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Abstract Gut homeostasis plays a major role in health

and may be regulated by quantitative and qualitative food

intake. In the intestinal mucosa, an intense renewal of

proteins occurs, at approximately 50 % per day in humans.

In some pathophysiological conditions, protein turnover

is altered and may contribute to intestinal or systemic

diseases. Amino acids are key effectors of gut protein

turnover, both as constituents of proteins and as regulatory

molecules limiting intestinal injury and maintaining intes-

tinal functions. Many studies have focused on two amino

acids: glutamine, known as the preferential substrate of

rapidly dividing cells, and arginine, another conditionally

essential amino acid. The effects of glutamine and arginine

on protein synthesis appear to be model and condition

dependent, as are the involved signaling pathways. The

regulation of gut protein degradation by amino acids has

been minimally documented until now. This review will

examine recent data, helping to better understand how

amino acids regulate intestinal protein metabolism, and

will explore perspectives for future studies.
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Abbreviations

FSR Fractional synthesis rate

GCN2 General controller non-derepressible 2 kinase

MAPK Mitogen activated protein kinase

mTOR Mammalian target of rapamycin

NO Nitric oxide

Introduction

Maintenance of intestinal protein metabolism plays a key

role in gut homeostasis and the regulation of gut barrier

function, which is essential in the defence of the organism.

Many stress events, chronic inflammatory diseases and

infections have been associated with an increased intestinal

permeability and consequently a dysregulation of gut

homeostasis (Turner 2009). Gut protein metabolism has to

be tightly regulated since protein fractional synthesis rate

(FSR) approaches approximately 50 % per day in human

duodenal mucosa (Nakshabendi et al. 1996; Coeffier et al.

2003a), a value higher than that of other major tissues, such

as the liver or the muscle. However, this value is dependent

of the precursor pool and the tracer used. For instance, in

fasting conditions, FSR ranged between 28.0 and 88.2 %/d

using intracellular free amino acids and plasma amino

acids as precursor pool, respectively, for 2H5-phenylala-

nine, while it ranged between 23.0 and 40.0 %/d for
13C-leucine (Bouteloup et al. 1998). In addition, intestinal

protein FSR also varies among models and can reach

approximately 50–60 %/d in piglets (Murgas Torrazza

et al. 2010; Yin et al. 2010) and 100 %/d in rats (Boukh-

ettala et al. 2009; El Yousfi et al. 2003). Previous studies

reported that nutritional status can affect gut protein syn-

thesis (Bouteloup et al. 1998; Winter et al. 2007). Amino
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acids, as constituents of proteins and signaling molecules,

modulate intestinal protein metabolism, particularly protein

synthesis, and some amino acids such as glutamine, argi-

nine and leucine exert distinct effects. Proteolytic pathways

are involved in the regulation of several major cellular

processes, i.e., cell proliferation, apoptosis, and inflam-

matory and stress responses. Although these pathways have

been described in the intestine of different species, the

investigation of regulatory effects of amino acids on pro-

tein degradation has just been initiated. This article will

review recent advances on the effects of nutritional status

and specific amino acids on intestinal protein metabolism

regulation and will discuss the involved signaling

pathways.

Influence of fasting, feeding and nutritional status

on intestinal protein metabolism

Because the gut takes up its substrates mainly from the

luminal side, providing both energy and precursors for

protein synthesis, it may be anticipated that protein

synthesis and degradation would be altered over the fast-

feeding cycle, and also according to nutritional stores, as in

the case of prolonged starvation or when nutrients are

supplied intravenously.

In rats, short-term food restriction does not influence

jejunal mucosal protein synthesis (Boukhettala et al. 2009)

but it does increase lysosomal-mediated protein degrada-

tion (Boukhettala et al. 2009; Samuels et al. 1996). In vitro

data suggest that prolonged nutritional deprivation

decreases protein synthesis in intestinal epithelial cells

through activation of GCN2 pathway (Boukhettala et al.

2012; Le Bacquer et al. 2003). On the other hand, an early

study in healthy volunteers found similar duodenal FSR in

fed and fasted conditions (Bouteloup et al. 1998); however,

in the so-called ‘‘fed’’ state, food intake had been stopped

several hours before the endoscopic biopsies were taken,

on the basis of safety issues due to endoscopy procedure.

Indeed, we recently showed that a 5-h enteral infusion of a

mixed oral nutritional supplement, containing carbohy-

drates and proteins, markedly (twofold) increased duodenal

protein synthesis as compared with fasting (Coeffier et al.

2008). Although intestinal villus atrophy has been reported

during prolonged malnutrition in animals (Belmonte et al.

