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Preface
Gut	microbiota	is	one	of	the	recent	topics	that	has	greatly	stimulated
the	scienti�ic	and	medical	community	interest	and	activity	in	the	last
decade.	Indeed,	by	entering	the	term	Gut	Microbiota	in	the	PubMed
database	(that	gives	the	articles	dedicated	to	this	subject	in	the	medical
and	biological	areas),	more	than	60	000	publications	are	listed.	While	in
2010,	467	articles	were	dedicated	to	that	subject,	in	2021,	more	than
12	000	articles	related	to	gut	microbiota	were	written.

In	an	effort	of	integration,	what	can	be	learned	from	this	impressive
amount	of	data	gathering	experimental,	clinical,	and	epidemiological
works,	and	more	particularly,	what	do	the	studies	revealed	in	terms	of
the	ways	the	compounds	present	in	our	alimentation	have	an	impact	on
our	microbiota	metabolic	activity?	What	consequences	of	such
metabolic	activity	for	communication	between	microbes	and	for
lodging	host	metabolism	and	physiological	functions?	How	this
bacterial	activity	modi�ies	the	risk	of	speci�ic	pathologies,	either
positively	or	negatively,	notably	in	the	large	intestine,	but	also	in	the
peripheral	organs?	The	answers	to	these	questions	are	clearly	of	major
importance	if	we	want	to	understand	better	how	utilization	of
alimentary	compounds	by	microbes	in�luences	our	health	and	well-
being.

The	aim	of	this	book	is	then	to	give	a	state	of	the	art	regarding	these
aspects	and	to	indicate	some	emerging	practical	implications	deduced
from	these	data.	Given	the	intrinsic	complexity	of	the	subject,	that
implicates	numerous	�ields	of	research	including	nutrition,
microbiology,	metabolism,	physiology,	toxicology,	and	pharmacology,
the	choice	has	been	taken	to	give	numerous	typical	examples	that	are
intended	to	illustrate	how	alimentary	compounds	in�luence	the
complex	metabolic	relationships	between	microbes	and	between
microbes	and	lodging	host	tissues.	More	precisely,	the	present	book,
after	a	recapitulation	of	the	different	elements	of	the	gut	ecosystem,
focuses	on	the	effects	of	bacterial	metabolites	derived	from
components	present	in	the	food	on	the	host’s	tissues.	Firstly,	the	effects
of	the	bacterial	metabolites	on	intestinal	mucosa	and	epithelium
metabolism	and	functions	are	examined.	Secondly,	the	effects	of
bacterial	metabolites	on	peripheral	tissues,	after	absorption	in	blood,



and	for	some	of	these	metabolites,	after	modi�ication	by	the	host	cells,
are	reviewed.	The	ways	by	which	this	diet-dependent	metabolic
crosstalk	between	our	microbiota	and	ourselves	have	an	impact	on	the
functioning	of	our	body	in	different	situations	are	then	developed,
together	with	new	perspectives	for	future	research	and	applications.

François	Blachier
Paris,	France
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1.	Physiological	and	Metabolic
Functions	of	the	Intestinal	Epithelium:
From	the	Small	to	the	Large	Intestine
François	Blachier1		

UMR	PNCA,	Nutrition	Physiology	and	Alimentary	Behavior,
Université	Paris-Saclay,	AgroParisTech,	INRAE,	Paris,	France

	
Abstract
The	intestinal	epithelium	in	both	the	small	and	the	large	intestine
represents	a	selective	barrier	between	the	luminal	�luid	and	the
bloodstream.	This	structure	is	rapidly	renewed	from	the	division	of
stem	cells	in	crypts	followed	by	their	migration	and	differentiation	in
specialized	cells	with	speci�ic	functions	including	absorption	of
alimentary	compounds,	secretion	of	mucus	and	hormones,	and	immune
homeostasis	in	a	context	of	microbial	loads.	Fully	mature	epithelial	cells
are	�inally	exfoliated	in	the	luminal	�luid	allowing	the	maintenance	of
the	epithelial	structure.	Absorptive	intestinal	epithelial	cells	are
characterized	by	an	intense	energy	metabolism	that	allows
macromolecule	synthesis	and	movement	of	nutrients	in	the	small
intestine,	and	water	and	electrolyte	absorption	in	the	large	intestine.
These	cells	which	are	polarized	can	receive	their	fuels	from	the	luminal
content	and	from	the	bloodstream.	In	the	case	of	the	large	intestine,	the
colonocytes	can	absorb	large	amounts	of	numerous	metabolites
produced	by	the	intestinal	microbiota	and	metabolize	a	part	of	them
during	their	transfer	from	the	luminal	�luid	to	the	bloodstream.
Metabolism	in	enterocytes	of	the	small	intestine	and	in	the	colonocytes
is	important	not	only	for	energy	production	but	also	for	intracellular
signaling	and	inter-organ	relationships.

https://doi.org/10.1007/978-3-031-26322-4_1
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In	this	chapter,	the	morphology	and	organization	of	the	intestinal
mucosa	in	relationship	with	the	diverse	physiological	and	metabolic
functions	of	the	intestinal	epithelium	in	the	small	and	large	intestines
are	presented.	These	parameters	are	important	to	be	considered,	as	it
helps	in	the	understanding	of	the	interplay	between	the	microbial	and
host	metabolic	activities.

When	comparing	the	proximal	parts	of	the	small	intestine,	and	the
distal	parts	of	the	large	intestine,	the	structure	and	functions	of	the
intestinal	epithelium	have	some	homology,	but	also	marked	differences.
The	metabolism	of	the	substrates	provided	from	the	intestinal	content
and	blood	in	polarized	epithelial	cells	is	described.	Finally,	the	roles
played	by	the	binding	of	microbial	components	on	epithelial	cells	are
brie�ly	presented.

1.1	 The	Intestine	Displays	Multiple
Physiological	Functions	in	Addition	to
Absorption	of	Components	Originating	from
Food
The	intestine	is	made	up	of	different	parts	from	the	small	to	the	large
intestine.	The	small	intestine	comprises	the	duodenum,	the	jejunum,
and	the	ileum,	while	the	large	intestine	is	composed	of	the	caecum,
colon,	and	�inally	rectum	(Figs.	1.1	and	1.2).	Each	part	of	the	intestine	is
characterized	by	speci�ic	physiological	functions.	Brie�ly,	the	small
intestine	is	mainly	responsible	for	nutrient,	vitamin,	mineral,	and	plant
micronutrient	absorption.	In	the	healthy	state,	most	of	the	food
components	are	digested	and	absorbed	in	the	duodenum	and	jejunum,
while	the	ileum	absorbs	notably	some	speci�ic	dietary	compounds,	like
vitamin	B12,	magnesium,	and	endogenous	compounds	like	bile	salts
[1–3].	The	large	intestine	is	mainly	responsible	for	water	and
electrolyte	absorption.	In	fact,	the	human	large	intestine	under	basal



conditions	absorbs	approximately	2	liters	per	day	but	displays	a
maximal	absorptive	capacity	of	around	6	liters	per	day	[4].

Fig.	1.1 Schematic	representation	of	the	different	parts	of	the	small	and	large	intestine



Fig.	1.2 The	human	large	intestine

The	process	of	absorption	of	the	food	components	is	accomplished
by	specialized	cells	of	the	small	intestine	epithelium	(called
enterocytes),	while	in	the	large	intestine,	the	colonocytes,	in	addition	to
water	and	electrolyte	absorption,	display	capacities	for	speci�ic
bacterial	metabolite	absorption.

However,	the	intestine	is	not	only	responsible	for	the	absorption	of
dietary	compounds,	but	also	plays	a	major	role	in	the	overall
metabolism	of	the	body,	and	as	an	organ	with	important	endocrine	and
immune	functions.	Indeed,	specialized	minor	subpopulation	of
intestinal	epithelial	cells	secretes	a	panel	of	enteroendocrine	hormones
that	play	multiple	physiological	roles	including	pancreatic	endocrine
secretion,	gastrointestinal	motility,	and	food	intake	[5–8].	Regarding	the
intestinal	immune	system,	this	system	is	in	a	situation	of	constant
exposure	to	microbial	loads,	while	playing	a	central	role	in	the



maintenance	of	immune	homeostasis	and	barrier	function	[9].	As	will
be	developed	in	Chap.	3,	several	bacterial	metabolites	derived	from
dietary	compounds	are	active	on	the	intestinal	enteroendocrine	and
intestinal	immune	cells	[10,	11].	These	different	functions	are	all
related	to	the	structure	of	the	intestine	as	will	be	explained	in	the	next
paragraph.

1.2	 The	Intestinal	Epithelium	Represents	a
Border	Between	the	Outdoor	and	the	Internal
Environment
In	all	parts	of	the	intestine,	there	is	an	epithelial	lining	called
epithelium	that	is	made	of	a	single	layer	of	cells,	that	makes	the	border
between	the	“milieu	extérieur”	(outdoor	environment	in	English)	and
the	“milieu	intérieur”	(internal	environment)	as	de�ined	in	1850	by	the
French	physiologist	Claude	Bernard.	In	that	conception,	the	intestinal
outdoor	environment	is	the	luminal	intestinal	�luid	which	contains	the
intestinal	microbes	and	myriad	of	compounds,	while	the	internal
environment	is	represented	by	the	blood	capillaries	that	collect	and
carry	the	absorbed	hydrophilic	compounds,	and	the	lymphoid
capillaries	that	collect	and	carry	the	absorbed	hydrophobic	compounds
(Fig.	1.3).	The	epithelial	layer	is	situated	on	a	collagen	matrix,	itself
situated	on	the	lamina	propria	that	contains	the	blood	and	lymphoid
capillaries	together	with	numerous	immune	cells	(Fig.	1.3)	[12].	The
structure	of	the	epithelium	is	different	when	comparing	the	small	and
the	large	intestine.	In	the	small	intestine,	morphological	analysis	shows
a	structure	of	protruding	villi	separated	by	crypts	which	contain
intestinal	stem	cells	that	are	at	the	origin	of	the	epithelium	renewal
[13].	In	the	large	intestine,	there	is	no	villi,	but	instead,	crypts
separated	by	the	surface	epithelium	(Fig.	1.4).	The	stem	cells	are
situated	at	the	bottom	of	the	colonic	crypts.	Thus,	the	individual
functional	unity	in	the	small	intestine	is	the	crypt-villus	axis,	while	in
the	large	intestine,	such	functional	unity	is	constituted	by	crypts	and
surface	epithelium.



Fig.	1.3 Schematic	representation	of	the	epithelium	of	the	small	intestine,	resting	on	the	lamina
propria.	Lamina	propria	contains	blood	and	lymph	capillaries	together	with	immune	cells,	nerves,
smooth	muscles,	and	connective	tissue.	The	small	intestine	epithelium	is	covered	by	a	mucus	layer



Fig.	1.4 Schematic	representation	of	the	epithelium	of	the	large	intestine.	The	renewal	of	the
epithelium	is	made	by	stem	cell	division	in	the	colonic	crypts,	followed	by	cell	migration	and
differentiation,	and	�inally	exfoliation	of	fully	mature	cells	in	the	luminal	�luid.	The	large	intestine
epithelium	is	covered	by	two	layers	of	mucus

The	Intestinal	Epithelium	Represents	a	Selective	Frontier
Between	the	Luminal	Content	and	the	Host	Internal	Medium
The	epithelial	layer	in	both	the	small	and	large	intestine	can	be	viewed
as	a	selective	barrier	between	the	outdoor	and	internal	environment,
allowing	the	passages	of	numerous	dietary	and	endogenous
compounds,	together	with	some	of	their	metabolites,	including	notably
the	metabolites	produced	by	the	intestinal	microbiota	from	the
available	substrates.	This	selective	barrier	also	avoids,	or	at	least
drastically	limits,	the	passages	of	microbes	present	in	the	intestinal
content.	This	barrier	function	is	depending	notably	on	complex
molecular	structures,	including	the	so-called	tight	junctions,	that	link
neighboring	cells	of	the	epithelium	and	play	a	major	role	in	the	so-
called	intestinal	barrier	function	[14,	15].



If	we	consider	the	intestinal	epithelium	in	greater	detail,	the	�irst
important	notion	to	be	considered	regarding	this	structure	facing	the
intestinal	content	is	related	to	the	fact	that	the	renewal	of	the	intestinal
epithelium	is	one	of	the	fastest	among	the	different	cell	systems	in	the
organism.	Indeed,	in	mammals	in	general,	and	in	humans	in	particular,
the	intestinal	epithelium	in	both	the	small	and	the	large	intestine	is
entirely	renewed	within	4–5	days	[13,	16,	17].	This	fast	renewal	is
made	possible	by	the	presence	of	a	population	of	stem	cells	which,
during	the	whole	life,	give	rise	in	graded	steps	to	several	differentiated
cell	phenotypes	that	carry	the	physiological	functions	of	the	epithelium
[18].	Fully	differentiated	mature	epithelial	cells	are	�inally	exfoliated	in
the	intestinal	content	[19]	(Figs.	1.4	and	1.5).	This	process	of
epithelium	renewal	is	highly	regulated	by	numerous	external	and
internal	factors,	thus	allowing	the	maintenance	of	intestinal	epithelial
homeostasis	[17],	as	de�ined	by	internal	stability	while	adapting	to
changing	external	conditions	as	originally	de�ined	by	Claude	Bernard.
The	understanding	of	the	mechanisms	that	allow	to	maintain	such
epithelial	homeostasis,	as	well	as	the	events	that	are	at	the	origin	of	a
loss	of	such	homeostasis,	as	well	as	the	different	consequences	of	such
a	loss	in	different	situations,	have	been	the	object	of	intense	research
with	main	discoveries	being	presented	in	the	next	chapters	of	this	book.



Fig.	1.5 Schematic	representation	of	the	renewal	of	the	small	intestine	epithelium.	The	renewal	of
the	epithelium	is	made	by	stem	cell	division	followed	by	cell	migration	and	differentiation,	and
�inally	exfoliation	of	fully	mature	cells	in	the	luminal	�luid

1.3	 Structure	and	Functions	of	the	Small
Intestine	Epithelium:	Metabolism	of	Nutrients
in	Epithelial	Cells



As	said	above,	the	small	intestine	epithelium	is	renewed	within	few
days	in	mammals	[20,	21].	This	renewal	is	made	possible	by	the
division	of	the	intestinal	stem	cells	situated	at	the	bottom	of	the	crypts.
The	cells	at	the	boundary	of	the	stem	cell	niche	undergo	then
differentiation	into	progenitor	cells	[22,	23].	At	this	step,	cells	undergo
multiple	rounds	of	cell	division,	while	migrating	out	of	the	crypt	toward
the	villus	compartment.	Then	the	cells	undergo	lineage	into	either	cells
of	absorptive	type	(enterocytes	and	microfold	cells),	or	into	cells	of	the
secretory	type	(enteroendocrine	cells,	goblet	cells,	tuft	cells,	and	Paneth
cells)	(Fig.	1.5).	The	fully	mature	epithelial	cells	are	�inally	exfoliated	in
the	intestinal	lumen	allowing	maintenance	of	epithelium	homeostasis
[19].	Adult	intestinal	epithelial	stem	cells	have	been	shown	to	play	a
critical	role	as	drivers	of	epithelial	homeostasis	and	regeneration	[24].

A	Minor	Part	of	Nutrients	Is	Metabolized	in	the	Enterocytes	of
the	Small	Intestine	During	Absorption	from	the	Intestinal
Content	to	the	Blood
The	metabolism	of	nutrients	in	epithelial	cells	of	the	small	intestine	has
been	nearly	exclusively	studied	in	the	absorptive	enterocytes,	but	very
little	in	the	other	epithelial	cell	types.	The	absorptive	enterocytes	are
the	most	abundant	cells	among	the	different	epithelial	cell	types	[25].
Absorptive	enterocytes	are	polarized	cells	with	one	side	(the	luminal
side)	facing	the	intestinal	content,	while	the	other	side	(the	baso-lateral
side)	facing	the	blood/lymph	capillaries	(Fig.	1.6).	At	the	luminal	side,
cells	are	characterized	by	the	presence	of	brush-border	membranes
equipped	with	numerous	transporters	responsible	for	the	entry	of	the
different	dietary	compounds	[26].	At	the	baso-lateral	side,	cells	are	also
equipped	with	a	battery	of	transporters	allowing	the	export	of
nutrients	in	the	circulation	in	the	post-prandial	phase	and	the	import	of
nutrients	from	blood	in	the	inter-prandial	phase	[27].	Some	of	the
transporters	are	speci�ically	present	on	the	baso-lateral	side,	while
others	are	present	at	both	the	luminal	and	baso-lateral	sides.	As
indicated	in	Fig.	1.6,	neighboring	enterocytes	are	equipped	with
macromolecular	structures	like	tight	junction,	adherens	junction,	and
desmosomes	that	are	central	elements	for	establishing	the	intestinal
barrier	function.



Fig.	1.6 Schematic	representation	of	absorptive	enterocytes.	The	enterocytes	are	presented	with
some	of	their	intracellular	organelles.	Between	neighboring	cells,	several	macromolecular
structures	that	are	playing	a	central	role	for	the	intestinal	barrier	function	are	indicated

Some	dietary	compounds	like	vitamins,	minerals,	and	some	plant
micronutrients	can	directly	enter	the	enterocytes,	while
macronutrients	like	proteins,	carbohydrates,	and	lipids	need	to	be
digested	before	nutrient	absorption.	During	absorption,	enterocytes	of
the	small	intestine	metabolize	a	minor	part	of	the	transported	nutrients
for	their	own	metabolism	and	functions,	and	in	an	inter-organ
metabolic	interplay.	The	vast	majority	of	the	dietary	and	recycled
endogenous	compounds	that	have	not	been	metabolized	within	the
absorbing	enterocytes	are	released	in	the	portal	vein	that	drain	the
blood	from	the	intestine	(and	other	visceral	tissues)	to	the	liver	(Fig.
1.7).	In	the	proximal	parts	of	the	small	intestine,	since	the
concentrations	of	bacteria	are	low,	and	the	transit	time	short,	the



utilization	of	nutrients	by	the	microbiota	and	the	production	of
bacterial	metabolites	from	the	numerous	available	substrates	are
limited.	The	situation	is	different	in	the	distal	part	of	the	small	intestine
(that	is	ileum)	where	the	concentration	of	bacteria	is	much	more
important,	representing	in	humans	107–108	bacteria/g	of	content	[28].

Fig.	1.7 Schematic	representation	of	the	transfer	of	compounds	absorbed	by	the	intestine	to	the
liver

As	we	will	see	in	Chaps.	1	and	3,	intestinal	epithelial	cells	can	on
some	occasions	enter	in	competition	with	the	bacterial	cells	of	the
intestinal	microbiota	for	the	utilization	of	some	nutrients	[29],	notably
in	case	of	short	supply.

The	Enterocytes	Use	a	Minor	Part	of	Nutrients	During	Their
Absorption	for	Their	Metabolic	and	Physiological	Needs,	and	for
Inter-Organ	Metabolism
A	minor	part	of	the	nutrients	released	by	digestion	of	the	dietary
compounds	is	thus	utilized	by	the	intestinal	mucosa	for	their	own



metabolism.	For	instance,	the	rate	of	protein	synthesis	from	available
amino	acids	in	the	rodent	small	intestine	represents	around	15–20%	of
the	whole-body	protein	synthesis	[30,	31],	and	in	humans,	the
intestinal	mucosa	contributes	to	a	substantial	utilization	of	amino	acids
for	protein	synthesis	when	compared	to	the	whole-body	protein
synthesis	[32].	This	active	protein	synthesis	in	the	intestinal	mucosa	is
a	process	that	requires	a	high	amount	of	energy	in	the	form	of	ATP	[33].
Within	the	intestinal	mucosa,	the	epithelium	itself	requires	a	high
amount	of	ATP	due	to	its	rapid	renewal,	and	to	transport	of	electrolytes
across	the	epithelium	[34,	35].	This	partly	corresponds	to	the	fact	that
although	the	gastrointestinal	tract	represents	approximately	5%	of	the
body	weight,	it	is	responsible	for	around	20%	of	the	whole-body
oxygen	consumption	[36,	37].

The	available	amino	acids	for	protein	synthesis	in	the	small
intestine	originate	mostly	from	the	digestion	of	dietary	and
endogenous	proteins.	These	endogenous	proteins,	which	can	be
considered	as	recycled	proteins,	include	the	proteins	contained	in	the
intestinal	epithelial	cells	exfoliated	in	the	intestinal	content	in	the
process	of	the	epithelial	renewal,	and	the	proteins	present	in	the
exocrine	secretion,	like	the	digestive	enzymes	secreted	by	the	pancreas
and	the	mucus	secreted	by	the	epithelial	goblet	cells	[38–40]	(Fig.	1.8)
as	will	be	explained	in	the	next	paragraphs.



Fig.	1.8 Schematic	representation	of	some	major	endogenous	proteins	present	in	the	luminal
�luid.	Major	endogenous	proteins	include	enzymes	secreted	by	the	exocrine	pancreas,	proteins
recovered	from	exfoliated	mature	epithelial	cells,	and	mucus	secreted	by	goblet	cells

Enterocytes	Utilizes	a	Part	of	Available	Nutrients	for	Energy
Production	Dedicated	to	Macromolecule	Synthesis	and
Transport	of	Electrolytes
Importantly,	the	nutrients	are	not	exclusively	available	to	the
absorptive	enterocytes	from	the	luminal	content	but	can	also	be
provided	to	enterocytes	from	blood	through	the	baso-lateral	side,
notably	in	the	fasting	state	[41].	In	the	intestinal	content,	the	amino
acids	and	oligopeptides	released	from	proteins	by	the	action	of
proteases	and	peptidases	present	in	the	exocrine	pancreatic	�luid	enter
the	enterocytes.	Then,	the	oligo-peptidases	present	in	the	enterocytes
release	amino	acids	in	a	step	referred	as	terminal	digestion	[42].	Major
part	of	these	amino	acids	is	then	transferred	to	the	blood	capillaries,
while	a	minor	part	is	used	for	macromolecule	synthesis	in	the
enterocytes.	These	macromolecules	are	mainly	proteins	which	are
synthesized	from	the	20	amino	acids,	and	purines	and	pyrimidines
which	involve	the	amino	acids	glutamine,	aspartate,	and	glycine	for
their	synthesis.	The	purines	and	pyrimidines	are	then	used	for
nucleotide	synthesis	that	are	incorporated	in	DNA	and	RNA	in
enterocytes.	The	synthesis	of	these	macromolecules	requires	for
numerous	metabolic	steps	chemical	energy	in	the	form	of	ATP.

Regarding	energy	production	in	enterocytes,	several	speci�ic	amino
acids,	like	glutamine,	glutamate,	and	to	a	minor	extent	aspartate,	are
used	by	absorptive	enterocytes	which	oxidize	them	in	their
mitochondria	[34,	43,	44].	Indeed,	after	protein	digestion,	amino	acids
like	glutamine	and	glutamate,	which	are	present	in	large	amounts	in
most	dietary	proteins	[45],	are	avidly	metabolized	in	the	intestinal
mucosa	when	being	transferred	from	the	luminal	�luid	to	the
bloodstream	[46,	47].	In	enterocytes,	the	�irst	step	of	the	utilization	of
glutamine	in	mitochondria	releases	ammonia	and	glutamate,	glutamate
being	then	converted	to	alpha-keto-glutarate,	one	intermediary	of	the
tricarboxylic	acid	cycle	that	allow	the	synthesis	of	reduced	cofactors
used	then	for	energy	production	in	the	mitochondria	of	the	absorptive
cells	(Fig.	1.9).	Glutamate	is	thus	used	as	an	oxidative	fuel	in



enterocytes,	but	at	difference	with	glutamine	which	produces	large
amount	of	ammonia,	produces	few	ammonia	[48].



Fig.	1.9 Metabolism	of	glutamine	and	glutamate	by	the	absorptive	enterocytes	for	energy
production.	In	this	scheme,	glutamine	and	glutamate	are	provided	to	the	enterocytes	from	the
luminal	�luid,	and	oxidation	of	these	amino	acids	in	mitochondria	allows	energy	supply	in	the	form
of	ATP

Incidentally,	although	the	concentration	of	glutamate	is	low	in	the
peripheral	blood	plasma	obtained	from	healthy	volunteers	after	an
overnight	fast,	glutamine	concentration	is	the	highest	among	the	20
amino	acids	in	this	compartment	[49]	This	can	be	explained	by	the	fact
that	glutamine	can	be	synthesized	from	glutamate	in	numerous	tissues,
including	notably	perivenous	liver	and	muscles	[50,	51],	and	this
production	is	followed	by	glutamine	release	in	the	bloodstream.
Glutamine,	glutamate,	and	aspartate	are	not	the	exclusive	fuels	in
enterocytes,	since	these	cells	can	also	use,	although	to	a	minor	extent,
glucose,	and	fatty	acids	for	energy	production	through	mitochondrial
oxidation	of	both	substrates	[35,	52].	In	enterocytes,	glucose	is	also
used	in	the	cytosolic	glycolytic	pathway,	but	in	that	case	with	a	much
lower	yield	of	ATP	production	[53].	Glucose	metabolism	in	the	pentose
phosphate	pathway	allows	in	enterocytes	the	synthesis	of	ribose-5
phosphate	used	for	nucleotide	synthesis,	that	are	used	as	substrates	for
DNA	and	RNA	synthesis;	as	well	as	the	reduced	equivalent	NADPH	used
in	numerous	anabolic	pathways	(synthesis	pathways)	in	these	cells
[54].

