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The intestinal microbiota metabolic activity towards the available substrates generates myriad bacterial metabolites that
may accumulate in the luminal fluid. Indole and indole-related compounds are, first, involved in intestinal microbial
community communication, regulating important aspects of bacterial physiology. These molecules are also known to be
active on the intestinal mucosa, exerting overall beneficial effects in different experimental situations, notably in
inflammatory situations. After absorption, indole is partly metabolized in the liver into the co-metabolite indoxyl sulfate.
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1. The Amino Acid L-tryptophan Is Used by the Intestinal Microbiota to
Produce Indole and Indole-Related Compounds That Are Recovered in the
Large Intestine Fluid

L-tryptophan is one of the nine indispensable amino acids that must be provided in the diet to meet the body’s
requirements . L-tryptophan, in addition to its role as a precursor for protein synthesis in host tissues, is also a precursor
for numerous compounds with biological activities, including the neurotransmitters serotonin and tryptamine, the hormone
melatonin, and the vitamin-like compounds niacin and nicotinic acid . In humans, the tryptophan requirement is 4.0
mg/kg body weight/day. The mean amount of tryptophan provided from all sources is 0.91 g/day, thus representing a
usual consumption equal to 13.0 mg/kg body weight/day; thus, this value is well above the requirement . In addition to
being used by the different organs and tissues of the host body, a minor part of available tryptophan, approximately 5%, is
metabolized by the gut microbes ®l. Exogenous tryptophan used by the gut microbes mainly originates from the
undigested, or not fully digested, proteins, which are transferred from the small to the large intestine . In fact, based on a
regular Western diet, 6-12 g of proteins and peptides from both dietary and endogenous origin escape digestion in the
small intestine, thus reaching the colonic lumen BIZ8IE This quantity of nitrogenous materials can be usefully compared
to the dietary protein consumption in Western countries, which averages 85 g per day 1911,

Bacterial proteases and peptidases release amino acids, including tryptophan, from available dietary and endogenous
luminal protein, and since amino acids are little absorbed by the colonic epithelial cells 12, they are mainly used by the
large intestine microbes in the course of their metabolic activity.

Intestinal bacteria convert tryptophan mainly into indole through the action of the bacterial enzyme tryptophanase; the
latter is induced by tryptophan itself 3. Of note, in mammals, indole originates exclusively from bacterial metabolic
activity since host cells do not have the metabolic capacity for the production of this compound 24!, Indole is synthesized
from various Gram-positive and Gram-negative bacterial species, including Escherichia coli, Proteus Vulgaris, Clostridium
spp., and Bacteroides spp. L4LSILE Tryptophan can also be converted directly or indirectly by the intestinal microbiota
into several indole-related compounds, including indole-3-pyruvate, indole-3-lactate, indole-3-propionate, indole-3-
acetamide, indole-3-acrylate, indole acetaldehyde, indole-3-acetate, indole-3-aldehyde, 3-methyl-indole (skatole), and
indole-3-acetaldehyde BIL3ILANSIA20] However, the precise metabolic pathways involved in the stepwise conversion of
tryptophan into these minor indolic compounds by the intestinal microbiota in the large intestine remain unclear.
Regarding the bacterial species involved in their production, indole-3-propionate has been shown to be produced by
Clostridium sporogenes 24, Skatole is known to be produced by Clostridium spp. and Bacteroides spp. 121221231 Other
indolic compounds are produced by Bacteroides species, Peptostreptococcus spp. Lactobacillus spp., and
Bifidobacterium spp. 1311241,

The fecal indole content has been measured in volunteers, but huge inter-individual differences exist between volunteers,
ranging from 0.30 to 6.64 millimolar concentrations 22, Such a large range is presumably due to differences in intestinal
microbiota composition between volunteers and to different levels of dietary protein consumption 28, Incidentally, since



indole appears to be absorbed through the colonic epithelium 22, the concentration of indole in the colon is likely higher
than that recorded in the feces, with concentrations higher in the distal large intestine than in the more proximal parts 28],

Fecal skatole concentration in healthy individuals averages 0.04 mM 22 but the concentration in the colonic content is
again presumably higher since skatole is absorbed through the gut epithelium B, and then released in the circulation 1.
In the pig model, skatole colonic concentration averages 0.23 mM [2. Skatole concentration increases in the large
intestine after a high-meat diet, or when luminal fermentation increases as a result of longer intestinal stasis 2. In
rodents, indole-3-propionate is found only in blood recovered from animals with intestinal microbiota, but not in blood
originating from germ-free animals 3! thus reinforcing the view that this metabolite originates from the intestinal
microbiota’s metabolic activity.

