decreases TNF-α 
and IL-1β mRNA abundance in both the jejunum and ileum, while they also signifi cantly decrease 
anti-infl ammatory IL-10 in the ileum. In the model of rats treated intravenously with LPS, supplemen-
tation with glutamine (0.75 g/kg) and with  L -alanyl- L -glutamine dipeptide (same amount of glutamine 
than glutamine alone) before and after LPS injection prevented the LPS-induced decrease of the 
functional capillary density of the intestinal muscular and mucosal layers as well as the number of 
adherent leukocytes in the submucosal venules, indicating that glutamine supplementation is able to 
improve the intestinal microcirculation [ 40 ]. In the rat model injected with LPS via the intraperitoneal 
way and supplemented with glutamine in drinking water (2 %), it was reported that glutamine supple-
mentation was able to downregulate the Toll-like receptor TLR-4 as well as the myeloid differentia-
tion factor 88; and to ameliorate the intestinal mucosal injury caused by endotoxemia [ 41 ]. In the 
model of rats receiving LPS via intravenous administration and concomitantly glutamine at the dose 
of 0.75 g/kg by the same way, it was found that glutamine supplementation can effi ciently attenuate 
the increase in circulating proinfl ammatory cytokines and protect against organ damage as assessed 
by histological examination, and decrease mortality from endotoxemia [ 42 ]. 

 In rats receiving continuous intravenous injection of LPS, glutamine supplementation at a dose of 
2 % was able to ameliorate the nitrogen balance and to increase the intestinal mucosal glutaminase 
activity [ 43 ]. In addition, the morphological aspect of the jejunal mucosa was ameliorated in 
glutamine- supplemented animals as judged from the villus height, crypt depth and wall thickness. 
Higashiguchi et al. [ 44 ] studied the effect of sepsis and the regulation by glutamine of protein 
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synthesis in enterocytes isolated from the small intestine of rats. Sixteen hours after endotoxemia 
induction, protein synthesis was increased by 65 %, 89 %, and 137 %, respectively, in enterocytes 
from the tips and mid-portions of the villi and from the crypts. Addition of glutamine to incubated 
enterocytes stimulates protein synthesis in a dose-dependent manner. In the study by Okuma et al. 
[ 45 ], the authors induced sepsis in rats by continuous intraperitoneal administration of endotoxin, and 
supplemented the animals with 2 %  L -alanyl- L -glutamine by total parenteral nutrition. Under such 
experimental conditions, they found that the supplementation with the dipeptide did not ameliorate 
neither the nitrogen balance nor bacterial translocation from the gut to the mesenteric lymph nodes. 
However, the supplementation with the dipeptide containing glutamine was able to increase the intes-
tinal mucosal weight, and the villus height. In a study aiming at evaluating the effect of a supplemen-
tation with glutamine (0.75 g/kg, in its free form or in the form of the dipeptide  L -alanyl- L -glutamine) 
on the microcirculation in the endotoxemic rat model, Sheibe et al. [ 46 ] found that glutamine supple-
mentation before LPS challenge was able to reduce leukocyte adherence and mesenteric plasma 
extravasation, indicating that glutamine diminish the detrimental impact of endotoxemia on the mes-
enteric microcirculation. In endotoxemic rats treated with intraperitoneal injection of LPS followed 
by food deprivation for 24 h and then receiving glutamate supplementation (4 g/kg/d), glutamine 
concentration was increased in the jejunum and the intestinal villus height was higher in the jejunum 
of supplemented animals when compared to control [ 26 ]. 

 In the early weaning piglet model, supplementation with glycyl-glutamine dipeptide (0.15 %) in 
LPS-treated animals is able to partly alleviate the suppression of growth and immune functions [ 47 ]. 
In the study by Dugan and McBurney [ 48 ], a segment of distal ileum was isolated from anesthetized 
piglets and perfused without or with 2 % glutamine before treatment with endotoxin. By using such 
an experimental design, the authors found that endotoxin-induced permeability changes (as measured 
using the plasma-to-lumen clearances of Cr-EDTA) can be partly prevented by supplying luminal 
glutamine. In the study of Haynes et al. [ 49 ], enterocytes from neonatal pigs were cultured in the pres-
ence of LPS with or without millimolar concentrations of glutamine in its free form or as the dipeptide 
 L -alanyl- L -glutamine. The results obtained indicate that glutamine is able to reduce the LPS- induced 
cell death. In the same study, the authors gave an oral supplementation of glutamine or  L -alanyl-
 L -glutamine to 7-day-old piglets before intraperitoneal administration of LPS, and found that the 
dietary supplementation with glutamine is able to ameliorate the LPS-induced intestinal injury, to 
enhance growth performance, and to reduce the intestinal expression of the LPS Toll-like receptor-4, 
of the active caspase 3, and of the transcription factor NF-κB. The main effects of glutamine supple-
mentation on intestinal functions in endotoxemia are presented in Fig.  10.2 .   