The	overall	ATP	production	in	the	mitochondrial	and	cytosolic
pathways	in	enterocytes	corresponds	to	the	high	energy	requirement	of
these	cells.	Schematically,	ATP	production	must	meet	ATP	utilization	in
cells	to	maintain	a	constant	ATP	concentration.	ATP,	as	stated	above,	is
used	for	the	synthesis	of	macromolecules,	but	also	for	the	absorptive
process	by	itself.	Regarding	this	latter	point,	absorption	of	amino	acids
and	sugars	requires	sodium,	and	this	mineral	can	then	accumulate
inside	enterocytes.	To	maintain	a	constant	concentration	of	sodium	in
enterocytes,	an	ATP-dependent	enzymatic	process,	namely	Na/K
ATPase,	allows	to	export	sodium	outside	the	enterocytes	through	the
baso-lateral	membranes	[55]	(Fig.	1.10).



Fig.	1.10 Utilization	of	ATP	in	absorptive	enterocytes	for	macromolecule	synthesis	and	Na/K
ATPase	enzymatic	activity.	In	this	scheme,	nutrients	are	provided	from	the	luminal	side	to	the
enterocytes,	and	their	absorption	from	the	luminal	�luid	to	the	blood	implies	sodium	accumulation
in	the	cells.	Sodium	is	then	exported	to	the	bloodstream	by	the	Na/K	ATPase	activity.	Protein	and
nucleotide	synthesis	in	enterocytes	requires	notably	amino	acids	and	glucose	as	well	as	energy	in



the	form	of	ATP	synthesized	in	mitochondria,	and	to	a	much	lower	extent	in	the	cytosol	of
enterocytes

Then,	things	are	happening	like	if	the	intestinal	epithelium	would
use	in	the	�irst	place	the	substrates	it	needs	for	its	own	functioning,
before	releasing	vast	majority	of	nutrients	that	are	then	available	for
the	other	tissues	of	the	organism.

Enterocytes	Used	a	Part	of	Available	Substrates	for	Synthesis	of
Compounds	Active	on	the	Intestinal	Epithelium	Itself
Regarding	amino	acids,	in	addition	to	serving	as	building	blocks	for
protein	synthesis	in	the	epithelium,	and	as	energy	source	for
anabolism,	some	of	them,	like	arginine,	glutamate,	glycine,	and	cysteine,
are	used	in	enterocytes	as	precursors	for	metabolites	with	local	action
in	the	epithelium	itself.

For	instance,	nitric	oxide	(NO)	is	produced	from	a	very	tiny	amount
of	arginine	in	enterocytes	[56],	and	this	gaseous	mediator	is	involved	in
the	maintenance	of	the	intestinal	epithelial	integrity	[57–59],	in	the
regulation	of	intestinal	motility	[60],	and	in	the	modulation	of	the
intestinal	epithelial	permeability	[61,	62].	The	amounts	of	amino	acids
used	as	precursors	for	the	synthesis	of	metabolites	with	biological
action	in	cells	are	in	general	very	low	when	compared	to	the	amounts
of	amino	acids	used	for	protein	synthesis	and	energy	production.	This
is	however	not	always	the	case.	For	instance,	glutathione	which	is
synthesized	in	enterocytes	from	the	three	amino	acids	glutamate,
cysteine,	and	glycine	[63],	required	substantial	amounts	of	these	three
amino	acids	for	optimal	synthesis	[64]	(Fig.	1.11).	The	ratio	of	reduced
to	oxidized	glutathione	is	a	central	parameter	for	�ixing	the	intracellular
redox	status,	and	for	controlling	the	intracellular	concentrations	of	both
oxygen-reactive	and	nitrogen-reactive	species	[65,	66].	The	importance
of	maintaining	a	constant	concentration	of	glutathione	in	the	intestine
is	illustrated	by	the	fact	that	inhibition	of	mucosal	glutathione	synthesis
provokes	alteration	of	intestinal	functions	[67].



Fig.	1.11 Synthesis	of	glutathione	in	absorptive	enterocytes	and	major	associated	functions.	In
this	scheme,	glutathione	is	synthesized	in	enterocytes	from	luminal	glutamate,	cysteine,	and
glycine.	Adequate	concentration	of	reduced	glutathione	in	enterocytes	is	required	for



adequate	intracellular	redox	status	and	control	of	the	concentrations	of	reactive	oxygen-	and
nitrogen-reactive	species

In	addition,	amino	acids	like	glutamate	are	precursor	of	compounds
with	important	metabolic	regulatory	roles	in	the	intestinal	mucosa.	In
enterocytes,	a	tiny	amount	of	glutamate	is	converted	to	N-
acetylglutamate	[68],	and	this	compound	then	activates	the	enzyme
carbamoyl	phosphate	synthetase	1,	resulting	in	increased	synthesis	of
citrulline	mainly	from	the	amino	acid	precursor	arginine,	and	to	a	much
lower	extent	from	glutamine	[41,	69].	Glutamine	increases	the
synthesis	of	citrulline	from	arginine	mainly	by	providing	ammonia
during	conversion	to	glutamate	[70]	(Fig.	1.12).	Citrulline	is	an	amino
acid	that	is	not	present	in	proteins	but	is	a	precursor	of	arginine	in
kidney	[71–74],	thus	allowing	increased	synthesis	of	this	amino	acid	in
speci�ic	situations	of	increased	need,	and/or	short	supply	(Fig.	1.12),
thus	representing	an	illustration	of	the	inter-organ	metabolic	crosstalk
(thus	here	between	intestine	and	kidney)	as	detailed	in	the	next
paragraph.



Fig.	1.12 Production	of	ornithine	from	arginine,	and	production	of	citrulline	from	arginine	and
glutamine	in	enterocytes.	The	utilization	of	ornithine	for	ammonia	disposal	in	the	liver	and	the
utilization	of	citrulline	for	the	synthesis	of	arginine	in	the	kidney	are	presented	as	illustrative
examples	of	inter-organ	amino	acid	metabolism

Some	Metabolites	Produced	from	Nutrients	in	the	Enterocytes
Are	Used	for	Inter-Organ	Crosstalk
Other	metabolites	produced	in	the	epithelium	from	amino	acids	are
thus	used	at	distance	in	other	tissues,	in	the	so-called	inter-organ
metabolism.	For	instance,	ornithine,	like	citrulline,	is	not	present	in
dietary	proteins	but	can	be	produced	together	with	urea	in	enterocytes
mostly	from	arginine	[75,	76].	This	ornithine	can	be	released	in	the
portal	vein	and	used	in	liver	hepatocytes	in	the	urea	cycle	[77,	78].	This
cycle	controls	the	concentration	of	ammonium	in	the	blood,	originating
from	either	the	ammonia-producing	pathways	not	only	in	the	host
tissues,	including	the	intestine,	but	also	from	the	intestinal	microbiota
metabolic	activity,	thus	avoiding	accumulation,	and	thus	deleterious
effects	of	this	compound,	notably	on	the	central	nervous	system	[79]
(Fig.	1.12),	as	will	be	detailed	in	Sect.	5.	6	devoted	to	the	gut–brain	axis.



Key	Points
The	intestinal	epithelium	is	a	selective	and	ef�icient	barrier	between
the	luminal	�luid,	which	contains	bacteria	and	complex	mixture	of
compounds	of	dietary	and	endogenous	origin,	and	the	bloodstream.
The	renewal	of	the	intestinal	epithelium	in	the	small	and	large
intestine	is	made	every	few	days	through	stem	cell	division	followed
by	cell	migration	along	the	villi,	and	exfoliation	of	fully	mature	cells
in	the	luminal	�luid.
This	process	is	highly	coordinated	allowing	the	maintenance	of
epithelial	homeostasis.
Stem	cell	division	in	the	intestinal	epithelium	is	followed	by
differentiation	into	the	different	cell	phenotypes	responsible	for	the
physiological	and	metabolic	functions.
Absorptive	enterocytes,	the	most	abundant	cells	in	the	small
intestine	epithelium,	metabolize	a	minor	part	of	nutrients	during
their	transfer	from	the	luminal	�luid	to	the	bloodstream.
The	metabolism	in	enterocytes	of	the	small	intestine	allows	energy
production,	used	for	macromolecule	synthesis	and	electrolyte
transport,	and	the	production	of	metabolites	with	local	and
peripheral	effects.

The	Mucin-Secreting	Goblet	Cells	Are	Important	Players	for
Protecting	the	Intestinal	Epithelium	and	for	Maintaining	the
Intestinal	Barrier	Function
Goblet	cells	are	polarized	epithelial	cells	that	are	responsible	for	the
synthesis	of	specialized	glycosylated	proteins	called	mucins,	as	well	as
other	minor	proteins	with	different	functions	[80,	81].	These	proteins
are	excreted	at	the	luminal	side	of	the	goblet	cells,	thus	representing	a
process	of	exocrine	secretion.	The	mucins	cover	the	epithelium,	thus
facilitating	the	progression	of	the	luminal	content	in	the	gut	and
allowing	protection	of	the	epithelium.	The	proportion	of	goblet	cells
among	differentiated	epithelial	cells	in	the	small	intestine	increases
from	the	proximal	to	the	distal	parts	of	the	small	intestine,	representing
4%	in	the	duodenum,	6%	in	the	jejunum,	and	12%	in	the	ileum	[82].
Mucus	is	one	main	element	implicated	in	the	intestinal	epithelium
barrier	function	[83].	In	the	small	intestine,	the	mucus	layer	that	is
discontinuous	and	non-attached	limits	the	number	of	bacteria	that	can



reach	the	epithelium	and	the	Peyer’s	patches.	These	latter	structures
are	made	of	aggregated	lymphoid	vesicles	that	belong	to	the	intestinal
immune	system	[84].	In	addition	to	the	roles	described	above,	the
mucus	is	involved	in	the	presentation	of	luminal	antigens	to	the
immune	system	[85].	Mucins	in	the	small	intestine	and	in	the	colon
represent	sites	of	�ixation	for	speci�ic	bacteria	called	the	adhering
bacteria	[86,	87].	These	adhering	bacteria,	which	include	notably
Lactobacillus	species,	adhere	to	mucus	glycoproteins	[88].

Intestinal	mucins	in	the	intestinal	mucosa	are	particularly	rich	in
threonine	among	the	other	amino	acids	present	in	these	glycoproteins
[89,	90].	Interestingly,	a	moderate	threonine	de�iciency	is	responsible
for	an	alteration	of	intestine	functionality	in	terms	of	paracellular
permeability	[91].

The	Enteroendocrine	Cells	Are	Playing	Important	Roles	in	the
Secretion	of	Various	Hormones	Involved	in	Numerous
Physiological	Functions
Enteroendocrine	cells	are	epithelial	cells	that	are	present	all	along	the
gastrointestinal	tract	and	secrete	various	hormones	[92].	They
represent	not	more	than	1–2%	of	the	whole	epithelial	cells.	These	cells
secrete	in	blood	peptides	that	are	involved	in	very	different	functions
including	appetite	regulation,	gastric	emptying,	intestinal	transit,
exocrine	secretion,	and	insulin	release	and	thus	glycemia	regulation
[93,	94].	These	cells	are	polarized	with	a	luminal	side	characterized	by
the	presence	of	brush-border	membranes,	and	a	baso-lateral	side	in
contact	with	the	blood	capillaries.	Enteroendocrine	cells	express	a	high
number	of	receptors	and	channels	that	enable	them	to	secrete
hormones	in	response	to	different	stimuli	[95].	Different
enteroendocrine	subtypes	differ	by	their	hormonal	production,	but	also
according	to	the	receptors	they	express,	enabling	a	�ine	control	for	the
secretion	of	the	different	hormones	[96].	A	wide	range	of	nutrients
have	been	identi�ied	as	implied	in	the	expression	and	secretion	of	the
various	hormones,	some	of	these	nutrients	acting	on	the	luminal	side,
while	others	acting	at	the	baso-lateral	side	[97].	These	nutrients
include	simple	carbohydrates,	several	amino	acids,	as	well	as	medium-
and	long-chain	fatty	acids	[98].



The	Paneth	Cells	Are	Involved	in	the	Host-Microbes	Homeostasis
Paneth	cells	are	located	within	the	crypts	of	the	small	intestine.	These
cells	secrete	antimicrobial	peptides	which	play	important	roles	in	the
maintenance	of	host-microbes	homeostasis	[99].	In	addition,	Paneth
cells	display	regulatory	roles	on	intestinal	stem	cells	[100].

The	Tuft	Cells	Are	Playing	a	Role	in	Intestinal	Immunity
Tuft	cells	are	a	minor	type	of	secretory	epithelial	cells	that	produce
compounds	linked	to	intestinal	immunity	[101].	These	cells	produce	a
mixture	of	active	compounds	implicated	in	processes	like	allergy	and
neurotransmission.	These	compounds	are	known	to	initiate	both
bene�icial	and	adverse	effects,	depending	on	the	context,	through
population	of	immune	and	neuronal	cells	[101].

The	Microfold	(M)	Cells	Play	a	Role	in	the	Immune	Response
Microfold	cells	are	located	within	the	intestinal	epithelium	covering
mucosa-associated	lymphoid	tissues	and	participate	in	the	induction	of
immune	responses	to	some	mucosal	antigens	[102,	103].

Key	Points
Goblet	cells	in	the	epithelium	of	the	small	intestine	secrete	mucus
that	protects	the	intestinal	epithelium,	plays	a	role	in	the	intestinal
barrier	function,	facilitates	transit,	and	plays	a	role	in	the
presentation	of	luminal	antigens	to	the	intestinal	immune	system.
Mucus	secreted	by	goblet	cells	represents	a	site	of	�ixation	for
adhering	bacteria.
Enteroendocrine	cells	in	the	small	intestine	epithelium	secrete
numerous	hormones	with	action	notably	on	food	intake,
gastrointestinal	transit,	and	exocrine/endocrine	secretion.
Paneth	cells	in	the	small	intestine	are	implicated	in	the	equilibrium
between	host	cells	and	microbes.
Tuft	cells	are	involved	in	intestinal	immunity.

1.4	 Structure	and	Functions	of	the	Large
Intestine	Epithelium:	Metabolism	of	Nutrients



in	the	Colonocytes
The	colonic	epithelium	is	made	of	different	specialized	cells	with	some
homology	with	the	epithelial	cells	found	in	the	small	intestine
epithelium.

The	Colonocytes	Use	Substrates	in	Blood	and	Bacterial
Metabolites	Present	in	the	Luminal	Fluid	for	Energy	Production
and	Synthesis	of	Compounds	with	Biological	Activity
The	absorptive	colonocytes	are	polarized	cells	that	are	present	mainly
in	the	surface	epithelium.	These	cells,	which	ensure	water	absorption,
both	absorb	and	secrete	electrolytes,	with	an	overall	net	movement
toward	electrolyte	absorption	in	the	large	intestine	[104].	This	function
allows	the	progressive	dehydration	of	the	luminal	content	along	the
large	intestine,	with	the	luminal	content	being	rather	liquid	in	the
proximal	colon,	while	becoming	more	solid	in	the	rectal	part	of	the
large	intestine.	The	brush-border	membrane	situated	at	the	luminal
side	of	the	colonocytes,	which	are	much	shorter	than	the	one	situated	at
the	luminal	side	of	enterocytes,	are	equipped	with	a	battery	of
transporters	for	different	minerals,	including	sodium,	potassium,	and
chloride	[105].	Absorptive	colonocytes,	like	absorptive	enterocytes,
display	high	energy	demand,	corresponding	to	the	rapid	turnover	of
epithelial	cells	and	to	Na/K	ATPase	activity	which	regulates	sodium
concentration	in	colonocytes	[106].	This	ATP	production	can	be
obtained	through	the	metabolism	of	compounds	that	can	be	supplied	to
colonocytes	from	both	the	apical	and	the	baso-lateral	sides	(Fig.	1.13).



Fig.	1.13 Energy	production	in	absorptive	colonocytes	from	metabolites	produced	by	bacteria
and	from	nutrients	present	in	the	arterial	blood	capillaries.	In	this	scheme,	metabolites	produced
by	the	intestinal	bacteria	from	the	available	substrates	are	absorbed	through	the	apical	membranes
while	the	nutrients	present	in	the	arterial	capillaries	are	absorbed	through	the	baso-lateral
membranes



Luminal	compounds	that	are	supplied	to	colonocytes	through	the
apical	side	of	the	cells	for	energy	production	are	mainly	produced	by
the	bacteria	as	will	be	developed	in	Chap.	2	of	this	book.	Indeed,	since
in	usual	dietary	and	physiological	conditions,	glucose	is	absorbed	in	the
small	intestine	[27],	almost	no	dietary	glucose	is	available	from	the
luminal	�luid	for	colonic	absorption.	Regarding	amino	acids,	they	also
do	not	represent	luminal	substrates	available	from	the	luminal	side	for
colonocytes	since	the	colonocytes	do	not	absorb	these	compounds	to
any	signi�icant	extent	[107].	Colonic	absorptive	cells	can	however	use
fuels	provided	through	the	baso-lateral	side	by	the	arterial	capillaries
(Fig.	1.13).	Glutamine	is	a	major	fuel	from	blood	origin	[108].	This
amino	acid	is	oxidized	in	the	mitochondria	of	the	colonocytes	allowing
ATP	synthesis.	Of	note,	it	has	been	proposed	that	colonocyte	ATP
synthesis	through	mitochondrial	oxidative	phosphorylation,	and	thus
oxygen	consumption,	participates	in	hypoxic	condition	that	prevails
nearby	colonocytes.	Such	hypoxic	condition	participates	in	the
maintenance	of	microbial	community	dominated	by	obligate	anaerobic
bacteria	[109].	Anaerobic	bacteria	require	reduced	oxygen	tension	for
growth	[110].	Blood	glucose	is	also	metabolized	in	the	colonocytes
mainly	in	the	glycolytic	pathway,	thus	with	a	low	yield	of	ATP
production	[108].	In	colonocytes,	glucose	metabolism	in	the	pentose
phosphate	pathway	allows	the	synthesis	of	ribose-5	phosphate	used	for
nucleotide	synthesis,	as	well	as	the	reduced	equivalent	NADPH	used	in
numerous	biosynthesis	pathways	[111].	In	addition	to	energy
production,	several	amino	acids	are	used	by	the	colonocytes	as
precursors	for	the	synthesis	of	molecules	with	biological	activity	like
nitric	oxide	(NO)	and	glutathione	[112,	113].	NO	has	been	shown	to	be
involved	in	electrolyte	transport	in	colonocytes	[114],	while	glutathione
metabolism	is	involved	in	several	detoxi�ication	processes	in
colonocytes	[115].

The	Mucus-Secreting	Goblet	Cells	Are	Abundant	in	the	Large
Intestine
Large	intestine	epithelium	is	characterized	by	a	high	proportion	of
goblet	cells	among	the	differentiated	epithelial	cells	since	the	goblet
cells	represent	approximately	20%	of	all	epithelial	cells	[116].	The
colonic	epithelium	is	covered	by	two	layers	of	mucus,	one	that	is	�irm



and	attached,	and	in	contact	with	the	epithelial	cells,	while	the	outer
layer	is	unattached	and	less	dense	[117].	The	thickness	of	the	mucous
layer	is	bigger	in	the	large	than	in	the	small	intestine,	and	this	is	related
to	the	presence	of	high	concentration	of	bacteria	in	the	luminal	content.
In	the	large	intestine,	the	inner	mucus	layer	separates	the	bacteria	from
the	host’s	epithelium,	while	the	outer	colonic	mucus	layer	is	inhabited
by	adhering	bacteria	that	bind	to	different	components	of	the	mucus
layer	[87]	(Fig.	1.4).	Invasive	Escherichia	coli	and	Clostridium	dif�icile
have	been	identi�ied	as	speci�ic	bacteria	which	adhere	to	the	mucus
layer	[118,	119].	Increased	mucin-degrading	bacteria	leads	to	thinner
mucus	layer	and	aggravates	experimental	colitis	[120].	In	addition	to
the	process	of	bacterial	adhesion,	encapsulation	by	mucus	of	luminal
�luid-containing	bacteria	has	been	identi�ied	in	the	mice	model	as	a
process	by	which	bacteria	remain	in	close	contact	with	the	colonic
epithelium	[121].

The	Enteroendocrine	Cells	in	the	Large	Intestine	Release
Hormones	Mainly	in	Response	to	Microbial-Derived	Compounds
The	different	peptides	that	are	produced	and	released	by	the
enteroendocrine	cells	of	the	large	intestine	are	much	more	restricted
than	the	ones	released	in	the	small	intestine,	with	the	main
enteroendocrine	peptides	being	PYY	and	GLP-1.	In	the	large	intestine,
as	will	be	developed	in	Chap.	3,	bacterial	metabolites	and	microbial
components	are	able	to	stimulate	the	expression	and	the	secretion	of
different	gut	entero-hormones	[122,	123].	Interestingly,
enteroendocrine	cells	in	the	colon	have	been	shown	to	be	involved	in
the	regulation	of	metabolic	functions	despite	not	being	directly
stimulated	by	nutrients	[124,	125],	but	by	microbial-derived
compounds	[126–128].

Regarding	Tuft	cells,	they	have	also	been	identi�ied	in	the	large
intestine	epithelium	[129].	In	the	large	intestine,	Paneth	cells	are	not
detected,	but	antimicrobial	peptides	secretion	is	performed	by
colonocytes	[130].

Key	Points
Absorptive	colonocytes	are	provided	by	fuels	from	blood	and	by	fuels
from	the	luminal	content,	these	luminal	fuels	originating	from



microbial	metabolic	activity.
Fuel	oxidation	allows	ATP	synthesis	required	for	colonic	epithelium
renewal	and	dehydration	of	the	luminal	�luid.
Mucous-producing	cells	are	more	abundant	in	the	large	than	in	the
small	intestine.	Speci�ic	bacteria	can	bind	to	the	outer	layer	of	the
mucus.
Enteroendocrine	cells	in	the	colon	secrete	hormones	which	are
stimulated	by	microbial-derived	compounds.

References
1. O’Learhy	F,	Samman	S.	Vitamin	B12	in	health	and	disease.	Nutrients.	2010;2(3):299–316.

