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a  b  s  t  r  a  c  t

Alimentary  and  endogenous  proteins  are  mixed  in  the  small  intestinal  lumen  with  the  microbiota.
Although  experimental  evidences  suggest  that  the  intestinal  microbiota  is  able  to  incorporate  and  degrade
some of the  available  amino  acids,  it  appears  that  the  microbiota  is  also  able  to  synthesize  amino  acids
raising  the  view  that  amino  acid  exchange  between  the  microbiota  and  host  can  proceed  in both  direc-
tions.  Although  the  net  result  of  such  exchanges  remains  to be determined,  it  is likely  that  a  significant
part  of the amino  acids  recovered  from  the  alimentary  proteins  are  used  by  the  microbiota.  In  the  large
intestine,  where  the  density  of bacteria  is  much  higher  than  in  the small  intestine  and  the  transit  time
much  longer,  the  residual  undigested  luminal  proteins  and  peptides  can  be  degraded  in  amino  acids
by  the  microbiota.  These  amino  acids  cannot  be absorbed  to a  significant  extent  by  the  colonic  epithe-
ut microbiota
ost health

lium,  but  are  precursors  for the  synthesis  of  numerous  metabolic  end  products  in reactions  made  by
the microbiota.  Among  these  products,  some  like  short-chain  fatty  acids  and organic  acids  are  energy
substrates  for  the  colonic  mucosa  and  several  peripheral  tissues  while  others  like sulfide  and  ammonia
can affect  the  energy  metabolism  of  colonic  epithelial  cells.  More  work  is needed  to  clarify  the  overall

effects  of  the  intestinal  microbiota  on nitrogenous  compound  metabolism  and  consequences  on  gut  and
more generally  host  health.

© 2012 Elsevier Ltd. All rights reserved.
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. Introduction

The gut lumen contains a very complex mixture of compounds
rom alimentary and endogenous origins together with living

icroorganisms; collectively named the intestinal microbiota [1]
lthough the small intestine lumen contains a significant density
f living bacteria (with density increasing from the proximal to the
istal part of the small intestine), this density is much higher in
he large intestine representing as much as 1013–1014 cells g−1 of
uminal content and belonging to thousands of bacterial taxa [2,3].

The intestinal microbiota is metabolically active and plays a
ignificant role for the host physiology and metabolism. Just to
ive some examples, the intestinal microbiota is responsible for
he luminal metabolism of undigested or not totally digested ali-

entary compounds, is involved in the synthesis of vitamins such
s B and K as well as the metabolism of some micronutrients and
ome endogenous compounds such as bile acids, and in addition can
rovide resistance towards pathogens and modulate the mucosal

mmune system of the host [4–6].
In this review, we have focused on the role of microbiota in the

mall and large intestine for the metabolism of N-containing com-
ounds, and tried to underline the possible consequences of this
icrobial biochemical activity for the host intestinal physiology

nd metabolism.

. An overview of the bacterial utilization of proteins and
elated nitrogenous compounds

It remains difficult to get an extensive inventory of the pathways
nvolved in the bacterial utilization of the nitrogenous compound
ince some reactions, especially in the first steps of catabolism, are
ighly specific according to the different species. Nevertheless, it
s possible to give an overview of the general scheme of the bacte-
ial metabolism of proteins and nitrogenous compounds in the gut
Fig. 1).

Fig. 1. Outline of pathways of protein metabolism by gut microbiota. 
l Research 68 (2013) 95– 107

2.1. Protein hydrolysis

In the first steps of protein catabolism by the intestinal bacteria,
these compounds are hydrolyzed by extracellular proteases and
peptidases into amino acids and peptides. Provided that specific
transporters are present, amino acids and peptides can be taken
up into bacterial cells [7].  Then they undergo different fates which
may  be different according to physiological conditions.

2.2. Fate of amino acids

Amino acids can be directly incorporated into bacterial cells as
building blocks of proteins.

They can also enter catabolic pathways. One of the major first
steps is transamination or deamination that can be oxidative,
reductive or coupled (i.e. Stickland reaction). The Stickland reaction
is effective in most of the proteolytic clostridia in colon. This reac-
tion involves a pair of amino acids, one of them being oxidized and
decarboxylated (by oxidative deamination and decarboxylation)
and the other one being reduced. The preferred H-donors are ala-
nine, leucine, isoleucine, valine and histidine while the preferred
H-acceptors are glycine, proline, ornithine, arginine and tryto-
phane. In most cases, all these reactions yield the corresponding
keto acids or saturated fatty acids that are related to central inter-
mediates that can be easily degraded [7].  Many anaerobic bacteria
metabolize them through the fermentation pathways where pyru-
vate is an important starting point followed by a series of reactions
leading to the excretion of terminal H-acceptors such as short chain
fatty acids (mainly acetate, propionate and butyrate), organic acids
(mainly formate, lactate and succinate), ethanol and gazes (mainly
H2 and CO2). Usually organic acids do not accumulate since they
are rapidly further metabolized by other bacterial species to short
: substrate; : intermediary metabolite; : end product.

the same processes as amino acids. A special case is urea that
is hydrolyzed in carbon dioxide and ammonia [8].  The ammo-
nia generated by the deamination reactions can be utilized as a
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itrogen source or excreted [7,9]. The gazes generated (H2 and
O2) can also be consumed by hydrogenotrophic microorganisms
mainly methanogenic archaea, acetogenic bacteria and sulfate
educing bacteria) to generate methane, acetate (by reductive ace-
ogenesis) and hydrogen sulfide [10,11]. Acetate can be used as
nergy source by different types of epithelial cells and by other
ntestinal bacteria. Sulfides released by the microbiota can also be
urther metabolized by colonocytes [12] while methane is a stable
nd product that is not further metabolized in the gut [10].

Amino acids can also be metabolized via decarboxylation
eading more or less directly to the production of amines
nd polyamines. Deaminases and decarboxylases are amino
cid-specific enzymes. In vitro, the production of amino acids deam-
nases and decarboxylases are favoured respectively by alkaline and
cid pH values. Many of the complex amino acids do not undergo
olely these general reactions. Indeed, they are metabolized by a
eries of reactions including fission, deamination, decarboxylation
xidation and reduction, resulting in the production of a wide vari-
ty of metabolic end-products structurally related. Thus tyrosine
ives rise to 4-ethylophenol, phenol and p-cresol whereas trypto-
hane results in the production of indole, skatole, kynunerine and
nwards [8].  Sulfur-containing amino acids yield to the release of
ulfide that can be excreted and utilized by colonocytes as described
bove or directly incorporated in de novo-synthesized amino acids.

.3. De-novo biosynthesis of amino acids

Bacteria can synthesize de novo some if not all of the twenty
mino acids required for protein biosynthesis. In fact, the human
istal gut microbiome is enriched for a variety of clusters of
rthologous groups of genes involved in essential amino acid
iosynthesis [2].  The amino acids are formed from metabolic
recursors derived from the central metabolism. Pyruvate, oxaloac-
tate and �-oxoglutarate are the starting point of 13 of the 20
mino acids. Among amino acids glutamate and glutamine occupy

 prominent place as they are important intermediates in nitrogen
etabolism [7].

.4. Diversity and abundance of amino acid fermenting bacteria

The ability to metabolize peptides and amino acids is shared by
 large number of bacteria ranging from the saccharolytic bacte-
ia to obligate amino acid fermenters in gut microbiota. Culture
ased enumerations (MNP: most probable number) of five healthy
olunteers show that amino acid fermenting bacteria account for
1.5 log10 g−1 dry weight faeces [13]. Clostridia and peptostrep-
ococci are the most frequent isolates in media containing single
mino acids or Stickland pairs as energy and carbon sources.
evertheless, a wide range of bacteria belonging to the gen-
ra Fusobacterium,  Bacteroides, Propionibacterium,  Actinomyces, and
lso including Gram-positive cocci (e.g. Peptococcus, Streptococcus,
uminococcus,  Megasphaera) are recovered. Enterobacteria are also
ited in other studies as responsible for amino acid metabolism
n the gut [14]. Peptides are the preferred substrates for many
olonic bacteria probably due to kinetic advantages of peptide-
ptake systems in comparison with those for free amino acids. The
umber of bacteria growing at the expense of alanine, aspartate and
ryptophane do not exceed 106 g−1 dry weight faeces. In the last
ecades, the diversity of amino acid fermenting bacteria has also

een evidenced all along the digestive tract in human and animals
ruminant and monogastric animals). Overall, bacteria associated
o amino acid fermentation in the small intestine are very similar
o those described in faeces [14].
l Research 68 (2013) 95– 107 97

3. Protein metabolism in the small intestinal lumen

Ingested dietary proteins and endogenous proteins are mixed
in the small intestine lumen. The endogenous luminal proteins
are originating from various sources including gastric and pancre-
atic secretory products, desquamated intestinal epithelial cells and
mucous proteins [15,16]. These proteins are digested in the small
intestinal lumen by proteases and peptidases originating from the
exocrine pancreas. The resulting peptides can then undergo the
process of final digestion through the catalytic activities of numer-
ous peptidases present in enterocytes. Then, oligopeptides and
amino acids are transported from the lumen to the portal blood-
stream through a variety of transporters present in the brush border
and baso-lateral membranes of the enterocytes [17,18]. A signifi-
cant part of amino acids are metabolized during their transcellular
journey through the absorptive intestinal cells. This metabolism
corresponds to both local utilization of amino acids for protein syn-
thesis and to the production of metabolites from several amino
acids including for instance arginine [19], proline [20] and cys-
teine [21]. Some of these metabolites are used in the intestinal
mucosa. It corresponds also to the production of metabolites that
are used peripherally outside the intestinal mucosa. For instance
ornithine and citrulline which are not present in proteins can be
synthesized in enterocytes from several amino acids present in pro-
teins and play roles in the interorgan metabolism [22]. In addition,
the enterocytes use several amino acids (glutamine, glutamate and
aspartate) [23] as fuels in the context of a high energy requirement
for the cell renewal in the epithelial layer and for nutrient absorp-
tion [24] The first step of glutamine utilization by enterocytes is
through the mitochondrial glutaminase which converts glutamine
into ammonia and l-glutamate [25]. Some data suggest that the
intestinal glutamine utilization is responsible for a significant part
of the overall ammonia production in the body [26]. After absorp-
tion, the unmetabolized and de novo produced amino acids are
recovered in the portal vein and captured by the liver where they
are partly metabolized or released in the peripheral circulation.