2007; Tandon et al. 1968), FSR in the gastric or duodenal

mucosa of malnourished patients was not altered (Winter

et al. 2007). Similar results have been observed in the

jejunal mucosa of malnourished rats (Tannus et al. 2009).

In contrast, refeeding restored intestinal trophicity (Tandon

et al. 1968) and increased FSR both in gastric and duodenal

mucosa (Winter et al. 2007). Altogether, these data suggest

that villus atrophy could occur during starvation without a

reduction in protein synthesis, and may be due mainly to

increased proteolysis, while refeeding restores intestinal

trophicity through increased protein synthesis, and may be

some inhibition of proteolysis. This hypothesis, however,

remains speculative since studies combining the study of

protein synthesis and degradation in models of fasting

feeding or prolonged starvation are still awaited.

Regarding specific nutrients, luminal amino acids

reduce mucosal protein synthesis using perfused isolated

jejunal segments in piglets (Adegoke et al. 1999), but we

recently provided evidence that intragastric provision of

proteins markedly stimulates duodenal protein synthesis in

healthy volunteers (Coëffier et al. 2011). In contrast,

intravenous amino acid infusion decreases colonic mucosal

protein synthesis in postoperative patients (Rittler et al.

2005). The effects of some specific amino acids, i.e., glu-

tamine, arginine and leucine (Table 1), are discussed

below.

Glutamine and intestinal protein metabolism

Glutamine is the most abundant amino acid in plasma and

is involved in a wide variety of metabolic and biochemical

processes. Glutamine contributes to the regulation of the

redox status as a precursor of glutathione (Belmonte et al.

2007) and also contributes to the synthesis of purine and

pyrimidine bases, and, consequently, of nucleic acids

(Labow and Souba 2000). Although initially classified as a

non-essential amino acid since it can be synthesised de

novo, glutamine has been more recently considered as

conditionally essential in catabolic states wherein endog-

enous production and food intake cannot match the

increased demand in different tissues (Labow and Souba

2000). In critically ill patients, plasma glutamine concen-

tration is reduced (Dechelotte et al. 2006; Houdijk et al.

1998), and low glutamine is predictive of poor clinical

outcome (Planas et al. 1993). In contrast, glutamine sup-

plementation has been associated with a better clinical

outcome in some studies, which could be related, among

other mechanisms, to the preservation of gut barrier func-

tion (De-Souza and Greene 2005).

Glutamine is also the preferential substrate of rapidly

dividing cells such as enterocytes and immune cells, and

thus stimulates their proliferation (Calder and Yaqoob

1999; Rhoads et al. 1997). In intestinal diseases, e.g.

Crohn’s disease (Sido et al. 2006) or irritable bowel

syndrome (Zhou et al. 2010), the expression of glutamine

synthase is decreased in the small bowel and colonic

mucosa, thus reducing the ability of intestinal cells to

produce endogenous glutamine from other precursor amino

acids. Accordingly, glutamine content is also reduced in

the inflamed mucosa of Crohn’s disease patients (Sido et al.
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2006), which could contribute to energy deficit and

immunological imbalance. Glutamine supplementation

also improved gut barrier function in several experimental

conditions of injury (Amasheh et al. 2009) and in some

clinical situations (De-Souza and Greene 2005; van der

Hulst et al. 1993). These beneficial effects are likely to be

related to the modulation of intestinal protein metabolism

by glutamine in favour of a positive nitrogen economy in

the gut.

As a matter of fact, in vitro studies suggest that gluta-

mine deprivation and supplementation influence intestinal

protein metabolism. Indeed, in monolayers of Caco-2 cells,

glutamine deprivation decreased protein FSR and electrical

resistance (Le Bacquer et al. 2001), suggesting that main-

tenance of protein synthesis was mandatory to secure the

efficiency of the tight-junction system. Recently, we

provided evidence that glutamine deprivation decreased

protein synthesis in HCT-8 cells through the stimulation of

the GCN2 pathway, despite an activation of mTOR path-

ways (Boukhettala et al. 2012). Other authors have shown

that mTOR and p38 MAPK activation induced by gluta-

mine deprivation inhibited autophagic processes (Sakiyama

et al. 2009), which contribute to cell survival during

physiological stress. However, the stimulation of mTOR

pathway by glutamine deprivation has not been found by

others (Xi et al. 2012).

In contrast to glutamine deprivation, glutamine supple-

mentation increased protein synthesis in Caco-2 (Le

Bacquer et al. 2003), HCT-8 (Boukhettala et al. 2012) and

IPEC-1 cells (Xi et al. 2012). Glutamine also increased

protein synthesis in isolated enterocytes from either control

(Higashiguchi et al. 1993) or septic rats (Higashiguchi et al.