2. Schuchardt	JP,	Hahn	A.	Intestinal	absorption	and	factors	in�luencing	bioavailability	of
magnesium.	An	update.	Curr	Nutr	Food	Sci.	2017;13(4):260–78.
[PubMed][PubMedCentral]

3. Ticho	AL,	Malhotra	P,	Dudeja	PK,	Gill	RK,	Alrefai	WA.	Intestinal	absorption	of	bile	acids	in
health	and	disease.	Compr	Physiol.	2019;10(1):21–56.
[PubMed][PubMedCentral]

4. Debongnie	JC,	Phillips	SF.	Capacity	of	the	human	colon	to	absorb	�luid.	Gastroenterology.
1978;74(4):698–703.
[PubMed]

5. Hermansen	K.	Effects	of	cholecystokinin	(CCK)-4,	nonsulfated	CCK-8,	and	sulfated	CCK-8	on
pancreatic	somatostatin,	insulin,	and	glucagon	secretion	in	the	dog:	studies	in	vitro.
Endocrinology.	1984;114(5):1770–5.
[PubMed]

6. Liddle	RA,	Morita	ET,	Conrad	CK,	Williams	JA.	Regulation	of	gastric	emptying	in	humans	by
cholecystokinin.	J	Clin	Invest.	1986;77(3):992–6.
[PubMed][PubMedCentral]

7. Lo	CC,	Davidson	WS,	Hibbard	SK,	Georgievsky	M,	Lee	A,	Tso	P,	Woods	SC.	Intraperitoneal	CCK
and	fourth-intraventricular	Apo	AIV	require	both	peripheral	and	NTS	CCK	1R	to	reduce	food
intake	in	male	rats.	Endocrinology.	2014;155(5):1700–7.
[PubMed][PubMedCentral]

8. Meyer	BM,	Werth	BA,	Beglinger	C,	Hildebrand	P,	Jansen	JB,	Zach	D,	Rovati	LC,	Stalder	GA.	Role
of	cholecystokinin	in	regulation	of	gastrointestinal	motor	functions.	Lancet.
1989;2(8653):12–5.
[PubMed]

9. Honda	K,	Littman	DR.	The	microbiota	in	adaptive	immune	homeostasis	and	disease.	Nature.
2016;535(7610):75–84.
[PubMed]

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=29123461
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5652077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31853951
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7171925
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=631507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6143659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3949984
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC423501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=24564397
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3990852
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2567793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=27383982


10.
Beaumont	M,	Blachier	F.	Amino	acids	in	intestinal	physiology	and	health.	Adv	Exp	Med	Biol.
2020;1265:1–20.
[PubMed]

11. Wang	G,	Huang	S,	Wang	Y,	Cai	S,	Yu	H,	Liu	H,	Zeng	X,	Zhang	G,	Qiao	S.	Bridging	intestinal
immunity	and	gut	microbiota	by	metabolites.	Cell	Mol	Life	Sci.	2019;76(20):3917–37.
[PubMed][PubMedCentral]

12. Roulis	M,	Flavell	RA.	Fibroblasts	and	myo�ibroblasts	of	the	intestinal	lamina	propria	in
physiology	and	disease.	Differentiation.	2016;92(3):116–31.
[PubMed]

13. van	der	Flier	LG,	Clevers	H.	Stem	cells,	self-renewal,	and	differentiation	in	the	intestinal
epithelium.	Annu	Rev	Physiol.	2009;71:241–60.
[PubMed]

14. Camilleri	M,	Madsen	K,	Spiller	R,	Greenwood-Van	Meerveld	B,	Verne	GN.	Intestinal	barrier
function	in	health	and	gastrointestinal	disease.	Neurogastroenterol	Motil.	2012;24(6):503–
12.
[PubMed][PubMedCentral]

15. Shen	L,	Weber	CR,	Raleigh	DR,	Yu	D,	Turner	JR.	Tight	junction	pore	and	leak	pathways:	a
dynamic	duo.	Annu	Rev	Physiol.	2011;73:283–309.
[PubMed][PubMedCentral]

16. Blander	JM.	On	cell	death	in	the	intestinal	epithelium	and	its	impact	on	gut	homeostasis.	Curr
Opin	Gastroenterol.	2018;34(6):413–9.
[PubMed][PubMedCentral]

17. Santos	AJM,	Lo	YH,	Mah	AT,	Kuo	CJ.	The	intestinal	stem	cell	niche:	homeostasis	and
adaptations.	Trends	Cell	Biol.	2018;28(12):1062–78.
[PubMed][PubMedCentral]

18. Beumer	J,	Clevers	H.	Cell	fate	speci�ication	and	differentiation	in	the	adult	mammalian
intestine.	Nat	Rev	Mol	Cell	Biol.	2021;22(1):39–53.
[PubMed]

19. Vereecke	L,	Beyaert	R,	van	Loo	G.	Enterocyte	death	and	intestinal	barrier	maintenance	in
homeostasis	and	disease.	Trends	Mol	Med.	2011;17(10):584–93.
[PubMed]

20. Darwich	AS,	Aslam	U,	Ashcroft	DM,	Rostami-Hodjegan	A.	Meta-analysis	of	the	turnover	of
intestinal	epithelia	in	preclinical	animal	species	and	humans.	Drug	Metab	Dispos.
2014;42(12):2016–22.
[PubMed]

21. Potten	CS.	Epithelial	cell	growth	and	differentiation.	II.	Intestinal	apoptosis.	Am	J	Physiol.
1997;273:G253–7.
[PubMed]

22.
Gehart	H,	Clevers	H.	Tales	from	the	crypt:	new	insights	into	stem	cells.	Nat	Rev	Gastroenterol

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32761567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31250035
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6785585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=27165847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18808327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22583600
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5595063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20936941
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4655434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=30169459
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6462190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=30195922
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC6338454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32958874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21741311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25233858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9277401


Hepatol.	2019;16(1):19–34.
[PubMed]

23. Hageman	JH,	Heinz	MC,	Kretzschmar	K,	van	der	Vaert	J,	Clevers	H,	Snippert	HJG.	Intestinal
regeneration:	regulation	by	the	microenvironment.	Dev	Cell.	2020;54(4):435–46.
[PubMed]

24. Barker	N.	Adult	intestinal	stem	cells:	critical	drivers	of	epithelial	homeostasis	and
regeneration.	Nat	Rev	Mol	Cell	Biol.	2014;15(1):19–33.
[PubMed]

25. Dauça	M,	Bouziges	F,	Colin	S,	Kedinger	M,	Keller	MK,	Schilt	J,	Simon-Assmann	P,	Haffen	K.
Development	of	the	vertebrate	small	intestine	and	mechanisms	of	cell	differentiation.	Int	J
Dev	Biol.	1990;34(1):205–18.
[PubMed]
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Abstract
The	gut	microbiota	is	a	complex	mixture	of	bacteria,	archaea,	viruses,
and	fungi.	Approximately	150	different	bacterial	species	can	be
identi�ied	at	the	individual	level,	but	the	heterogeneity	of	composition
is	important	when	comparing	individuals	between	them.	Ecological
basis	for	such	many	species	corresponds	likely	to	the	large	number	of
substrates	that	are	available	for	the	global	bacterial	metabolic	activity.
Most	studies	have	been	performed	using	fecal	samples,	thus
representing	the	microbiota	composition	representative	of	the	distal
part	of	the	large	intestine,	and	only	a	few	analyses	have	been	performed
in	the	different	parts	of	the	intestinal	tract.	In	the	small	intestine,	the
transit	of	the	luminal	�luid	is	rapid,	and	the	concentration	of	bacteria	is
low	and	progressively	increases	from	the	duodenum	to	the	ileum.	In
contrast,	in	the	large	intestine,	the	transit	is	considerably	slowed	down
and	the	bacteria	concentration	is	much	higher.	The	intestinal	tract	is
rapidly	colonized	after	birth,	and	the	intestinal	microbiota	composition
found	in	neonates	moves	progressively	within	the	�irst	3	years	to	the
adult	composition.	Thereafter,	the	bacterial	composition	stays	relatively
stable.	Interestingly,	the	composition	of	milk	has	an	impact	on	the
metabolic	activity	of	intestinal	bacteria	in	infants.	The	microbiota
composition	and	metabolic	activity	depend	mainly	on	environmental
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parameters,	including	alimentary	parameters.	The	intestinal	microbiota
evolves	in	very	old	individuals,	and	the	reasons	for	such	changes	are
likely	multifactorial.

Keywords Intestinal	microbiota	composition	–	Substrate	availability	–
Dietary	compounds	–	Development	–	Aging

The	small	and	large	intestines	are	inhabited	by	a	complex	mixture	of
microbes	among	which	bacteria	have	been	the	subject	of	vast	majority
of	studies.	As	introduced	above,	although	most	bacteria	are	in	transit
with	a	periodic	excretion	of	large	amounts	of	bacteria	in	feces,	a	small
proportion	of	bacteria	are	adhering	to	the	intestinal	mucosa	and	thus
are	in	close	contact	with	this	structure,	and	we	will	see	that	this	contact
has	important	implications	for	the	host	intestinal	physiology	[1–3].

Bacteria	are	dependent	on	the	host	for	obtaining	the	substrates	they
need	for	their	constant	renewal.	These	substrates	are	either	originating
from	the	diet,	or	from	the	endogenous	compounds.	More	precisely,
endogenous	compounds	can	be	de�ined	as	those	that	are	synthesized
by	the	host	and	utilized	by	the	host	and	the	microbiota	in	a	process	of
recycling.	Then,	the	idea	rapidly	comes	to	mind	that,	depending	on	the
dietary	compounds	that	individuals	are	used	to	consume	during	their
meals,	the	microbiota	will	be	provided	with	different	sources	and
quantities	of	substrates.	As	a	matter	of	fact,	as	will	be	presented	in	the
following	chapters,	the	availability	of	dietary	substrates	provided	by
the	hosts	for	their	intestinal	microbiota	metabolic	activity	has
important	consequences	for	the	communication	between	intestinal
microbes,	and	for	communication	between	bacteria	and	their	host.

2.1	 The	Human	Intestinal	Microbiota:	A
Complex	Mixture
The	gut	microbiota	that	is	present	in	the	intestinal	content	in	mammals,
including	humans,	is	composed	of	a	vast	population	of	microbes.	This
population	of	microbes	includes	not	only	bacteria,	but	also	archaea,
viruses,	and	fungi.	Archaea	is	a	group	of	primitive	prokaryotes	that,
based	on	their	different	characteristics,	forms	a	separate	group	from



bacteria	and	eukaryotes	[4].	Archaea	use	various	organic	and	inorganic
substrates	as	energy	sources	[5].	They	are	detected	in	the
mammalian	digestive	tract	as	part	of	the	usual	microbiota	[6,	7]	and	are
considered	as	essential	constituents	of	the	human	microbiota	[8].
Archaea	colonize	infants	during	the	�irst	year	after	birth	[9].	Majority	of
the	archaea	in	the	human	intestinal	tract	are	methane-producing
microbes,	called	methanogens,	which	are	characterized	by	their	ability
to	produce	methane	from	hydrogen	under	aerobic	conditions	[4].	By
removing	hydrogen	from	the	intestinal	content,	methanogens	increase
the	fermentation	process	made	by	the	intestinal	bacteria,	allowing
accordingly	more	complete	anaerobic	degradation	of	the	available
organic	substrates	[10].	Then	archaea	are	species	that	play	a	role	in	the
optimal	energy	yield	of	the	entire	human	intestinal	microbiota	[11].

The	human	intestinal	virome,	which	establishes	during	the	�irst
years	following	birth,	is	de�ined	as	the	population	of	viruses	present	in
our	intestine.	This	virome	is	personalized	and	rather	stable	and	largely
dominated	by	the	so-called	phages	[12].	Phages,	by	infecting	speci�ic
populations	of	intestinal	bacteria,	are	one	element	that	is	implicated	in
the	bacterial	composition	of	the	intestinal	microbiota	[13].

Fungi,	although	representing	a	minor	component	of	the	gut
microbiota,	may	be	involved	in	a	competitive	relationship	with	bacteria
in	the	human	gut	[14].	Although	50	genera	of	fungi	are	commonly
detected	in	the	human	intestine,	10	genera	account	for	vast	majority	of
detected	organisms	[15,	16].	The	fungi	most	commonly	detected	in	the
human	intestine	include	Candida	and	Saccharomyces	[17].	Some	clinical
studies	point	to	the	role	of	Candida	as	one	element	in	antibiotic-
associated	diarrhea	[18].

Lastly,	protozoans	in	the	intestine,	although	classically	not	included
as	part	of	the	microbiota	itself,	represent	a	heterogeneous	group	of
eukaryotic	organisms,	with	some	of	them	being	considered	as	parasites
[19].	The	term	gut	ecosystem	usually	refers	to	the	biological
community	of	microorganisms	living	in	the	environment	of	the	gut.

Regarding	bacteria,	more	than	1000	bacterial	species	have	been
reported	to	be	present	in	our	gastrointestinal	tract,	each	individual
harboring	however	only	around	150	different	species	[20].	The
corresponding	collective	bacterial	genome	represents	more	genes	than
the	ones	found	in	the	human	genome	[21].	However,	90%	of	the



intestinal	bacteria	belong	to	two	phyla,	namely	Bacteroidetes	and
Firmicutes	[22].	Ecological	basis	for	this	great	number	of	species	in	the
human	intestinal	microbiota	resides	likely	in	the	fact	that	there	is	a	very
large	number	of	different	substrates	that	are	available	for	bacterial
metabolic	activity.	In	the	human	body,	it	has	been	approximated	that
the	total	number	of	bacteria	is	in	the	same	order	of	magnitude	than	the
total	number	of	human	cells	[23].

Of	note,	in	most	studies	performed	with	volunteers,	the	bacteria
composition	has	been	determined	in	stool.	Bacteria	in	stool	represent
the	bacterial	population	present	in	the	very	distal	part	of	the	large
intestine	(that	is	rectum),	and	thus	we	are	unfortunately	left	with	few
data	regarding	the	bacterial	population	that	are	present	in	the	more
proximal	parts	of	the	large	intestine,	and	in	the	small	intestine.	This	is
largely	due	to	the	technical	dif�iculties	in	collecting	luminal	�luids	in	the
intestine.	This	can	be	done	however	by	intubation	with	a	naso-
intestinal	sampling	device	in	healthy	volunteers	[24].	This	rather
invasive	method	allows	to	recover	the	luminal	�luid	in	different	parts	of
the	small	intestine.	Small	intestinal	luminal	�luid	can	also	be	recovered
in	ileostomy	ef�luent	obtained	from	patients	with	colectomy	and
terminal	ileostomy	[25].	In	other	less	technical	words,	the	luminal	�luid
can	be	obtained	from	the	distal	small	intestine	in	patients	for	which,	for
medical	reasons,	the	colon	has	been	resected.	In	animal	models,	it	is
possible	to	recover	the	luminal	�luids	in	the	different	parts	of	the	small
and	large	intestines,	but	it	requires	euthanasia	of	the	animals.

2.2	 Bacteria	Concentration,	Composition,	and
Diversity	During	the	Whole	Life
Installation	of	the	Intestinal	Microbiota	after	Birth	and
Evolution	of	Its	Composition	During	Development
Although	it	is	commonly	accepted	that	the	intrauterine	environment
and	fetus	are	germ-free	before	birth,	this	dogma	has	been	somewhat
challenged	[26].	Indeed,	experimental	evidence	show	the	presence	of
bacteria	in	the	intrauterine	environment	[27,	28]	that	could	possibly	be
due	to	the	translocation	of	bacteria	from	the	mother’s	gut	to	the
intrauterine	environment	via	the	bloodstream.	In	support	of	this
hypothesis,	bacterial	species	found	within	the	intestine,	have	been



isolated	from	the	umbilical	cord	blood	between	the	mother	and	fetus.
In	addition,	the	meconium,	that	is	the	intestinal	biological	�luid	that	is
accumulated	in	the	fetus	intestine	during	gestation,	appears	to	be	not
completely	sterile	[29,	30].	However,	it	is	only	fair	to	recognize	that	the
amplitude	and	the	physiological	implication	of	such	a	putative	mother-
to-fetus	bacterial	transfer	remain	unclear	[31].

During	and	after	birth,	infants	are	exposed	to	large	amounts	of
bacteria	that	originate	from	the	mother	and	the	surrounding
environment.	The	large	inter-individual	variability	observed	between
infants,	as	observed	when	analyzing	the	fecal	microbiota	during	the
�irst	few	months	after	birth	[32],	is	likely	due,	in	part	at	least,	to	the
inter-individual	variability	of	the	intestinal	microbiota	composition
between	mothers	[33].

The	Intestinal	Microbiota	in	Infants	Moves	Progressively	to	an
Adult-like	Microbiota
The	intestine	of	the	vaginally	delivered	newborn	is	rapidly	colonized	by
an	increasing	number	of	bacteria	which	are	largely	those	present	in	the
vagina	of	the	mother,	and	to	a	lesser	extent	by	anal/fecal	bacteria	[34].
The	intestinal	microbiota	of	infants	is	overall	very	different	when
compared	with	the	one	present	in	adults	[35].	The	usual	pattern	of	gut
microbiota	development	in	infants	involves	early	colonization	by
facultative	anaerobes.	Indeed,	within	a	few	days,	strictly	anaerobic
bacteria	develop	in	the	infant’s	intestine.	Around	1	year	of	age,	the
infant	microbiota	composition	is	closer	to	the	ones	commonly	found	in
adults	[32],	and	at	around	3	years	of	age,	the	fecal	microbiota	can	be
considered	as	relatively	mature,	being	not	vastly	different	that	the	ones
characteristic	of	the	adult	stage	[36,	37].

Analysis	of	the	intestinal	bacteria	in	meconium	produced	by
newborns	after	birth	revealed	a	strong	correlation	between	the	�irst
microbial	communities	of	either	the	mother’s	vagina	in	the	case	of
vaginal	delivery,	or	of	the	mother’s	skin	in	the	case	of	cesarean	section
[38].	The	differences	in	terms	of	intestinal	microbiota	between	infant
delivered	by	cesarean-section,	and	the	ones	that	were	vaginally
delivered	appear	to	rapidly	decrease	with	time	[39].	In	adults,	the	mode
of	delivery	apparently	left	no	marked	traces	of	the	initial	differences	at
the	level	of	the	intestinal	microbiota	[40].	Overall,	the	available	data	are



compatible	with	the	view	that	infants	born	by	cesarean,	and	thus	not
directly	exposed	to	the	vaginal	and	enteric	microbiota	of	the	mother,
are	colonized	by	bacteria	of	the	skin	and	of	the	hospital	environment.

When	comparing	the	in�luence	of	breastfeeding	compared	with
formula-feeding	on	the	fecal	microbiota	composition,	relatively
contradictory	results	have	been	obtained	depending	on	the	studies
considered.	Breastfed	infants	have	been	shown	to	be	colonized	by	a	less
diverse	intestinal	microbiota	than	infants	fed	with	bottle	[41].
Breastfeeding	appears	to	favor	colonization	by	bi�idobacteria	[42].	This
effect	is	presumably	related	to	the	different	composition	of	the
mother’s	milk	when	compared	with	formula,	and	notably	to	the
presence	in	the	mother’s	milk	of	peptides	with	antimicrobial	properties
such	as	immunoglobulin	A,	lactoferrin,	lysozyme,	and	oligosaccharides
[43,	44].	Regarding	milk	oligosaccharides,	they	favor	the	growth	of
certain	bacterial	species,	including	bi�idobacteria	which	are	known	to
be	favored	by	breastfeeding	[45,	46].	Interestingly,	milk
oligosaccharides	have	been	shown	to	decrease	the	risk	of	neonatal
diarrhea	[47].	Higher	levels	of	protein	in	infant	formula	and	the	lack	in
formula	of	oligosaccharides	that	are	normally	present	in	human	milk
promote	a	shift	toward	amino	acid	fermentation	by	the	intestinal
microbiota	[42],	thus	demonstrating	that	the	composition	of	milk	can
in�luence	the	metabolic	activity	of	the	intestinal	bacteria.

During	and	after	weaning,	important	modi�ications	of	the
microbiota	composition	are	observed	[48–50].	Antibiotic	exposure	in
the	period	following	birth	greatly	in�luences	the	development	of
neonatal	intestinal	microbiota	[51].

The	human	bacteriome,	which	is	characteristic	of	one	given
individual,	and	is	established	in	a	rather	stable	way	after	the	�irst	years
of	life	[36,	52],	represents	�inally	an	enormous	number	of	bacteria	in
the	entire	gut	of	the	adult,	around	1014	bacteria	[53].

When	comparing	individuals	between	each	other,	high	variability	in
microbiota	composition	is	observed	[54,	55].

Evolution	of	the	Microbiota	During	Aging
In	individuals	over	the	age	of	65,	in	a	context	of	important	inter-
individual	variability,	the	intestinal	microbiota	does	not	show	vast
modi�ication	in	terms	of	relative	composition,	when	compared	with



younger	subjects,	with	however	measurable	modi�ications	of	speci�ic
bacterial	species	[56–59].	The	reasons	for	observed	changes	in	the
microbiota	composition	appear	unclear	as	several	parameters	are
modi�ied	in	the	elderly,	including	dietary	patterns	in	speci�ic	given
situations	[60],	digestive	secretion	[61],	nutrient	absorption	[62],	and
intestinal	transit	[63],	all	these	changes	being	theoretically	able	to	have
an	impact	on	the	composition	and	on	the	metabolic	activity	of	the
intestinal	microbiota.	Of	note,	when	comparing	short-chain	fatty	acid
(that	are	quantitavely	major	bacterial	metabolites)	concentrations	in
stools	obtained	from	senior	volunteers	(56–65	years	old)	and	older
volunteers	(65–95	years	of	age)	with	similar	body	mass	index	and
dietary	intakes,	it	was	found	that	butyrate,	acetate,	and	propionate	are
less	concentrated	in	fecal	samples	obtained	from	older	than	from
senior	subjects	[64].

In	centenarians,	the	difference	of	microbiota	composition	appears
relatively	marked	when	compared	with	younger	individuals	[56].
Interestingly,	the	global	metabolic	activity	of	the	intestinal	microbiota
toward	the	available	substrates	is	modi�ied	in	the	elderly	[65].

Supply	of	Substrates	by	the	Host	to	the	Intestinal	Microbiota
The	concentration	of	bacteria	in	the	intestinal	content	is	increasing
when	moving	from	the	proximal	to	the	distal	small	intestine,	and
further	on	in	the	large	intestine	[66].	The	main	parts	of	the	intestine
that	are	permanently	colonized	by	a	massive	number	of	bacteria	are	the
distal	ileum	and	large	intestine.

The	Substrate	Availability	for	Bacteria	Is	Different	According	to
the	Segments	of	the	Intestinal	Tract
In	healthy	individuals,	the	relatively	rapid	transit	of	the	luminal	content
through	the	stomach	and	small	intestine	within	4–6	hours	is	not
compatible	with	the	development	of	a	large	concentration	of	bacteria	in
the	proximal	parts	of	the	small	intestine	[67].	In	contrast,	the
concentration	of	bacteria	in	the	colon	is	as	much	as	109–1012	colony-
forming	unit	(CFU)/g	of	content.	Indeed,	bacteria	in	healthy	human
feces	represent	more	than	50%	of	the	total	solid	part	[68].	The
spectacular	increase	in	the	concentration	of	bacteria	in	the	large
intestine	is	notably	due	to	a	much	slower	transit	of	the	intestinal



content	in	the	large	than	in	the	small	intestine,	allowing	intense
metabolism	of	the	available	substrates	supplied	by	the	host.	Indeed,	in
humans,	the	transit	time	of	the	content	in	the	colon	averages
approximately	60	hours	[69].	Transit	time	in	the	large	intestine	is	much
variable	from	an	individual	to	another	[70–72].	A	longer	transit	time	in
the	large	intestine	is	associated	with	higher	microbiota	richness	[73].

From	a	microbiological	point	of	view,	the	large	intestine	can	be
viewed	as	an	open	system	with	substrates	supplied	by	the	host	�lowing
in	the	small	intestine,	and	for	the	undigestible	part	of	the	food,	being
transferred	from	the	distal	small	intestine	to	the	caecum	through	the
ileo-caecal	junction	(Fig.	2.1).	In	healthy	adults,	the	luminal	contents	of
the	distal	parts	of	the	intestinal	tract	are	characterized	by	a	low	level	of
oxygen	tension,	thus	explaining	why	they	usually	harbor	large
communities	of	obligate	anaerobes	[74].



Fig.	2.1 Substrate	availability	in	the	human	large	intestine.	In	this	scheme,	major	characteristics
of	substrate	utilization	in	the	different	parts	of	the	intestine	are	indicated

The	composition	of	the	bacteria	in	the	intestine,	as	well	as	the
bacterial	metabolic	activity,	are	known	to	be	in�luenced	by	dietary
substrate	availability,	as	will	be	developed	in	the	following	paragraphs.
The	small	intestine,	except	in	its	distal	part,	contains	a	high
concentration	of	nutrients	in	the	post-prandial	period,	but	low
concentration	of	bacteria.	Within	the	large	intestine,	the	cecum	and	the
proximal	colon	bacteria	are	supplied	with	a	�luid	that	is	relatively	rich
in	undigested	substrates,	while,	in	contrast,	the	bacteria	in	the
transverse	and	distal	colon	received	a	more	limited	amount	of



substrates,	mainly	because	the	readily	available	substrates	have	been
already	partly	used	in	the	more	proximal	parts	of	the	large	intestine
[75]	(Fig.	2.1).

The	Microbiota	Composition,	Diversity,	and	Metabolic	Capacity
Depend	Mainly	on	Environmental	Parameters
Apart	from	the	composition,	diversity	is	another	parameter	that	is	often
used	to	characterize	the	bacterial	population	[76].	Global	differences	in
intestinal	microbiota	composition	between	groups	of	individuals	have
been	described	depending	on	the	different	geographical	areas,
apparently	mainly	because	of	different	dietary	habits	[55,	77–84].
Importantly,	microbiota	that	differ	in	terms	of	composition	may	share
some	degree	of	metabolic	redundancy,	thus	yielding	to	not	completely
different	bacterial	metabolite	pro�iles	[85,	86].

Short-Term	Dietary	Modi�ications	Can	Modify	Intestinal
Microbiota	Composition
In	dietary	intervention	studies,	the	impact	of	dietary	changes	on	the
microbiota	composition	is	measured	in	volunteers.	In	such	an
intervention,	groups	of	individuals	receive	for	given	periods	of	time
meals	with	different	compositions.	By	doing	so,	it	has	been	found	that
changes	in	numerous	dietary	parameters	have	indeed	an	impact	on	the
microbiota	composition,	as	will	be	detailed	in	the	following	paragraphs.
The	limitation	of	such	studies	is	that	the	changes	in	microbiota
composition	is	generally	measured	after	several	weeks	of	dietary
intervention,	and	thus	it	is	not	known	if	the	observed	changes	in
microbiota	composition	observed	remain	for	the	long	term.	As	the
intestinal	microbiota	appears	resilient,	meaning	that	it	can	come	back
to	an	initial	equilibrium	after	perturbation	of	its	initial	composition	[87,
88],	it	is	doubtful	that	the	recorded	changes	will	last	in	the	long	term.

To	correctly	interpret	the	data	obtained	from	intervention	in
volunteers,	it	is	useful	to	keep	in	mind	that	the	initial	differences	in	the
bacterial	composition	between	individuals	(before	the	dietary
intervention),	may	partly	mask	the	differences	attributable	to	changes
in	the	food	composition	when	comparing	the	control	and	experimental
groups.	From	that	point	of	view,	the	experimental	procedure	for	dietary
intervention	in	volunteers,	in	which	a	parallel	design	is	used,	displays



some	advantages.	Indeed,	in	such	a	design,	the	volunteers	are	their	own
control,	and	thus	the	microbiota	composition	is	analyzed	in	each
participant	before	and	after	the	experimental	intervention	after
different	periods	of	time,	thus	limiting	the	impact	of	inter-individual
differences.

Importantly,	as	explained	previously,	almost	all	studies	dedicated	to
the	in�luence	of	food	composition	on	the	intestinal	microbiota	are
originating	from	analysis	of	bacteria	in	the	fecal	material,	thus	ignoring
the	minor	part	of	adhering	bacteria	present	in	the	gut	[3].	The	vast	part
of	bacteria	is	in	faster	transit,	being	�inally	evacuated	in	the	feces	after
several	days.