Although it has not been directly measured in vivo yet, there
are several reasons to consider that the small-intestinal microbiota
should be taken into account when considering the metabolism
of proteins in the small intestine (Fig. 2). Firstly, when comparing
apparent amino acid absorption measured in vivo and metabolic
capacities of isolated enterocytes towards amino acids measured
in vitro, it appears that the microbiota is likely to participate in
the significant catabolism of some indispensable amino acids in
the small intestine lumen. For instance, lysine is very little, if not
at all, oxidized in enterocytes isolated from piglets [27]. However,
in milk-fed piglets, when expressed as a percentage of the enteral
tracer input, there is a substantial first-pass intestinal metabolism
of lysine (35%) [28]; of which only 18% being recovered in the
intestinal mucosal proteins. As lysine catabolism in the intestinal
mucosa is quantitatively greater than the amino acid incorporation
into mucosal proteins, despite the low capacity of the enterocytes
for lysine catabolism, it is tempting to propose that the intesti-
nal microbiota [29] and/or other cell types than enterocytes in the
intestinal mucosa are able to use lysine. Regarding this latter point,
it is noteworthy that the intestinal mucosa contains a large number
of immune cells in which amino acid catabolism appears to play a
critical role in both innate and adaptive immunity in close relation-
ship with the modulation of the gut barrier function [30]. The same
reasoning can be made for other indispensable amino acids like
methionine and phenylalanine which, although virtually not catab-
olized in piglet isolated enterocytes [27], appear to be utilized by

the intestine and maybe partly by the microbiota. Indeed, in piglets,
the net portal balance of methionine represents 48% of intake, sug-
gesting that a part of the available methionine is consumed in the
intestine [28]. Accordingly, the parenteral methionine requirement
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Fig. 2. Schematic view of the overall metabolism of luminal proteins in the small and large intestine. Alimentary and endogenous luminal proteins undergo the activities of
exocrine pancreatic proteases which release peptides, oligopeptides and amino acids. The terminal digestion is occurring in enterocytes through the activities of peptidases.
These  small intestine epithelial cells are equipped to transport amino acids and oligopeptides and partially metabolize them during their transcellular journey from the
lumen  to the portal bloodstream. From the available data, it appears that the small intestine microbiota is likely to use amino acids but also to synthesize some of them.
The  net consequences of the microbial amino acid metabolism on the host and intestinal microbiota remain to be determined. Undigested residual luminal proteins can be
transferred from the small to the large intestine and undergo the action of the microbiota and of the residual pancreatic proteases. The amino acids can then be metabolized
by  the microbiota producing a complex mixture of metabolic end products like short-chain fatty acids (SCFA), branched-chain fatty acids (BCFA), hydrogen sulfide (H2S),
polyamines, phenols, indoles, ammonium (NH +), and many others metabolites which remain to be identified. Ammonium can also be produced from urea through the
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s approximately 70% of the enteral requirement in neonatal piglets
31]. The piglet gastrointestinal tract was reported to consume
pproximately 20% of the dietary methionine [32]. Regarding
henylalanine, it has been determined in milk-fed piglets that there

s a marked first-pass metabolism of this amino acid (35% expressed
s a percentage of the enteral tracer), of which only 18% is recovered
n mucosal proteins [28] The situation of threonine is somewhat
ifferent. The metabolic capacity of pig isolated enterocytes for
hreonine catabolism is virtually absent [27]. The mucins from
ig intestine are glycoproteins very rich in threonine [33]; a fact
hich likely partly explains that in the piglet model, the threon-

ne requirement during total parenteral nutrition is approximately
5% of the mean enteral requirement [34]. In growing pigs, the
atabolism through the threonine dehydrogenase pathway does
ot account for the relatively high first pass extraction rate of
ietary threonine by the portal-drained viscera (which includes
tomach, small and large intestines, pancreas and spleen) [35]. In
iglets, although the absolute amounts of systemic and dietary
hreonine utilized by the portal-drained viscera was reduced in
rotein-restricted diet, the percentage of dietary threonine intake
sed by the portal-drained viscera did not differ much between
roups (normal-protein diet vs low-protein diet), with a measured
alue being above 85% [36]. As expected, luminal, rather than sys-
emic threonine, is preferentially utilized for protein synthesis in
he piglet mucosa. Thus, the portal-drained viscera requirement
or threonine is high and the high rate of utilization by the piglet
ucosa is largely due to the incorporation of this amino acid into
he proteins of the mucosa [36] although the utilization of this
mino acid by the intestinal microbiota in vivo cannot be excluded
nd remains likely. The metabolic fate of branched-chain amino
ide colonocytes and exert both beneficial and deleterious effects on these epithelial
portal blood and can exert various effects on the liver and in peripheral organs and

acids (BCAA) (i.e. leucine, isoleucine and valine) in the intestine
is also of interest. In milk-fed piglets, 32% of leucine in the diet
is extracted by the portal-drained viscera in the first pass; with
21% of the extracted leucine being utilized for protein synthesis in
the intestinal mucosal [28]. Overall, it has been estimated that 44%
of total BCAAs are extracted by first-pass splanchnic metabolism
in neonatal piglets [37]. The catabolism of BCAAs in enterocytes
isolated from developing piglets has been studied. In these cells,
BCAAs are extensively transaminated and between 15 and 50% of
the decarboxylated branched-chain alpha-ketoacids are oxidized
depending on the age of piglets[27]. Enterocytes isolated from post-
weaning pigs also actively degrade BCAAs [38] raising the view
that a part of the intestinal utilization of BCAAs originates from
their catabolism in enterocytes. From these overall and indirect
arguments, it can be proposed that indispensable and dispensable
luminal amino acids are utilized by the intestinal microbiota. How-
ever, the relative participation of the enterocytes (and/or other cells
present in the lamina propria) and the intestinal microbiota in this
process remains to be determined.

The dietary and endogenous proteins are likely to provide amino
acids for microbiota than can be used for protein synthesis, gen-
eration of metabolic energy and recycling of reduced co-factors.
It also appears that the microbiota is able to provide amino acids
to the host for protein synthesis, raising the view that the amino
acid exchange between the microbiota and the host can proceed
in both directions. From previous studies measuring the contri-

bution of microbial amino acids to amino acid homeostasis in the
host, it appears that the microbiota is indeed able to provide amino
acids to the host [39] For instance, authors [40] have examined the
ability of germ-free and conventional rats to incorporate 15N from
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5NH4Cl into body lysine (an amino acid which is not transami-
ated in mammalian tissues) to establish whether or not the 15N
nrichment found in the lysine was due to absorption of lysine
ynthesized by the intestinal microbiota. The authors concluded
hat all the 15N-lysine measured in the host was from microbiota
rigin. The site of lysine absorption was studied by returning the
5N-labeled digesta into the ileum of unlabeled pigs [41], allow-
ng to determine that 75% or more of the total lysine produced by
he microbiota was absorbed in the small intestine. On the other
and, when 15NH4Cl is given per os, 15N-labeled ammonia is likely
o be rapidly incorporated into microbial amino acids [42]. In the
ig model, it appears that lysine produced by the microbiota is
ainly used for protein synthesis in the splanchnic area i.e. intes-

ine and liver [43]. In human infants, it has been determined that
mino acids in plasma can derive from urea after hydrolysis and uti-
ization of nitrogen by the intestinal microbiota [44] although the

echanisms by which amino acids synthetized by the microbiota
nter the systemic amino acid pool remained to be determined.
he metabolic fate of 15N when given as urea or ammonia to
uman volunteers was also investigated showing that threonine

rom intestinal microbiota origin appears in the blood plasma [42]
ven if this contribution to the whole body threonine metabolism
ould not be estimated in this latter study. In fact, threonine biosyn-
hetic genes have been identified in the core of functional genes
resent in the human gut microbiome recently [45].

Another important parameter which needs to be taken into
ccount is the ileal losses of nitrogen and amino acids since this
arameter is necessary for determining the amino acid require-
ents. Endogenous losses of amino acids in humans have been

haracterized in ileostomized volunteers receiving a protein-free
iet [46]. In this study, the authors found that between 14 and
1% of the current indispensable amino acid requirement were lost

n the ileostomy fluid. Authors [47] have determined in humans
hat after the ingestion of a protein-containing meal, significant
mounts of both indispensable and dispensable amino acids are
ost in the ileal effluents even if it remains unclear if these amino
cids are partly used and/or absorbed by the large intestine mucosa
nd/or used by the microbiota. As pointed out in 2008 [48], a high
leal digestibility of proteins is relevant for reducing the amount
f endogenous and alimentary proteins and peptides entering the
arge intestine.

In pigs fed with milk-protein, 30–60% of essential amino acids
re detected in portal blood depending on the amino acid that is
onsidered with only 10–20% being recovered in mucosal proteins
28]. Importantly, it is known that bacteria substantially assimilate
r catabolize proteins and amino acids [49–51] in the small intes-
ine. A recent study by [49], using isotope dilution technique after
ontinuous infusion, reported on the contribution of urea, endoge-
ous protein and dietary protein for the utilization of valine for
he intestinal microbiota protein synthesis in growing pigs. They
how that in normally nourished pigs, more than 90% of the micro-
ial valine originates from preformed amino acids in dietary and
ndogenous proteins. Dietary proteins account for approximately
0% and 20% of microbial valine in ileal digesta and ileal mucosa
espectively. The authors also determined that in the same condi-
ions, about 70% of the ammonia in the ileal digesta was generated
y microbial fermentation of proteins; while about 30% came from
rea hydrolysis. Interestingly, the ability of small-intestinal bacte-
ia to metabolize free amino acids was also evidenced in vitro [50] in
hysiological conditions [51]. In this latter work, single free amino
cids in millimolar concentrations were metabolized within 3 h
y monocultures of small-intestinal bacteria (Escherichia coli, Kleb-
iella sp., Streptococcus sp.) or mixed bacterial cultures derived from

ejunal and ileal samples of growing pigs. Threonine, glutamine,
rginine, lysine, and leucine were rapidly and extensively metab-
lized. Oxidation to CO2 accounts for less than 10% of the amino
l Research 68 (2013) 95– 107 99

acid utilization. Protein synthesis and other metabolic routes (e.g.
SCFA and polyamines production) are the main metabolic fates for
amino acids. Nevertheless the rates and metabolic fate of amino
acids were dependent on the specific bacterial species and their
compartment in the gut. With the same in vitro model, the authors
described the potential regulatory role of glutamine and arginine
for amino acids utilization by the small-intestinal bacteria [52,53].
In agreement with these results, the analysis of the genome of
Lactobacillus johnsonii, a common inhabitant of the small intes-
tine, shows that this microorganism completely lacks the genes
encoding for the biosynthetic pathways involved in amino acid
production [54]. In addition, this bacteria does not appear to assim-
ilate ammonium, nor to possess the metabolic pathways involved
in sulfur assimilation. In contrast, L. johnsonii displays an extra-
cellular protease, three oligopeptide transporters, more than 25
cytoplasmic peptidases and about 20 amino acid-permease type
transporters. These characteristics strongly suggest that L. johnsonii
depends on exogenous amino acids and/or peptide supply for pro-
tein synthesis. However, it is obviously not possible to generalize
these observations to all other bacterial populations present in the
small intestine.

Taken together these results suggest that in normally nour-
ished host, de novo synthesis of amino acids from microorganisms
scarcely contributes to subsequent host amino acid supply. Indeed,
small-intestinal microbiota might play an important role in first
pass metabolism of amino acids and nitrogen recycling in the small
intestine. From the limited information available regarding amino
acid metabolism by the microbiota, it is only fair to say that the
net result of amino acid utilization and production by the intestinal
microbiota remains to be deciphered (Fig. 2). Lastly, in future works,
it may  be useful to take into account major differences between the
proximal and distal parts of the small intestine. Indeed, if in the duo-
denum/jejunum, the luminal concentrations of proteins, peptides
and amino acids are relatively high [55] and bacterial concentra-
tions are relatively low, it is exactly the opposite in the ileum.