  Fig. 10.2    Main effects of glutamine supplementation on intestine in endotoxemia       
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    Endotoxemia and Glutamine Metabolism in Liver 

 Endotoxin treatment in rats results in a tenfold increase of hepatic glutamine uptake owing to both an 
increase in hepatic blood fl ow and in glutamine extraction from the bloodstream [ 18 ]. This marked 
increase in metabolic activity is concomitant with signs of hepatocellular injury. Thus in this experi-
mental model, the liver becomes the major organ for glutamine consumption [ 18 ]. In the study by 
Pacitti et al. [ 50 ], hepatic glutamine consumption is accordingly increased 11-fold after LPS-induced 
endotoxemia in rats. Glutamine uptake by the liver is markedly accelerated during endotoxemia, and 
this is due to an increase in hepatocyte plasma membrane transport activity. System N transporters in 
hepatocytes play a major role in hepatic glutamine transport. Studies in endotoxemic rodents have 
shown net hepatic glutamine uptake to be markedly increased, a result which is due partially to a 
three- to fourfold increase in hepatocyte transport System N activity [ 20 ]. LPS administration resulted 
in a time- and dose-dependent two- to threefold increase in Na + -dependent glutamine transport activity 
[ 51 ,  52 ] secondary to an increase in the transport maximal velocity ( V  max ), consistent with the appear-
ance of an increased numbers of corresponding transporter proteins in the hepatocyte plasma 
membrane vesicles. Maximal increases in transport was observed 4 h after exposure to endotoxin. 
This increase in transport activity represents an important mechanism regulating the accelerated 
hepatic glutamine uptake that occurs during severe infection. Wang et al. [ 53 ] investigated the changes 
of hepatic transporters in early endotoxemic rats provoked by intraperitoneal injection of LPS. 
They showed that both the mRNA and protein expression of SNAT3 and SNAT5 are enhanced by LPS 
in a time- and dose-dependent manner. Fischer et al. [ 54 ] showed that LPS treatment administered 
intraperitoneally in fed and fasted (48 h) rats increased transport activity 2.6- and 6-fold, respectively. 
This effect in endotoxemic starved rats is mediated by both an increase in System N  V  max  and the 
induction of a high affi nity System A amino acid carrier which transports glutamine. In this latter 
study, starvation and endotoxemia appear to regulate hepatocyte glutamine transport independently 
and synergistically. The authors propose that the hepatic response allows to provide glutamine to 
support key metabolic pathways in the liver during critical illness. However, the effect of endotoxemia 
on glutamine transport is not restricted to glutamine since rats treated with a single injection of endo-
toxin are characterized by a stimulation of arginine transport [ 55 ]. Vejchapipat et al. [ 56 ] showed that 
early stages of endotoxemia induced by LPS injection signifi cantly decrease neonatal hepatic level of 
glutamine. The increase in liver glutamine utilization is associated with increases in parenchymal 
DNA and glutathione levels, as well as glutathione and urea release into the systemic circulation. 
This accelerated utilization provides carbons for energy and gluconeogenesis, and substrate for nucle-
otide and glutathione biosynthesis in order to support cell repair [ 18 ]. 