Host	Genetic	Background	Is	Playing	a	Minor	Role	in	Fixing	the
Intestinal	Microbiota	Composition
As	discussed	above,	the	differences	in	intestinal	microbiota
composition	between	individuals,	appear	largely	associated	with	eating
habits	but	depend	also	on	individual	genetic	factors.	In	humans,	studies
have	been	performed	in	monozygotic	and	dizygotic	twins	to	determine
if	genetic	factors	in	host	can	have	an	impact	on	the	intestinal	microbiota
composition	[89].	Indeed,	it	has	been	shown	that	a	single	host	gene
expression	may	be	related	to	an	effect	on	the	diversity	and	population
structure	of	the	host	gut	microbiota	[90].	Second	evidence	regarding
the	implication	of	host	genetic	factors	for	the	intestinal	microbiota
composition	is	coming	from	a	study	showing	that	the	Human	Leukocyte
Antigen	(HLA)	genotype	plays	a	role	in	establishing	infant’s	gut
microbiota	[91].	Human	Leukocyte	Antigen	system	is	a	highly
polymorphic	family	of	genes	involved	in	immunity	and	responsible	for
identifying	self-versus	non-self	[92].	In	addition,	indirect	evidence	has
been	supplied	by	studies	showing	that	there	is	a	greater	similarity
among	the	microbiota	of	the	monozygotic	twins	than	among	microbiota
of	dizygotic	twins	[93,	94].	However,	it	is	worth	to	underline	that	one
study	with	monozygotic	and	dizygotic	twins	suggests	that	the	overall
heritability	of	the	microbiome	is	low	[55].	Thus,	although	genetic
factors	of	the	hosts	presumably	affect	the	intestinal	microbiota
composition,	these	genetic	factors	are	likely	to	have	less	impact	on	the
general	population	than	the	environmental	factors	[95],	and	notably
the	factors	related	to	nutrition.	Although	it	appears	that	the	intestinal



microbiota	in	one	given	individual	is	rather	stable	in	the	long-term
perspective,	episodes	of	imbalance	of	gut	microbiota	composition,
called	dysbiosis,	are	observed	on	some	occasions,	and	such	imbalance
has	been	associated	with	alterations	of	intestinal	epithelium	physiology
and	metabolism,	as	will	be	developed	in	Chap.	4.

Microbiota	Composition	and	Metabolic	Activity	toward
Alimentary	Compounds	Can	Be	Modi�ied	by	Pharmaceuticals,
and	Microbiota	Can	Metabolize	Some	Pharmaceuticals
Diverse	pharmaceuticals	can	modify	the	microbiota	composition	in
humans	[96],	and	thus	its	overall	metabolic	activity	toward	compounds
present	in	the	alimentation.	Thus,	treatment	with	pharmaceuticals	can
modify	the	luminal	concentrations	of	bacterial	metabolites	derived
from	dietary	compounds,	and	then	can	modify	the	metabolic	crosstalk
between	the	intestinal	microbes	and	their	lodging	host	[97].	An
illustrating	example	of	such	interaction	is	given	by	a	study	showing	that
individuals	carrying	an	intestinal	microbiota	with	high	capacity	for	p-
cresol	production	from	tyrosine	display	reduced	capacity	to	sulfonate
acetaminophen	(known	as	paracetamol	in	Europe),	because	of
competition	between	absorbed	p-cresol	and	acetaminophen	for	o-
sulfonation	in	the	liver	[98].	This	study	is	of	prime	importance	as	it
demonstrates	metabolic	competition	between	a	metabolite	produced
by	the	intestinal	microbiota	and	a	drug	largely	used	for	the	treatment	of
fever	and	pain	[99]	(Fig.	2.2).



Fig.	2.2 An	illustrative	example	of	metabolic	competition	between	a	bacterial	metabolite	and	a
commonly	used	drug	by	the	intestinal	microbiota.	P-cresol	is	a	bacterial	metabolite	produced	by
the	intestinal	microbiota	from	tyrosine	while	acetaminophen	is	largely	used	for	fever	and	pain
treatment.	These	compounds	compete	for	o-sulfonation	in	the	liver	cells



In	turn,	microbiota	is	known	to	metabolize	some	of	the
pharmaceuticals	used	for	the	treatment	of	diverse	pathologies	[100].
Microbes	are	equipped	with	a	battery	of	enzymes	which	metabolize
xenobiotics	(notably	pharmaceuticals	in	that	case),	and	which	are	often
different	from	the	enzymatic	activities	of	the	host	[101].	These	bacterial
enzymes	include	hydrolases,	lyases,	oxidoreductases,	and	transferases
[102–104],	all	these	activities	being	potentially	able	to	modify
pharmaceutical	chemical	structures,	and	thus	their	activities.

In	fact,	the	human	gut	microbiota	is	known	to	transform	more	than
170	pharmaceuticals	into	metabolites	with	modi�ied	pharmacological
properties	when	compared	with	the	parent	compounds	[96,	101,	105].
For	instance,	sulfasalazine,	a	pharmaceutical	compound	used	for
in�lammatory	bowel	disease	medication	[106],	is	absorbed	by	the	small
intestine	up	to	15–30%,	while	the	rest	of	the	compound	is	reduced	by
gut	microbes	into	sulfapyridine	and	the	active	anti-in�lammatory	agent
5-aminosalicylic	acid	(5-ASA)	[107,	108].	Then,	various	intestinal
bacteria	can	metabolize	5-ASA	into	N-acetyl	5-ASA,	a	metabolite	that
lacks	anti-in�lammatory	activity	[97].	Of	note,	considerable	variability
in	acetylation	rate	of	5-ASA	has	been	observed	in	human	fecal	samples
[109],	and	among	bacterial	species	[110],	such	variability	explaining
presumably	partly	the	differences	between	patients	of	the	ef�iciency	of
drug	treatment.	This	observation	encourages	further	studies	on
possible	implication	of	such	microbial	metabolic	heterogeneity	in	the
variable	therapeutic	ef�icacy	of	sulfasalazine	among	patients	af�licted
by	in�lammatory	bowel	diseases.	Although	N-acetyl	ASA	is	without	anti-
in�lammatory	effect,	this	bacterial	metabolite	inhibits	the	growth	of
anaerobes,	including	Clostridium	dif�icile	[111],	thus	reinforcing	the
view	that	bacterial	metabolites	produced	from	pharmaceuticals	may
affect	the	intestinal	microbiota	composition,	and	its	overall	metabolic
activity	toward	available	substrates.

Key	Points
Intestinal	microbiota	gathers	bacteria,	archaea,	viruses,	and	fungi.
More	than	1000	bacterial	species	have	been	identi�ied	within	the	gut
microbiota,	but	around	150	species	are	found	within	the	intestine	of
one	given	individual.	The	composition	of	the	intestinal	microbiota	is
much	variable	when	comparing	different	individuals.



The	microbiota	colonizes	the	intestine	after	birth.	Three	years	after
birth,	the	intestinal	microbiota	composition	is	not	vastly	different	to
the	one	in	adult	age.	The	composition	of	the	intestinal	microbiota	is
rather	stable	in	the	long	term	after	�irst	years	of	age.	In	the	elderly,
the	microbiota	composition	gradually	evolves.
The	bacterial	metabolic	activity	depends	on	the	ability	of	dietary	and
endogenous	substrates.
Microbiota	composition	and	overall	metabolic	activity	mainly	depend
on	environmental	parameters,	and	to	a	much	lower	extent	on	the
individual	genetic	background.
Short-term	dietary	modi�ication	can	modify	microbiota	composition
and	metabolic	activity.

Microbiota	and	the	Host	Intestinal	Epithelium:	Binding	of
Microbe	Components	to	Epithelial	Cells	and	Consequences
Apart	from	the	metabolic	crosstalk	between	the	intestinal	microbiota
and	the	host,	the	microbiota	and	the	host	can	exchange	signals	through
the	recognition	of	microbial	components	by	the	intestinal	epithelial
cells.	These	components	can	bind	to	a	family	of	receptors	called	Toll-
like	receptors	(TLRs)	that	are	present	in	the	intestinal	epithelium.
These	microbial	components,	mainly	of	bacterial	and	viral	origin,
include	the	lipopolysaccharide	(also	called	LPS)	present	in	gram-
negative	bacteria,	the	bacterial	�lagellin,	viral	double-	and	single-
stranded	RNA,	and	various	microbial	lipids	and	lipoproteins	[112–116].
This	Toll-like	receptor	signaling	is	involved	in	multiple	physiological
processes	including	the	control	of	renewal	of	the	intestinal	epithelium,
the	epithelial	barrier	function,	and	the	immune	tolerance	toward	the
gut	microbiota,	thus	participating	in	gut	homeostasis	[117,	118].
Regarding	metabolites	produced	by	the	intestinal	bacteria	from
alimentary	compounds,	some	of	them,	just	like	microbial	components,
can	also	bind	to	receptors	present	on	host	cells	and	modulate	host
physiological	functions	as	will	be	detailed	in	the	following	chapters.

Microbiota,	Production	of	Toxins,	and	the	Host	Intestinal
Epithelium
Bacterial	toxins,	mostly	made	of	different	proteins	or	peptides
produced	by	the	metabolic	activity	of	bacteria,	are	generally	considered



as	a	family	of	compounds	that	are	distinct	from	the	family	of	bacterial
metabolites	[119].	Emerging	data	point	toward	an	effect	of	bacterial
metabolites	on	some	bacterial	species	that	produce	toxins.

Several	compounds	produced	by	intestinal	bacteria	are	known	to	be
deleterious	for	the	host	tissues.	Just	to	take	a	�irst	example	of	such
toxins,	toxin	A	and	toxin	B	that	are	produced	by	C.	dif�icile	act	on	the
colonic	epithelium	and	immune	cells,	resulting	in	increased	�luid
secretion	and	in�lammation	[120].	Interestingly,	the	luminal
environment	can	in�luence	germination	and	growth	from	clostridial
spores	[121].	The	secondary	bile	acid	deoxycholate	(that	is	synthesized
in	the	large	intestine	by	a	subset	of	anaerobic	bacteria	from	a	minor
proportion	of	unreabsorbed	bile	acids,	see	Chap.	3),	induces
germination	of	C.	dif�icile	spores	but	prevented	the	growth	of	this
bacteria	in	its	vegetative	form	[122].	Then,	it	appears	in	that	example
that	the	bacterial	metabolite	deoxycholate	is	acting	on	the	biology	of	C.
dif�icile.

Colibactin	is	another	example	of	bacterial	toxins	that	are	produced
by	different	bacterial	species	including	several	members	of	the
Enterobacteriaceae	family,	and	which	induce	chromosomal	instability
and	DNA	damage	in	colonic	epithelial	cells	[123–126].	However,	in	that
case,	there	is	still	no	information	on	the	effects,	if	any,	of	the	impact	of
the	luminal	environment	characteristics	on	the	production	of	colibactin
by	bacterial	species.

Key	Points
Not	only	bacterial	metabolites,	but	also	microbial	components,
mainly	from	bacterial	and	viral	origin,	can	bind	to	receptors	present
in	the	intestinal	epithelial	cells,	modulating	its	physiology	and
metabolism.
Some	bacterial	metabolites	can	affect	the	biology	of	toxin-producing
bacteria.
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Université	Paris-Saclay,	AgroParisTech,	INRAE,	Paris,	France

	
Abstract
Numerous	substrates	from	alimentary	origin	are	metabolized	by	the
gut	microbiota.	Their	luminal	concentrations	are	the	net	result	of
production,	utilization,	and	absorption	through	the	intestinal
epithelium.	Undigested	proteins	in	the	colon	are	degraded	into	amino
acids	by	the	bacteria	which	utilize	them	for	their	own	protein	synthesis
and	for	other	metabolic	pathways,	giving	rise	to	numerous	bacterial
metabolites.	Several	among	them,	including	formate,	oxaloacetate,	p-
cresol,	and	indole	are	used	for	microbial	communication.	Others	like
lactate	and	hydrogen	sul�ide	are	used	as	fuels	by	colonocytes.	Some	like
branched-chain	fatty	acids	are	involved	in	electrolyte	transport.	Indole
and	indole-related	compounds	represent	bene�icial	bacterial
metabolites	for	the	colonic	mucosa	physiology,	while	bacterial
metabolites	like	ammonia,	p-cresol,	and	hydrogen	sul�ide	affect	energy
metabolism	in	colonocytes	when	present	in	excess.	Polyamines
produced	by	intestinal	bacteria	are	involved	in	bacterial	growth	and
epithelium	renewal,	but	excessive	concentrations	of	putrescine	exert
deleterious	effects	on	the	intestinal	barrier	function.	The	intestinal
microbiota	produces	compounds	with	neurotransmitter	functions	in
the	host.	Norepinephrine	for	instance	is	involved	in	bacterial
communication,	while	dopamine	and	tryptamine	are	involved	in	colon
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physiology.	Consumption	of	high-protein	diet	by	volunteers	modi�ies
the	bacterial	metabolite	pro�ile	as	well	as	the	expression	of	genes
involved	in	the	epithelium	renewal	processes	in	rectal	biopsies.
Regarding	indigestible	polysaccharides,	they	are	metabolized	by	the
intestinal	microbiota	giving	rise	to	short-chain	fatty	acid	production.
Among	these	latter,	butyrate	is	highly	metabolized	in	the	mitochondria
of	colonocytes,	allowing	energy	production	and	regulation	of	the
cytosolic	concentration	of	butyrate.	Such	regulation	appears	crucial	for
determining	the	effects	of	butyrate	on	gene	expression.	In	addition,
short-chain	fatty	acids	are	involved	in	different	aspects	of	colon
physiology,	including	notably	the	regulation	of	the	intestinal	immune
system.	Lower	intake	of	indigestible	polysaccharides	shifts	the
metabolic	activity	of	the	intestinal	bacteria	to	other	sources	of
substrates	like	amino	acids	and	lipids.	Regarding	lipids,	few
proportions	of	them	are	usually	transferred	from	the	small	to	the	large
intestine.	The	effects	of	lipid-derived	bacterial	metabolites	on	the
colonic	epithelium	have	been	little	investigated.	The	effects	of
phytochemicals,	notably	polyphenols,	on	the	colon	epithelium	have
been	investigated,	and	bene�icial	effects	of	several	polyphenol-derived
bacterial	metabolites	have	been	reported	in	different	experimental
situations.	Regarding	vitamins	of	the	B	group,	although	the	intestinal
bacteria	use	primarily	these	compounds	for	their	own	metabolism	and
growth,	a	part	of	bacteria-derived	vitamins	B	may	remain	available	for
the	host.	Lastly,	it	has	been	shown	that	several	food	additives	and
compounds	produced	during	cooking	processes	are	metabolized	by	the
intestinal	microbiota	giving	rise	to	bacterial	metabolites	with	biological
activities	on	the	colonic	epithelium.

Keywords Bacterial	metabolites	–	Alimentary	compounds	–	Metabolic
and	physiological	effects	–	Microbial	communication	–	Metabolic
interactions

As	can	be	easily	imagined,	the	rapid	growth	of	bacteria	within	the	large
intestine	content	requires	extensive	amounts	of	substrates	that	are
provided	by	the	host.	Approximately	half	of	the	bacterial	biomass	in	the
colon	is	lost	via	the	feces	every	day	[1],	thus	indicating	an	intense



bacterial	growth	and	associated	anabolism	(synthesis)	that	is	possible
only	if	the	required	substrates	are	available	in	suf�icient	quantities.	The
substrate	requirement	for	bacterial	growth	in	terms	of	quantities	is
much	different	depending	on	the	concentration	of	bacteria	in	one	given
part	of	the	intestine.	In	the	colon,	where	the	concentration	of	bacteria	is
very	high,	the	substrate	requirement	is	obviously	much	higher	than	in
the	proximal	part	of	the	small	intestine.	The	situation	in	the	distal	part
of	the	small	intestine,	thus	in	the	distal	ileum,	is	intermediate	with	an
already	high	concentration	of	bacteria.	In	addition,	in	the	large
intestine,	in	contrast	with	the	situation	in	the	small	intestine,	there	is	a
relatively	long	stasis	of	the	luminal	content,	thus	increasing	the	time
during	which	bacteria	are	in	contact	with	their	substrates.

Production	of	Metabolites	by	Intestinal	Bacterial	Species
Depends	on	Substrate	Availability	and	on	Bacterial	Metabolic
Capacities
The	bacteria	are	thus	dependent	on	the	dietary	substrates	consumed	by
the	host,	but	they	also	use	endogenous	substrates	produced	in	the	body.
During	metabolism	of	dietary	substrates,	intestinal	bacteria	can
produce	numerous	metabolic	end	products.	They	can	also	produce
intermediary	products	that	can	accumulate	if	the	synthesis	rate	is
greater	than	its	further	metabolism.	These	metabolites	can	accumulate
in	the	luminal	�luid.	They	can	be	in	different	forms,	either	as	a	gas	that
can	be	partly	dissolved	in	the	aqueous	phase	of	the	luminal	content,
dissolved	in	case	of	hydrophilic	metabolites,	or	for	hydrophobic
compounds	in	poorly	or	not	dissolved	form.	The	metabolites	generated
by	the	microbiota	can	be	either	in	free	form	or	can	be	bound	to	various
luminal	compounds	[2].

The	concentration	of	a	given	bacterial	metabolite	in	the	intestinal
content	at	a	given	time	will	be	primarily	the	net	result	of	its	production
by	the	synthesizing	bacterial	species,	of	its	utilization	by	other	bacteria
in	the	consortium	with	the	appropriate	metabolic	capacities,	and	of	its
absorption	across	the	intestinal	epithelium.	In	other	word,	for	a	given
stable	population	of	bacteria	within	the	intestinal	content,	the	substrate
availability	will	be	one	of	the	main	parameters	in	�ixing	amounts	of
bacterial	metabolites	produced.	The	absorption	of	the	bacterial
metabolites	will	depend	on	numerous	parameters	including	the	form	in



which	bacterial	metabolites	are,	either	in	free	or	bound	form.	The
physical	form	of	some	bacterial	metabolites,	either	cationic,	anionic,	or
neutral	will	be	also	important,	notably	for	transport	and	diffusion
across	the	intestinal	epithelium.	The	concentrations	of	bacterial
metabolites	available	for	microbial	communication	and	for	microbial-
host	communication	will	be	the	primary	parameters	that	will
determinate	the	effects	of	these	compounds.

3.1	 Metabolism	of	Proteins	and	Amino	Acids
by	the	Intestinal	Microbiota	and	Impact	on	the
Intestinal	Epithelium	Metabolism	and
Functions
In	the	small	intestine,	the	digestion	of	proteins	by	the	exocrine
pancreas	secretion	releases	peptides	and	amino	acids.	Although	the
intestinal	bacteria	have	the	capacity	to	synthesize	amino	acids	for	their
own	metabolism,	not	all	bacterial	species	are	able	to	synthesize	all
amino	acids,	and	thus	they	depend	on	the	amino	acids	provided	by	the
host.	The	bacteria	present	in	the	small	intestine	can	compete	on	some
occasion	with	the	host	for	amino	acid	utilization,	but	the	part	of	amino
acids	provided	by	the	host	to	the	small	intestine	microbiota	is	very	low
compared	to	the	amino	absorbed	by	the	host.	Of	note,	in	the	pig	model,
it	has	been	demonstrated	that	dietary	and	endogenous	proteins	from
host	are	signi�icant	contributors	for	microbial	protein	synthesis	in	the
distal	small	intestine	[3].	Incidentally,	the	pig	represents	an
irreplaceable	experimental	model	for	intestinal	physiologists	and
nutritionists,	as	well	as	for	gastroenterologists	[4,	5].	The	pig	model	is
generally	a	more	relevant	model	for	extrapolation	to	humans	than
rodents	[6].	Pigs	are	omnivorous,	make	spontaneous	individual	meals,
and	display	similarities	with	humans	regarding	nutritional
requirements	[7,	8].	The	pig	model	is	advantageous	since	it	allows	the
recovery	of	large	numbers	of	enterocytes	and	colonocytes,	even	in
neonates,	thus	allowing	the	test	of	dietary	intervention	on	intestinal
cell	metabolism	and	physiology	at	different	stages	of	development	[9],
as	well	as	measurement	of	parameters	related	to	digestion	and
absorption.	Despite	the	numerous	advantages	in	the	utilization	of	the



pig	model,	when	comparing	pigs	and	humans,	differences	are	observed
regarding	gut	anatomy	[10]	and	microbiota	composition.	Xiao	and
collaborators	have	determined	the	gut	microbiota	characteristics	in	pig
fecal	samples	[11]	and	found	in	pigs	a	total	of	7.7	million	non-
redundant	genes	representing	719	metagenomic	species.	When
comparing	the	functional	pathways	identi�ied	in	pigs	and	humans,	96%
of	the	functional	pathways	in	humans	are	present	in	the	catalogue	of
the	pig	microbiota	community,	suggesting	that	the	pig	represents	a
rather	good	model	for	extrapolation	from	pig	fecal	microbiota
metabolic	activity	data	to	humans.

In	the	mammalian	large	intestine,	most	amino	acids	are	not	directly
available	for	the	microbiota	to	any	large	extent.	This	is	because	the
process	of	amino	acid	absorption	by	the	small	intestine	is	ef�icient,	so
that	small	amounts	of	free	amino	acids	are	transferred	from	the	small
to	the	large	intestine	[12].	In	the	large	intestine,	the	amino	acids
originate	mainly	from	the	proteins	that	have	not	been	digested,	or	not
fully	digested	in	the	small	intestine	[13]	(Fig.	3.1).	Indeed,	although	the
process	of	protein	digestion	is	an	ef�icient	process,	with	digestibility
being	in	most	cases	equal	or	even	higher	than	90%	[14–18],	a
signi�icant	amount	of	undigested,	or	not	fully	digested	proteins	is
transferred	through	the	ileocaecal	junction	from	the	small	to	the	large
intestine	[19].	Some	dietary	proteins	are	more	resistant	to	digestion	by
the	proteases	secreted	in	the	intestine	from	the	exocrine	pancreas,	and
thus	these	undigested	proteins	are	transferred	in	larger	part	from	the
small	to	the	large	intestine.	These	proteins	include	for	instance	gluten
which	is	relatively	resistant	to	digestion	due	to	the	presence	of	proline
sequences	[20].	The	amounts	of	proteins	transferred	through	the
ileocecal	junction	represent,	depending	on	the	dietary	habit	and	the
individual	metabolic	pro�iles,	between	6	and	12	g	dietary	and
endogenous	proteins	[12,	21–23].	The	amounts	of	undigested	proteins
can	be	usefully	compared	to	the	usual	protein	consumption	in
geographical	areas	like	Europe	and	the	USA,	which	averages
approximately	85	g	per	day	in	adults	[24,	25].



Fig.	3.1 Transfer	of	undigested	protein	from	the	small	to	the	large	intestine	and	utilization	of	this
nitrogenous	material	by	the	intestinal	microbiota.	This	scheme	indicates	transfer	of	undigested
proteins	from	the	ileum	to	the	colon	through	the	ileocecal	junction.	While	pancreatic	proteases	in
the	luminal	�luid	of	the	small	intestine	release	oligopeptides	and	amino	acids	that	are	absorbed	by
the	enterocytes,	amino	acids	released	in	the	large	intestine	by	the	microbial	metabolic	activity
cannot	be	absorbed	through	the	colonocytes.	In	the	large	intestine,	amino	acids	are	mainly	used



for	microbial	protein	synthesis	and	to	produce	bacterial	metabolites	among	which	several	of	them
are	absorbed	in	the	portal	blood

In	the	large	intestine,	the	bacterial	proteases	and	peptidases	release
amino	acids	from	luminal	proteins	[26].	These	amino	acids,	at
difference	with	the	situation	in	the	small	intestine,	cannot	be	absorbed
to	any	signi�icant	extent	by	the	colonic	epithelium	of	mammals	[27],
except	during	the	neonatal	period	[28–30].	These	amino	acids	are	thus
available	for	utilization	by	the	intestinal	bacteria	for	their	own	protein
synthesis	and	utilization	in	other	metabolic	routes,	with	production	of
numerous	metabolites	[31]	as	will	be	detailed	in	the	following	chapters.
This	is	an	important	aspect	of	the	host-microbiota	metabolic	crosstalk
where	the	host	provides	amino	acids	to	bacteria.

In	the	Small	Intestine,	Bacteria	can	Provide	Essential	Amino
Acids	to	the	Host,	But	the	Metabolic	Crosstalk	Between	Host	and
Bacteria	Appears	Much	more	Orientated	Towards	the	Supply	of
Amino	Acids	to	Bacteria	by	the	Host
On	the	opposite,	there	are	some	reasons	to	consider	that	bacteria	may
provide	some	amino	acids	to	the	host,	and	notably	some	among	the	so-
called	indispensable	amino	acids	[32].	These	amino	acids	are	called
indispensable	because	not	synthesized,	or	not	suf�iciently	synthesized,
to	provide	enough	amino	acids	in	comparison	with	the	requirement	for
protein	synthesis	and	optimal	physiological	functions	[33].	These
indispensable	amino	acids	must	then	be	provided	by	the	dietary	supply.
Indispensable	amino	acids	gather	9	amino	acids	(isoleucine,	leucine,
valine,	lysine,	methionine,	phenylalanine,	threonine,	tryptophan,	and
histidine)	among	the	20	amino	acids.	From	a	metabolic	point	of	view,
among	the	nine	indispensable	amino	acids,	two	amino	acids,	namely
lysine	and	threonine,	are	considered	as	strictly	indispensable	as	they
cannot	be	synthesized	in	the	body,	notably	by	reamination	of	their
corresponding	keto	acids	[34].	Among	the	11	other	amino	acids,	six	of
them	(arginine,	cysteine,	proline,	tyrosine,	glutamine,	and	glycine)	are
classi�ied	as	conditionally	indispensable,	because	their	biosynthesis
capacity	in	the	body	tissues	may	be	insuf�icient	compared	to	the
requirement	in	speci�ic	physiological	or	pathophysiological	situations
[35,	36].