4. Protein metabolism in the large intestinal lumen.
Production of bacterial metabolites and consequences for
the host

Alimentary protein digestion followed by amino acid and
peptide absorption through the small intestinal epithelium can
be considered as an efficient process [56–60].  Nevertheless, sub-
stantial amounts of nitrogenous compounds from both alimentary
and endogenous origins can enter the large intestine through the
ileocaecal junction [61]. Indeed, even highly digestible proteins
may  partly escape digestion in the small intestinal lumen [62] and
substantial quantities of nitrogenous material are transferred from
small intestine to large intestine lumen [63–65].  This nitrogenous
material, which consists mainly in proteins and peptides [66],
undergoes proteolysis by the large intestine microbiota and
residual pancreatic proteases resulting in peptide and amino acid
release followed by the production of a multitude of bacterial
metabolites, some of them representing intermediary metabolites
and others representing end-products [14] (Fig. 2). Although some
amino acids are detected at millimolar concentration in the human
colonic content, most of them are present at concentration below
0.01 mM [13]. The undigested and partially digested proteins from
both alimentary and endogenous sources (e.g. pancreatic secretory
products, desquamated enterocytes, mucous proteins [15]) enter
the caecum and then are transferred to the ascending, to the
colon and rectum [67]. In contrast to its rapid passage in the small
intestine, the transit of the luminal material in the large intestine
is considerably slower coinciding with the co-existence of a large
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opulation of bacteria [68]. A longer transit time in the large
ntestine has been associated with a more extensive proteinaceous
ubstrate breakdown [69].

Surprisingly proteins and peptides breakdown by colonic micro-
iota has been scarcely studied. Yet bacteria commonly utilize
roteins as nitrogen, carbon and energy sources. Little is known
bout the eco-physiological significance of these phenomena in
ut even though they are favoured in colonic conditions by the rar-
faction of readily fermentable substrates (carbohydrates) from the
roximal colon [70]. The amino acid-derived bacterial metabolites
ave been only partially characterized, and most of them have not
een tested for their effects upon colonic epithelial cells.

.1. Hydrolysis of proteins and peptides in the large intestine. The
ate of amino acids

Bowel is a site of heavy proteolytic activity, largely mediated
y the microbiota. Around 12–18 g proteins enter the large bowel
very day, which corresponds to 2–3 g nitrogen per day, with
0–15% of urea, ammonia, nitrate and amino acids, 48–51% pro-
eins and 34–42% peptides [66]. Ammonia concentration has been
ontinuously found in millimolar concentration in a relatively large
ange (from 3 mM to 44 mM)  [71]. By means of 15N perfusion exper-
ments, Wrong et al. [72] showed that the ammonium does not
riginate from the host urease activity but only from the proteo-
ytic and microbial urease activities. The fact that proteases are

ore active at neutral or slightly alkaline pH than more acidic pH
73], together with the fact that the luminal pH is more acid in
he ascending than in the descending colon, may  partly explain the
igher protein degradation in the distal than in the proximal part
f the large intestine [74].

The proteolytic activity in large intestine has been mainly
ttributed to the genera Bacteroides, Clostridium, Propionibacterium,
usobacterium,  Streptococcus,  and Lactobacillus [74]. Bacteroides spp.
re known to secrete proteases in the intestinal with presumed
ctivity near the brush border of absorptive cells. These pro-
eases do act like elastase and when they are abundantly secreted
for instance in the case of Bacteroides species overgrowth), may
egrade maltase and sucrase enzymes in the enterocyte brush
orders. Surprisingly, these proteases do not affect the alkaline
hosphatase activity. Thus they have specific proteolytic activities
75]. More recent studies describe the participation of micro-
ial proteases in inflammatory bowel disease (IBD) and irritable
owel syndrome (IBS). In such pathological conditions, poten-
ially pathogenic bacteria such as Staphylococcus aureus,  Clostridium
ifficile, Clostridium sordelii,  Clostridium perfringens enterohaem-
rrhagic E. coli, enterotoxigenic E. coli, Helicobacter pylori and
acteroides fragilis display proteases as virulence factors targeting
he host’s epithelium [76,77]. Proteases act in two  ways: (i) con-
rolling the quality of unfolded proteins generated in adverse host
nvironment and (ii) controlling the proteolysis of regulatory pro-
eins in response to the alteration of environmental factors. The
ase of the Lon proteases of members of the Firmicutes phylum (S.
ureus, Listeria monocytogenes) represents a good example of such
ctions of bacterial proteases [78].

It is generally considered that colonic luminal amino acids are
ot significantly absorbed by the colonic epithelium except in a
elatively short period of time after birth [79]. Then, this would
ean that amino acids generated from non digested alimentary

nd endogenous protein (and not metabolized by the microbiota)
ould be lost for protein synthesis in the body. The same rea-

oning can be made regarding the net production of amino acids

y the colonic microbiota that would also be lost for the host

f not transported inside colonocytes. In such a case, the amino
cids necessary for colonocyte metabolism would then be avail-
ble exclusively from the arterial blood. Colonic epithelial cells
l Research 68 (2013) 95– 107

possess the capacity for degrading several amino acids including
arginine [80] which is catabolized into ornithine and nitric oxide;
and glutamine [81] which is used as a fuel substrate. Interestingly,
increasing the level of dietary protein intake in rats is associated
with an increased capacity of colonic epithelial cell to convert argi-
nine into ornithine and urea [82] a phenomenon that may  be related
to an elevated requirement of ornithine in the liver urea cycle
needed for the elimination of increased ammonia concentration in
the portal blood. Some evidences suggest however that it is not pos-
sible to totally exclude amino acid absorption in the large intestine
[6,39]. Indeed, experiments performed on the pig model indicate
that after endoluminal injection of proteins or amino acids into
the large intestine lumen, an improvement of the whole body N
balance is measured which may  be tentatively interpreted as an
increased amino acid absorption at this site [83]. In addition, some
absorption of microbial amino acids from the pig colon was  also
suggested based on the appearance of 15N-labeled amino acids in
the portal venous blood after endoluminal injection of 15N-labeled
bacteria into the caecum [84]. As discussed above, recent works
have documented that amino acids synthesized by the intestinal
microbiota may  be absorbed [40,42,44] in the small intestine and/or
maybe to a small extent through the large intestine epithelium in
humans. The putative absorption of amino acids in the large intes-
tine is supported by the detection of the ATBo+ neutral and cationic
amino acid transporter in the luminal membranes of colonocytes
[85]. Another neutral and cationic amino acid transporter B+ sys-
tem is expressed on the apical surface of colonic absorptive cells
[86]. However these studies do not prove the possible role of the
transporters described in amino acid absorption by colonocytes.
The implication of a peptide transporter for amino acid absorp-
tion by the colonic epithelium has been proposed [87]. However, in
humans, data indicate that the di/tripeptide transporter hPepT1 is
not expressed in normal colon but is expressed only in situation of
chronic inflammation [88]. It is also possible but not proven, that
luminal amino acids would enter colonocytes through the apical
transporters, be used in these cells and would thus not appear in
the portal blood. In other words, in such situation, luminal amino
acids would not be available for the rest of the body but only for
protein synthesis and other pathways of amino acid metabolism
inside colonocytes.

In contrast, there is a large body of literature indicating that
amino acids are intensely metabolized by luminal bacteria, and this
represents likely the major fate of amino acids in the large intestine.
Genomic and physiologic studies have shown that intestinal micro-
biota possesses specialized enzymes for the utilization of amino
acids [6].  According to the anatomy and physiology of the colon,
putrefactive processes become quantitatively more important in
the distal bowel [89]. Limited information is however available on
the effects of increased ingestion of alimentary proteins on the
colonic luminal composition; and on the effects of amino acid-
derived metabolites on the colonic epithelial cells and mucosal
physiology/physiopathology. However, there is no doubt that, as
presented below, several bacterial metabolites derived from amino
acids are able, at physiological concentrations, to exert marked
effects on colonic epithelial cell metabolism and physiology.

4.2. Ammonia

Ammonia is found at millimolar concentrations in the large
intestine lumen [82,90,91],  and increasing the amounts of alimen-
tary proteins results in a spectacular increase of the luminal and fae-
cal ammonia [92]. In humans, the ammonia luminal concentration

progressively increases from the ascending to the descending colon
[93] in accordance with a higher rate of protein fermentation in
the distal than in the proximal colon. The two  environmental char-
acteristics of the proximal colon (low pH and high carbohydrate
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vailability) explain the reduced net production of ammonia [13].
he luminal ammonia concentration in the large intestine lumen
s primarily the net result of the microbiota production through
mino acid deamination and urea hydrolysis [94], microbiota
tilization of ammonia, and ammonia absorption through the
pithelial cells [95–101]. Urea hydrolysis in the intestinal lumen
s performed through the microbiota urease activities. Although
rease activity in H. pylori has been intensely studied, there is lit-
le available data regarding urease activities in the large intestine

icrobiota. Urea transporters are expressed in the colonic mucosa
102] where they are likely to participate in the transfer of urea
rom the circulation to the intestinal lumen. A recent work sug-
ests that part of ammonia is condensed with l-glutamate through
he activity of glutamine synthetase (which is relatively high in
olonocytes compared to enterocytes) to allow glutamine synthesis
95]. This likely allows control of ammonia intracellular concentra-
ion in colonocytes. Another metabolic pathway allowing ammonia
etoxification in these cells is related to the presence of arginase,
arbamoylphosphate synthetase I (CPS I) and ornithine carbamoyl
ransferase (OCT) activities in these cells [82,103]. Ammonia is
rstly condensed with bicarbonate allowing carbamoylphosphate
ynthesis; then carbamoyphosphate is condensed with ornithine
o allow the synthesis of the metabolic end product citrulline.

Large amounts of ammonia can be absorbed through the
arge intestine mucosa [96]. Ammonia has been considered as a

etabolic troublemaker since this compound is able to inhibit in
 dose-dependent manner the mitochondrial oxygen consump-
ion [104]. In addition, high millimolar concentrations of ammonia
nhibit short-chain fatty acid oxidation [105,106] in colonic epithe-
ial cells. In human colonic epithelial cells of adenocarcinoma
rigin, ammonia at millimolar concentrations increases the volume
f vacuolar lysosomes and represses markedly cell proliferation
ithout affecting cell viability [107]. Using the model of colonic

denocarcinoma cells Caco-2, Hughes et al. [108] have shown that
mmonia increases paracellular permeability. Endoluminal injec-
ion of 75 mM NH4Cl in the isolated colon for 7 days resulted in

 greater number of mitoses per crypt, a result which was  inter-
reted as a compensatory phenomenon for the deleterious effect
f ammonia towards colonocytes [109].

.3. Hydrogen sulfide

Hydrogen sulfide (H2S) is found at millimolar concentrations in
he human colonic luminal content as well as in faeces [93,110,111].
owever, since a large part of sulfide is presumed to be bound

o luminal compounds, the unbound sulfide in the colonic con-
ent is likely to be in the micromolar range [112,113].  H2S is

 bacterial metabolite produced through fermentation of sulfur-
ontaining amino acids (methionine and cysteine), through the
eduction of inorganic sulfate and sulfited additives and through
he catabolism of intestinal sulfomucins [111,114,115].  Bacteria
hat are able to derive energy from the carbon chains of cysteine
ossess specific desulfhydrases (i.e. cysteine desulfhydrase) that

ead to the production of sulfide [116,117].  In bacteria, methionine
an be converted to �-ketobutyrate, ammonia and methanethiol
117,118]. These metabolic capabilities are not attributed to a spe-
ific taxonomic group of bacteria and they have been poorly studied
pecifically for components of the gut microbiota. However, such
etabolic capabilities have been evidenced in bacteria like E. coli,

almonella enterica, Clostridium spp. and Enterobacter aerogenes
116,119] which are commonly found in the large intestine. Bacte-
ial groups such as enterococci, enterobacteria, peptostreptococci,

usobacteria and eubacteria are able to ferment sulfur-containing
mino acids [117].