 Glutamine synthetase (GS) in the liver is restricted to a small perivenous hepatocyte population and 
plays an important role in the scavenging of ammonia that has escaped the periportal urea- synthesizing 
compartment. Görg et al. [ 57 ] showed that LPS single intraperitoneal injection impairs hepatic ammonia 
detoxifi cation by both downregulation of GS and its inactivation through tyrosine nitration. GS pro-
tein expression 24 h after LPS injection was decreased by approximately 20 %, whereas the corre-
sponding enzymatic activity was lowered by 40–50 %. In line with GS inactivation, glutamine 
synthesis from ammonia in perfused livers obtained from LPS-treated rats is decreased by approxi-
mately 50 %. The resulting defect of the perivenous scavenger cell function with regard to ammonia 
elimination may partly contribute to sepsis-induced development of hyperammonemia. In rats treated 
with LPS, glutaminase activity and fl ux through glutaminase in intact mitochondria are markedly 
increased by the endotoxin treatment. The effect is associated with an increase in the sensitivity of 
glutaminase fl ux to the enzyme activator phosphate [ 58 ]. In the liver, glutamine plays an important role 
in ammonia detoxication and the regulation of pH homeostasis (“intercellular glutamine- glutamate 
cycle”). In addition, glutamine regulates liver metabolism by mechanisms that cannot be attributed to 
its metabolism. Examples include the stimulation of protein and glycogen synthesis, bile acid 
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secretion, and inhibition of proteolysis in liver. A major trigger for such effects is an increased 
hepatocyte hydration due to the cumulative uptake of glutamine into the cells, which activates osmo-
signaling pathways involving mitogen-activated protein kinases (MAPK). Glutamine- and hypoosmo-
larity-induced cell swelling activates extracellular signal-regulated kinases (ERK) and p38 (MAPK). 
Also, the antiproteolytic effect of glutamine is largely due to glutamine-induced cell swelling, which 
activates osmosignaling pathways. The glutamine-induced p38 (MAPK) activation mediates the inhi-
bition of autophagic proteolysis at the level of autophagosome formation [ 59 ]. 

 Surgical neonates are at risk of sepsis with associated liver dysfunction. Hydrogen peroxide (H 2 O 2 ) 
and nitric oxide (NO) are important mediators of sepsis, which impair neonatal hepatic metabolism. 
Glutamine by itself or in the form of dipeptides, have been shown to have benefi cial effects on the 
altered hepatocyte metabolism and liver damage during neonatal sepsis. The study from Babu et al. 
[ 60 ] found that glutamine and its dipeptides are indeed effi cient in reversing the effects of septic 
mediators on hepatic oxidative metabolism in neonatal rats. 

 Markley et al. [ 61 ] determined the effects of glutamine on hepatocyte energy metabolism under 
conditions of neonatal endotoxemia, and concluded that glutamine reverses the inhibition of mito-
chondrial metabolism observed in endotoxemia, which is primarily at the level of ATP synthesis. The 
addition of glutamine to hepatocytes from endotoxemic rats restored intramitochondrial oxygen con-
sumption to control levels. Although glutamine did not reverse the inhibition of the thermogenic 
proton leak observed in endotoxemia, it signifi cantly increased oxygen consumption due to mitochon-
drial ATP synthesis. Glutamine signifi cantly increases the hepatocyte ATP/ADP ratio compared with 
hepatocytes from endotoxemic rats. Electron microscopy reveals morphological damage to the mito-
chondria of hepatocytes from endotoxemic rats, and evidences a return to a normal appearance with 
the addition of glutamine. Intramitochondrial O 2  consumption is inhibited in isolated hepatocytes 
from suckling septic rats and this impairment can be reversed by glutamine. Kim et al. [ 62 ] showed that 
glutamine signifi cantly increased fatty acid oxidation in hepatocytes from control and endotoxemic 
animals, suggesting that it may promote substrate oxidation during endotoxemia. In the pig model, 
after endotoxin-induced sepsis, the net protein synthesis is rapidly increased in the liver [ 63 ]. In the 
endotoxemic dog model, the net hepatic glucose output is increased approximately twofold [ 64 ], 
with an increase in the net hepatic glycogenolysis accounting for the majority of the increased 
hepatic glucose production. The main alterations of glutamine metabolism in liver due to endotoxemia 
is presented in Fig.  10.3 .   

  Fig. 10.3    Main alterations of glutamine metabolism in liver due to endotoxemia       
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    Endotoxemia and Glutamine Metabolism in Skeletal Muscle 

 Skeletal muscle, the major repository of glutamine, plays a crucial role in maintaining nitrogen homeo-
stasis during health and critical illness by synthesizing and exporting glutamine. Glutamine is both 
synthesized and degraded in skeletal muscle, and the balance of this intracellular cycle determines the 
net synthesis and release of glutamine from the tissue [ 65 ]. Skeletal muscles exhibit a twofold increase 
in glutamine release during infection, which is associated with a signifi cant increase in endogenous 
glutamine biosynthesis. Skeletal muscle glutaminase activity is unchanged by endotoxemia, but expres-
sion of glutamine synthetase (GS) mRNA and specifi c activity increase in a time- dependent fashion. 
Despite an increase in GS activity in skeletal muscle, the intracellular glutamine pool becomes depleted, 
indicating that release rates likely exceed synthesis rates [ 20 ]. As a consequence, the muscle glutamine 
concentration fell in the endotoxin-treated animals by 25–40 %, an event that is apparent as early as 2 h 
after endotoxin treatment [ 66 ] and remains still visible 2 days after LPS injection [ 25 ]. This glutamine 
depletion is caused by accelerated muscle glutamine release [ 67 ] rather than by an increase in intra-
cellular degradation or a fall in intracellular biosynthesis. The adaptive increase in GS expression 
requires de novo RNA and protein synthesis and may be designed to prevent complete depletion of the 
intracellular glutamine pool [ 66 ]. Simultaneously, the circulating pool of glutamine does not increase, 
suggesting accelerated uptake by other organs [ 20 ]. 