The	supply	of	some	indispensable	amino	acids	by	the	intestinal
microbiota	to	the	host	is	likely	to	happen	mainly	in	the	small	intestine
since,	as	said	above,	colon	does	not	absorb	amino	acids	to	any
signi�icant	extent	(Fig.	3.1).	For	instance,	a	study	has	examined	the
ability	of	germ-free	rats	(without	microbes),	and	conventional	rats
(with	microbes)	to	incorporate	15N	from	15NH4Cl	into	body	lysine	(an
amino	acid	which	is	not	transaminated	in	mammalian	tissues),	to
determine	if	the	15N	enrichment	found	in	the	lysine	is	due	to	absorption
of	lysine	synthesized	by	the	intestinal	microbiota	[37].	The	authors
concluded	from	the	data	obtained	that	all	the	15N-lysine	measured	in
the	host	was	from	microbiota	origin.	In	the	pig	model,	it	appears	that
lysine	produced	by	the	gut	microbiota	is	mainly	used	for	protein
synthesis	in	the	splanchnic	area	(intestine	and	liver)	[38].	In	human
infants,	it	has	been	determined	that	amino	acids	in	plasma	can	derive
from	urea	after	hydrolysis	and	utilization	of	nitrogen	by	the	intestinal
microbiota	[39].	However,	in	this	latter	study,	the	mechanisms	by	which
amino	acids	synthesized	by	the	microbiota	enter	the	systemic	pool	of
amino	acids	was	not	determined,	but	this	is	performed	likely	by
absorption	through	enterocytes	of	the	small	intestine.

The	metabolic	fate	of	15N,	given	as	urea	or	ammonia,	to	human
volunteers	was	also	investigated,	and	results	show	that	threonine	from
intestinal	microbiota	origin	appears	in	blood	plasma	[40],	even	if	the
extent	of	such	contribution	to	the	whole-body	threonine	metabolism
could	not	be	estimated	in	this	study.	These	results	are	coherent	with	a
study	showing	that	genes	involved	in	threonine	synthesis	are	present	in
the	core	of	functional	genes	expressed	by	the	human	gut	microbiota
[41].	However,	the	respective	parts	of	threonine	synthesized	by	the	gut
microbiota	for	its	own	protein	synthesis	or	left	available	for	protein
synthesis	in	host	is	not	known.

Overall,	the	supply	to	the	host	of	amino	acids	by	intestinal	bacteria
is	likely	to	represent	tiny	amounts	of	amino	acids	compared	to	the
dietary	supply	of	amino	acids	through	protein	digestion	[42].	Thus,
although	the	respective	parts	of	amino	acids	supplied	by	the	host	to	the
bacteria,	and	the	part	supplied	by	the	bacteria	to	the	host	remain	to	be
precisely	determined,	the	�lux	of	amino	acid	in	the	metabolic	crosstalk
between	host	and	bacteria	appears	much	more	orientated	towards	the



supply	of	amino	acids	to	bacteria	by	the	host	than	supply	of	amino	acids
by	the	bacteria	to	the	host	(Fig.	3.1).

Several	indirect	evidence	support	this	latter	proposition.	Firstly,
when	comparing	apparent	absorption	of	some	amino	acids	measured
in	vivo	with	the	metabolic	capacities	of	isolated	enterocytes	towards
these	amino	acids,	it	appears	that	the	microbiota	is	likely	to	participate
in	the	metabolism	of	amino	acids	present	in	the	luminal	�luid.	For
instance,	in	the	pig	model,	lysine	is	very	little	oxidized	in	the
enterocytes	[43],	suggesting	that	this	amino	acid	is	mainly	used	in
enterocytes	for	protein	synthesis.	However,	when	expressed	as	a
percentage	of	the	enteral	tracer	input,	there	is	a	substantial	�irst-pass
intestinal	metabolism	of	lysine	(35%)	in	young	pigs	[44],	of	which	only
18%	is	recovered	in	the	pig	intestinal	mucosal	proteins.	As	lysine
catabolism	in	the	intestinal	mucosa	is	quantitatively	greater	than	the
amino	acid	incorporation	into	mucosal	proteins,	it	is	tempting	to
propose	that	the	intestinal	microbiota,	and	maybe	other	cell	types	than
the	enterocytes	in	the	intestinal	mucosa,	use	lysine	[45].	Regarding	this
latter	point,	it	is	noteworthy	that	the	intestinal	mucosa	contains	large
numbers	of	immune	cells	in	which	amino	acid	catabolism	appears	to
play	a	critical	role	in	both	innate	and	adaptative	immunity	in	close
relationship	with	the	modulation	of	the	gut	barrier	function	[46].

The	same	reasoning	can	be	made	for	other	indispensable	amino
acids	like	methionine	and	phenylalanine	which,	although	virtually	not
catabolized	in	isolated	enterocytes	[43],	appear	to	be	utilized	in	the
intestine,	and	probably	partly	by	the	intestinal	microbiota.	Indeed,	in
the	young	pig	model	again,	the	net	portal	balance	of	methionine
represents	48%	of	intake,	suggesting	that	a	relatively	large	part	of	the
available	methionine	is	consumed	within	the	intestine	[44,	47].	In
accordance	with	these	results,	the	parenteral	methionine	requirement
(methionine	given	in	blood)	is	approximately	70%	of	the	enteral
requirement	(methionine	given	in	the	stomach)	in	pigs	[48].	Regarding
phenylalanine,	it	has	been	determined	that,	despite	no	measurable
catabolism	in	enterocytes,	there	is	marked	�irst-pass	metabolism	of	this
amino	acid	in	young	pigs	(35%	expressed	as	a	percentage	of	the	enteral
tracer),	of	which	18%	is	recovered	in	mucosal	proteins	[44].



In	Both	the	Small	and	Large	Intestine,	Numerous	Bacterial
Species	do	not	Possess	the	Capacities	for	the	Synthesis	of	all	the
Amino	Acids
Many	of	the	metabolic	pathways	involved	in	amino	acid	synthesis	in
bacteria	are	conserved	across	the	bacterial	lineages,	including	those
inhabiting	the	intestine	[49].	However,	major	differences	are	observed
when	comparing	the	metabolic	capacity	for	amino	acid	synthesis	at	the
species	and	strain	levels.	For	instance,	whole	genome	analysis	has
shown	that	the	gut	bacterium	Clostridium	perfringens	displays	no
metabolic	capacity	for	the	synthesis	of	glutamate,	arginine,	histidine,
lysine,	methionine,	serine,	threonine,	aromatic	and	branched-chain
amino	acids	[50];	and	thus,	depend	on	the	host	for	the	supply	of	these
amino	acids	for	their	metabolic	needs.	Another	gut	bacterium,
Lactobacillus	johnsonii,	appears	incapable	of	carrying	out	synthesis	of
almost	all	amino	acids	due	to	a	lack	of	complete	anabolic	pathways
[51].	Other	intestinal	bacteria	including	Campylobacter	jejuni,
Enterococcus	faecalis,	and	Streptococcus	agalactiae,	are	able	in
mammals,	including	humans,	to	carry	out	the	synthesis	of	only	speci�ic
amino	acids	[52].	In	contrast,	other	intestinal	bacteria	like	Clostridium
acetobutylicum	are	equipped	with	a	complete	set	of	genes	for	amino
acid	biosynthesis	[53].	It	is	worth	keeping	in	mind	that	the	sole
presence	of	genes	implicated	in	amino	acid	synthesis	within	one	given
bacterium	does	not	allow	to	conclude	on	their	functionality	in	terms	of
capacity	for	amino	acid	synthesis.	A	typical	example	of	such	limitation
is	found	for	the	common	gut	bacterium	Lactococcus	lactis,	for	which	the
genes	allowing	the	synthesis	of	the	20	amino	acids	have	been	identi�ied,
but	these	bacteria	require	supplementation	with	isoleucine,	valine,
leucine,	histidine,	methionine,	and	glutamate	for	growth,	since	genes
involved	in	the	biosynthetic	pathways	of	these	amino	acids	have	been
demonstrated	to	lead	to	non-functional	pathways	due	to	point
mutations	[54,	55].

To	describe	the	metabolic	pathways	that	are	involved	in	the
synthesis	of	amino	acids	by	the	gut	bacteria,	it	is	useful	to	de�ine
families	of	amino	acids	that	are	linked	by	the	metabolic	steps	involved.
These	descriptions	are	also	of	interest	as	it	allows	to	visualize	several
metabolites	that	are	used	during	bacterial	amino	acid	biosynthesis,	and
that	are	active	on	the	intestinal	ecosystem,	like	ammonia	and	hydrogen



sul�ide	(see	next	paragraph).	In	the	glutamate	family	of	amino	acids
(glutamate,	glutamine,	proline,	arginine),	proline	and	arginine	are
derived	in	bacteria	from	glutamate;	while	glutamine	is	synthesized
from	glutamate	and	ammonia	[56–58].	In	the	Fig.	3.2,	the	most	common
pathways	are	presented,	but	alternative	pathways	have	been	described
in	some	bacterial	species	[49].

Fig.	3.2 Bacterial	biosynthetic	pathways	of	glutamate	amino	acid	family.	In	this	scheme,	the
utilization	of	ammonium	for	the	biosynthesis	of	glutamate	and	glutamine	is	underlined	since	such
utilization	likely	contributes	to	�ix	the	ammonia	concentration	in	the	luminal	�luid

Regarding	the	serine	family	that	is	made	by	serine,	glycine,	and
cysteine,	serine	is	the	precursor	for	the	synthesis	of	glycine	and
cysteine	in	bacteria	(Fig.	3.3)	[59,	60].	As	indicated	in	the	�igure,
hydrogen	sul�ide	(H2S)	is	involved	as	co-precursor	for	the	synthesis	of
cysteine	in	bacteria.



Fig.	3.3 Bacterial	biosynthetic	pathways	of	serine	amino	acid	family.	In	this	scheme,	the
utilization	of	hydrogen	sul�ide	(H2S)	for	cysteine	synthesis	is	underlined	since	it	likely	contributes
to	the	H2S	concentration	in	the	luminal	�luid

The	aspartate	family	is	made	up	by	aspartate	itself	and	by	the	four
amino	acids	derived	from	this	amino	acid	(asparagine,	lysine,
threonine,	methionine),	with	ammonia	and	hydrogen	sul�ide	being
implied	in	some	of	the	metabolic	pathways	(Fig.	3.4)	[61–63].



Fig.	3.4 Bacterial	biosynthetic	pathways	of	aspartate	amino	acid	family.	In	this	scheme,	the
utilization	of	ammonium	for	the	biosynthesis	of	asparagine,	and	the	utilization	of	hydrogen	sul�ide
(H2S)	for	the	synthesis	of	methionine	are	underlined	since	it	likely	contributes	to	the
concentrations	of	these	bacterial	metabolites	in	the	luminal	�luid

In	the	pyruvate	family	(isoleucine,	valine,	leucine,	alanine),	pyruvate
is	the	precursor	of	isoleucine,	valine,	and	leucine	in	metabolic	pathways
involving	several	steps,	while	being	converted	to	alanine	in	a	single	step
(Fig.	3.5)	[64].	Of	note,	ammonia	appears	to	be	involved	in	the
metabolic	pathways	linking	pyruvate	and	the	four	amino	acids.	The
most	common	pathway	for	pyruvate	conversion	to	alanine	is	the
pathway	that	uses	aspartate	as	co-precursor,	but	other	metabolic	routes
have	been	described	[49].



Fig.	3.5 Bacterial	biosynthetic	pathways	of	pyruvate	amino	acid	family.	In	this	scheme,	the
utilization	of	ammonium	for	the	biosynthesis	of	alanine,	isoleucine,	valine,	and	leucine	is
underlined	since	it	likely	contributes	to	the	ammonium	concentration	in	the	luminal	�luid

The	next	family	is	the	aromatic	family	that	gathers	phenylalanine,
tyrosine,	and	tryptophan	(Fig.	3.6).	The	most	common	pathways	for	the
synthesis	of	these	amino	acids	in	bacteria	start	with	the	condensation



of	the	glycolytic	intermediate	phosphoenolpyruvate	and	the	pentose
phosphate	pathway	intermediate	erythrose	4-phosphate,	followed	by
metabolic	steps	involving	ammonia	[65].

Fig.	3.6 Bacterial	biosynthetic	pathways	of	aromatic	amino	acid	family.	In	this	scheme,	the
utilization	of	ammonium	for	the	synthesis	of	tryptophan	is	underlined	since	it	likely	contributes	to
the	ammonium	concentration	in	the	luminal	�luid

Lastly,	the	histidine	family	is	made	solely	by	histidine.	Histidine
biosynthesis	in	bacteria	is	a	complex	ten-step	pathway.	The	works
performed	on	the	histidine	biosynthetic	pathways	have	been	mainly
made	using	E.	Coli,	Salmonella	typhimurium,	and	Corynebacterium
glutamicum,	demonstrating	globally	large	conservation,	with	however
some	differences	depending	on	the	different	species	examined	[54,	66].



Key	Points
In	the	small	intestine,	bacteria	can	use	a	part	of	amino	acids	provided
by	the	host	in	addition	to	the	ones	they	are	able	to	synthesize.
Conversely,	amino	acids	produced	by	the	bacteria	can	be	provided	to
the	host.
The	metabolic	crosstalk	between	host	and	bacteria	in	small	intestine
is	much	more	orientated	towards	the	supply	of	amino	acids	from
host	to	bacteria	rather	than	supply	of	amino	acids	from	bacteria	to
host.
In	the	large	intestine,	bacteria	release	amino	acids	from	undigested
proteins	and	use	them	for	protein	synthesis.	Bacteria	utilize	amino
acids	in	numerous	metabolic	pathways,	resulting	in	the	production	of
a	complex	mixture	of	metabolites.
Concentration	of	bacterial	metabolites	in	the	intestinal	�luid	depends
on	rate	of	production,	rate	of	utilization,	and	absorption	through	the
intestinal	epithelium.

Amino	Acid-Derived	Bacterial	Metabolites	and	Effects	on
the	Intestinal	Epithelium
The	amino	acid	metabolism	in	intestinal	bacteria	is	obviously	not
restricted	to	protein	synthesis,	and	bacteria	produce	numerous
metabolic	end	products	from	amino	acids.	Of	considerable	interest,
among	these	bacterial	metabolites,	several	of	them	are	known	from
several	decades	to	be	also	produced	by	the	host	cells,	and	to	exert
important	physiological	functions	that	are	known	to	be	disrupted	in
speci�ic	pathologies.	Other	metabolites	are	known	to	be	exclusively
produced	by	the	intestinal	bacteria,	since	the	host	tissues	have	no
metabolic	capacities	in	terms	of	enzymatic	equipment	to	produce	them.
This	distinction	is	important	to	consider	when	evaluating	the	impact	of
bacterial	metabolite	production	on	the	physiology	and	metabolism	of
the	host.

In	the	following	paragraphs,	the	metabolites	produced	from	amino
acids	by	the	intestinal	bacteria	will	be	individually	presented	together
with	what	is	known	on	their	action	on	the	intestinal	epithelium,	and	on
the	consequences	of	such	action	on	intestinal	physiology	and
metabolism.	Then,	the	overall	effects	of	an	increase	in	the	amount	of



dietary	protein	on	the	colonic	ecosystem	will	be	presented	together
with	the	consequences	of	such	increase	for	the	colonic	physiology.

Bacteria	Degrade	Protein	Obtained	from	the	Host	and	Use
Amino	Acids	for	Their	Metabolism
Although	the	identi�ication	and	biochemical	characterization	of	the
bacterial	proteases	and	peptidases	that	are	involved	in	the	degradation
of	dietary	and	endogenous	sources	of	proteins	have	been	little	studied,
it	appears	that	the	intestinal	microbiota	is	equipped	to	perform
proteolysis	of	the	available	substrates	[67,	68].	Some	bacteria,	such	as
lactic	acid	bacteria,	have	developed	proteolytic	systems	to	compensate
for	their	reduced	capabilities	to	synthesize	amino	acids	[69].	These
proteolytic	systems	include	extracellular	proteases	that	degrade
proteins	into	smaller	oligopeptide,	and	this	is	followed	by	their	entry
into	bacteria	via	transporters.	Finally,	numerous	intracellular
peptidases	degrade	the	peptides	into	shorter	peptides	and	amino	acids
[70,	71].	Amino	acids	and	their	metabolites	can	be	imported	and
exported	from	the	bacteria	via	transmembrane	proteins	[72],	allowing
regulation	of	the	concentrations	of	these	compounds	in	the	bacterial
cells,	and	allowing	presumably	amino	acid	exchange	between	bacterial
species.	Ef�lux	systems	for	some	amino	acids	such	as	lysine,	arginine,
threonine,	cysteine,	leucine,	isoleucine,	and	valine	have	been	well-
described	in	the	bacteria	E.	coli	and	Corynebacterium	glutamicum	[73].

Bacteria	may	directly	incorporate	the	available	amino	acids	as
substrates	for	protein	biosynthesis	or	may	use	them	as	energy
substrates	or	in	various	other	metabolic	pathways.	Protein	synthesis
appears	to	be	a	major	pathway	for	amino	acid	utilization	by	bacteria	of
the	small	intestine	[74].

Low	oxygen	concentration	is	a	characteristic	of	the	intestinal
luminal	content,	but	due	to	some	oxygen	diffusion	from	the	capillary
network	in	the	lamina	propria	situated	below	the	intestinal	epithelium,
there	is	a	zone	adjacent	to	the	intestinal	mucosa	where	oxygen
concentration	is	likely	somewhat	higher	than	in	zones	situated	more
distally	[75].	Under	aerobic	environment,	bacteria	typically	convert
alpha-amino	acids	to	their	corresponding	alpha-keto	acids	or	saturated
fatty	acids	via	transamination	or	deamination,	the	alpha-keto	acids
being	then	used	as	energy	substrates	in	the	tricarboxylic	cycle.



In	healthy	adults,	the	distal	parts	of	the	intestinal	tract	usually
harbor	large	communities	of	obligate	anaerobes	[76]	that	live	in	the
absence	of	oxygen	[77].	In	the	absence	of	oxygen	or	other	suitable
electron	acceptors,	only	strict	or	facultative	intestinal	anaerobic
bacteria,	such	as	Clostridia	and	Fusobacteria,	can	utilize	amino	acids	as
energy	source,	thus	fermenting	amino	acids	to	short-chain	fatty	acids,
hydrogen	(H2),	carbon	dioxide	(CO2),	and	ammonia,	together	with	the
production	of	other	bacterial	metabolites	including	H2S,	phenols,
alcohols,	and	various	organic	acids	[13,	78].	Several	mechanisms	for
alpha-amino	acid	degradation	have	been	described	in	anaerobic
bacteria,	including	the	Strickland	reaction	that	is	found	in	many
proteolytic	Clostridia.	This	latter	reaction	involves	the	coupled
oxidation	and	reduction	of	amino	acids	to	organic	acids.	Other
fermentation	pathways	found	in	various	Clostridia	as	well	as
Fusobacterium	spp.	and	Acidaminococcus	spp.	involve	single	amino
acids	that	act	as	electron	donors	as	well	as	acceptors	[57,	78].	The
genus	Clostridium	contains	unique	amino	acid	degradation	pathways,
such	as	B12-dependent	aminomutases,	selenium	containing
oxidoreductases,	and	oxygen-sensitive	2-hydroxyacyl-CoA	dehydratases
[79].	Amino	acids	can	also	be	metabolized	through	decarboxylation
reactions	ultimately	yielding	amines	and	polyamines	as	products.
Luminal	parameters,	such	as	pH,	can	in�luence	the	catalytic	activity	of
different	bacterial	enzymes,	such	as	deaminases	and	decarboxylases,
thus	affecting	the	production	of	speci�ic	end	products	[13].

Bacterial	Metabolism	of	Amino	Acids	Depends	on	the	Relative
Availability	of	Substrates
Amino	acids,	depending	on	their	structure	and	on	the	bacterial	species
considered,	may	be	utilized	for	speci�ic	metabolism	and	functions.	For
instance,	Clostridium	stricklandii	preferentially	uses	threonine,	arginine,
and	serine	for	carbon	and	energy	sources,	but	little	utilizes	glutamate,
aspartate,	and	aromatic	amino	acids,	and	uses	lysine	as	fuel	only	in
stationary	growth	phase	[79].

The	ratio	of	available	carbohydrates/proteins	determines	substrate
utilization	by	the	gut	microbiota	[80],	and	in	humans,	it	has	been
shown	that	higher	availability	of	complex	carbohydrates	(like	plant
�ibers	and	resistant	starch)	lowers	the	process	of	protein	fermentation



[81–83].	Interestingly,	bacteria	appear	to	be	able	to	modulate	their
metabolism	according	to	what	can	be	called	the	“energy	context.”
Indeed,	when	fermentable	carbohydrates	like	plan	�ibers,	are	abundant
for	intestinal	bacteria,	amino	acids	are	mostly	used	for	biosynthetic
processes	in	anabolic	reactions,	but	little	for	energy	production.	On	the
contrary,	in	a	context	of	low	availability	of	fermentable	carbohydrates,
several	amino	acids	are	largely	used	for	energy	production	[49].	Then
due	to	a	high	carbohydrate	fermentation	in	the	proximal	colon,	there	is
a	progressive	decrease	of	carbohydrate	availability	in	more	median	and
distal	parts	of	the	colon,	resulting	in	higher	protein	degradation	and
amino	acids	utilization	[84].	Longer	transit	time	is	also	associated	with
higher	level	of	protein	fermentation	[85,	86].	Therefore,	the	relative
amounts	of	non-digestible	carbohydrates	and	undigested/not	fully
digested	proteins	strongly	in�luence	the	bacterial	metabolism	in	the
large	intestine,	and	thus	the	�low	of	bacterial	metabolites	produced.
Approximately	half	of	the	metabolic	pathways	used	by	the	intestinal
microbiota	do	not	occur	in	the	cells	of	the	host,	and	the	largest	group	of
such	metabolic	pathways	involves	pathways	related	to	amino	acid
metabolism	[87].

Numerous	Amino	Acid-Derived	Bacterial	Metabolites	are	Active
on	the	large	Intestine	Epithelium
Fermentation	of	amino	acids	derived	from	protein	present	in	the
luminal	content	by	the	colonic	microbiota	produces	numerous
metabolites	(Fig.	3.7).	Several	of	these	metabolites	have	been	shown	to
be	involved	in	communication	between	microbes.	Regarding	the	effects
on	the	host	tissues,	bacterial	metabolites	have	been	shown	to	be	either
bene�icial	or	deleterious	for	the	host	intestinal	epithelium.	As	will	be
detailed,	some	bacterial	metabolites	appear	bene�icial	at	a	given
concentration,	while	being	deleterious	at	higher	concentrations.
Relevant	examples	of	the	bacterial	metabolites	produced	from	amino
acids,	and	their	effects	on	the	intestinal	epithelial	cells	are	presented
below.



Fig.	3.7 Production	of	bacterial	metabolites	from	amino	acids	in	the	large	intestine.	Amino	acids
released	from	the	undigested	dietary	and	endogenous	proteins	are	used	in	the	large	intestine
luminal	�luid	for	microbial	protein	synthesis	and	to	produce	numerous	bacterial	metabolites	that
can	be	absorbed	through	colonic	absorptive	epithelial	cells	in	the	portal	blood

Short-Chain	Fatty	Acids	are	Energy	Substrates	and	Modulators	of
Gene	Expression	in	Colonocytes



Some	speci�ic	amino	acids	released	from	undigested	proteins	by	the
colonic	microbiota	contribute	to	the	synthesis	of	the	short	chain-fatty
acids	(also	known	as	SCFAs)	butyrate,	acetate,	and	propionate	(Fig.	3.8)
[88].	These	compounds	are	recovered	at	millimolar	concentrations	in
human	colonic	�luid,	acetate	being	the	most	abundant,	followed	by
propionate	and	butyrate	as	detailed	in	paragraph	3.2	[89].	Although	it
is	well	known	that	dietary	substrates	for	short-chain	fatty	acid
production	are	mainly	�ibers	and	resistant	starches	[90],	isolated
colonic	bacteria	growing	in	vitro	on	proteins	as	the	only	available
carbon	source	have	been	demonstrated	to	produce	short-chain	fatty
acids,	as	well	as	branched-chain	fatty	acids	(also	called	BCFAs)	[91].
Butyrate	is	produced	by	the	gut	microbiota	from	glutamate	and	lysine
(Fig.	3.8).	Acetate	results	from	the	metabolism	of	glycine,	alanine,
threonine,	glutamate,	lysine,	and	aspartate.	Regarding	propionate,	it
can	be	synthesized	from	alanine	and	threonine	as	precursors	[19].	Of
note,	in	rodent	model,	the	consumption	of	a	diet	containing	high
amounts	of	proteins	increases	the	total	colonic	content	of	butyrate,
propionate,	and	acetate	[92].	The	short-chain	fatty	acids	produced	by
the	microbiota	are	used	as	energy	substrates	by	the	colonic	epithelial
cells	and	can	modify	gene	expression	in	these	cells	as	will	be	developed
in	the	paragraph	dedicated	to	dietary	polysaccharides.