Interestingly, there is a correlation between the level of
eat intake and the level of faecal excretion of sulfide [110].
l Research 68 (2013) 95– 107 101

Furthermore, an increase in dietary protein leads to an increase
in faecal volatile S-containing substances [92]. H2S at excessive
concentrations inhibits colonic epithelial cell respiration [120]
and provokes genomic DNA damage [121], [122].  Because of its
lipophilic property, H2S penetrates biological membranes [123]
and inhibits the cytochrome c oxidase catalytic activity (the termi-
nal oxidase activity of the mitochondrial electron transport chain),
with a binding constant similar to that measured with cyanide
[124]; raising the view that hydrogen sulfide is, like ammonia, act-
ing as a metabolic troublemaker towards colonocyte fuel utilization
[120]. In contrast, when low micromolar concentrations of sulfide
are infused to permeabilized colonocytes, a mitochondrial sulfide
oxidation is observed which is maintained as long as the sulfide
flux does not exceed the cellular oxidation capacity. This latter
result suggests that hydrogen sulfide represents the first mineral
fuel for human colonocytes [125]. In colonocytes, the mitochondrial
Sulfide Oxidizing Unit (SOU), which is responsible for sulfide detox-
ification, appears to involve the sulfide quinone reductase (SQR),
which oxidizes sulfide and donates electrons to the coenzyme Q
in the respiratory chain); and two other enzymes the dioxygenase
ETHE1 and the thiosulfate sulfur transferase (TST, also known as
one isoenzyme of the rhodanese) which allow the production of
thiosulfate [12]. Accordingly, it has been shown that the transfec-
tion of CHO cells with a mammalian expression vector containing
the cDNA for the human SQRDL gene homologous to the bacterial
enzyme, led to an increased capacity for sulfide oxidation [126]. In
a recent work, it has been shown that the sulfide oxidative capac-
ity is higher in differentiated than in more proliferative colonic
epithelial cells [12]. In these cells, the respiratory capacity and SOU
activity appear to represent major determinants allowing sulfide
detoxification in colonic epithelial cells. Authors [127] showed that
cysteine addition to a simulator of the human intestinal microbial
ecosystem (SHIME) inoculated with a representative cultures of
human intestinal microbiota increased sulfide concentration and
favored the chemical conversion of nitrite to NO. They concluded
that dietary reduced sulfur compounds such as sulfur-containing
amino acids may  contribute to colonocyte damages through exces-
sive NO formation.

4.4. Polyamines

Polyamines (putrescine, spermidine, spermine and their acety-
lated derivatives) are polycationic molecules which are produced
in low amounts by normal colonocytes from the different amino
acid precursors (arginine, ornithine and methionine) [103,128].  In
these cells, the intracellular content is thus likely mainly derived
from the luminal content [129]. In contrast, colonic epithelial cells
originating from colonic cancer are characterized by a very high
capacity for polyamine synthesis, a situation which is related to
the high polyamine requirement of neoplastic cells for continuous
mitosis [130].

Colonic bacteria represent a source of polyamines and of other
amines since the microbiota is able to produce various com-
pounds including putrescine, agmatine, cadaverine, tyramine and
histamine from their respective amino acid precursors that are
ornithine/arginine, arginine, lysine, tyrosine and histidine [74,131].
In bacterial cells, polyamines can interact with many cellular poly-
mers or structures. Thus they are involved in a wide variety of
cellular reactions that are essential for growth, multiplication and
survival. In the past ten years, their role in a series of physiological
processes such as the response to physiological stress, the biofilm
formation, bacteriocin production and the microbial pathogenesis

was also established [132–134]. Microbial polyamine requirements
can be satisfied through uptake and de-novo synthesis. Intracellular
concentrations are widely variable from one micro-organism to
another. They are also affected by a series of environmental
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actors (e.g. pH, oxygen concentration, presence and concentra-
ion of the precursor amino acids) as well as by the physiological
tate of cells (e.g. growth phase, cellular stress). In fact, the intra-
ellular concentrations seem to be finely balanced by biosynthesis,
egradation, uptake and excretion even if the regulatory mecha-
isms are not clearly known [133]. The biosynthetic pathways are
ell established for putrescine, agmatine, cadaverine and spermi-
ine. Spermine de novo synthesis is not definitively established

n bacteria [132]. In the last decades, polyamine metabolism was
xtensively studied in E. coli, and, more recently it has been deci-
hered in human pathogens. With regard to colonic ecosystem,
everal studies demonstrated the in vitro ability of representative
olonic bacteria to produce polyamines under colonic-type envi-
onmental conditions[135]. This is the case for some species of
he genera Bacteroides, Lactobacillus, Veillonella,  Bifidobacterium and
lostridium. In vivo, urinary excretion of cadaverine (exclusively
rom bacterial origin) is decreased throughout an antibiotic treat-

ent that eliminates a significant part of the intestinal microbiota
hich evidences its role in cadaverine production [136]. The con-

entration of spermidine is increased in the luminal contents of
onventional rats when compared to germ-free rats fed the same
iet [137]. However there is still scarce information concerning
he factors that affect polyamine concentrations and partitioning
hroughout colon. Obviously one of these factors is microbiota
omposition as revealed in a study of Noack et al. [138] where
he luminal contents of gnotobiotic rats colonized with differ-
nt associations of bacteria exhibited different polyamine profiles.
utritional factors also play a role and for example an increase of
ietary amino acids at the expense of proteins leads to putrescine
nd cadaverine decrease respectively in the caecum and colon of
arly-weaned pigs [139].

Apart from putrescine and agmatine, little is known about the
ffects of other biogenic amines on the colonic mucosa. Putrescine
s strictly necessary for cancerous colonic epithelial cell mitosis
140–142] and agmatine is able to slow down cancerous colonocyte

itosis in in vitro experiments [143].
.5. Indolic and phenolic compounds

The degradation of aromatic amino acids (phenylalanine, tyro-
ine, tryptophane) by the microbiota produces phenolic and indolic

Fig. 3. Schematic diagram of the pathways of aroma
dapted from Smith and Macfarlane, 1996.
l Research 68 (2013) 95– 107

compounds [144–150]. Nevertheless, the metabolism of aromatic
amino acids was  poorly investigated with regards to role of spe-
cific components of the intestinal microbiota. Yet some of the
metabolites generated as phenol and indole are suspected to act
respectively as co-carcinogen and colon cancer promoter [151].
The main studies were carried by Smith and Macfarlane at the
end of the 90s. Anaerobes that are known to ferment aromatic
amino acids are among Bacteroides, Lactobacillus, Bifidobacterium,
Clostridium and Peptostreptococcus.  MNP  (Most Probable Num-
ber) counts revealed that 10% of total anaerobes are able to
produce indolic and phenolic compounds [148]. Aromatic amino
acids are metabolized slowly by bacteria when compared with
other amino acids. They yield a series of phenolic and indolic
compounds as end-products including p-cresol, indole, phenol,
skatole (Fig. 3). During human slurries fermentation, tyrosine
yields mainly phenol and p-cresol; while phenylalanine yields
phenylacetate and tryptophane yields indoleacetate and indole
[152]. The analysis of the colonic contents of four sudden death
victims revealed that indolic compounds could not be detected
in such conditions. Phenylacetate and hydroxyphenylpropionate
dominate in the proximal colon while phenol is present in trace
amounts. In distal colon, these latter metabolites increase more
than four fold. If phenol dominates (50% of total metabolites),
p-cresol and hydroxyphenylpropionate are also present at high
levels. Concentrations of phenolic compounds increase markedly
in the distal colon, as does the relative proportions of p-cresol
and phenol; providing further evidence of the higher amino acid
fermentation in the distal region of the large intestine [89]. Con-
centrations of indolic and phenolic metabolites depend on the
balance between the rates of microbial production and colonic
absorption. During in vitro incubations of proximal bowel contents,
the endogenous substrate fermentation resulted in higher rates
of production for phenol (1 �mol  h−1 (g gut content)−1). Pheny-
lacetate, phenylpyruvate, phenylpropionate, hydroxyphenylpro-
pionate, p-cresol and hydroxyphenylacetate production rates are
in the 0.2–0.5 �mol  h−1 (g gut content)−1 range. The production
rates of phenyllactate, indole and indoleacetate do not exceed

0.1 �mol  h−1 (g gut content)−1 [148]. Phenolic compounds appear
to be largely absorbed from the colon luminal content. They are
partly metabolized during their transfer from lumen to blood and
in the liver, before being finally excreted in urine [153]. More than

tic amino acids metabolism by gut microbiota.
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0% of urinary phenolic compounds are present as p-cresol [145].
 recent comparative analysis of blood plasma metabolites of germ

ree mice and conventional mice revealed profound significant dif-
erences between these two groups of animals [154]. Tryptophan
nd tyrosine levels are increased by at least 1.5-fold in germ-free
ice. The products of aromatic amino acid bacterial metabolism

indoxyl-sulfate, phenyl sulfate, p-cresol sulfate, phenylpropionyl-
lycine) are exclusively found in conventional mice. Hippuric acid
nd phenylacetylglycine, that can be processed either by cooper-
tion between the host and gut microbiota, or by the host alone;
ere increased in conventional mice. According to the available

iterature, the main environmental parameters affecting aromatic
mino acid fermentation are pH, carbohydrates availability as
ell as the type or availability of the nitrogen sources. Aromatic

mino acid fermentation is favored at neutral pH vs acidic pH. The
oncentrations of microbial metabolites and the relative rates of
roduction are both modified when the amount of carbohydrates
re changed. Free aromatic amino acids, peptides and proteins
an be fermented by the microbiota. However, the amounts and
rofiles of metabolites depend largely on the nature of the avail-
ble nitrogenous compounds [117,155].  Interestingly, an increase
f the protein intake raises the faecal and urinary concentration of
-cresol [92,156]. Recently, authors [157] showed that high pro-
ein diet increased phenylacetate concentration. Undoubtedly the
omposition of microbiota is another prominent parameter affect-
ng the fate of aromatic amino acids in the gut lumen that could
ccount for the great inter-individual variability as highlighted by
mith and Macfarlane [148].

Very little is known regarding the effects of the phenolic and
ndolic compounds on the colonic epithelial cells. Phenol has been
hown to decrease in vitro the integrity of the barrier function [108].
henol, at concentrations higher than 1.25 mM,  impaired the via-
ility of human colonic epithelial cells [158].

.6. Short chain fatty acids

Short-chain fatty acids (SCFAs), mainly acetate, butyrate and
ropionate are end products of bacterial fermentation in the large

ntestine in man  and other mammals [159,160].  It is well known
hat substrates for short-chain fatty acid production are mainly
bers and resistant starch [6]. However, it is largely omitted that
ndigested proteins represent another important substrate for
CFA production [161].

Indeed, several amino acids released from proteins in the
arge intestine are precursors for SCFA synthesis. Acetate can be
roduced by the microbiota from glycine, alanine, threonine, glu-
amate, lysine and aspartate [162,163].  Butyrate can be produced
rom glutamate and lysine [74] and propionate can be synthetized
rom alanine and threonine [164]. The branched-chain fatty acids
BCFA) (isobutyrate, 2-methylbutyrate and isovalerate) are derived
rom valine, isoleucine and leucine respectively [74]. They are
resent in lower quantities than SCFA in the large intestine content
165]. They originate exclusively from the breakdown of proteins
nd are not produced from carbohydrates [166,167] represent-
ng therefore good markers of protein breakdown in the intestinal
umen. Thus, five amino acids among the nine indispensable amino
cids are used for short-chain and branched-chain fatty acid pro-
uction by the microbiota.