 Ardawi and Majzoub [ 15 ] found that there is an enhanced rate of production of glutamine from 
skeletal muscle of septic rats in the cecal ligation and puncture model, which may be due to changes in 
effl ux and/or increased intracellular formation of glutamine. Sepsis results in decreases of the concen-
trations of skeletal muscle glutamine, glutamate, 2-oxoglutarate, and adenosine monophosphate. 
Hindlimb blood fl ow showed no marked change in response to sepsis, but was accompanied by an 
enhanced net release of glutamine and alanine. The maximal activity of GS was increased only in 
quadriceps muscles of septic rats, whereas that of glutaminase was decreased in all muscles studied. 

 The expression of GS is induced in rat skeletal muscle cells ( L -6) in response to treatment with the 
infl ammatory cytokine TNF-α. Chakrabarti [ 68 ] demonstrated that the rat GS gene is transcriptionally 
regulated by TNF-α and identifi es a TNF-α-responsive region at the 5′ fl anking sequence of the GS 
gene. Lukaszewicz et al. [ 69 ] reported that induction of GS expression in skeletal muscle after endo-
toxin administration is adrenal gland dependent. Treatment of normal rats with LPS results in a 
marked increase in GS mRNA that appears dose and time dependent, and precedes the increase in GS 
protein. The increase in muscle GS mRNA observed in normal rats in response to LPS is abrogated in 
adrenalectomized rats at 3 h after treatment with a high dose of LPS. These and other studies implicate 
glucocorticoid hormones as a key, but not exclusive, regulator of GS expression in skeletal muscle 
after a catabolic insult. 

 Suojaranta-Ylinen et al. [ 70 ] reported that glutamine cannot prevent endotoxemia during or after 
cardiac surgery. However, Meador and Huey [ 71 ] suggested that glutamine supplementation provides 
an effective, novel, clinically applicable means of preserving muscle force during acute infl ammation. 
LPS treatment is associated with a 33 % reduction in maximal plantarfl exor isometric force and 
elevated serum TNF-α and IL-6. Glutamine completely prevents this LPS-induced force decrement 
and reduces muscle heat shock protein HSP-70 and IL-6. The main alterations of glutamine metabo-
lism in skeletal muscles in endotoxemia are presented in Fig.  10.4 .   

    Endotoxemia and Glutamine Metabolism in Lung 

 Severe infection alters lung glutamine metabolism. Insuffi cient glutamine for the lungs during sepsis 
may contribute to an impairment of lung function. Lung glutamine metabolism is supported by both 
blood glutamine uptake and de novo biosynthesis using circulating BCAA and glutamate as precursors. 
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Pan et al. [ 72 ] isolated lung plasma membrane vesicles from control and LPS-treated rats and assayed 
glutamine transport activity in these vesicles. They showed that 80 % of glutamine uptake in lung 
vesicles is mediated via the high affi nity Na + -dependent carrier system ASC, while 19 % occurred via 
the Na + -independent System ASC. Treatment of rats with LPS resulted in a decrease in System ASC 
and X AG-  activity in lung plasma membrane vesicles, which may contribute to reduced glutamate 
uptake, reduced lung glutamine availability, and impaired cellular metabolism and function during 
septic states. 