Fig.	3.8 Production	of	short-chain	and	branched-chain	fatty	acids	from	amino	acids	by	the
intestinal	microbiota.	Although	the	main	substrates	for	short-chain	fatty	acid	production	are
undigested	polysaccharides,	several	amino	acids	are	used	by	the	intestinal	microbiota	for	butyrate,
acetate,	and	propionate	production.	In	contrast,	branched-chain	fatty	acids	(that	are	isobutyrate,
2-methyl	butyrate,	and	isovalerate)	are	produced	exclusively	from	amino	acids

Branched-Chain	Fatty	Acids	are	Regulators	of	Electrolyte
Movements	Through	the	Colonic	Epithelium
The	branched-chain	fatty	acids	isobutyrate,	2-methylbutyrate,	and
isovalerate	are	produced	from	indispensable	branched-amino	acids
that	are	valine,	isoleucine,	and	leucine	respectively	(Fig.	3.8).	They	are
present	in	much	lower	quantities	than	the	short-chain	fatty	acids	in	the
mammalian	large	intestine	content.	In	humans,	the	concentration	of
isobutyrate	in	the	colon	averages	approximately	2.6	mM,	while	the
concentration	of	isovalerate	averages	3.4	mM	[93].	Branched-chain
fatty	acids	originate	exclusively	from	the	breakdown	of	proteins,	and
are	not	produced	from	carbohydrates,	representing	therefore	good
indicators	of	protein	breakdown	by	the	intestinal	microbiota	in	the
intestinal	lumen	[94].	Thus,	�ive	amino	acids	among	the	nine
indispensable	amino	acids	are	used	for	short-chain	and	branched-chain
fatty	acid	production	by	the	microbiota.	Branched-chain	fatty	acids	are



produced	by	numerous	bacterial	species	including	Bacteroides,
Clostridium,	and	Prevotella	[95].	The	utilization	of	amino	acids	by	the
large	intestine	microbiota	can	be	viewed	as	metabolic	recycling	of
nutrients	by	bacteria	in	situation	where	the	digestive	capacity	of	the
host	is	exceeded.	Diets	with	a	high	proportion	of	proteins	are	thus
expected	to	modify	markedly	the	contents	of	branched-chain	fatty	acids
in	the	colonic	�luid	when	compared	with	diet	containing	more	limited
amounts	of	proteins,	and	this	is	exactly	what	is	observed	in	mammals
[92].

The	effects	of	short-chain	fatty	acids	and	branched-chain	fatty	acids
on	the	intestinal	epithelium	have	been	studied.	Among	branched-chain
fatty	acids,	isobutyrate	appears	to	exert	regulatory	roles	on	electrolyte
movements	through	the	colonic	epithelium	in	experimental	works.	This
capacity	appears	to	be	shared	with	short-chain	fatty	acids.	Isobutyrate
has	been	shown	to	change	the	movement	of	electrolytes	through	the
absorptive	cells	of	the	colonic	epithelium.	Indeed,	isobutyrate	increases
the	expression	of	an	apical	transporter	of	Na+	in	colonic	epithelial	cells
[96],	activates	the	Na/H	exchanger	in	colonic	crypts	[97],	and
stimulates	sodium	absorption	in	colonic	biopsies	[98].	Regarding
chloride,	isobutyrate	reduces	the	secretion	of	this	electrolyte	in	colonic
biopsies	[99,	100].	Incubation	of	isobutyrate	at	the	apical	side	of	the
colon	produced	an	alkalinization	of	the	crypt	lumen,	thus	indicating
that	this	branched-chain	fatty	acid	plays	a	role	in	�ixing	the
characteristics	of	the	microdomain	surrounding	the	colonic	crypt	[101].
Isobutyrate	appears	in	addition	to	be	used	as	a	fuel	by	colonocytes,
notably	when	butyrate	availability	is	de�icient	[102].	A	mixture	of	the
branched-chain	fatty	acids	isovalerate	and	isobutyrate	appears
protective	for	the	intestinal	epithelium	since	it	prevents	the	in	vitro
experimental	disruption	of	the	intestinal	epithelial	barrier	[103].

Lactate,	Succinate,	Formate,	and	Oxaloacetate:	Emerging	Effects
of	These	Organic	Acids	on	the	Intestinal	Ecosystem
Lactate	(isomers	D	and	L),	succinate,	formate,	and	oxaloacetate	are
organic	acids	produced	as	intermediary	metabolites	during	amino	acid
metabolism	by	the	bacteria	present	in	the	intestine	[19,	67].	These
organic	acids	are	found	in	the	range	of	micromolar-to-low	millimolar
concentrations	in	the	rat	colonic	content	[92].	Lactate	and	formate	can



be	detected	in	feces	recovered	from	healthy	donors,	but	high	variability
is	recorded	among	individuals	ranging	from	undetectable	value	up	to
millimolar	concentrations	[104].	In	human	colon,	lactate	concentration
averages	approximately	3.5	mM	[93].	Numerous	bacterial	species
produce	lactate,	including	notably	lactic	acid	bacteria	such	as
Lactobacillus	and	Enterococcus	[105].	Numerous	bacteria	including
Prevotellaceae	and	Veillonellaceae	are	known	succinate	producers
[106–108].

Several	organic	acids	have	been	shown	to	be	implicated	in	microbial
communication.	Formate,	when	secreted	by	the	pathogenic	bacteria
Shigella	�lexneri,	promotes	virulence	gene	expression	[109]	(Fig.	3.9).
Oxaloacetate	was	found	to	be	the	metabolite	by	which	the	bacteria
Escherichia	coli	helps	the	parasite	Entamoeba	histolytica	to	survive	in
the	large	intestine	[110].	This	result	is	of	notable	importance	given	the
fact	that	this	parasite	can	trigger	a	strong	in�lammatory	response	upon
invasion	of	the	colonic	mucosa	[111].



Fig.	3.9 Production	of	various	organic	acids	by	the	intestinal	microbiota	and	effects	of	these
bacterial	metabolites	on	microbial	communication	and	colonic	epithelial	cell	metabolism	and
physiology

In	rodent	models,	total	amounts	of	L-lactate,	D-lactate,	succinate,
and	formate	in	the	rat	colonic	�luid	are	several	folds	higher	when	the
amount	of	protein	is	increased	in	the	diet	[92].	Among	these	organic
acids,	lactate	and	pyruvate	are	known	to	be	transported	in	intestinal
epithelial	cells	by	members	of	the	monocarboxylate	transporter	family,



notably	by	the	MCT1	isoform	[112].	Of	note,	absorptive	colonocytes	are
characterized	by	a	high	capacity	for	L-lactate	oxidation,	a	capacity	that
is	even	higher	than	the	capacity	for	butyrate	oxidation	(Fig.	3.9)	[113].
Although	the	physiological	relevance	of	such	high	oxidative	capacity
remains	unknown,	such	metabolic	capacity	likely	regulates	the	amount
of	luminal	lactate	released	in	the	portal	vein.	Regarding	succinate,	the
concentration	of	this	metabolite	in	the	human	colon	averages
approximately	1.7	mM	[93].	The	detection	of	this	metabolite	by
intestinal	Tuft	cells	triggers	hyperplasia	and	hypertrophy	of	goblet	cells
in	the	distal	intestine	epithelium	[114].	In	addition,	succinate	produced
by	the	intestinal	microbiota	promotes	the	expansion	of	Tuft	cells,	an
effect	that	is	associated	with	a	reduction	of	signs	of	intestinal
in�lammation	in	the	mice	model	[115].

Ammonia	in	Excess	Disturbs	Short-Chain	Fatty	Acid	Oxidation
and	Energy	Production	in	Colonocytes
Ammonia,	considered	as	the	sum	of	ammonium	(NH4

+)	and	NH3	is
present	at	millimolar	concentrations	in	the	large	intestine	contents	of
mammals	including	humans	[116,	117].	Ammonia	is	mostly	in	the	form
of	ammonium	in	the	intestinal	luminal	content	given	the	pKa	of	this
weak	base	and	the	pH	of	the	luminal	�luid.	Ammonia	can	be	both
utilized	and	produced	by	the	intestinal	bacteria	[20]	(Fig.	3.10).
Ammonia	provides	one	main	source	of	nitrogen	for	amino	acids
synthesized	by	the	intestinal	bacteria,	and	this	compound	is	formed	by
the	intestinal	microbiota	mostly	from	the	conversion	of	urea	to
ammonia	by	the	bacterial	urease	activities,	and	to	a	lower	extent	by	the
degradation	of	numerous	amino	acids	[45,	118].	Urease	activities	are
present	in	different	bacterial	species	but	not	in	the	host	cells.	Although
urease	activity	in	Helicobacter	pylori	has	been	intensively	studied,	there
are	limited	data	regarding	urease	activities	in	the	large	intestine
microbiota	[119–121].	In	humans,	the	luminal	ammonia	concentration
progressively	increases	from	the	proximal	to	the	distal	colon	[84],	in
accordance	with	a	higher	rate	of	protein	fermentation	in	the	distal
colon.



Fig.	3.10 Production	and	utilization	of	ammonia	by	the	intestinal	microbiota	and	by	the	intestinal
epithelial	cells.	In	this	scheme,	ammonium	production	by	the	intestinal	bacteria	and	utilization	of
this	metabolite	by	bacteria	are	indicated.	Detoxi�ication	of	ammonium	in	the	mitochondria	of
colonocytes	allows	to	avoid	accumulation	of	excessive	concentrations	that	reduce	mitochondrial
oxygen	consumption,	and	thus	ATP	synthesis



The	luminal	ammonia	concentration	in	the	large	intestine	is
primarily	the	net	result	of	microbiota	utilization	and	production	and
absorption	from	the	luminal	content	to	the	portal	blood,	with	the
unabsorbed/unmetabolized	ammonia	being	excreted	in	feces	[122–
128].	Urea	is	formed	from	ammonia	in	the	liver	urea	cycle,	and	this
cycle	avoids	accumulation	of	ammonia	in	the	blood,	and	thus
deleterious	effects	of	excessive	concentrations	on	the	brain.	Urea	is
excreted	in	the	urine.	However,	a	minor	part	of	the	circulating	urea	can
diffuse	from	the	blood	to	the	intestinal	lumen,	serving	there	as	a
substrate	for	bacterial	ureases,	representing	thus	in	an	“host-bacteria
cycle,”	a	supply	of	ammonia	for	bacterial	anabolism	(Fig.	3.10).	Urea
transporters	are	expressed	in	the	colonic	mucosa	where	they	likely
participate	in	the	transfer	of	urea	from	the	circulation	to	the	intestinal
lumen	[129].	Large	amount	of	luminal	ammonia	can	be	absorbed
through	the	large	intestine	absorptive	epithelial	cells	in	mammals,
including	humans	[123,	128].	Ammonia	in	excess,	either	originating
from	the	colonic	content,	or	produced	in	colonocytes	from	glutamine
utilization,	inhibits	in	a	dose-dependent	manner	the	mitochondrial
oxygen	consumption	in	colonocytes	[130],	thus	representing	a
metabolic	troublemaker	towards	cell	respiration,	and	thus	energy
production	in	this	rapidly	renewed	structure.	In	addition,	high
millimolar	concentrations	of	ammonia	inhibit	short-chain	fatty	acid
oxidation	in	colonic	epithelial	cells	[131,	132].	However,	colonocytes
are	equipped	with	enzymatic	activities	that	allow	to	partly	detoxify
ammonia	in	the	mitochondria	of	colonocytes	during	its	transfer	from
the	luminal	content	to	the	bloodstream.	This	can	be	done	by	converting
ammonia	into	citrulline	in	two	metabolic	steps	[116,	133],	thus	limiting
the	inhibitory	effect	of	ammonia	in	excessive	concentrations	on
colonocyte	respiration	(Fig.	3.10).	Marked	energy	depletion	in	colonic
epithelial	cells	may	affect	colonic	epithelium	renewal,	and	thus	the
intestinal	barrier	function	[134].	Lastly,	excessive	concentrations	of
ammonia	increase	the	paracellular	permeability	between	colonocytes
[135].

Phenol	and	Phenol	Derivatives:	Putative	Deleterious	Effect	of
Phenol	in	Excess	for	the	Intestinal	Epithelium



Phenylalanine	catabolism	by	the	intestinal	bacteria	produces	phenyl-
containing	compounds	like	phenyl	pyruvate,	phenyl	lactate,	phenyl
acetate,	and	phenyl	propionate	[136].	Tyrosine	is	used	by	the	intestinal
microbiota	and	leads	to	the	production	of	hydroxyphenyl-containing
molecules,	including	hydroxyphenyl	pyruvate,	hydroxyphenyl	lactate,
hydroxyphenyl	propionate,	and	hydroxyphenyl	acetate.	Other	bacterial
metabolites	are	also	formed	from	tyrosine	like	phenol,	4-ethylphenol,
and	p-cresol	[137]	(p-cresol	will	be	presented	below	in	a	dedicated
paragraph).	In	humans,	the	excretion	and	concentration	of	phenol	in
feces,	that	is	approximately	equal	to	40	micromolar,	can	be	diminished
by	a	high	resistant	starch	diet	[81].	Phenols	are	the	major	products	of
aromatic	amino	acid	metabolism	in	the	distal	bowel,	and	phenol
concentration	appears	to	be	higher	in	the	distal	colon	than	in	the
proximal	colon	[138].

Little	is	known	on	the	effects	of	phenol	and	phenol-related
compounds	on	the	intestinal	epithelial	cells.	Phenol	in	excess	has	been
shown	to	be	cytotoxic	towards	colonocytes	[139],	and	to	increase
epithelial	permeability	in	in	vitro	model	of	human	intestinal	epithelial
cells	[20,	135,	140].

P-Cresol	in	Excess:	A	Bacterial	Metabolite	that	Favors
Clostridium	Dif�icile	Colonization	and	Affect	Energy	Production
in	Colonic	Epithelial	Cells
The	phenolic	compound	p-cresol	(4-methylphenol)	is	produced	from
the	amino	acid	L-tyrosine,	by	the	anaerobic	�lora	of	the	large	intestine
[137]	(Fig.	3.11).	P-cresol	cannot	be	synthesized	by	the	host	tissues	and
is	thus	exclusively	originating	from	the	metabolic	activity	of	the
microbiota.	The	p-cresol	concentrations	measured	in	the	human	colonic
content	is	in	the	low	millimolar	range	[81,	141–144].	In	mammals,	as
expected,	an	increase	of	the	dietary	protein	intake	raises	the	fecal	p-
cresol	concentration,	due	to	an	increased	availability	of	the	substrate	L-
tyrosine	originating	from	undigested	protein	for	bacterial	metabolic
activity	[145,	146].	Conversely,	the	fecal	excretion	of	p-cresol	is
diminished	by	a	diet	containing	resistant	starch	[81,	147]	or	�iber
[144].	The	p-cresol	concentration	in	the	large	intestine	content	has
been	measured	in	the	pig	model	and	averages	0.9	mM	[148].



Fig.	3.11 Production	of	p-cresol	by	the	intestinal	microbiota	and	effects	of	this	bacterial
metabolite	on	microbial	communication.	Excessive	concentrations	of	p-cresol	in	the	luminal	�luid
affect	energy	metabolism	in	colonocytes,	and	more	globally	intestinal	barrier	function

In	vitro	analysis	has	revealed	that	among	bacteria	present	in	the
human	gut,	speci�ic	families	of	bacteria,	namely	Fusobacteriaceae,
Enterobacteriaceae,	Clostridium,	and	Coriobacteriaceae,	are	strong	p-



cresol	producers	[149].	The	production	of	p-cresol	by	the	intestinal
bacteria	can	be	diminished	in	vitro	by	other	bacterial	metabolites	like
lactic	acid	[150],	thus	representing	an	interesting	illustration	on	the
way	a	given	bacterial	metabolite	can	have	an	in�luence	on	the
production	of	other	bacterial	metabolites	(Fig.	3.11).	Interestingly,	the
capacity	of	Clostridium	dif�icile	to	produce	p-cresol	has	been	linked	to
its	competitive	advantage	over	other	gut	bacteria,	including	Escherichia
coli,	Klebsiella	oxytoca,	and	Bacteroides	thetaiotaomicron	[151].	From	a
mouse	model	of	C.	dif�icile	infection,	it	has	been	shown	that	excessive	p-
cresol	production	affects	the	gut	microbiota	biodiversity	[151].	In
addition,	and	importantly,	by	removing	the	availability	of	C.	dif�icile	to
produce	p-cresol,	this	bacterium	is	less	able	to	recolonize	the	intestine
after	an	initial	infection	(Fig.	3.11).	This	result	is	of	major	importance
when	considering	that	Clostridium	dif�icile	is	a	major	cause	of	intestinal
infection	and	diarrhea	in	individuals	following	antibiotic	treatment
[152].	As	expected,	C.	dif�icile	can	tolerate	concentration	of	p-cresol	as
high	as	10	millimolar	[153,	154],	thus	a	much	higher	concentration
than	the	one	measured	in	the	large	intestine	of	mammals.	P-cresol	has
been	identi�ied	in	volunteers	as	a	fecal	biomarker	of	C.	dif�icile	infection
[155].

Although	p-cresol	is	known	to	be	absorbed	by	the	intestinal
epithelial	cells,	little	is	known	on	the	way	this	bacterial	metabolite	is
transported	from	the	luminal	side	to	the	bloodstream.	In	the	pig	model
with	implanted	catheters,	the	release	of	p-cresol	by	the	intestine	has
been	clearly	shown	[156],	demonstrating	trans-epithelial	transfer.

P-Cresol	can	be	Metabolized	by	the	Colonic	Epithelial	Cells
Giving	Rise	to	the	Production	of	Co-Metabolites
It	appears	that	a	part	of	p-cresol	originating	from	bacteria	can	be
metabolized	by	the	colonic	epithelial	cells	during	its	transcellular
journey.	Indeed,	in	volunteers,	capacity	of	the	colonic	mucosa	to
conjugate	phenolic	compounds	with	sulfate	(giving	rise	to	p-cresyl
sulfate)	and	glucuronide	(giving	rise	to	p-cresyl	glucuronide)	has	been
demonstrated	[157,	158].	In	an	elegant	study	by	Aronov	and
collaborators,	comparison	between	p-cresyl	sulfate	levels	in	plasma
from	volunteers	with	and	without	colon	strongly	suggests	that	colon
plays	a	role	in	the	production	of	this	latter	compound	[159].



The	compounds	that	are	originating	from	the	microbial	metabolic
activity,	and	that	are	modi�ied	by	the	host	are	called	co-metabolites
since	the	production	of	such	compounds	is	the	result	of	a	metabolic
interplay	between	the	intestinal	microbiota	and	the	host	[160].

P-Cresol	in	Excess	Affects	Colonocyte	Energy	Metabolism	and
Epithelial	Barrier	Function
P-cresol	may	affect	colonocyte	metabolism.	Indeed,	at	0.8	mM,	p-cresol
diminishes	mitochondrial	oxygen	consumption	in	human	colonocytes
when	tested	in	vitro,	and	increases	anion	superoxide	production	thus
indicating	that	this	bacterial	metabolite	affects	the	mitochondrial
function	in	these	cells	[161]	(Fig.	3.11).	This	effect	is	associated	with	a
reduction	of	the	capacity	of	colonic	epithelial	cells	to	proliferate.	In
addition,	in	this	latter	study,	it	was	demonstrated	that	pretreatment
with	p-cresol	for	one	day	results	in	an	increased	oxygen	consumption
by	colonocytes,	likely	corresponding	to	an	adaptive	process	aiming	at
counteracting	the	adverse	effect	of	p-cresol	on	the	cell	respiration.
Despite	this	tentative	cellular	metabolic	compensation,	after
pretreatment	of	colonocytes	for	3	days	with	increasing	concentrations
of	p-cresol,	the	intracellular	concentration	of	ATP	is	dose-dependently
decreased,	thus	indicating	energy	de�iciency	in	these	cells	under	such
experimental	conditions.	Using	monolayers	of	human	colonocytes,	p-
cresol	tested	between	1.6	and	6.0	millimolar	concentrations	dose-
dependently	increases	the	paracellular	transport	between	colonocytes
[162],	suggesting	that	p-cresol	at	high	concentrations,	maybe	because
of	energy	depletion,	can	induce	alteration	of	the	intestinal	barrier
function	(Fig.	3.11).	This	area	of	research	is	of	major	importance	since
alterations	of	normal	barrier	function	have	been	detected	in	numerous
clinical	and	experimental	studies	as	an	event	that	appears	implicated	in
the	etiology	of	in�lammatory	bowel	diseases	as	will	be	detailed	in	Chap.
4.

Indole	and	Indole-Related	Compounds:	A	Complex	Family	of
Molecules	Involved	in	the	Intestinal	Ecosystem
Intestinal	bacteria	convert	tryptophan	mainly	into	indole	through	the
action	of	the	bacterial	enzyme	tryptophanase,	this	latter	enzyme	being
induced	by	tryptophan	itself	[163]	(Fig.	3.12).	Of	note,	in	mammals,



indole	is	exclusively	originating	from	the	bacterial	metabolic	activity
since	host	cells	do	not	have	the	metabolic	capacity	to	produce	this
compound	[164].	Indole	is	synthesized	from	various	Gram-positive	and
Gram-negative	bacterial	species	including	Escherichia	coli,	Proteus
vulgaris,	Clostridium	spp.,	and	Bacteroides	spp.	[164–166].	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
acrylate,	indole	acetaldehyde,	indole-3-acetate,	indole-3-aldehyde,	3-
methyl-indole	(skatole),	and	indole-3-acetaldehyde	[163,	167–171].
However,	the	precise	metabolic	pathways	involved	in	the	stepwise
conversion	of	tryptophane	into	these	minor	indole-related	compounds
by	the	intestinal	microbiota	in	the	large	intestine	remain	unclear.
Among	these	numerous	compounds,	skatole	will	be	the	object	of	one
dedicated	paragraph	which	is	presented	below.



Fig.	3.12 Production	of	indole	and	indole-related	compounds	by	the	intestinal	microbiota	and
effects	of	these	bacterial	metabolites	on	microbial	communication	and	metabolism	and	physiology
of	colonic	epithelial	cells

Information	is	available	regarding	the	bacterial	species	involved	in
the	production	of	indole-related	compounds.	Indole,	as	presented
above,	is	synthesized	from	various	bacterial	species	[165],	while	indole-
3-propionate	is	produced	by	Clostridium	sporogenes	[172].	Other
indole-related	compounds	are	produced	by	Bacteroides	species,



Peptostreptococcus	spp.	Lactobacillus	spp.	and	Bi�idobacterium	spp.
[166].	In	rodent,	indole-3-propionate	is	found	only	in	blood	recovered
from	animals	with	an	intestinal	microbiota,	but	not	in	blood	originating
from	germ-free	animals	[173],	suggesting	that,	as	expected,	this
metabolite	is	exclusively	originating	from	the	intestinal	microbiota
metabolic	activity.

The	fecal	indole	content	has	been	measured	in	volunteers,	but	huge
inter-individual	differences	are	observed	when	measuring	the	indole
fecal	content	in	volunteers,	ranging	from	0.30	to	6.64	millimolar
concentrations	[174,	175].	Such	large	range	is	presumably	due	to
differences	in	intestinal	microbiota	composition	between	volunteers,
and	to	different	levels	of	dietary	protein	consumption	[176].	Indole	can
be	absorbed	through	the	colonic	epithelium	[177].	In	rodent	models,
indole	concentrations	are	higher	in	the	distal	large	intestine	that	in
more	proximal	parts	[178].

Indole	Is	Involved	in	Communication	Between	Microbes
Among	amino	acid-derived	bacterial	metabolites,	indole	has	raised
growing	interest	since	this	compound	is	involved	in	bacterial
physiology	and	metabolism	in	relationship	with	antibiotic	resistance,
virulence	factors,	sporulation,	and	bio�ilm	formation	[164,	179–181].
Indeed,	indole	is	a	bacterial	signal	involved	in	the	communication
between	bacteria	within	the	same	species	and	between	bacteria	of
different	species	(Fig.	3.12).	Indole	diminishes	related	virulence	of	L.
monocytogenes	by	reducing	cell	motility	and	aggregation	[182].	Indole
in�luences	host	cell	invasion	by	non-indole-producing	species	such	as
Salmonella	enterica	and	P.	aeruginosa,	as	well	as	the	fungal	species
Candida	albicans	[183].	In	addition,	indole	reduces	enterohemorrhagic
Escherichia	coli	adherence	to	epithelial	cells	[184],	although	in	this
latter	study	the	adherence	tests	were	not	performed	with	intestinal
epithelial	cells.	In	another	study,	indole	was	shown	to	display
bacteriostatic	effects	on	lactic	acid	bacteria,	while	affecting	their
survival	[185].	Of	note,	indole	mitigates	cytotoxicity	by	Klebsiella	spp.
by	suppressing	toxin	production	[186].

Indole	and	Indole-Related	Compounds	Exert	an	Overall
Bene�icial	Effect	on	the	Intestinal	Mucosa



Several	indole-related	compounds,	including	indole-3-acetate,	indole-3-
propionate,	indole-3-aldehyde,	indole-3-acetaldehyde,	and	indole
acrylate	bind	to	the	aryl	hydrocarbon	receptor	[187],	which	is	present
in	different	cell	types	of	the	host	including	cells	present	in	the	intestinal
mucosa,	notably	intestinal	epithelial	and	immune	cells	[188].	The
binding	of	these	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	activity	of
several	intestinal	immune	cell	types	[189].	AhR	can	be	also	activated	by
dietary	compounds	[189],	but	bacterial	metabolites	appear	to	play	a
preponderant	role	on	the	AhR	activation	[190].	Only	few	commensal
bacteria	have	been	identi�ied	as	able	to	produce	AhR	ligands,	such	as
Peptostreptococcus	russellii	[191]	and	Lactobacillus	spp.	[192].

Protective	effects	of	microbiota-derived	aryl	hydrocarbon	receptor
agonists	on	the	intestinal	mucosa	have	been	suggested	from	both
experimental	and	clinical	data,	with	presumed	consequences	for	the
risk	of	metabolic	syndrome	[193].	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,	such	impaired	capacity	being	paralleled	by	increased	gut
permeability	and	decreased	secretion	of	GLP-1	from	enteroendocrine
cells	[193],	this	hormone	being	notably	known	to	control	glycemia	by
stimulating	insulin	secretion	[194].	In	this	study,	the	respective
potential	roles	of	the	different	indole-related	compounds	in	these
processes	were	not	determined.