2. Indole and Indolic Compounds Are Involved in Intestinal Microbial
Community Communication

Among amino acid-derived bacterial metabolites, indole has attracted growing interest since this compound is involved in
bacterial physiology and metabolism in relationship with antibiotic resistance, virulence factors, sporulation, and biofilm
formation L4B4E5IE6] |ndeed, indole is a bacterial signal involved in the communication between bacteria within the same
species and between bacteria of different species. It acts as an inter-and intra-cellular signal in bacterial ecosystems.
Indole diminishes the related virulence of L. monocytogenes by reducing cell motility and aggregation B4, Indole
influences host cell invasion by non-indole-producing species, such as Salmonella enterica and P. aeruginosa, and the
fungal species Candida albicans 28 In addition, indole reduces E. coli motility B2, In another study, indole was shown to
display bacteriostatic effects on lactic acid bacteria, while affecting their survival 9. Of note, indole mitigates cytotoxicity
by Klebsellia spp. by suppressing toxin production (411,

3. Indole and Indolic Compounds Exert Beneficial Effects on the Intestinal
Mucosa

Several indolic compounds, including indole-3-acetate, indole-3-propionate, indole-3-aldehyde, indole-3-acetaldehyde,
and indole acrylate, bind to the aryl hydro carbon receptor 22, which is present in different cell types of the host, including
cells present in the intestinal mucosa, notably intestinal epithelial cells and immune cells 3. The binding of indolic
compounds to AhR participates in the maintenance of the intestinal mucosa homeostasis by acting on the control of the
intestinal epithelium renewal, its barrier function, and the activity of several intestinal immune cell types 4. AhR can also
be activated by dietary compounds 3, but bacterial metabolites appear to play a preponderant role in the AhR activation
48] Only a few commensal bacteria have been identified as able to produce AhR ligands, such as Peptostreptococcus
russellii 24 and Lactobacillus spp. &4.

Among the indolic compounds, indole-3-propionate, when given by the oral route, exerts beneficial effects on the intestinal
barrier function when the latter is experimentally altered in rodent models, such as via radiation injury 8, or rodents fed a
high-fat diet ¥, In addition, indole-3-propionate reduces intestinal permeability and inflammation in a rodent model 59, In
such an experimental context, it is of interest to note that circulating indole-3-propionate acid is reduced in patients
suffering from ulcerative colitis when compared with their healthy counterparts, whereas an increased level of this
bacterial metabolite is associated with remission 211,

In a model of experimental colitis induced in mice, other indolic compounds given by the oral route, namely indole-3-
pyruvate, indole-3-aldehyde, and indole-3-ethanol, protect against increased intestinal permeability observed in this model
B2 |ndole itself, when given by the oral route, decreases mucosal inflammation and injury in a model of enteropathy in
rodents B3, In mice, microbiota-derived indole-3-aldehyde contributes to aryl hydrocarbon receptor-dependent IL-22 gene
transcription, allowing the survival of mixed microbial communities, while providing colonization resistance to the fungal
species C. albicans, and protecting the mucosa from inflammation “Z. Indole-3-acrylate diminishes in mice intestinal
inflammation and upregulates Mucin 2 gene expression 24,

Protective effects of microbiota-derived aryl hydrocarbon receptor agonists on the intestinal mucosa have been suggested
by both experimental and clinical data, with presumed consequences for the risk of metabolic syndrome B4, In this latter
study, metabolic syndrome was found to be associated with an impaired capacity of the gut microbiota to produce from
tryptophan aryl hydrocarbon agonist receptors; this impaired capacity is paralleled by increased gut permeability and
decreased secretion of GLP-1 from enteroendocrine cells (24,



Regarding the effects of indole on intestinal epithelial cells, exposure of human enterocytes to indole, but not to other
indole-like compounds, increases the expression of genes involved in the intestinal epithelial barrier function and mucin
production B2, Interestingly, these effects were paralleled by an effect of indole on the expression of different cytokines,
with decreased expression of the pro-inflammatory IL-8, and increased expression of the regulatory cytokine IL-10.
However, in this study, the expression of several genes linked to inflammation was also found to be increased B2, making
the indole effect on the intestinal epithelial cells more complicated than it appears at first sight.

Moreover, oral administration of an indole-containing capsule to rodents results in an increased expression in colonocytes
of genes coding for tight junction proteins between epithelial cells 28, Following these results, indole was found to
increase transepithelial resistance in in vitro experiments using colonocyte monolayers B4, thus reinforcing the view that
indole ameliorates the basal barrier function. Thus, indole and several indolic compounds exert beneficial effects on the
intestinal mucosa in different situations. Overall, the protective effects of bacterial metabolites derived from tryptophan on

intestinal mucosa may contribute to the beneficial effects of tryptophan supplementation observed in animal models of
colitis (5811591,

However, surprisingly, indole used at a 2.5 millimolar concentration affects the respiration of colonocytes by diminishing
mitochondrial oxygen consumption B2, and thus mitochondrial ATP production. This last effect was accompanied by
transient oxidative stress in colonocytes, which was followed by an increase in the expression of antioxidant enzymes,
presumably as an adaptive process against the deleterious effect of excessive indole exposure.

Little is known about the effects of skatole on intestinal cells, but high concentrations of skatole induce cell death in
human colonocytes (€9,

In in vitro experiments performed with immortalized and primary mouse colonic enteroendocrine L cells, indole modulates
the secretion of glucagon-like peptide-1 (GLP-1) 1. Since GLP-1 slows down gastric emptying, stimulates insulin
secretion by pancreatic beta cells, and diminishes appetite 2, it would be of major interest to learn in vivo the effects of
indole on these physiological parameters.