Culture based enumerations (MNP) performed with faecal sam-
le of five healthy volunteers showed that acetate, propionate
nd butyrate-producing bacteria (from amino acid fermentation)
quated with total amino acid fermenting population that is

1.5 log10 g−1 dry weight faeces. Forty percent of the total amino
cid fermenting population is isobutyrate forming. The valerate,
sovalerate and isocaproate forming bacteria are much less repre-
ented (respectively 8.5 log10; 9.3 log10 and 4.8 log10 g−1 dry weight
l Research 68 (2013) 95– 107 103

faeces) and exhibit a great inter-individual variability [13]. The
amount and pattern of SCFAs produced depend largely on substrate
availability (which is related to nutritional conditions), on bacterial
composition of the microbiota and on the intestinal transit time
[168]. In in vitro experiments, dissimilatory metabolism of amino
acids and peptides was  reduced when fermentable carbohydrates
were available and when pH was low (5.5 vs 6.8). In addition the
profile of branched chain fatty acids was qualitatively changed in
presence of carbohydrates. These observations explain in large part
that dissimilatory metabolism of amino acids is mainly associated
with the distal colon [13]. In rats, some of the SCFAs and BCFAs
were found to be increased following hyperproteic diet ingestion
in rats [104]. However, high protein diet, associated with low car-
bohydrate content utilized for weight loss purpose in obese men,
induced a significant decrease in total short chain fatty acid level in
faeces when compared to a maintenance diet. This decrease con-
cerned mainly butyrate and also acetate (respectively 50% and 36%
decrease) and to a lesser extent propionate. Simultaneously iso-
valerate and isobutyrate levels were increased. The consumption
of the high protein diet was associated with a sharp decline of the
butyrate-producing Roseburia/E. rectale group [157]. The interpre-
tation of the results on human dietary intervention should take into
account that the low carbohydrate content was balanced by both a
higher protein and fat content.

The three SCFAs acetate, propionate and butyrate are well
known to be oxidized and used as fuels by the colonic epithelial
cells. Among these latter, butyrate has been highly studied since, in
addition to represent a fuel for colonocytes (which substitutes for l-
glutamine and d-glucose oxidation [169]); this SCFA is known to be
transported inside colonic epithelial cells and to act on intracellular
targets in colonocytes. The part of butyrate which is unmetabolized
is recovered in the portal blood [170,171].  Acetate, propionate and
butyrate are mainly utilized by muscles, liver and colonic mucosa
respectively [172]. Much less is known regarding metabolism and
effects of branched-chain fatty acid metabolism on colonocytes
except some regulatory effects of these compounds on electrolyte
absorption and secretion [173–177].

5. Energy expenditure and gain

Data regarding the microbiota contribution to the host energy
expenditure or gain are scarce [178]. The fact that antibiotics are
widely used to promote growth and feed use efficiency in farm ani-
mals like pigs and chickens [179,180] suggests an energetic cost
for the host to maintain microbiota. Although the mechanisms
involved in such an effect remain unclear, it has been proposed that
the competition between bacteria and host would partly explain
the results observed. The part played by amino acids among other
compounds in such a competition remains to be determined.

6. Conclusion

Although limited, the available experimental evidences strongly
suggest that the intestinal microbiota is involved in the utiliza-
tion and catabolism of some indispensable and dispensable amino
acids originating from the alimentary and endogenous proteins in
the intestinal lumen. Other experimental evidences suggest that
the intestinal microbiota is also able to provide amino acids to the
host raising the view that the amino acid exchange between the
microbiota and host can proceed in both directions. However, the
net result of such exchanges remain to be determined in vivo from

both a quantitative and qualitative points of view according to vari-
ous parameters like the nutritional status, the parts of the intestine
involved, the availability of the nitrogen sources and of other nutri-
ent sources, the composition and concentration of the microbiota,
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he overall metabolic capacity of the microbiota, the transit time,
he luminal pH etc.

From recent publications, it appears that schematically, the
ain anatomical distinction regarding the intestine should be done

etween the small and large intestine where the situation is much
ontrasted. Regarding the large intestine, it appears that amino
cids are usually not absorbed by the colonic mucosa, but rather
re used by the microbiota which produces numerous metabolic
nd-products which have been not exhaustively characterized.

Finally, new experimental works is required in order to progress
n the knowledge of the nutritional and physiological consequences
f the intestinal microbial metabolism of nitrogenous compounds
n the host. The effects of the metabolites produced by the micro-
iota from different amino acids on the colonic and rectal epithelial
ells are better characterized including both beneficial and deleteri-
us consequences. The effects of intestinal bacterial metabolites at
eripheral level (liver and other organs) are more largely unknown
nd require further investigations.

cknowledgements

This work was supported by INRA/AgroParisTech and by grants
GL2011-25169 and consolider Fun-C-Food CSD2007-00063 from

he Spanish Ministry of Economy and Competitiveness.

eferences

[1] Hamer HM,  De Preter V, Windey K, Verbeke K. Functional analysis of colonic
bacterial metabolism: relevant to health. American Journal of Physiology –
Gastrointestinal and Liver Physiology 2011;302:G1–9.

[2] Gill SR, Pop M,  Deboy RT, Eckburg B, Turnbaugh PJ, Samuel BS, et al.
Metagenomic analysis of the human distal gut microbiome. Science
2006;312:1355–9.

[3] Wylie KM,  Truty RM,  Sharpton TJ, Mihindukulasuriya KA, Zhou Y, Gao H, et al.
Novel bacterial taxa in the human microbiome. PLoS ONE 2012;7:e35294.

[4] Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune
responses during health and disease. Nature Reviews Immunology
2009;9:313–23.

[5] O’Keefe SJ. Nutrition and colonic health: the critical role of the microbiota.
Current Opinion in Gastroenterology 2008;24:51–8.

[6] Laparra JM,  Sanz Y. Interactions of gut microbiota with functional food com-
ponents and nutraceuticals. Pharmacological Research 2010;61:219–25.

[7] Gottschalk G. Bacterial metabolism. New-York: Springler-Verlag; 1979.
[8]  Drasar BS. Some factors associated with geographical variations in the

intestinal microflora. Society for Applied Bacteriology Symposium Series
1974;3:187–96.

[9] Macfarlane GT, Macfarlane S. Bacteria, colonic fermentation, and gastroin-
testinal health. Journal of AOAC International 2012;95:50–60.

[10] Chassard C, Bernalier-Donadille A. H2 and acetate transfers during
xylan fermentation between a butyrate-producing xylanolytic species and
hydrogenotrophic microorganisms from the human gut. FEMS Microbiology
Letters 2006;254:116–22.

[11] Miller TW,  Wang EA, Gould S, Stein EV, Kaur S, Lim L, et al. Hydrogen sulfide is
an  endogenous potentiator of T cell activation. Journal of Biological Chemistry
2012;287:4211–21.

[12] Mimoun S, Andriamihaja M,  Chaumontet C, Atanasiu C, Benamouzig R, Blouin
JM,  et al. Detoxification of H(2)S by differentiated colonic epithelial cells:
implication of the sulfide oxidizing unit and of the cell respiratory capacity.
Antioxidants and Redox Signalling 2012;17:1–10.

[13] Smith EA, Macfarlane GT. Enumeration of amino acid fermenting bacteria in
the  human large intestine: effects of pH and starch on peptide metabolism and
dissimilation of amino acids. FEMS Microbiology Ecology 1998;25:355–68.

[14] Dai ZL, Wu G, Zhu WY.  Amino acid metabolism in intestinal bacte-
ria:  links between gut ecology and host health. Frontiers in Bioscience
2011;16:1768–86.

[15] Hoskins LC, Boulding ET. Mucin degradation in human colon ecosystems.
Evidence for the existence and role of bacterial subpopulations produc-
ing glycosidases as extracellular enzymes. Journal of Clinical Investigation
1981;67:163–72.

[16] Macfarlane GT, Cummings JH, Allison C. Protein degradation by human
intestinal bacteria. Journal of General Microbiology 1986;132:1647–56.

[17] Mailliard ME,  Stevens BR, Mann GE. Amino acid transport by small intestinal,
hepatic, and pancreatic epithelia. Gastroenterology 1995;108:888–910.
[18] Broer S. Apical transporters for neutral amino acids: physiology and patho-
physiology. Physiology (Bethesda) 2008;23:95–103.

[19] Blachier F, Darcy-Vrillon B, Sener A, Duee PH, Malaisse WJ.  Argi-
nine metabolism in rat enterocytes. Biochimica et Biophysica Acta
1991;1092:304–10.
l Research 68 (2013) 95– 107

[20] Dillon EL, Knabe DA, Wu G. Lactate inhibits citrulline and arginine syn-
thesis from proline in pig enterocytes. American Journal of Physiology
1999;276:G1079–86.

[21] Coloso RM,  Stipanuk MH.  Metabolism of cyst(e)ine in rat enterocytes. Journal
of  Nutrition 1989;119:1914–24.

[22] Guihot G, Blachier F, Colomb V, Morel MT,  Raynal P, Corriol O, et al. Effect
of  an elemental vs a complex diet on l-citrulline production from l-arginine
in  rat isolated enterocytes. JPEN Journal of Parenteral and Enteral Nutrition
1997;21:316–23.

[23] Blachier F, Boutry C, Bos C, Tome D. Metabolism and functions of l-glutamate
in  the epithelial cells of the small and large intestines. American Journal of
Clinical Nutrition 2009;90:814S–21S.

[24] Watford M, Lund P, Krebs HA. Isolation and metabolic characteristics of rat
and chicken enterocytes. Biochemical Journal 1979;178:589–96.

[25] Duée PH, Darcy-Vrillon B, Blachier F, Morel MT.  Fuel selection in intestinal
cells. Proceedings of the Nutrition Society 1995;54:83–94.

[26] Romero-Gomez M,  Jover M,  Galan JJ, Ruiz A. Gut ammonia production and its
modulation. Metabolic Brain Disease 2009;24:147–57.

[27] Chen L, Li P, Wang J, Li X, Gao H, Yin Y, et al. Catabolism of nutrition-
ally essential amino acids in developing porcine enterocytes. Amino Acids
2009;37:143–52.

[28] Stoll B, Henry J, Reeds PJ, Yu H, Jahoor F, Burrin DG. Catabolism dominates
the  first-pass intestinal metabolism of dietary essential amino acids in milk
protein-fed piglets. Journal of Nutrition 1998;128:606–14.

[29] Bergen WG,  Wu  G. Intestinal nitrogen recycling and utilization in health and
disease. Journal of Nutrition 2009;139:821–5.

[30] Grohmann U, Bronte V. Control of immune response by amino acid
metabolism. Immunological Reviews 2010;236:243–64.

[31] Shoveller AK, Brunton JA, Pencharz PB, Ball RO. The methionine requirement is
lower in neonatal piglets fed parenterally than in those fed enterally. Journal
of Nutrition 2003;133:1387–90.

[32] Riedijk MA, Stoll B, Chacko S, Schierbeek H, Sunehag AL, van Goudoever JB,
et al. Methionine transmethylation and transsulfuration in the piglet gas-
trointestinal tract. Proceedings of the National Academy of Sciences of the
United States of America 2007;104:3408–13.

[33] Fogg FJ, Hutton DA, Jumel K, Pearson JP, Harding SE, Allen A. Characterization
of  pig colonic mucins. Biochemical Journal 1996;316(Pt 3):937–42.

[34] Bertolo RF, Chen CZ, Law G, Pencharz PB, Ball RO. Threonine requirement
of neonatal piglets receiving total parenteral nutrition is considerably lower
than that of piglets receiving an identical diet intragastrically. Journal of Nutri-
tion 1998;128:1752–9.