Exposure	of	human	enterocytes	to	indole	increases	the	expression
of	genes	involved	in	the	intestinal	epithelial	barrier	function	and	mucin
production	[195]	(Fig.	3.12).	Also,	oral	administration	of	indole-
containing	capsule	to	rodent	resulted	in	an	increased	expression	in
colonocytes	of	genes	coding	for	tight	junction	proteins	between
epithelial	cells	[196].	In	accordance	with	these	results,	indole	increases
transepithelial	resistance	in	in	vitro	experiments	using	colonocyte
monolayers	[197],	thus	reinforcing	the	view	that	indole	ameliorates	the
basal	barrier	function.	Thus,	indole	and	several	related	compounds
exert	bene�icial	effects	on	the	intestinal	mucosa	in	different
experimental	situations.



Indole	at	Excessive	Concentration	May	Affect	the	Energy
Metabolism	in	Colonocytes
However,	indole	when	used	at	a	2.5	millimolar	concentration	affects	the
respiration	of	colonocytes	by	diminishing	mitochondrial	oxygen
consumption	[197],	and	thus	mitochondrial	ATP	production.	This	latter
effect	was	paralleled	by	a	transient	oxidative	stress	in	colonocytes,
which	was	followed	by	an	increased	expression	of	antioxidant	enzymes,
presumably	as	an	adaptive	process	against	the	deleterious	effect	of
indole	exposure	at	excessive	concentration	[197].

Indole	Modulates	Hormone	Secretion	by	the	Enteroendocrine
Cells	of	the	Intestinal	Epithelium
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)	[198]	(Fig.	3.12).	Since	GLP-1	slows
down	gastric	emptying,	stimulates	insulin	secretion	by	pancreatic	beta
cells,	and	diminishes	appetite	[194],	it	would	be	of	major	interest	to
study	in	vivo	the	effects	of	indole	on	these	physiological	parameters.

Skatole:	A	Bacterial	Metabolite	Involved	in	Communication
Between	Bacteria	that	Emerges	as	a	Deleterious	Molecule	for
Colonocytes	When	Present	in	Excess
Skatole	is	another	tryptophan-derived	bacterial	metabolite	[80,	169,
199,	200].	Lactobacillus,	Clostridium,	and	Bacteroides	are	skatole
producers	[166,	201,	202].	Skatole	displays	a	strong	inhibitory	effect	on
enterohemorrhagic	Escherichia	coli	bio�ilm	formation	[203].	Bio�ilms
are	structures	formed	by	the	colon	microbiota	that	line	on	the	mucosal
surface	and	these	structures	represent	a	player	in	the	modulation,
either	positive	or	negative	depending	on	the	context,	of	the	colon
epithelial	barrier	function	[204,	205].

Fecal	skatole	concentration	in	healthy	individuals	is	usually	low
averaging	0.04	mM	[200].	Skatole	can	be	absorbed	through	the
mammalian	gut	epithelium	[206],	being	then	released	in	the	circulation
[207].	Skatole	concentration	increases	in	the	large	intestine	after	a	high
meat	diet	consumption,	or	when	luminal	fermentation	increases	due	to
longer	intestinal	stasis	[200].



Little	is	known	on	the	effects	of	skatole	on	intestinal	cells,	but	high
concentrations	of	skatole	induce	cell	death	in	human	colonocytes	[208].

Hydrogen	Sul�ide	Is	Produced	by	Intestinal	Bacteria	from
Cysteine	and	Sulfate
Hydrogen	sul�ide	(H2S)	is	produced	by	different	bacterial	species	from
both	dietary	and	endogenous	compounds	[209]	(Fig.	3.13).	H2S	is
produced	through	cysteine	catabolism,	and	by	sulfate-reducing
bacteria.	Cysteine-degrading	bacteria	include	Fusobacterium,
Clostridium,	Escherichia	coli,	Salmonella,	Klebsiella,	Streptococcus,
Desulfovibrio,	and	Enterobacter,	which	convert	cysteine	to	H2S	through
the	enzymatic	activity	of	cysteine	desul�hydrase	[210–213].	Sulfate-
reducing	bacteria	include	Desulfovibrio,	Desulfobacter,	Desoulfobulbus,
and	Desulfotomaculum.	Desulfovibrio	is	the	dominant	genera	of	sulfate-
reducing	bacteria,	and	it	includes	Desulfovibrio	piger	and	Desulfovibrio
desulfuricans	[214,	215].	Although	sulfate	was	�irst	believed	to	be
poorly	absorbed	by	the	human	gastrointestinal	tract,	it	appears	that	a
net	absorption	of	sulfate	is	measurable.	The	amount	of	dietary	sulfate
as	well	as	the	small	intestine	absorption	capacity	represent	the	main
parameters	affecting	the	amount	of	sulfate	reaching	the	colon	[216].	In
volunteers,	the	ingestion	of	sulfate	supplement	increases	the	fecal
sul�ide	production	rate	[217].	It	appears	that	current	concentrations	of
sulfate	in	the	large	intestine	are	generally	adequate	to	support	growth
of	sulfate-reducing	bacteria.



Fig.	3.13 Production	of	hydrogen	sul�ide	(H2S)	by	the	intestinal	microbiota	and	effects	of	this
bacterial	metabolite	on	antibiotic	action	and	on	metabolism	and	functions	in	intestinal	epithelial
cells.	H2S	at	low	luminal	concentrations	is	totally	oxidized	in	colonocytes	allowing	mitochondrial
ATP	synthesis.	However,	this	bacterial	metabolite	at	high	luminal	concentrations	seriously	affects
energy	metabolism	in	colonocytes



H2S	appears	to	act	as	a	protective	agent	in	bacteria	against	the
action	of	antibiotics	and	oxidative	stress	[218,	219]	(Fig.	3.13).
Conversely,	the	capacity	of	some	bacteria	to	cope	with	surrounding	H2S
may	be	related	to	some	speci�ic	metabolic	characteristics.	For	instance,
in	Escherichia	coli,	cytochrome	bd-type	O2	oxidases,	that	are	relatively
insensitive	to	sul�ide,	allow	bacterial	oxygen	consumption	and	growth
in	the	presence	of	this	compound	[220].

Overall,	it	appears	that	H2S	that	is	not	bound	to	luminal	compounds,
thus	either	as	gas	or	dissolved	in	the	aqueous	phase	of	the	colonic
content,	represents	the	chemical	form	that	will	diffuse	through	the
mucous	layers,	and	then	into	the	colonocytes	(Fig.	3.13).	Several	dietary
compounds	like	zinc	and	proanthocyanidins	(contained	in	plants)	bind
H2S,	thus	reducing	its	concentration	in	free	form	[221–223].	Then,
these	dietary	compounds	that	are	not	fully	absorbed	by	the	small
intestine	epithelium	[224,	225]	could	represent	a	potential	way	to
regulate	the	concentration	of	free	H2S	in	the	large	intestine	luminal
content.	In	germ-free	mice,	free	H2S	concentrations	are	reduced	in
plasma	and	intestinal	tissues	when	compared	with	animals	with	an
intestinal	microbiota	[226],	suggesting	that	the	gut	microbiota	is	a
purveyor	of	this	compound	for	the	host.

The	concentration	of	total	H2S,	in	its	free	or	bound	form,	measured
in	the	colonic	luminal	content	is	rather	divergent	according	to	the
techniques	used,	ranging	from	high	micromolar	to	low	millimolar
concentrations	[227].	In	addition	to	the	exogenous	source	of	H2S,	the
colonocytes	can	produce	endogenously	a	tiny	amount	of	H2S	[228].	The
part	played	by	endogenous	synthesis	in	H2S	intracellular	concentration
in	colonocytes	is	presumably	of	quantitatively	minor	importance	when
compared	with	the	part	played	by	H2S	originating	from	exogenous
luminal	supply	[227].

Hydrogen	Sul�ide:	A	Mineral	Energy	Substrate	in	Colonocytes	at
Low	Concentration	but	a	Metabolic	Troublemaker	for	These
Cells	at	High	Concentrations
In	isolated	colonocytes,	low	(5	to	65	micromolar	concentrations)	of	H2S
increases	instantaneously	the	cell	oxygen	consumption	by	entering	the



mitochondrial	respiratory	chain	[221,	229]	(Fig.	3.13).	This	increased
oxygen	consumption	is	associated	with	an	inner	mitochondrial
energization	and	synthesis	of	ATP	[223].	H2S	has	been	established	as
the	�irst	mineral	energy	substrate	in	human	cells	[230].	This	discovery
has	challenged	the	previous	concept	that	considers	that	mammalian
cells	are	exclusively	dependent	on	carbon-based	molecules,	such	as
simple	sugars,	fatty	acids,	and	amino	acids,	for	energy	production.
Interestingly,	this	capacity	to	oxidize	H2S	can	be	viewed	as
reminiscence	of	an	ancestral	metabolic	capacity	[231]	that	has	been
identi�ied	in	animal	models	adapted	to	sul�ide-rich	environments	[232],
such	as	worms.	This	H2S-dependent	mitochondrial	ATP	synthesis	in
colonocytes	is	made	possible	through	the	oxidation	of	H2S	by	the
mitochondrial	sul�ide	oxidation	unit,	which	allows	the	conversion	of
hydrogen	sul�ide	into	thiosulfate	[233]	(Fig.	3.13).

In	deep	contrast,	at	higher	concentrations	(above	65	micromolar),
H2S	severely	inhibits	colonocyte	oxygen	consumption	by	inhibiting	the
mitochondrial	cytochrome	c	oxidase	activity	[229]	(Fig.	3.13),	therefore
decreasing	the	capacity	of	mitochondria	to	synthesize	ATP,	and	thus
depriving	colonocytes	of	their	main	source	of	energy.	Thus,	the	sul�ide
oxidation	unit	in	mitochondria	represents	a	metabolic	way	to	detoxify
hydrogen	sul�ide,	up	to	a	certain	threshold,	and	to	recover	energy	from
it.	Of	note,	the	oxidation	of	sul�ide	in	colonocytes	takes	precedence	over
the	oxidation	of	other	carbon-based	energy	substrates	[234].	In	other
words,	the	oxidation	of	H2S	by	colonocytes	for	detoxi�ication	remains	a
priority	given	its	action	as	energy	metabolism	troublemaker	towards
colonocytes	[209].	The	fact	that	colonocytes	appear	among	the	most
ef�icient	cells	for	H2S	disposal	is	not	surprising,	considering	that	these
cells	face	the	highest	sul�ide	concentration	in	the	body	[234].

Colonocytes	can	Adapt	up	to	Some	Extent	to	Increased	Hydrogen
Sul�ide	Concentration
Several	processes,	that	can	be	viewed	as	adaptive	responses,	appear	to
limit	the	deleterious	effects	of	excessive	luminal	H2S	on	colonocytes.
Indeed,	when	human	colonocytes	are	exposed	to	high	sul�ide
concentrations,	they	spectacularly	increase	their	capacity	to	utilize
glucose	in	the	glycolytic	pathway	[235]	and	then	use	another	metabolic



pathway	for	ATP	synthesis,	even	if	this	way	is	much	less	ef�icient	than
the	mitochondrial	oxidation	of	fuels.	Also,	in	rats	fed	with	a	high-
protein	diet	in	which	the	amount	of	H2S	increases	in	the	colonic
content,	the	expression	of	the	gene	corresponding	to	sul�ide	quinone
reductase	(also	known	as	SQR),	the	�irst	and	rate-limiting	enzyme	for
H2S	detoxi�ication,	increases	in	colonocytes	[229].	In	such	situation,	the
water	content	in	the	colon	luminal	�luid	increases	as	well	[92].	Although
the	mechanisms	that	allow	such	water	retention	in	the	colon	are	not
clear	yet,	such	retention	allows	to	limit	the	increase	of	H2S
concentration	that	faces	the	colonic	epithelium.	Thus,	the	estimation	of
the	maximal	luminal	concentration	of	H2S	that	can	be	safely	handled	by
the	colonic	epithelial	cells	refers	to	the	metabolic	capacity	of	these	cells
to	adapt	to	�luctuation	in	H2S	luminal	concentration.

Hydrogen	Sul�ide	can	Increase	Hormone	Secretion	in
Enteroendocrine	Epithelial	Cells
Apart	from	the	effect	of	H2S	on	colonic	absorptive	cells,	this	metabolite
has	been	shown	to	regulate	endocrine	function	of	the	gut.	Indeed,	H2S
stimulates	in	vitro	the	secretion	of	GLP-1	by	the	enteroendocrine	L-cells
[236]	(Fig.	3.13).	GLP-1	facilitates	control	of	glycemia	by	stimulating
insulin	secretion	by	pancreatic	beta	cells	while	suppressing	glucagon
secretion	[237].	In	the	study	by	Pichette	and	collaborators,	the	authors,
by	using	the	prebiotic	chondroitin	sulfate,	which	increases	the
abundance	of	the	sulfate-reducing	bacteria	D.	piger	and	sulfate	moiety
in	the	distal	intestine,	measured	an	increased	H2S	production.	Such
increased	production	was	associated	with	metabolic	improvements
through	increased	GLP-1	secretion	during	oral	glucose	tolerance	tests.

Polyamines:	A	Family	of	Molecules	Produced	by	the	Intestinal
Microbiota	with	Important	Effects	on	the	Intestinal	Mucosa
Metabolism	and	Physiology
Polyamines	are	a	family	of	small	aliphatic	amines	that	are	present	in
bacterial	and	mammalian	cells	[238].	These	compounds	can	be
synthesized	by	intestinal	bacteria	and	by	host	cells	[239,	240]	(Fig.
3.14),	but	several	polyamines	synthesized	by	bacteria	are	not	produced
by	mammalian	cells	[240].	At	physiological	pH,	polyamines	are



positively	charged	and	bound	to	negatively	charged	biomolecules
including	DNA,	and	RNA	as	well	as	speci�ic	proteins	[241,	242].	This
latter	capacity	is	related	to	their	modulating	effects	on	numerous
functions	associated	with	these	compounds	in	bacteria	and	host	cells
[243–245].

Fig.	3.14 Production	of	polyamines	by	the	intestinal	microbiota	and	effects	of	these	bacterial
metabolites	on	bacterial	and	intestinal	epithelial	cell	growth	and	on	intestinal	barrier	function



Colonic	Bacteria	are	a	Main	Source	of	Luminal	Polyamines
Colonic	bacteria	represent	a	main	source	of	luminal	polyamines	which
include	putrescine,	spermidine,	spermine,	agmatine,	and	cadaverine.
These	polyamines	are	synthesized	from	their	respective	amino	acid
precursors.	These	precursors	are	ornithine/arginine	and	methionine
for	the	“classical”	polyamines	that	are	putrescine,	spermidine	and
spermine,	and	which	are	the	most	largely	studied	compounds	among
the	polyamines	(Fig.	3.14).	Arginine	is	the	precursor	of	agmatine	in
bacteria,	while	lysine	is	used	for	cadaverine	synthesis	in	bacterial	cells
[239,	245].

Gram-negative	bacteria	such	as	Escherichia	coli	are	well	known	to
produce	large	amounts	of	putrescine,	spermidine,	agmatine,	and
cadaverine	in	minimal	media	[246].	Among	the	colonic	bacteria,	many
members	among	Bacteroides,	Lactobacillus,	Clostridium,	and
Bi�idobacterium	produce	various	polyamines	under	colonic-type
environmental	conditions	[247,	248].

The	capacity	of	intestinal	bacteria	to	produce	polyamines
depends	on	the	characteristics	of	their	luminal	environment,	including
the	availability	of	precursors	furnished	by	the	host	[249],	and	the	pH	of
the	luminal	�luid	[247,	250].	The	intestinal	microbiota	composition
appears	to	represent	another	major	parameter	involved	in	determining
the	concentrations	of	the	different	polyamines	in	the	intestinal	luminal
�luid	[251].	Polyamines,	including	putrescine,	spermidine	and
spermine,	play	a	major	role	in	bacterial	growth	[243,	252],	and	the
capacity	of	bacteria	to	grow	is	partly	linked	to	their	capacity	to
synthesize	polyamines	(Fig.	3.14).	In	contrast,	the	polyamine	agmatine
has	been	shown	to	represent	a	growth-inhibitory	compound	for	some
bacterial	species	[253].	In	addition	to	endogenous	synthesis,	bacteria
like	Escherichia	coli	are	equipped	with	several	transport	systems	that
allow	them	to	import	polyamines	[243,	245].	Bacteria	are	also	able	to
excrete	polyamines	in	the	extracellular	medium	[254],	a	process	that
allow	to	regulate	the	concentration	of	these	compounds	in	bacterial
cells.

Polyamines	have	been	measured	in	intestinal	contents	at
concentrations	from	micro-	to	millimolar	concentrations	[255].	The
polyamines	contained	in	the	intestinal	contents	originate	not	only	from
the	metabolic	activity	of	the	intestinal	bacteria,	but	also	from	dietary



supply	[256],	and	from	fully	mature	epithelial	cells	that	are
desquamated	in	the	luminal	content	releasing	their	intracellular
content.	Indeed,	enterocytes	isolated	from	the	mammalian	small
intestine	contain	mostly	spermine,	and	to	a	lower	extent	spermidine
and	spermine	[257–260].	The	concentration	of	polyamines	in
absorptive	epithelial	cells	of	the	small	and	large	intestine	is	the	net
result	of	intracellular	synthesis	and	degradation,	uptake	from	the
extracellular	medium	and	release	outside	the	cells	[261–263].	Since	the
circulating	concentration	of	putrescine,	spermidine,	and	spermine	in
human	serum	is	below	1.0	μM	[264],	thus	very	low,	and	since	the
capacity	for	the	synthesis	of	these	compounds	from	amino	acid
precursors	is	hardly	detectable	in	intestinal	epithelial	cells	from	the
small	and	large	intestine	[133,	258,	265],	it	can	be	deduced	that	the
polyamines	contained	within	absorptive	epithelial	cells	are	likely
originating	almost	exclusively	from	the	polyamines	present	in	the
intestinal	content.

This	deduction	must	be	somewhat	nuanced	according	to	the	stages
of	development	considered.	Indeed,	and	surprisingly,	in	the	pig	model,
at	birth,	the	absorptive	epithelial	cells	of	the	small	intestine	already
contain	relatively	high	contents	of	spermine	and	spermidine,	and
putrescine	[262].	Given	that	the	intestinal	�luid	at	birth	contains	almost
no	bacteria,	this	result	is	intriguing.	It	can	be	partly	explained	by	the
relatively	high	catalytic	activity	of	the	enzyme	ornithine	decarboxylase,
the	�irst	enzyme	in	the	polyamine-producing	pathway	[262].	This
metabolic	capacity	is	rapidly	lost	after	birth	since	in	the	enterocytes
isolated	from	2	day	old	suckling	piglets,	the	ornithine	decarboxylase
activity	represents	only	2%	of	the	activity	at	birth.	At	that	stage	of
development,	the	enterocytes	from	the	host	appear	to	be	thus	entirely
dependent	on	the	exogenous	luminal	source	of	polyamines	[262].

In	the	proximal	small	intestine,	due	to	low	concentration	of	bacteria
and	rapid	transit,	the	polyamines	in	the	luminal	content	are	likely
mainly	originating	from	the	dietary	supply.	The	small	intestine	displays
large	capacity	for	the	absorption	of	these	compounds	[266],	thus
allowing	to	supply	cells	with	polyamines	in	peripheral	tissues.	In
contrast,	in	the	colon,	the	polyamines	in	the	luminal	content	result
mostly	from	the	metabolic	activity	of	the	bacteria	towards	the	amino
acid	precursors	[267].



Luminal	Polyamines	Exert	Bene�icial	Effects	on	the	Intestinal
Mucosa,	But	Excessive	Concentrations	are	Deleterious
Polyamines	play	important	roles	on	the	intestinal	epithelium,	and	more
largely	on	the	intestinal	mucosa	physiology.	Putrescine,	spermidine	and
spermine	are	involved	in	�luid	secretion	by	colonic	crypts	[268],	and	in
post-prandial	colonic	motility	[269].	Dietary	supplementation	with
spermidine	reinforces	the	intestinal	barrier	function	in	mice	[270]	(Fig.
3.14).	Putrescine	stimulates	DNA	synthesis	in	intestinal	epithelial	cells
[271],	and	polyamines	appear	required	for	intestinal	epithelium
renewal	[272–275].	A	mixture	of	putrescine,	spermidine	and	spermine
has	been	found	to	be	necessary	for	normal	post-natal	development	of
the	small	intestine	and	colon	mucosa	[276].	Microbial	putrescine
represents	a	stimulant	for	the	proliferation	of	colonic	epithelial	cells
[277],	and	thus	putrescine	is	presumably	involved	in	the	rapid	renewal
of	the	intestinal	epithelium.	Interestingly,	the	polyamines	putrescine
and	agmatine	exert	opposite	effects,	with	putrescine	being	strictly
necessary	for	proliferative	colonic	epithelial	cells	[278],	and	agmatine
displaying	strong	anti-mitotic	effect	[279]	(Fig.	3.14).	Regarding
cadaverine,	experimental	evidence	strongly	suggests	that	this
polyamine	plays	a	role	in	diminishing	the	pathogenesis	of	Shigella
infections	[245].	From	these	latter	studies,	it	appears	that	the
respective	concentrations	of	the	different	polyamines	are	a	crucial
determinant	of	their	overall	effect	on	the	colonic	epithelium	and
ecosystem.

However,	the	reported	effects	of	the	polyamines	are	not	exclusively
bene�icial,	and	the	effects	observed	depend	on	the	extracellular
concentrations.	Indeed,	supplementation	in	mice	with	exogenous
putrescine	in	excess	disrupts	tight	junction	permeability	between
epithelial	cells	[280]	(Fig.	3.14).	This	latter	effect	is	paralleled	by	a
capacity	of	excessive	putrescine	to	increase	gut	permeability	and
in�lammatory	cytokine	concentrations	in	the	colonic	tissues.	In
addition,	putrescine	supplementation	increases	the	attachment	of
bacteria	to	the	colonic	epithelium.	Spermidine	and	spermine	have	also
been	shown	to	increase	or	decrease	adhesion	of	bacteria	to	the	mucus
layer	of	the	host,	but	the	effects	observed	are	complex,	and	still	dif�icult
to	interpret	in	terms	of	consequences,	since	the	effects	observed



depend	on	the	bacterial	strain	studied,	and	on	the	age	of	host,	either
infants	or	adults	[281].

Acetaldehyde:	A	Compound	that	can	be	Produced	by	the
Intestinal	Microbiota	from	Ethanol	with	Deleterious	Effects	on
the	Intestinal	Epithelium
Ethanol	can	be	produced	in	small	amounts	by	the	intestinal	microbiota
[282,	283].	Among	bacteria,	Escherichia	are	ethanol	producers	[284].	In
the	rat	model,	by	increasing	the	amount	of	protein	in	the	diet,	the
ethanol	content	in	the	colonic	luminal	�luid	is	increased	several	folds
[92],	suggesting	overall	capacity	of	the	intestinal	bacteria	to	produce
ethanol	as	an	accumulated	intermediary	metabolite	during	amino	acid
catabolism	(Fig.	3.15).	The	intestinal	microbiota	metabolizes	ethanol,
either	originating	from	alcohol	consumption	or,	to	a	much	minor	extent
by	the	microbiota	metabolic	activity,	to	acetaldehyde	[285,	286]	(Fig.
3.15).	Indeed,	several	bacterial	species	catalyze	such	conversion,	but
this	has	been	mainly	studied	regarding	the	bacteria	in	the	oral	cavity
[287].	Acetaldehyde	concentration	is	increased	in	the	colon	of	rodents
after	alcohol	administration,	and	these	concentrations	are	lower	in
germ-free	animals	when	compared	with	animals	with	a	conventional
intestinal	microbiota	[288],	pointing	out	the	role	of	the	intestinal
microbiota	for	acetaldehyde	production	from	ethanol.	In	accordance
with	these	results,	the	treatment	of	rodents	with	antibiotics	decreases
the	intracolonic	production	of	acetaldehyde	from	ethanol	[289,	290].
Acetaldehyde	injected	in	the	lumen	of	the	pig	colon	is	metabolized	to
acetate	[291].	Thus,	acetaldehyde	concentration	in	the	colon	appears	to
depend	on	the	synthesis	from	ethanol	and	transformation	to	acetate	by
the	colonic	�lora	(Fig.	3.15).	Ethanol	chronic	consumption	modi�ies	the
concentrations	of	short-chain	fatty	acids	in	the	large	intestine.	Indeed,
in	a	rodent	model,	8-weeks	consumption	of	ethanol	was	found	to
modify	such	pro�ile	in	the	large	intestine	with	decreased	concentration
of	butyrate	and	increased	concentration	of	acetate	[292].	In	human
fecal	samples,	chronic	alcohol	consumption	is	associated	with
decreased	propionate	concentration,	while	butyrate	and	acetate
concentrations	are	little	affected	[293].



Fig.	3.15 Production	of	acetaldehyde	by	the	intestinal	microbiota	from	alcohol	consumption	and
from	ethanol	synthesis	by	the	intestinal	microbiota,	and	effects	of	this	bacterial	metabolite	on
intestinal	barrier	function

Little	is	known	on	the	effect	of	ethanol	and	acetaldehyde	on	the
colonic	epithelial	cells.	In	in	vitro	experiments	with	human	colonocytes,
ethanol	was	found	to	alter	the	basal	colonic	barrier	function	[294]	(Fig.
3.15).	In	volunteers,	intraduodenal	administration	of	ethanol	increases



both	small	and	large	intestine	intestinal	permeability	[295].
Acetaldehyde	has	shown	some	deleterious	effects	on	human	intestinal
goblet	cells,	decreasing	the	mitochondrial	activity,	decreasing	the	ATP
cellular	concentration,	increasing	reactive	oxygen	species	production,
and	�inally	increasing	goblet	cell	necrosis	[296],	thus	raising	the	view
that	acetaldehyde	may	adversely	affect	one	component	of	the	intestinal
barrier	function	(Fig.	3.15).	In	the	human	colonic	mucosa,
acetaldehyde	in	excess	reduces	the	expression	of	several	proteins
necessary	for	normal	tight	junction	and	adherens	junction	functions
[297].