 During sepsis, the lung responds by exporting increased amounts of glutamine. This response is 
accompanied by increased enzymatic activity of GS. Austgen et al. [ 73 ] studied the alterations in lung 
glutamine metabolism that occurs in the endotoxin-injured lung in rats and subsequently correlated 
with fl ux changes that occur in patients with the adult respiratory distress syndrome (ARDS). In 
healthy control rats, net amounts of glutamine are released by the lungs into the systemic circulation. 
The rate of glutamine release from the lung doubled 30 min after intravenous endotoxin. This acceler-
ated fractional release of glutamine by the lungs is no longer detected 2 h after endotoxin treatment. 
By the 12-h time point, a more than twofold increase in GS activity is recorded. Simultaneously, lung 
weights are increased by 21 % and histologic examination shows an interstitial infi ltrate and pulmo-
nary edema. Similar observations were made in patients with “early” sepsis which exhibited a marked 
increase in lung glutamine release. During septic states, effl ux of glutamine from the lung increases, 
a response thus sustained by an increase in GS activity. Abcouwer et al. [ 74 ] have used rat epithelial 
cell line of pulmonary origin (L2 cells) to study the effect of several hormones and cytokines (which 
mediate the septic shock response) on GS expression. They found that GS expression, as determined 
by measurement of mRNA and protein contents, increases rapidly and severalfold in response to 
physiologically relevant levels of the synthetic glucocorticoid dexamethasone (Dex). In contrast, GS 
expression is not markedly induced by LPS, cytokines, activated complement C5a, or prostaglandins. 
The results of this study are consistent with a regulation of lung GS expression via a direct glucocor-
ticoid receptor-mediated response. In addition, GS mRNA decay in L2 cells seems to be regulated by 
two independent mechanisms, one being sensitive to the protein synthesis inhibitor cycloheximide, 
and the other being sensitive to actinomycin D. It is also known that GS expression in the rat lung can 
be induced by glucocorticoid hormones. Lukaszewicz et al. [ 75 ] characterized the induction of GS 
expression during LPS-induced endotoxemia in normal, neutropenic, and adrenalectomized rats, and 
showed that GS gene induction during sepsis is only partially mediated by adrenal-derived glucocor-
ticoid hormones. Normal rats exhibited a time- and dose-dependent induction of GS mRNA levels 

  Fig. 10.4    Main alterations of glutamine metabolism in skeletal muscles in endotoxemia       
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after a single intraperitoneal dose of LPS. In response to endotoxemia, GS mRNA levels in the lung 
of adrenalectomized rats increased twofold compared with sixfold in sham-operated control rats. 

 Herskowitz et al. [ 76 ] incubated pulmonary artery endothelial cells (PAECs) with endotoxin (1 μg/ml) 
and showed a signifi cant increase in System ASC-mediated glutamine transport which was maximal 
after 12 h of exposure. Kinetic studies indicated that the increase in carrier-mediated activity was not 
due to a change in  K  m , but rather to a 73 % increase in  V  max . The increase in glutamine uptake by 
PAECs was completely blocked by actinomycin D and cycloheximide, indicating that the accelerated 
glutamine transport was most probably due to an increase in transporter synthesis. During septic 
states, the lungs produce increased amounts of glutamine, an event that is likely mediated by both LPS 
and glucocorticoid hormones and is presumed to be due to accelerated intracellular glutamine biosyn-
thesis. Because enhanced net glutamine release in vivo could also be due to a decrease in cellular 
uptake, Pan et al. [ 77 ] determined glutamine transport in cultured rat microvascular pulmonary endo-
thelial cells (MPECs), and showed that dexamethasone (0.1 μmol/L) and LPS (1 μg/mL) inhibited 
glutamine uptake by decreasing the  V  max  of system ASC transporter (which mediates more than 90 % 
of glutamine transport) in a time- and dose-dependent manner. There was no synergistic or additive 
effect when both compounds were added together. 

 Acute lung injury (ALI) is a critical syndrome associated with respiratory dysfunction. It has been 
reported that glutamine can attenuate ALI after sepsis. Nakamura et al. [ 78 ] showed that glutamine 
added to the solution for total parenteral nutrition improved endotoxin-induced acute lung injury in 
rats. The survival rate and the nitrogen balance were signifi cantly improved at 48 h after endotoxin 
administration as a result of glutamine treatment; the arterial oxygen partial pressure being signifi -
cantly increased. 

 Neutrophils are considered to be central for the pathogenesis of ALI. It is noteworthy that Zhang 
et al. [ 79 ] indicated that glutamine could prevent neutrophil recruitment and infi ltration, protect the 
alveolar barrier, and attenuate infl ammatory injury during sepsis. These results may be related to 
enhanced glutathione (GSH) synthesis. Indeed, glutamine supplementation reduced the total protein 
concentration and total cell and neutrophil counts in bronchoalveolar lavage fl uid after LPS challenge. 
Glutamine enhanced GSH synthesis and attenuated IL-8 release and myeloperoxidase activity in lung 
tissues. Glutamine also decreased CD11b expression in blood neutrophils and prevented lung histo-
logic changes.  L -buthionine-(S,R)-sulfoximine (BSO, a blocker of GSH synthesis) abolished the 
effects of glutamine and attenuated its protection on ALI. 