[35] Le Floc’h N, Sève B. Catabolism through the threonine dehydrogenase path-
way  does not account for the high first-pass extraction rate of dietary
threonine by the portal drained viscera in pigs. British Journal of Nutrition
2005;93:447–56.

[36] Schaart MW,  Schierbeek H, van der Schoor SR, Stoll B, Burrin DG, Reeds PJ, et al.
Threonine utilization is high in the intestine of piglets. Journal of Nutrition
2005;135:765–70.

[37] Elango R, Pencharz PB, Ball RO. The branched-chain amino acid requirement of
parenterally fed neonatal piglets is less than the enteral requirement. Journal
of  Nutrition 2002;132:3123–9.

[38] Chen LX, Yin YL, Jobgen WJS, Jobgen JC, Knabe DA, Hu WX,  et al. In vitro
oxidation of essential amino acids by jejunal mucosal cells of growing pigs.
Livestock Science 2007;109:19–23.

[39] Metges CC. Contribution of microbial amino acids to amino acid homeostasis
of  the host. Journal of Nutrition 2000;130:1857S–64S.

[40] Torrallardona D, Harris CI, Coates ME,  Fuller MF.  Microbial amino acid syn-
thesis and utilization in rats: incorporation of 15N from 15NH4Cl into lysine
in the tissues of germ-free and conventional rats. British Journal of Nutrition
1996;76:689–700.

[41] Torrallardona D, Harris CI, Milne E, Fuller MF.  Site of absorption of lysine
synthesized by the gastrointestinal microflora of pigs. In: Nunes A, Portugal
A,  Costa J, Ribeiro J, editors. Proceedings of the VIIth International Symposium
on  Protein Metabolism and Nutrition. Santarem, Portugal: EAAP Publication;
1996. p. 369–71.

[42] Metges CC, Petzke KJ, El-Khoury AE, Henneman L, Grant I, Bedri S, et al. Incor-
poration of urea and ammonia nitrogen into ileal and fecal microbial proteins
and plasma free amino acids in normal men  and ileostomates. American
Journal of Clinical Nutrition 1999;70:1046–58.

[43] Backes G, Hennig U, Petzke KJ, Elsner A, Junghans P, Nurnberg G,  et al. Con-
tribution of intestinal microbial lysine to lysine homeostasis is reduced in
minipigs fed a wheat gluten-based diet. American Journal of Clinical Nutrition
2002;76:1317–25.

[44] Millward DJ, Forrester T, Ah-Sing E, Yeboah N, Gibson N, Badaloo A, et al. The
transfer of 15N from urea to lysine in the human infant. British Journal of
Nutrition 2000;83:505–12.

[45] Abubucker S, Segata N, Goll J, Schubert AM,  Izard J, Cantarel BL, et al. Metabolic
reconstruction for metagenomic data and its application to the human micro-
biome. PLoS Computational Biology 2012;8:e1002358.

[46] Fuller MF, Milne A, Harris CI, Reid TM,  Keenan R. Amino acid losses in
ileostomy fluid on a protein-free diet. American Journal of Clinical Nutrition

1994;59:70–3.

[47] Gaudichon C, Bos C, Morens C, Petzke KJ, Mariotti F, Everwand J, et al.
Ileal losses of nitrogen and amino acids in humans and their importance
to the assessment of amino acid requirements. Gastroenterology 2002;123:
50–9.



ologica
A.-M. Davila et al. / Pharmac

[48]  Millward DJ. Sufficient protein for our elders. American Journal of Clinical
Nutrition 2008;88:1187–8.

[49] Libao-Mercado AJ, Zhu CL, Cant JP, Lapierre H, Thibault JN, Seve B, et al.
Dietary and endogenous amino acids are the main contributors to micro-
bial  protein in the upper gut of normally nourished pigs. Journal of Nutrition
2009;139:1088–94.

[50] Dai ZL, Zhang J, Wu G, Zhu WY.  Utilization of amino acids by bacteria from
the  pig small intestine. Amino Acids 2010;39:1201–15.

[51] Dai ZL, Li XL, Xi PB, Zhang J, Wu G, Zhu WY.  Metabolism of select amino acids
in  bacteria from the pig small intestine. Amino Acids 2012;42:1597–608.

[52] Dai ZL, Li XL, Xi PB, Zhang J, Wu G, Zhu WY.  l-glutamine regu-
lates  amino acid utilization by intestinal bacteria. Amino Acids 2012,
http://dx.doi.org/10.1007/s00726-012-1264-4.

[53] Dai ZL, Li XL, Xi PB, Zhang J, Wu G, Zhu WY.  Regulatory role for l-arginine in
the  utilization of amino acids by pig small-intestinal bacteria. Amino Acids
2012;43:233–44.

[54] Pridmore RD, Berger B, Desiere F, Vilanova D, Barretto C, Pittet AC, et al. The
genome sequence of the probiotic intestinal bacterium Lactobacillus johnsonii
NCC 533. Proceedings of the National Academy of Sciences of the United States
of  America 2004;101:2512–7.

[55] Abidi SA, Mercer DW.  Protein digestion in human intestine as reflected in
luminal, mucosal, and plasma amino acid concentrations after meals. Journal
of  Clinical Investigation 1973;52:1586–94.

[56] Baglieri A, Mahe S, Zidi S, Huneau JF, Thuillier F, Marteau P, et al. Gastro-jejunal
digestion of soya-bean-milk protein in humans. British Journal of Nutrition
1994;72:519–32.

[57] Gausseres N, Mahe S, Benamouzig R, Luengo C, Drouet H, Rautureau J, et al. The
gastro-ileal digestion of 15N-labelled pea nitrogen in adult humans. British
Journal of Nutrition 1996;76:75–85.

[58] Gaudichon C, Mahe S, Benamouzig R, Luengo C, Fouillet H, Dare S, et al. Net
postprandial utilization of [15N]-labeled milk protein nitrogen is influenced
by diet composition in humans. Journal of Nutrition 1999;129:890–5.

[59] Mariotti F, Pueyo ME,  Tome D, Berot S, Benamouzig R, Mahe S. The influence of
the albumin fraction on the bioavailability and postprandial utilization of pea
protein given selectively to humans. Journal of Nutrition 2001;131:1706–13.

[60] Bos C, Juillet B, Fouillet H, Turlan L, Dare S, Luengo C, et al. Postprandial
metabolic utilization of wheat protein in humans. American Journal of Clinical
Nutrition 2005;81:87–94.

[61] Blachier F, Mariotti F, Huneau JF, Tome D. Effects of amino acid-derived
luminal metabolites on the colonic epithelium and physiopathological con-
sequences. Amino Acids 2007;33:547–62.

[62] Evenepoel P, Claus D, Geypens B, Hiele M,  Geboes K, Rutgeerts P, et al. Amount
and fate of egg protein escaping assimilation in the small intestine of humans.
American Journal of Physiology 1999;277:G935–43.

[63] Gibson JA, Sladen GE, Dawson AM. Protein absorption and ammonia produc-
tion: the effects of dietary protein and removal of the colon. British Journal
of  Nutrition 1976;35:61–5.

[64] Kramer P. The effect of varying sodium loads on the ileal excreta of human
ileostomized subjects. Journal of Clinical Investigation 1966;45:1710–8.

[65] Smiddy FG, Gregory SD, Smith IB, Goligher JC. Faecal loss of fluid, electrolytes,
and nitrogen in colitis before and after ileostomy. Lancet 1960;1:14–9.

[66] Chacko A, Cummings JH. Nitrogen losses from the human small bowel: oblig-
atory losses and the effect of physical form of food. Gut 1988;29:809–15.

[67] Christensen J. Gross and microscopic anatomy of the large intestine. In: Philips
SF,  Pemberton JH, Shorter RG, editors. The large intestine. Physiology, patho-
physiology and disease. New York: Raven Press; 1991. p. 13–36.

[68] Cummings JH, Wiggins HS, Jenkins DJ, Houston H, Jivraj T, Drasar BS, et al.
Influence of diets high and low in animal fat on bowel habit, gastrointestinal
transit time, fecal microflora, bile acid, and fat excretion. Journal of Clinical
Investigation 1978;61:953–63.

[69] Macfarlane GT, Cummings JH, Macfarlane S, Gibson GR. Influence of reten-
tion time on degradation of pancreatic enzymes by human colonic bacteria
grown in a 3-stage continuous culture system. Journal of Applied Bacteriology
1989;67:520–7.

[70] Macfarlane GT, Macfarlane S. Fermentation in the human large intestine: its
physiologic consequences and the potential contribution of prebiotics. Jour-
nal of Clinical Gastroenterology 2012;45(Suppl.):S120–7.

[71] Wilson DR, Ing TS, Metcalfe-Gibson A, Wrong OM.  In vivo dialysis of faeces
as  a method of stool analysis. 3. The effect of intestinal antibiotics. Clinical
Science 1968;34:211–21.

[72] Wrong OM,  Vince AJ, Waterlow JC. The contribution of endogenous urea to
faecal ammonia in man, determined by 15N labelling of plasma urea. Clinical
Science (London) 1985;68:193–9.

[73] Macfarlane GT, Allison C, Gibson SA, Cummings JH. Contribution of the
microflora to proteolysis in the human large intestine. Journal of Applied
Bacteriology 1988;64:37–46.

[74] Macfarlane GT, Cummings JP. The colonic flora, fermentation and large bowel
digestive function. In: Philips SF, Pemberton JH, Shorter RG, editors. The large
intestine. Physiology, pathophysiology and disease. New York: Raven Press;
1991. p. 51–92.

[75] Riepe SP, Goldstein J, Alpers DH. Effect of secreted Bacteroides proteases on

human intestinal brush border hydrolases. Journal of Clinical Investigation
1980;66:314–22.

[76] Steck N, Hoffmann M,  Sava IG, Kim SC, Hahne H, Tonkonogy SL,
et  al. Enterococcus faecalis metalloprotease compromises epithelial barrier
l Research 68 (2013) 95– 107 105

and contributes to intestinal inflammation. Gastroenterology 2011;141:
959–71.

[77] Prindiville TP, Sheikh RA, Cohen SH, Tang YJ, Cantrell MC,  Silva Jr J. Bac-
teroides fragilis enterotoxin gene sequences in patients with inflammatory
bowel disease. Emerging Infectious Diseases 2000;6:171–4.

[78] Ingmer H, Brondsted L. Proteases in bacterial pathogenesis. Research in Micro-
biology 2009;160:704–10.

[79] Darragh AJ, Cranwell PD, Moughan PJ. Absorption of lysine and methio-
nine from the proximal colon of the piglet. British Journal of Nutrition
1994;71:739–52.

[80] Selamnia M,  Mayeur C, Robert V. Alpha-difluoromethylornithine (DFMO) as a
potent arginase activity inhibitor in human colon carcinoma cells. Biochem-
ical  Pharmacology 1998;55:1241–5.

[81] Darcy-Vrillon B, Morel MT,  Cherbuy C, Bernard F, Posho L, Blachier F, et al.
Metabolic characteristics of pig colonocytes after adaptation to a high fiber
diet. Journal of Nutrition 1993;123:234–43.

[82] Mouille B, Robert V, Blachier F. Adaptative increase of ornithine production
and decrease of ammonia metabolism in rat colonocytes after hyperproteic
diet ingestion. American Journal of Physiology – Gastrointestinal and Liver
Physiology 2004;287:G344–51.

[83] Fuller MF,  Reeds PJ. Nitrogen cycling in the gut. Annual Review of Nutrition
1998;18:385–411.