1995). Interestingly, two recent studies showed that gluta-

mine supplementation increased phosphorylation of 4EBP-

1 and p70S6kinase, two downstream proteins in the mTOR

pathway (Boukhettala et al. 2012; Xi et al. 2012), while

glutamine supplementation had failed to stimulate mTOR

pathway in a previous study (Nakajo et al. 2005). Different

doses of glutamine used in these studies could explain this

discrepancy. Protein degradation was limited by glutamine

supplementation in porcine intestinal epithelial cells (Xi

et al. 2012), while proteasome activity is not affected in

human Caco-2 cells (Hubert-Buron et al. 2006).

Animal studies have revealed contradictory results.

Indeed, using perfused jejunal segments, Adegoke et al.

(1999) showed that glutamine decreased FSR. In mal-

nourished rats, glutamine did not affect intestinal protein

synthesis (Tannus et al. 2009) while glutamine increases

duodenal protein synthesis in hypercatabolic dogs (Hum-

bert et al. 2002). A diet containing glutamine is also able to

maintain jejunal FSR during mucositis in rats (Boukhettala

et al. 2010). Interestingly, two studies have evaluated the

effects of intravenous glutamine supplementation.

Intestinal protein synthesis was not affected by glutamine

infusion both in healthy dogs (Marchini et al. 1999) and in

septic rats (Holecek et al. 2006).

In healthy humans, we reported that enteral glutamine

stimulates duodenal protein synthesis compared with saline,

an effect that could be obtained also with an isonitrogenous

mixture of non-essential amino acids (Coeffier et al. 2003a).

However glutamine, but not control amino acids, decreased

ubiquitin mRNA level in this study (Coeffier et al. 2003a),

as it was also reported in piglets (Adegoke et al. 2003). An

oral nutritional supplement containing glutamine markedly

stimulated duodenal protein synthesis in healthy humans

but this effect was not mainly related to glutamine (Coeffier

et al. 2008). In hypercatabolic subjects (Bouteloup et al.

2000), glutamine stimulated duodenal protein synthesis, but

the difference only approached statistical significance in

this study of a small number of subjects (n = 6). In sum-

mary, in humans, as in animals, and in contrast to intestinal

cells, glutamine by itself does not have trophic effect, at

least in healthy conditions.

When moving on to metabolic processes and specific

proteins, it appears that glutamine is able to regulate several

metabolic pathways. During control, apoptotic, or inflam-

matory conditions induced in Caco-2 cells, we found using

proteomics that 41, 45, and 8 % of the glutamine-affected

proteins were involved in protein synthesis or degradation

(Thebault et al. 2006; Deniel et al. 2007). Other proteins

modulated by glutamine are involved in the regulation of

gut barrier function, in inflammatory or stress responses.

For example, glutamine deprivation is associated with a

reduction of tight-junction protein expression (Li et al.

2004) and an increase of pro-inflammatory cytokines

(Liboni et al. 2005). In contrast, glutamine supplementation

preserves tight-junction proteins (Vermeulen et al. 2011; Li

et al. 2004) and limits the production of pro-inflammatory

cytokines (Aosasa et al. 2003; Coeffier et al. 2001, 2002,

2003b; Hubert-Buron et al. 2006; Marion et al. 2004).

Interestingly, these effects may be mediated by the regu-

lation of the ubiquitin–proteasome system. Indeed, gluta-

mine is able to regulate ubiquitination process. For instance,

glutamine limits IjBa ubiquitination, its degradation and

the related inflammatory response without affecting pro-

teasome activity (Hubert-Buron et al. 2006). In another

tissue, i.e. lung, the limitation of IjBa ubiquitination by

glutamine is mediated by the regulation of specific

E3-ubiquitin ligase (Singleton and Wischmeyer 2008).

Thus, although in vitro data suggest that glutamine is

able to regulate protein synthesis, in vivo data obtained

both in animals and in humans remain controversial. Fur-

ther studies evaluating the effects of glutamine supple-

mentation on intestinal protein metabolism should be

performed in specific pathophysiological conditions and

should include mechanisms of action.
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Arginine and intestinal protein metabolism

Arginine is considered as a conditionally essential amino

acid, because its needs are increased during metabolic

stress (Nieves and Langkamp-Henken 2002) as well as

during organ maturation and development (Wu et al. 2009).

The immunological effects of arginine supply have been

extensively described, mainly through the nitric oxide

(NO) pathway. However, arginine may also support other

vital functions, such as neonatal development and healing

(Wu et al. 2009). Arginine may act by several mechanisms.