 Septic shock leads to alterations of cellular metabolism. Glutamine can enhance lung HSP70 
expression which can preserve cellular metabolism after lethal endotoxemia and other forms of 
cellular stress. Singleton et al. [ 80 ] reported that a single dose of glutamine can enhance HSP70 in 
pulmonary epithelial cells and macrophages, and attenuate lung metabolic dysfunction by improving 
the ratio of adenosine triphosphate to adenosine diphosphate in the lung after sublethal endotoxemia. 
This benefi cial effect on lung tissue may be mediated in part by enhanced expression of HSP70. 
Furthermore, Zhang et al. [ 81 ] investigated the role of GSH synthesis in the regulation on nuclear factor 
NF-κ activity and TNF-α released by glutamine in LPS-stimulated alveolar type II (AT-II) epithelial 
cells of rat lungs, and showed that glutamine can prevent the NF-kappaB activation and attenuate the 
release of TNF-α in LPS-stimulated AT-II cells, an effect that may be mediated via GSH synthesis. 

 Lung epithelial cells are important barriers in the respiratory system that can prevent pathogens 
from invading the body after nuclear factor NF-κB activation. LPS is a common pathogen-associated 
stimulus that activates IκB kinase (IKK) to regulate NF-κB-mediated infl ammation through modu-
lating nuclear translocation and phosphorylation of NF-κB. Previously, it has been shown that Akt 
and mTOR are involved in the phosphorylation of IKK to activate NF-κB. Hou et al. [ 82 ] demon-
strated that glutamine modulated LPS-induced activation of NF-κB through the Akt/mTOR/IKK 
pathway in BEAS-2B cells. Glutamine deprivation induces phosphorylation of Akt/mTOR/IKK sig-
naling, increases the level of NF-κB nuclear translocation and phosphorylated NF-κB, and upregu-
lates NF-κB-dependent transcriptional activity, which is suppressed by glutamine administration. 
These fi ndings provide potential mechanisms for the modulation by glutamine of LPS-induced NF-κB 

F. Blachier et al.



135

activation in lung epithelial cells and strongly suggest that maintaining a physiological concentration 
of glutamine is essential in preventing LPS-induced lung infl ammation. The main alterations of 
glutamine metabolism in lung due to endotoxemia is presented in Fig.  10.5 ; and the main effects of 
glutamine supplementation on lung functions in endotoxemia are summarized in Fig.  10.6 .    

    Conclusions 

 Major endotoxemia can lead to sepsis, to septic shock and to multiple organ dysfunction syndrome. 
From experiments with animal models of endotoxemia, and (much less frequently) from clinical studies, 
it has been shown that endotoxemia markedly modifi es glutamine metabolism in tissues with a 
decrease of intestinal glutamine uptake and metabolism, and decrease of oxygen consumption. 
However, this decrease is not specifi c for glutamine since numerous other amino acids are less 

  Fig. 10.5    Main alterations of glutamine metabolism in lung due to endotoxemia       

  Fig. 10.6    Main effects of glutamine supplementation on lung in endotoxemia       
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absorbed in endotoxemia as a result of decreased intestinal functions. In liver, endotoxemia increases 
glutamine uptake and utilization while diminishing the glutamine synthetase activity, coinciding with 
decreased hepatic glutamine content and decreased mitochondrial oxygen consumption. In skeletal 
muscles, endotoxemia increases endogenous glutamine synthesis and release resulting in a decrease 
of the muscle glutamine content. In lungs, endotoxemia results in a decrease of glutamine uptake with 
increased glutamine endogenous synthesis and release. Supplementation with glutamine in its free 
form or in its dipeptide form allows to moderate in endotoxemic situation the increment of intestinal 
permeability and bacterial translocation, to decrease intestinal infl ammation (and more generally of 
gut mucosal injury), and to increase the intestinal microcirculation and intestinal protein synthesis. 
In the lung, glutamine supplementation attenuates pulmonary infl ammation and injury. 

 Mostly from experimental works with animal models, it thus appears that the rationale for glutamine 
supplementation in endotoxemia by the enteral way appears thus relatively strong, as long as a suffi -
cient intestinal capacity for the absorption of this amino acid is preserved. Future works in experimental 
and clinical studies should consider, in endotoxemic/septic situation, supplementation with glutamine 
together with other conditionally essential amino acids to help in the nutritional management of this 
pathology.     
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