[84] Niiyama M,  Deguchi E, Kagota K, Namioka S. Appearance of 15N-labeled
intestinal microbial amino acids in the venous blood of the pig colon. Ameri-
can Journal of Veterinary Research 1979;40:716–8.

[85] Nakanishi T, Hatanaka T, Huang W,  Prasad PD, Leibach FH, Ganapathy ME,
et  al. Na+- and Cl−-coupled active transport of carnitine by the amino acid
transporter ATB(0,+) from mouse colon expressed in hrpe cells and xenopus
oocytes. The Journal of Physiology 2001;532:297–304.

[86] Ugawa S, Sunouchi Y, Ueda T, Takahashi E, Saishin Y, Shimada S. Characteriza-
tion of a mouse colonic system B(0+) amino acid transporter related to amino
acid absorption in colon. American Journal of Physiology – Gastrointestinal
and Liver Physiology 2001;281:G365–70.

[87] Dantzig AH, Hoskins JA, Tabas LB, Bright S, Shepard RL, Jenkins IL, et al. Asso-
ciation of intestinal peptide transport with a protein related to the cadherin
superfamily. Science 1994;264:430–3.

[88] Merlin D, Si-Tahar M,  Sitaraman SV, Eastburn K, Williams I, Liu X, et al. Colonic
epithelial hPepT1 expression occurs in inflammatory bowel disease: trans-
port of bacterial peptides influences expression of MHC  class 1 molecules.
Gastroenterology 2001;120:1666–79.

[89] Macfarlane GT, Macfarlane S. Human colonic microbiota: ecology, physiol-
ogy  and metabolic potential of intestinal bacteria. Scandinavian Journal of
Gastroenterology Supplement 1997;222:3–9.

[90] Lin HC, Visek WJ.  Colon mucosal cell damage by ammonia in rats. Journal of
Nutrition 1991;121:887–93.

[91] Wrong O, Metcalfegibson A. The electrolyte content faeces. Proceedings of
the Royal Society of Medicine 1965;58:1007–9.

[92] Geypens B, Claus D, Evenepoel P, Hiele M,  Maes B, Peeters M,  et al. Influence
of  dietary protein supplements on the formation of bacterial metabolites in
the  colon. Gut 1997;41:70–6.

[93] Macfarlane GT, Gibson GR, Cummings JH. Comparison of fermentation reac-
tions in different regions of the human colon. Journal of Applied Bacteriology
1992;72:57–64.

[94] Warren KS, Newton WL.  Portal and peripheral blood ammonia concentrations
in  germ-free and conventional guinea pigs. American Journal of Physiology
1959;197:717–20.

[95] Eklou-Lawson M,  Bernard F, Neveux N, Chaumontet C, Bos C, Davila-Gay AM,
et  al. Colonic luminal ammonia and portal blood l-glutamine and l-arginine
concentrations: a possible link between colon mucosa and liver ureagenesis.
Amino Acids 2009;37:751–60.

[96] Summerskill WH,  Wolpert E. Ammonia metabolism in the gut. American
Journal of Clinical Nutrition 1970;23:633–9.

[97] Handlogten ME,  Hong SP, Zhang L, Vander AW,  Steinbaum ML,  Campbell-
Thompson M,  et al. Expression of the ammonia transporter proteins Rh B
glycoprotein and Rh C glycoprotein in the intestinal tract. American Journal
of  Physiology – Gastrointestinal and Liver Physiology 2005;288:G1036–47.

[98] Codina J, Pressley TA, DuBose Jr TD. The colonic H+,K+-ATPase functions as a
Na+-dependent K+(NH4

+)-ATPase in apical membranes from rat distal colon.
Journal of Biological Chemistry 1999;274:19693–8.

[99] Singh SK, Binder HJ, Geibel JP, Boron WF.  An apical permeability barrier to
NH3/NH4

+ in isolated, perfused colonic crypts. Proceedings of the National
Academy of Sciences of the United States of America 1995;92:11573–7.

[100] Hall MC,  Koch MO,  McDougal WS.  Mechanism of ammonium transport by
intestinal segments following urinary diversion: evidence for ionized NH4

+

transport via K(+)-pathways. Journal of Urology 1992;148:453–7.
[101] McDougal WS,  Stampfer DS, Kirley S, Bennett PM,  Lin CW.  Intestinal ammo-

nium transport by ammonium and hydrogen exchange. Journal of the
American College of Surgeons 1995;181:241–8.

[102] Stewart GS, Fenton RA, Thevenod F, Smith CP. Urea movement across mouse
colonic plasma membranes is mediated by UT-A urea transporters. Gastroen-
terology 2004;126:765–73.
[103] Mouille B, Morel E, Robert V, Guihot-Joubrel G, Blachier F. Metabolic capacity
for  l-citrulline synthesis from ammonia in rat isolated colonocytes. Biochim-
ica et Biophysica Acta 1999;1427:401–7.

[104] Andriamihaja M, Davila AM,  Eklou-Lawson M,  Petit N, Delpal S, Allek F, et al.
Colon luminal content and epithelial cell morphology are markedly modified

dx.doi.org/10.1007/s00726-012-1264-4


1 ologica
06 A.-M. Davila et al. / Pharmac

in  rats fed with a high-protein diet. American Journal of Physiology – Gas-
trointestinal and Liver Physiology 2010;299:G1030–7.

[105] Darcy-Vrillon B, Cherbuy C, Morel MT,  Durand M,  Duee PH. Short chain fatty
acid  and glucose metabolism in isolated pig colonocytes: modulation by NH4

+.
Molecular and Cellular Biochemistry 1996;156:145–51.

[106] Cremin Jr JD, Fitch MD,  Fleming SE. Glucose alleviates ammonia-induced
inhibition of short-chain fatty acid metabolism in rat colonic epithelial
cells. American Journal of Physiology – Gastrointestinal and Liver Physiology
2003;285:G105–14.

[107] Mouille B, Delpal S, Mayeur C, Blachier F. Inhibition of human colon carcinoma
cell  growth by ammonia: a non-cytotoxic process associated with polyamine
synthesis reduction. Biochimica et Biophysica Acta 2003;1624:88–97.

[108] Hughes R, Kurth MJ,  McGilligan V, McGlynn H, Rowland I. Effect of colonic bac-
terial metabolites on Caco-2 cell paracellular permeability in vitro. Nutrition
and Cancer 2008;60:259–66.

[109] Ichikawa H, Sakata T. Stimulation of epithelial cell proliferation of isolated
distal colon of rats by continuous colonic infusion of ammonia or short-chain
fatty acids is nonadditive. Journal of Nutrition 1998;128:843–7.

[110] Magee EA, Richardson CJ, Hughes R, Cummings JH. Contribution of dietary
protein to sulfide production in the large intestine: an in vitro and a con-
trolled feeding study in humans. American Journal of Clinical Nutrition
2000;72:1488–94.

[111] Florin T, Neale G, Gibson GR, Christl SU, Cummings JH. Metabolism of dietary
sulphate: absorption and excretion in humans. Gut 1991;32:766–73.

[112] Jorgensen J, Mortensen PB. Hydrogen sulfide and colonic epithelial
metabolism: implications for ulcerative colitis. Digestive Diseases and Sci-
ences 2001;46:1722–32.

[113] Levitt MD,  Springfield J, Furne J, Koenig T, Suarez FL. Physiology of sulfide in
the  rat colon: use of bismuth to assess colonic sulfide production. Journal of
Applied Physiology 2002;92:1655–60.

[114] Gibson GR, Cummings JH, Macfarlane GT. Competition for hydrogen between
sulphate-reducing bacteria and methanogenic bacteria from the human large
intestine. Journal of Applied Bacteriology 1988;65:241–7.

[115] Roediger WE,  Moore J, Babidge W.  Colonic sulfide in pathogenesis and treat-
ment of ulcerative colitis. Digestive Diseases and Sciences 1997;42:1571–9.

[116] Awano N, Wada M,  Mori H, Nakamori S, Takagi H. Identification and functional
analysis of Escherichia coli cysteine desulfhydrases. Applied and Environment
Microbiology 2005;71:4149–52.

[117] Smith EA, Macfarlane GT. Dissimilatory amino acid metabolism in human
colonic bacteria. Anaerobe 1997;3:327–37.

[118] Kadota H, Ishida Y. Production of volatile sulfur compounds by microorgan-
isms. Annual Review of Microbiology 1972;26:127–38.

[119] Kumagai H, Sejima S, Choi Y, Tanaka H, Yamada H. Crystallization and prop-
erties of cysteine desulfhydrase from aerobacter aerogenes. FEBS Letters
1975;52:304–7.

[120] Leschelle X, Goubern M,  Andriamihaja M,  Blottiere HM,  Couplan E, Gonzalez-
Barroso MD,  et al. Adaptative metabolic response of human colonic epithelial
cells to the adverse effects of the luminal compound sulfide. Biochimica et
Biophysica Acta 2005;1725:201–12.

[121] Attene-Ramos MS, Nava GM,  Muellner MG,  Wagner ED, Plewa MJ, Gaskins
HR.  DNA damage and toxicogenomic analyses of hydrogen sulfide in human
intestinal epithelial FHs 74 Int cells. Environmental and Molecular Mutagen-
esis  2010;51:304–14.

[122] Attene-Ramos MS,  Wagner ED, Gaskins HR, Plewa MJ.  Hydrogen sulfide
induces direct radical-associated DNA damage. Molecular Cancer Research
2007;5:455–9.

[123] Reiffenstein RJ, Hulbert WC,  Roth SH. Toxicology of hydrogen sulfide. Annual
Review of Pharmacology and Toxicology 1992;32:109–34.

[124] Hill BC, Woon TC, Nicholls P, Peterson J, Greenwood C, Thomson AJ.
Interactions of sulphide and other ligands with cytochrome c oxidase.
An  electron-paramagnetic-resonance study. Biochemical Journal 1984;224:
591–600.

[125] Goubern M, Andriamihaja M,  Nubel T, Blachier F, Bouillaud F. Sulfide, the first
inorganic substrate for human cells. FASEB Journal 2007;21:1699–706.

[126] Lagoutte E, Mimoun S, Andriamihaja M,  Chaumontet C, Blachier F, Bouillaud
F.  Oxidation of hydrogen sulfide remains a priority in mammalian cells and
causes reverse electron transfer in colonocytes. Biochimica et Biophysica Acta
2010;1797:1500–11.

[127] Vermeiren J, Van de Wiele T, Van Nieuwenhuyse G, Boeckx P, Verstraete W,
Boon N. Sulfide- and nitrite-dependent nitric oxide production in the intesti-
nal  tract. Microbial Biotechnology 2011;5:379–87.

[128] Elitsur Y, Strom J, Luk GD. Inhibition of ornithine decarboxylase activity
decreases polyamines and suppresses DNA synthesis in human colonic lamina
propria lymphocytes. Immunopharmacology 1993;25:253–60.

[129] Blachier F, Davila AM, Benamouzig R, Tome D. Channelling of arginine in
NO  and polyamine pathways in colonocytes and consequences. Frontiers in
Bioscience 2011;16:1331–43.

[130] Blachier F, Selamnia M,  Robert V, M’Rabet-Touil H, Duee PH. Metabolism
of  l-arginine through polyamine and nitric oxide synthase pathways in
proliferative or differentiated human colon carcinoma cells. Biochimica et
Biophysica Acta 1995;1268:255–62.
[131] Gale EF. The production of amines by bacteria: the production of putrescine
from l(+)-arginine by Bacterium coli in symbiosis with Streptococcus faecalis.
Biochemical Journal 1940;34:853–7.