Indeed, arginine is a precursor of proline, which plays a

key role in collagen synthesis (Barbul et al. 1990). Argi-

nine supply enables the synthesis of polyamines, which are

implicated in mucosal repair (Moinard et al. 2005). Argi-

nine may also be a potent secretagogue and may promote

the release of endocrine and neuroendocrine hormones,

such as growth hormone, insulin-like growth factor-1

(IGF-1), insulin, glucagon, and pancreatic polypeptide (Wu

et al. 2009). Beneficial effects of arginine supplementation

could be partly mediated by a modulation of protein turn-

over since arginine is a major carrier of nitrogen in humans

and animals with four nitrogen atoms per molecule.

In vitro data underlined the ability of arginine to

increase phosphorylation of S6K and 4EBP-1 in rat intes-

tinal epithelial cells (Nakajo et al. 2005; Ban et al. 2004).

These effects are blocked by NOS inhibitors (Ban et al.

2004). Activation of the mTOR pathway by arginine occurs

during enterocyte migration, along with a requirement for

NO production (Rhoads et al. 2006, 2008; Rhoads and Wu

2009). In neonatal porcine intestinal epithelial IPEC-J2

cells, arginine also stimulates protein synthesis through

activation of mTOR pathway, but independently of NO

production (Bauchart-Thevret et al. 2010). In LPS-treated

IPEC-1 cells, arginine supplementation is able to increase

protein synthesis (Tan et al. 2010). In addition, using

Table 1 Effects of individual amino acids on intestinal protein synthesis and involved signaling pathways

Models Protein synthesis Signaling pathways References

Glutamine

In vitro, Caco-2 cells (human) Deprivation Decreased – Le Bacquer et al. (2001)

In vitro, HCT-8 cells (human) Deprivation Decreased : GCN2, : mTOR Boukhettala et al. (2012)

Supplementation Increased : mTOR

In vitro, IPEC-1 cells (porcine) Deprivation Decreased ; mTOR Xi et al. (2012)

Supplementation Increased : mTOR

In vitro, Caco-2 cells (human) Supplementation Increased – Le Bacquer et al. (2003)

In vitro, Caco-2 cells (human) Deprivation – : mTOR Sakiyama et al. (2009)

In vitro, isolated enterocytes (rat) Supplementation Increased – Higashiguchi et al. (1993)

Jejunal segment (piglets) Supplementation Decreased – Adegoke et al. (2003)

In vivo, healthy humans Supplementation Increased – Coeffier et al. (2003a)

In vivo, malnourished rats Supplementation Unaffected – Tannus et al. (2009)

In vivo, hypercatabolic dogs Supplementation Increased – Humbert et al. (2002)

Arginine

In vitro, IPEC-J2 cells (porcine) Supplementation Increased : mTOR, NO independent Bauchart-Thevret et al. (2010)

In vitro, IPEC-1 cells (porcine) Supplementation Increased : mTOR Tan et al. (2010)

In vitro, IEC16, 18 cells (rat) Supplementation – : mTOR, NO dependent Ban et al. (2004)

In vitro, IEC16, 18 cells (rat) Supplementation – : mTOR Nakajo et al. (2005)

In vitro, IEC6 cells (rat) Supplementation – : mTOR Rhoads et al. (2006)

In vitro, cdx2 cells (rat) Supplementation – : mTOR, NO dependent Rhoads et al. (2008)

In vivo, healthy humans Supplementation Unaffected – Claeyssens et al. (2007)

In vivo, rat (enteritis) Supplementation Increased : mTOR Corl et al. (2008)

Leucine

In vitro, IEC16, 18 cells (rat) Supplementation – : mTOR Ban et al. (2004)

In vitro, IEC16, 18 cells (rat) Supplementation – : mTOR Nakajo et al. (2005)

In vitro, cdx2 cells (rat) Supplementation : mTOR Rhoads et al. (2008)

In vivo, neonatal pigs Supplementation Increased : mTOR Murgas Torrazza et al. (2010)

In vivo, weaning pigs Supplementation Increased – Yin et al. (2010)

In vivo, healthy humans Supplementation Unaffected – Coeffier et al. (2011)

FSR fractional synthesis rate, GCN2 general controller non-derepressible 2 kinase, mTOR mammalian target of rapamycin, NO nitric oxide
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proteomics in Caco-2 cells, Lenaerts et al. (2007) reported

that arginine modulates the expression of proteins involved

in proliferation, apoptosis and in heat shock response. All

these in vitro data suggest that arginine stimulates protein

synthesis in intestinal cells, although intracellular mecha-

nisms could differ within cell types.