4. After Absorption, Indole Is Partly Metabolized into Indoxyl Sulfate in the
Liver

Indole, after absorption in the portal vein, has been shown to exert some anti-inflammatory effects on liver cells. In a
rodent model, indole reduces the production of pro-inflammatory mediators by the liver 3. In a model of obese mice,
indole reduces hepatic damage and the associated inflammatory response 4. The indolic compound indole-3-acetic acid
alleviates, in mice, the high-fat diet-induced hepatotoxicity [3. This latter bacterial metabolite reduces the expression of
fatty acid synthase in hepatocytes €8],

The indole that reaches the liver cells is partly metabolized by several cytochrome (CYP) family enzymes, including,
notably, CYP2E1 87, Several molecules are produced from indole, with indoxyl sulfate being the main co-metabolite
produced (€8, As can be anticipated, subjects who consumed a high-protein diet showed overall greater indoxyl sulfate
urinary excretion than those who consumed a low-protein diet 2. In addition, in a randomized, parallel, double-blind trial
in overweight volunteers, protein supplementation provoked an increased concentration of indoxyl sulfate in urine 29,
CYP enzymes are presumably involved in the conversion of indole to indoxyl, an intermediate in the synthesis of indoxyl
sulfate. CYP2E1 represents the major enzymatic isoform responsible for the oxidation of indole to indoxyl 4. CYP2E1 is
detected in the colonic epithelium 723, However, data obtained with human colonocytes of the HT-29 Glc-/+ line, chosen
because these cells have retained metabolic features that are characteristic of healthy colonocytes (such as the capacity
to oxidize butyrate and acetate 473 show that the capacity of these cells to convert indole to indoxyl sulfate is modest
but measurable B4, and the vast majority of indoxyl sulfate is presumably produced within the liver.

5. Indoxyl Sulfate Is a Recognized Uremic Toxin That Exerts Deleterious
Effects on Tubular Kidney Cells and Accelerates Chronic Kidney Disease

Indoxyl sulfate after production in the liver is released in the peripheral blood and then excreted in urine &, Indoxyl
sulfate concentrations in the blood can be increased from micromolar concentrations in healthy individuals, up to 1.1
millimolar in severe chronic kidney disease [Z4. Indoxyl sulfate belongs to the family of uremic toxins that may accumulate
in body fluids leading to the so-called uremic syndrome [Z8. Indeed, indoxyl sulfate at excessive concentrations
aggravates chronic kidney disease in patients 9. In healthy individuals, indoxyl sulfate is almost entirely bound to
proteins in the blood (approximately 93% of this co-metabolite is in bound form %), The main binding protein in the blood



is albumin, with two binding sites for indoxyl sulfate 1. Circulating IS in free form is then efficiently excreted in the urine
by proximal tubular cells through basolateral organic anion transporters 82,

However, in patients with chronic kidney disease, only 85% of this co-metabolite is protein-bound &, and thus a higher
part of indoxyl sulfate is in free form. As kidney function declines, indoxyl sulfate total concentration increases in the blood
and this elevation contributes to further progression of chronic kidney disease 83, In a cohort study, it was found that
blood indoxyl sulfate concentrations are higher in patients with chronic kidney failure progression than in stabilized
patients B4l Then, indoxyl sulfate concentration in blood has been proposed as an indicator of chronic kidney disease
progression in dialyzed patients (€2,

In experimental in vitro and in vivo studies, indoxyl sulfate has been shown to have deleterious effects on kidney cells
when present in excess. This co-metabolite increases the expression of inflammation-associated genes in cultured
proximal renal tubular cells B8, This effect coincides with a capacity of indoxyl sulfate to increase the net production of
reactive oxygen species in the proximal tubular cells B8 and oxidative stress in these cells 8. In addition, this
compound reduces the glutathione concentration in renal tubular cells 2%, Taking into account the central role of reduced
glutathione in the process of excessive reactive oxygen species disposal [, it is plausible that a reduced intracellular
concentration of glutathione will render renal tubular cells even more vulnerable to oxidative stress. The fact that indoxyl
sulfate also reduces the superoxide scavenging activity in the kidneys of normal and uremic rodents 22 contributes to the
sensitivity of the kidney cells to oxidative stress. Indeed, superoxide is one of the reactive oxygen species that is
deleterious to cells when its intracellular concentration exceeds a threshold value 23 These effects are of major
importance when considering that reactive oxygen species are elevated in renal tubular cells in the process of chronic
kidney disease progression [24],

Indoxyl sulfate in excess is involved in renal fibrosis. Briefly, renal fibrosis results notably from excessive accumulation of
extracellular matrix after renal insult 22, Administration of indoxy! sulfate in experimental models of chronic kidney disease
leads to glomerular sclerosis and interstitial fibrosis [28]. These effects of indoxyl sulfate can be explained by its capacity to
promote the transformation of kidney fibroblasts into matrix-producing phenotype, thus increasing collagen deposition, a
process that is linked to interstitial fibrosis 2. This proposition is reinforced by the fact that indoxyl sulfate increases the
expression of genes implicated in kidney fibrosis 28],
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