[132] Tabor CW,  Tabor H. Polyamines in microorganisms. Microbiological Reviews
1985;49:81–99.
l Research 68 (2013) 95– 107

[133] Igarashi K, Kashiwagi K. Modulation of cellular function by polyamines. Inter-
national Journal of Biochemistry and Cell Biology 2010;42:39–51.

[134] Shah P, Swiatlo E. A multifaceted role for polyamines in bacterial pathogens.
Molecular Microbiology 2008;68:4–16.

[135] Allison C, Macfarlane GT. Influence of pH, nutrient availability, and growth
rate on amine production by Bacteroides fragilis and Clostridium perfringens.
Applied and Environment Microbiology 1989;55:2894–8.

[136] Satink HP, Hessels J, Kingma AW,  van den Berg GA, Muskiet FA, Halie MR.
Microbial influences on urinary polyamine excretion. Clinica Chimica Acta
1989;179:305–14.

[137] Noack K, Kleessen B, Lorenz A, Blaut A. The effects of alimentary polyamine
depletion on germ-free and conventional rats. The Journal of Nutritional Bio-
chemistry 1996;7:560–6.

[138] Noack J, Dongowski G, Hartmann L, Blaut M.  The human gut bacteria Bac-
teroides thetaiotaomicron and Fusobacterium varium produce putrescine and
spermidine in cecum of pectin-fed gnotobiotic rats. Journal of Nutrition
2000;130:1225–31.

[139] Htoo JK, Araiza BA, Sauer WC,  Rademacher M, Zhang Y, Cervantes M, et al.
Effect of dietary protein content on ileal amino acid digestibility, growth per-
formance, and formation of microbial metabolites in ileal and cecal digesta
of early-weaned pigs. Journal of Animal Science 2007;85:3303–12.

[140] Gamet L, Cazenave Y, Trocheris V, Denis-Pouxviel C, Murat JC. Involvement
of  ornithine decarboxylase in the control of proliferation of the HT29 human
colon cancer cell line. Effect of vasoactive intestinal peptide on enzyme activ-
ity. International Journal of Cancer 1991;47:633–8.

[141] Seidenfeld J, Block AL, Komar KA, Naujokas MF.  Altered cell cycle phase distri-
butions in cultured human carcinoma cells partially depleted of polyamines
by treatment with difluoromethylornithine. Cancer Research 1986;46:
47–53.

[142] Ray RM, McCormack SA, Johnson LR. Polyamine depletion arrests growth of
IEC-6 and Caco-2 cells by different mechanisms. American Journal of Physi-
ology – Gastrointestinal and Liver Physiology 2001;281:G37–43.

[143] Mayeur C, Veuillet G, Michaud M,  Raul F, Blottiere HM,  Blachier F. Effects
of  agmatine accumulation in human colon carcinoma cells on polyamine
metabolism, DNA synthesis and the cell cycle. Biochimica et Biophysica Acta
2005;1745:111–23.

[144] Bone E, Tamm A, Hill M.  The production of urinary phenols by gut bacteria and
their possible role in the causation of large bowel cancer. American Journal
of  Clinical Nutrition 1976;29:1448–54.

[145] Hughes R, Magee EA, Bingham S. Protein degradation in the large intes-
tine: relevance to colorectal cancer. Current Issues in Intestinal Microbiology
2000;1:51–8.

[146] Claus R, Raab S. Influences on skatole formation from tryptophan in the pig
colon. Advances in Experimental Medicine and Biology 1999;467:679–84.

[147] Yokoyama MT, Carlson JR. Microbial metabolites of tryptophan in the intesti-
nal  tract with special reference to skatole. American Journal of Clinical
Nutrition 1979;32:173–8.

[148] Smith EA, Macfarlane GT. Enumeration of human colonic bacteria producing
phenolic and indolic compounds: effects of pH, carbohydrate availability and
retention time on dissimilatory aromatic amino acid metabolism. Journal of
Applied Bacteriology 1996;81:288–302.

[149] Karlin DA, Mastromarino AJ, Jones RD, Stroehlein JR, Lorentz O. Fecal ska-
tole and indole and breath methane and hydrogen in patients with large
bowel polyps or cancer. Journal of Cancer Research and Clinical Oncology
1985;109:135–41.

[150] Whitt DD, Demoss RD. Effect of microflora on the free amino acid distribution
in  various regions of the mouse gastrointestinal tract. Applied Microbiology
1975;30:609–15.

[151] Nowak A, Libudzisz Z. Influence of phenol, p-cresol and indole on growth and
survival of intestinal lactic acid bacteria. Anaerobe 2006;12:80–4.

[152] Smith EA, Macfarlane GT. Formation of phenolic and indolic compounds
by anaerobic bacteria in the human large intestine. Microbial Ecology
1997;33:180–8.

[153] Windey K, De Preter V, Verbeke K. Relevance of protein fermentation to gut
health. Molecular Nutrition & Food Research 2012;56:184–96.

[154] Wikoff WR,  Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, et al.
Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites. Proceedings of the National Academy of Sciences of the
United States of America 2009;106:3698–703.

[155] Xu ZR, Hu CH, Wang MQ.  Effects of fructooligosaccharide on conversion of l-
tryptophan to skatole and indole by mixed populations of pig fecal bacteria.
Journal of General and Applied Microbiology 2002;48:83–90.

[156] Toden S, Bird AR, Topping DL, Conlon MA.  Resistant starch attenuates colonic
DNA damage induced by higher dietary protein in rats. Nutrition and Cancer
2005;51:45–51.

[157] Russell WR,  Gratz SW,  Duncan SH, Holtrop G, Ince J, Scobbie L, et al. High-
protein, reduced-carbohydrate weight-loss diets promote metabolite profiles
likely to be detrimental to colonic health. American Journal of Clinical Nutri-
tion 2011;93:1062–72.

[158] Pedersen G, Brynskov J, Saermark T. Phenol toxicity and conjugation in
human colonic epithelial cells. Scandinavian Journal of Gastroenterology

2002;37:74–9.

[159] Rechkemmer G, Ronnau K, von Engelhardt W.  Fermentation of polysaccha-
rides and absorption of short chain fatty acids in the mammalian hindgut.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology 1988;90:563–8.



ologica

[

[

[

[

[

[

[

[

[

[

[

A.-M. Davila et al. / Pharmac

160]  Elsden SR, Hilton MG,  Waller JM.  The end products of the metabolism
of  aromatic amino acids by clostridia. Archives of Microbiology 1976;107:
283–8.

161] Mortensen PB, Holtug K, Bonnen H, Clausen MR.  The degradation of amino
acids, proteins, and blood to short-chain fatty acids in colon is prevented by
lactulose. Gastroenterology 1990;98:353–60.

162] Elsden SR, Hilton MG.  Volatile acid production from threonine, valine, leucine
and  isoleucine by clostridia. Archives of Microbiology 1978;117:165–72.

163] Barker HA. Amino acid degradation by anaerobic bacteria. Annual Review of
Biochemistry 1981;50:23–40.

164] Macfarlane GT, Gibson GR. Microbiological aspects of the production of
short-chain fatty acids in the large bowel. In: Cummings JH, Rombeau JL,
Sakata T, editors. Physiological and clinical aspects of short-chain fatty acids.
Cambridge: Cambridge University Press; 1995. p. p87–105.

165] Mortensen PB, Clausen MR.  Short-chain fatty acids in the human colon:
relation to gastrointestinal health and disease. Scandinavian Journal of Gas-
troenterology Supplement 1996;216:132–48.

166] Nordgaard I, Mortensen PB, Langkilde AM.  Small intestinal malabsorption and
colonic fermentation of resistant starch and resistant peptides to short-chain
fatty acids. Nutrition 1995;11:129–37.

167] Rasmussen HS, Holtug K, Mortensen PB. Degradation of amino acids to
short-chain fatty acids in humans. An in vitro study. Scandinavian Journal
of  Gastroenterology 1988;23:178–82.

168] Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production.
Proceedings of the Nutrition Society 2003;62:67–72.

169] Fleming SE, Fitch MD,  DeVries S, Liu ML,  Kight C. Nutrient utilization by

cells isolated from rat jejunum, cecum and colon. Journal of Nutrition
1991;121:869–78.

170] Hamer HM,  Jonkers D, Venema K, Vanhoutvin S, Troost FJ, Brummer RJ. Review
article: the role of butyrate on colonic function. Alimentary Pharmacology and
Therapeutics 2008;27:104–19.
l Research 68 (2013) 95– 107 107

[171] Thibault R, Blachier F, Darcy-Vrillon B, de Coppet P, Bourreille A, Segain JP.
Butyrate utilization by the colonic mucosa in inflammatory bowel diseases:
a  transport deficiency. Inflammatory Bowel Diseases 2010;16:684–95.

[172] Cummings JH,  Macfarlane GT. Role of intestinal bacteria in nutri-
ent metabolism. JPEN Journal of Parenteral and Enteral Nutrition
1997;21:357–65.

[173] Diener M, Helmle-Kolb C, Murer H, Scharrer E. Effect of short-chain fatty
acids on cell volume and intracellular pH in rat distal colon. Pflugers Archiv
1993;424:216–23.

[174] Dagher PC, Egnor RW,  Taglietta-Kohlbrecher A, Charney AN. Short-chain fatty
acids inhibit camp-mediated chloride secretion in rat colon. American Journal
of  Physiology 1996;271:C1853–60.

[175] Charney AN, Giannella RA, Egnor RW.  Effect of short-chain fatty acids on cyclic
3′ ,5′-guanosine monophosphate-mediated colonic secretion. Comparative
Biochemistry and Physiology Part A: Molecular and Integrative Physiology
1999;124:169–78.

[176] Zaharia V, Varzescu M,  Djavadi I, Newman E, Egnor RW,  Alexander-Chacko J,
et  al. Effects of short chain fatty acids on colonic Na+ absorption and enzyme
activity. Comparative Biochemistry and Physiology Part A: Molecular and
Integrative Physiology 2001;128:335–47.

[177] Musch MW,  Bookstein C, Xie Y, Sellin JH, Chang EB. SCFA increase intestinal
Na  absorption by induction of NHE3 in rat colon and human intestinal C2/bbe
cells. American Journal of Physiology – Gastrointestinal and Liver Physiology
2001;280:G687–93.

[178] Karasov WH,  Martinez del Rio C, Caviedes-Vidal E. Ecological physiol-
ogy of diet and digestive systems. Annual Review of Physiology 2011;73:

69–93.

[179] Dibner JJ, Richards JD. Antibiotic growth promoters in agriculture: history and
mode of action. Poultry Science 2005;84:634–43.

[180] Gaskins HR, Collier CT, Anderson DB. Antibiotics as growth promotants: mode
of  action. Animal Biotechnology 2002;13:29–42.


	Intestinal luminal nitrogen metabolism: Role of the gut microbiota and consequences for the host
	1 Introduction
	2 An overview of the bacterial utilization of proteins and related nitrogenous compounds
	2.1 Protein hydrolysis
	2.2 Fate of amino acids
	2.3 De-novo biosynthesis of amino acids
	2.4 Diversity and abundance of amino acid fermenting bacteria

	3 Protein metabolism in the small intestinal lumen
	4 Protein metabolism in the large intestinal lumen. Production of bacterial metabolites and consequences for the host
	4.1 Hydrolysis of proteins and peptides in the large intestine. The fate of amino acids
	4.2 Ammonia
	4.3 Hydrogen sulfide
	4.4 Polyamines
	4.5 Indolic and phenolic compounds
	4.6 Short chain fatty acids

	5 Energy expenditure and gain
	6 Conclusion
	Acknowledgements
	References