Animal studies have provided contrasting data on the

modulation of whole-body (Bruins et al. 2002) and liver,

muscle and kidney protein metabolism (Cui et al. 1999;

Leon et al. 1991) in animals fed with arginine-enriched

diets. During rotavirus-induced enteritis, arginine supple-

mentation increased protein synthesis in intestinal mucosa

(Corl et al. 2008). In this latter study, mTOR pathway was

activated in arginine-fed animals, and the effects of argi-

nine were blunted by rapamycin, an inhibitor of this

pathway (Corl et al. 2008). In addition, the increased

protein synthesis induced by arginine was associated with a

reduction of intestinal permeability (Corl et al. 2008).

In humans, we previously reported that enteral supply of

arginine did not affect FSR of duodenal protein in fasting

healthy humans (Claeyssens et al. 2007). However, we

cannot exclude that arginine may regulate intestinal protein

metabolism in other conditions including injury. Surpris-

ingly, to our knowledge, the effects of arginine on protein

degradation have not yet been documented.

Branched chain amino acids and gut protein

metabolism

The effects of branched chain amino acids on protein

metabolism have been well established in muscle (Wu

2009) but have been little documented in the intestine until

recently. In vitro data have suggested that leucine is able to

activate mTOR pathway in intestinal epithelial cells as in

muscle cells (Ban et al. 2004; Nakajo et al. 2005; Rhoads

et al. 2008). In addition, leucine supplementation increased

cell migration (Rhoads et al. 2008). The supplementation

of low-protein diets with leucine was associated with an

increase of protein synthesis and an activation of mTOR

pathway in the jejunal mucosa of neonatal pigs (Murgas

Torrazza et al. 2010). A similar effect was observed in

proximal and distal small intestine but not in the colon of

weaning pigs fed with 1.61 % of leucine in the diet (Yin

et al. 2010). Interestingly, stimulation of protein synthesis

is maintained, while increasing leucine provision to 1.88 %

of diet in the distal small intestine but not in the proximal

small intestine (Yin et al. 2010). In healthy humans, we

recently reported that a high dose leucine supplementation

did not affect duodenal protein synthesis (Coeffier et al.

2011). This result could be explained by the decrease of

isoleucine and valine plasma concentration after leucine

supplementation observed in humans, which might become

a rate limiting factor for synthesis (Coeffier et al. 2011).

Reduced threonine plasma concentrations may also occur

in response to leucine supplementation in weaning pigs

(Yin et al. 2010). To our knowledge, only one study from

our group evaluated so far the effects of leucine supple-

mentation on intestinal protein degradation and showed

that leucine reduced proteasome activity in the duodenal

mucosa (Coeffier et al. 2011). No data are available yet in

pathophysiological conditions, but further evaluation of the

impact of leucine on gut protein metabolism during

inflammation or septic states looks warranted.

Conclusions and perspectives

In conclusion, although the effects of amino acids on

intestinal protein metabolism are model and condition

Fig. 1 Potential signalling

pathways involved in the

regulation of protein synthesis

by amino acids. Black and

dashed lines are representative

of activated and inactivated

pathways, respectively
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dependent, available data show that glutamine and arginine

may be able to modulate intestinal protein synthesis. The

effects of arginine seem to be more pronounced in severely

injured conditions associated with either arginine depletion

or intestinal damage. For glutamine, similar observations

may apply. However, further studies are needed to confirm

this point. Concerning the signaling pathways involved in

the regulation of protein synthesis by amino acids, it is well

established that arginine effects are mediated by mTOR

pathway; the role of NO remains controversial (Fig. 1).

The signalling pathways involved in glutamine effects have

to be clarified, but we speculate that glutamine supple-

mentation is able to activate downstream components of

mTOR and then protein synthesis, while glutamine deple-

tion activates GCN2 pathway leading to a limitation of

protein translation (Fig. 1). The effects of amino acids on

protein degradation remain poorly documented. Further

studies are needed (i) to investigate the influence of amino

acids on intestinal protein degradation, and thus attain

global insight into intestinal protein metabolism and (ii) to

evaluate the effects of glutamine and arginine combination.

Indeed, combined glutamine and arginine have been

recently associated with interesting effects on gut inflam-

matory and antioxidant responses (Coeffier and Dechelotte

2010; Gennari et al. 1995; Kul et al. 2009; Lechowski et al.

2012; Lecleire et al. 2008), but intestinal protein metabo-

lism has not been studied.
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Lecleire S, Coquard A, Lavoinne A, Cailleux A-F, Déchelotte P
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