Bacterial	Metabolites	that	are	Known	to	be	Neuroactive	in	the
Host	are	Involved	at	First	Place	in	Communication	Between
Bacteria,	but	also	Emerge	as	Potential	Modulator	of	Intestinal
Physiology
Recent	research	works	have	shown	that	bacteria	isolated	from	the
mammalian	gut,	including	humans,	have	the	capacity	to	synthesize
compounds	that	are	well	known	to	be	produced	by	the	host	and	which
display	neuroactive	properties.	Many	of	these	bacterial	metabolites
result	from	the	bacterial	metabolism	of	amino	acids.	There	are	some
indications	that	these	metabolites	play	roles	in	the	adaptation	of
bacteria	to	changes	in	their	environment,	indicating	a	long	and	complex
evolutionary	history	for	the	functions	of	these	compounds	in	the	living
world.	However,	there	are	still	little	information	on	the	mechanisms
that	would	link	the	intestinal	bacterial	metabolic	activity	and	its	effects
on	the	intestinal	wall.

Gut	microbes	synthesize	several	metabolites	with	neurotransmitter
functions	in	the	host	[298].	These	bacterial	metabolites	include	gamma-
aminobutyrate	produced	by	Lactobacillus	spp.;	Bi�idobacterium	spp.;
and	Lactococus	lactis,	norepinephrine	produced	by	various	bacteria
including	Escherichia	spp.,	and	Bacillus	spp.,	dopamine	produced	by
Bacillus	spp.,	histamine	produced	by	numerous	bacterial	genera,	and
serotonin	produced	by	various	bacteria	among	which	Streptococcus
spp.;	Escherichia	spp.;	Enterococcus	spp.,	Lactococcus,	and	Lactobacillus
[299,	300].



Gamma-Aminobutyric	Acid	Produced	by	the	Intestinal	Bacteria
Is	Likely	Absorbed	in	the	Blood
Gamma-aminobutyric	acid	(also	known	as	GABA)	is	an	amino	acid
which	is	not	present	in	protein	and	known	to	act	as	the	major
inhibitory	neurotransmitter	in	the	central	nervous	system	[301].
Gamma-aminobutyric	acid	is	also	found	in	the	enteroendocrine	cells	of
the	intestinal	epithelium	[302].	Gamma-aminobutyric	acid	production
is	made	by	decarboxylation	of	glutamate	via	the	enzyme	glutamate
decarboxylase.	This	enzyme	is	part	of	the	glutamate	decarboxylase
system	that	is	found	in	several	bacteria	genera,	including	Lactobacillus
and	Bi�idobacterium	[303–305].	This	system	is	implicated	in	bacterial
acid	tolerance	by	maintaining	intracellular	pH	homeostasis	[306]	(Fig.
3.16).	Other	factors,	in	addition	to	luminal	acidic	stress	have	been
demonstrated	to	activate	the	glutamate	decarboxylase	system,
including	sodium,	polyamines,	and	hypoxia.	The	newly	formed	gamma-
aminobutyric	acid	can	be	metabolized	to	succinate,	while	the	un-
metabolized	part	is	exported	from	the	bacteria	and	released	in	the
intestinal	content	[307].	This	export	is	made	by	glutamate/gamma-
aminobutyric	acid	antiporters	that	are	found	in	numerous	Gram-
negative	bacteria,	including	Escherichia,	Shigella,	Brucella,	as	well	as
Gram-positive	bacteria	like	Listeria,	Lactobacillus,	Lactococcus,
Clostridium,	and	Bi�idobacterium	[306].	The	effects	of	bacterial	gamma-
aminobutyric	acid	on	the	intestinal	wall,	if	any,	remain	to	be	explored.
In	germ-free	animals,	reduced	levels	of	gamma-aminobutyric	acid	are
measured	in	the	intestinal	content	and	in	the	serum	when	compared
with	animals	inoculated	with	fecal	microbiota	[308],	thus	suggesting
that	gamma-aminobutyric	acid	produced	by	the	microbiota	can	be
absorbed	in	the	blood.



Fig.	3.16 Production	of	compounds	with	known	neuroactive	properties	by	the	intestinal
microbiota	and	effects	of	these	compounds	on	microbial	communication	and	on	colonic
physiology

Norepinephrine	Is	Involved	in	Communication	Between
Intestinal	Bacteria
Norepinephrine	(also	called	noradrenaline)	is	synthesized	from	the
amino	acids	tyrosine	and	plays	physiological	roles	as	central	and
peripheral	neurotransmitter	[309].	Norepinephrine	acts	also	as



hormone	after	being	released	in	the	blood	after	secretion	from	the
adrenal	medulla	cells,	playing	numerous	physiological	roles	including
regulation	of	intestinal	motility	[310,	311].	Norepinephrine	from
bacterial	origin	can	affect	the	growth	and	virulence	factors	of	some
anaerobic	bacteria	such	as	Clostridium	Perfringens	[312,	313].	The
pathogens	Klebsiella	pneumoniae,	Pseudomonas	aeruginosa,
Enterobacter	cloacae,	Shigella	sonnei,	and	Staphylococcus	aureus	all
display	increased	growth	in	vitro	in	the	presence	of	norepinephrine
[314]	(Fig.	3.16).	Germ-free	mice	show	marked	reduction	of
norepinephrine	in	the	cecal	lumen,	and	colonization	with	microbiota
restored	the	basal	cecal	level	[315].	The	effects	of	bacterial
norepinephrine	on	the	host	intestinal	wall,	if	any,	are	not	known.

Dopamine	Increases	Water	Absorption	Through	the	Colonic
Epithelium	and	Promotes	Mucus	Secretion
Dopamine	is	produced	in	two	steps	from	tyrosine.	Dopamine	is	a
neurotransmitter	synthesized	in	central	and	peripheral	nervous	system
[316].	Bacterial	tyrosinases	which	catalyze	the	conversion	of	tyrosine
to	L-dihydroxyphenylalanine	(DOPA),	the	direct	precursor	of	dopamine,
are	widely	found	in	many	bacterial	genera	[317].	Several	bacterial
species	produce	dopamine	including	Bacillus	subtilis,	Escherichia	coli,
Klebsiella	pneumoniae,	Proteus	vulgaris,	and	Staphylococcus	aureus
[299].	Of	major	interest,	the	administration	of	dopamine	in	the	lumen
of	the	colon	increased	colonic	water	absorption	in	mice	[315],
indicating	that	dopamine	in	the	colonic	�luid	can	increase	water
movement	through	the	colonic	epithelium	in	mammals	(Fig.	3.16).	In
addition,	in	in	vitro	experiments,	dopamine	promotes	mucus	secretion
in	rat	distal	colon	[318].

Histamine	Production	by	Intestinal	Bacteria:	Is	It	Toxic	for	the
Host?
Histamine	and	its	receptors	have	been	�irstly	described	as	parts	of	the
immune	and	gastrointestinal	systems,	but	their	presence	in	the	central
nervous	system	and	implication	in	behavior	has	gained	increased
attention	[319].	Histamine	is	synthesized	by	mast	cells,	basophils,
platelets,	histaminergic	neurons,	and	enteroendocrine	cells	[320],	but
intestinal	absorptive	epithelial	cells	of	the	small	intestine	display	no



capacity	for	histamine	production	from	histidine	[321].	Production	of
histamine	from	the	decarboxylation	of	the	amino	acid	histidine	has
been	demonstrated	in	numerous	Gram-positive	and	Gram-negative
bacterial	strains	[322].	In	Lactobacillus	spp.,	histamine	is	readily
exported	from	bacteria	using	the	histidine/histamine	antiporters	[323].
Excessive	histamine	production	by	bacteria	in	food	stored	improperly
can	be	at	the	origin	of	histamine	intoxication	[324].	Histamine
intoxication	can	affect	the	gastrointestinal	tract	physiology	by
provoking	diarrhea	and	vomiting	[325].	The	part	played	by	the
excessive	microbiota-derived	histamine	in	the	toxic	effects	of	this
compound	on	the	host	remains	to	be	determined.

Serotonin	Produced	by	Intestinal	Bacteria	Is	Likely	Partly
Absorbed	in	the	Blood
Serotonin	(also	known	as	5-hydroxytryptamine)	is	not	only	a
neurotransmitter	produced	in	specialized	cells	of	the	human	brain,	but
also	acts	as	hormone	secreted	by	intestinal	enteroendocrine	cells	[326].
Serotonin	is	known	to	regulate	intestinal	secretion	and	motility,	as	well
as	visceral	sensitivity	[327].	The	effects	of	bacterial	serotonin	on	the
host	intestinal	wall,	if	any,	is	not	known.	In	germ-free	animals,	there	is	a
reduction	of	serotonin	concentration	in	blood	compared	to
conventional	animals	with	microbiota,	and	serotonin	concentration	can
be	restored	via	recolonization	of	mice	with	microbiota	[173].	These
latter	results	suggest	that	a	part	of	the	serotonin	produced	by	the
intestinal	microbiota	can	be	absorbed	through	the	intestinal	epithelium
in	blood.	Gut	microbiota	promotes	serotonin	synthesis	in
enteroendocrine	cells	of	the	colonic	epithelium	[328].	Thus,	bacteria
can	interact	with	the	host	to	induce	the	endogenous	production	of
serotonin,	such	induction	being	able	to	affect	intestinal	motility	[328].

Tryptamine	Produced	by	Intestinal	Bacteria	Participates	in	the
Regulation	of	Secretion	in	Colon
Tryptamine	is	a	monoamine	like	5-hydroxytryptamine	(serotonin)	that
is	produced	by	the	intestinal	microbiota	from	tryptophan.	Tryptamine
can	be	produced	by	different	bacterial	species,	notably	Clostridium
sporogenes	[329].	In	the	intestinal	tract,	tryptamine	activates	the	5-HT4



receptor	expressed	in	the	colonic	epithelium,	and	such	activation
controls	colonic	secretion	[330]	(Fig.	3.16).

Key	Points
The	fecal	and/or	colonic	luminal	contents	in	numerous	amino	acid-
derived	bacterial	metabolites	(including	branched-chain	fatty	acids,
lactate,	ammonia,	phenol,	p-cresol,	indole,	skatole,	hydrogen	sul�ide,
polyamines,	and	acetaldehyde)	are	depending	on	the	characteristics
of	the	diet	consumed.
Several	amino	acid-derived	bacterial	metabolites,	like	formate,
oxaloacetate,	p-cresol,	indole,	hydrogen	sul�ide,	certain	polyamines,
gamma-aminobutyric	acid,	and	norepinephrine,	are	involved	in
communication	between	microbes,	bacterial	colonization,	and
bacterial	growth.
Several	amino	acid-derived	bacterial	metabolites	including
branched-chain	fatty	acids,	lactate,	succinate,	indole,	dopamine,	and
tryptamine	exert	bene�icial	effects	on	the	intestinal	epithelium
physiology	and	metabolism	in	terms	of	regulation	of	electrolyte
movement,	epithelial	renewal,	and	energy	supply.
Several	amino	acid-derived	bacterial	metabolites	in	excess	like
ammonia,	phenol,	p-cresol,	skatole,	hydrogen	sul�ide,	putrescine,	and
acetaldehyde	exert	deleterious	effects	on	intestinal	epithelial	cells	in
terms	of	energy	metabolism,	epithelial	permeability,	and	cell
viability.
Detoxi�ication	pathways	against	some	deleterious	amino	acid-
derived	bacterial	metabolites,	like	ammonia	and	hydrogen	sul�ide,
have	been	identi�ied	in	colonocytes.

Effects	of	the	Amounts	of	Dietary	Proteins	on	the	Intestinal
Ecosystem	and	Consequences
The	in	vitro	and	in	vivo	tests	of	individual	effects	of	amino	acid-derived
bacterial	metabolites	on	the	colonic	epithelial	cells	are	a	good	starting
point,	as	presented	above,	to	identify	the	metabolites	that	are	bene�icial
or	deleterious	for	these	cells.	Such	an	identi�ication	can	indeed	help	in
de�ining	a	safe	luminal	environment	that	helps	in	maintaining	the
colorectal	epithelium	in	“healthy	state.”	However,	in	real	life	situation,



the	intestinal	epithelium	is	facing	simultaneously,	behind	its	protective
mucous	layers,	a	multitude	of	compounds.	The	amounts	and/or
concentrations	of	these	compounds	can	vary	markedly	according	to
dietary	changes	in	the	short-	and	long-term	period	of	times	[331,	332].

Regarding	the	digestibility	of	dietary	protein,	animal	protein	is
overall	higher	than	the	digestibility	of	plant	protein	[333],	thus
implying	that	on	a	basis	of	an	equal	amount	of	dietary	protein,
consumption	of	plant	protein	versus	animal	protein	will	likely	result	in
a	higher	amount	of	protein	being	transferred	from	the	small	to	the	large
intestine.	Among	plant	proteins,	some	of	them,	like	for	instance
proteins	in	rapeseed,	are	characterized	by	markedly	lower	digestibility
[334]	when	compared	to	other	dietary	proteins.	Then,	both	the
amounts	of	dietary	proteins	consumed	and	the	sources	of	proteins	will
affect	the	luminal	content	in	terms	of	bacterial	metabolite	composition.
In	addition,	the	content	of	amino	acids	in	each	dietary	protein	will
change	the	availability	of	the	different	amino	acids	to	be	used	as
substrates	by	the	large	intestine	bacteria,	and	then	will	presumably
change	the	production	rates	of	the	various	metabolites.

Of	note,	the	amount	and	type	of	dietary	protein	consumed	over	the
world	can	be	markedly	different	between	geographical	areas.	For
instance,	in	the	western	world,	the	amounts	of	proteins	in	the	diet	are
largely	above	the	recommended	intake,	considering	the	metabolic	and
physiological	requirement	[335],	while	in	some	developing	countries,
the	consumption	can	be	below	the	requirement	[336].	The	protein
requirement	has	been	determined	to	be	0.83	g/kg	body	weight/day	in
adults	[335].	Of	note,	in	several	developing	countries,	the	ratio	of
proteins	originating	from	plant	over	proteins	from	animal	origin	is	well
above	the	ratio	calculated	for	Western	countries	[336].

After	these	preliminaries,	and	considering	that	amino	acid-derived
bacterial	metabolites,	as	explained	above,	have	been	shown	to	be	active
on	colonic	epithelial	cells	in	preclinical	in	vitro	and	in	vivo	studies,	what
are	the	known	consequences	of	an	increase	of	the	protein	content	in
the	diet	on	the	large	intestine	ecosystem?

High-Protein	Diet	are	Used	for	Body	Weight	Reduction	and
Muscle	Mass	Augmentation



The	amount	of	dietary	protein	ingested	can	be	markedly	increased	by
consuming	the	so-called	high-protein	diets.	These	high-protein	diets
are	belonging	to	the	numerous	types	of	weight-loss	diets	that	are
currently	proposed	and	consumed	[337]	by	millions	of	overweight	and
obese	individuals	among	populations	in	Europe	and	USA	who	wish	to
decrease	their	body	weight	[337–339],	and	also	by	athletes	and
exercisers	[340]	who	wish	to	increase	their	muscle	mass	and	physical
performance	[341].	These	high-protein	diets	represent	a
heterogeneous	group	of	diets	with	different	compositions	[342]	but	are
all	characterized	by	a	higher	proportion	of	protein	(25–30%	of	total
energy	intake)	among	the	two	other	dietary	macronutrients	that	are
carbohydrates	and	fat,	when	compared	with	the	generally
recommended	macronutrient	proportion.	This	recommended
proportion	is	approximately	10–15%	daily	energy	from	protein,	55–
75%	from	carbohydrates,	and	15–30%	energy	from	fat	[343,	344].	One
of	the	main	rationales	for	the	consumption	of	high-protein	diets	for
body	weight	reduction	is	that	it	is	recognized	that,	on	a	basis	of	equal
energy	content,	dietary	proteins	are	more	satiating	than	carbohydrates
and	fats	[345],	thus	diminishing	calorie	uptake.	Regarding	the
consumption	of	high-protein	diets	by	athletes,	the	main	rationale	for
such	utilization	is	to	provide	more	amino	acids	(considering	that	usual
amino	acid	supply	is	insuf�icient)	following	exercise	to	build	more
muscle	proteins,	thus	participating	in	muscle	hypertrophy	[346].	The
impact	of	high-protein	diet	on	gut	health,	considering	the	metabolic
activity	of	the	intestinal	microbiota,	remains	an	important	but
emerging	topic.

Short-Term	High-Protein	Diet	Consumption	does	not	Change	the
Large	Intestine	Microbiota	Composition	But	do	Modify
Production	of	Bacterial	Metabolites
As	said	above,	it	has	been	determined	that	based	on	regular	western
diet,	approximately	12	g	of	undigested,	or	not	fully	digested	dietary	and
endogenous	proteins	are	transferred	from	the	small	to	the	large
intestine	[21].	The	amount	of	nitrogenous	material	is	increased	nearly
proportionally	when	the	amount	of	dietary	protein	consumed	increases
[347].	Relatively	few	human	intervention	studies	have	examined	the
effects	of	changing	the	amount	of	dietary	protein	in	the	diet	on	the	gut



microbiota	composition	and	metabolic	activity.	In	addition,	in	several
studies,	the	dietary	protein	intake	was	not	the	only	parameter	modi�ied
between	the	groups	of	volunteers,	since	energy	and/or	�iber	intake
were	also	different.	These	two	latter	parameters	are	known	to	affect	the
gut	microbiota	composition	[348–350],	rendering	correct
interpretation	of	the	results	obtained	dif�icult.	Two	studies	have	used
high-protein	diet	without	modi�ication	of	dietary	�iber	and	energy
intake	[351,	352].	These	two	studies	did	not	detect	any	measurable
changes	in	the	fecal	and	rectal	biopsies-associated	microbiota
composition	after	2	to	3	weeks	consumption	of	the	high-protein	diet.

However,	with	regards	to	the	metabolic	activity	of	the	intestinal
microbiota,	several	intervention	studies	in	humans	have	shown	that
high-protein	diet	induces	a	shift	from	carbohydrates	to	protein
degradation	by	the	gut	microbiota,	as	judged	from	the	analysis	of
bacterial	metabolites	in	feces	[145,	351,	353,	354].	The	effects	of	high-
protein	diet	appear	rather	homogeneous	despite	differences	in	the
experimental	design,	emphasizing	the	importance	of	substrate
availability	-amino	acid	availability	in	this	case-	for	determining	the
changes	in	the	luminal	environment	within	the	large	intestine.	Most	of
the	studies	performed	reported,	as	expected,	that	high-protein	diet
consumption	induces	increase	in	feces	of	amino	acid-derived	branched-
chain	fatty	acids,	such	as	the	bacterial	metabolites	isobutyrate,
isovalerate,	and	2-methylbutyrate	[351,	354,	355].	In	contrast,	a
decrease	of	the	short-chain	fatty	acid	butyrate	was	consistently	found
after	high-protein	diet	consumption	[351,	354,	356,	357].	However,
several	of	these	studies	were	characterized	by	a	decrease	in	�iber
content	in	the	diet	consumed	by	the	volunteers	receiving	the	high-
protein	diet,	knowing	that	�ibers	are	major	substrates	for	short-chain
fatty	acid	production	by	the	intestinal	microbiota.	However,	such	a
reduction	in	the	fecal	concentration	of	butyrate	was	found	even	when
volunteers	from	the	high-protein	diet	group	consumed	similar	amounts
of	dietary	�ibers	and	calories	than	volunteers	in	the	normo-protein
group,	indicating	that	the	increased	amount	of	protein	in	the	diet	plays
a	signi�icant	role	in	such	a	decrease	[351].	As	indicated	in	the	next
paragraph,	butyrate	is	well	known	to	be	a	major	luminal	oxidative
substrate,	and	a	regulator	of	histone	acetylation,	and	thus	of	gene
transcription	in	human	colonocytes	[89,	358],	raising	the	view	that



decreased	butyrate	concentration	in	the	large	intestine	�luid	would	be
presumably	detrimental	for	the	rectal	mucosa	homeostasis.

Two	studies	in	volunteers	receiving	a	high-protein	diet	found	a
marked	increase	in	fecal	ammonia	concentration	[145,	353],	while	two
others	did	not	[351,	354],	likely	due	to	different	experimental
protocols.	As	ammonia	is	ef�iciently	absorbed	through	the	colon
epithelium	[123],	the	fact	that	ammonia	concentration	was	not
increased	in	the	fecal	�luid	does	not	mean	that	ammonia	production	by
the	intestinal	microbiota	was	not	increased	in	the	colonic	�luid	after
high-protein	diet	consumption.	Indeed,	when	recovering	the	colonic
content	in	rodent	models	after	high-protein	diet	ingestion,	the
ammonia	concentration	in	this	content	was	markedly	increased	when
compared	to	animals	receiving	a	normo-protein	diet	[116,	130].	High-
protein	diets	were	found	in	addition	to	increase	the	fecal	concentration
of	several	S-containing	bacterial	metabolites,	including	hydrogen
sul�ide	[145,	359].

Analysis	of	Bacterial	Metabolites	and	Co-Metabolites	in	Urine:	A
Useful	Way	to	Decipher	Intestinal	Microbiota	Metabolic	Activity
Urinary	metabolomics	analysis	is	much	useful	to	identify	the	bacterial
metabolites	and	co-metabolites	which	have	been	produced	by	the	gut
microbiota,	absorbed	from	the	lumen	to	the	bloodstream	through	the
intestinal	epithelium	(with	or	without	metabolism	in	colonocytes),
possibly	further	metabolized	by	the	host	in	the	liver	and	other	organs
outside	the	splanchnic	area,	and	�inally	excreted	in	the	urine	where
they	accumulate	(Fig.	3.17).	High-protein	diet	consumption	increases
the	concentration	of	several	amino	acid-derived	bacterial	metabolites
and	co-metabolites	in	the	urine	of	volunteers.	For	instance,	high-
protein	diet	ingestion	results	in	an	increased	urinary	excretion	of	the
bacterial	metabolite	phenol	[353].	Regarding	co-metabolites,	p-cresyl
sulfate	have	been	repetitively	found	to	be	more	excreted	in	the	urine
after	high-protein	diet	consumption	than	after	a	normo-protein	diet
ingestion	[145,	351,	360].	This	latter	compound	results	from	the
metabolism	of	the	bacterial	metabolite	p-cresol	in	the	liver	[361].	An
increased	excretion	of	p-cresyl	sulfate	in	urine	is	an	indication	of	an
increased	absorption	of	the	bacterial	metabolite	p-cresol	across	the
large	intestine	epithelium,	and	further	metabolism	by	host	tissues,	and



thus	presumably	of	the	production	of	this	compound	by	the	intestinal
microbiota.	This	increased	urinary	excretion	of	p-cresyl	sulfate	after
high-protein	diet	consumption	is	an	important	parameter	to	be
considered,	given	the	deleterious	effects	of	excessive	p-cresol	on
colonocytes	(see	the	paragraph	“Amino	acid-derived	bacterial
metabolites	and	effects	on	the	intestinal	epithelium”).	Another	co-
metabolite,	indoxyl	sulfate,	was	found	to	be	increased	in	the	morning
spot	urine	after	high-protein	diet	consumption	[351].	Since	indole,	the
bacterial	precursor	for	the	synthesis	of	indoxyl	sulfate	in	the	liver,	has
been	shown	to	contribute	to	the	maintenance	of	the	colonic	barrier
function	[195,	196],	an	increased	bacterial	production	of	indole	may	be
bene�icial	for	the	host.	This	potential	bene�icial	effects	on	the	intestinal
mucosa	must	however	be	confronted	to	the	deleterious	effects	of
indoxyl	sulfate	in	excess	on	kidney	cells	[362]	(see	Chap.	5).



Fig.	3.17 Synthesis	of	co-metabolites	by	the	host	from	bacterial	metabolites.	In	this	scheme,	the
case	of	bacterial	metabolite	synthesized	from	amino	acids,	and	conversion	of	these	metabolites
into	co-metabolites	by	the	host	tissues	are	presented,	as	well	as	excretion	of	these	compounds	in
the	urine

The	Production	of	Metabolites	Produced	from	Amino	Acids	by
the	Gut	Microbiota	Is	Different	When	Consuming	Animal	or
Plant	Proteins
The	situation	is	further	complicated	by	the	fact	that	the	changes
observed	in	the	urinary	metabolome	after	high-protein	diet
consumption	are	different	according	to	the	nature	of	protein	used	as
supplement.	Indeed,	when	volunteers	ingest	for	three	weeks	a	high-
protein	diet	obtained	by	supplementing	the	diet	with	casein,	their	urine
contains,	in	reference	to	the	urine	obtained	from	the	normo-protein
control,	increased	concentration	of	urea	(synthesized	in	the	liver	urea
cycle	from	ammonia).	Increased	concentrations	of	the	bacterial
metabolites	and	co-metabolites	isobutyrate,	3-hydroxybutyrate,	3-
hydroxy	isovalerate,	p-cresyl	sulfate,	indoxyl	sulfate	and	phenylacetyl
glutamine	were	also	measured	in	the	urine	[351].	However,	when
dietary	supplementation	was	done	with	soy	protein,	although	the
increase	in	the	bacterial	metabolites	and	co-metabolites	was	like	that
recorded	using	casein	supplementation,	no	increase	of	p-cresyl	sulfate
in	urine	was	recorded	[351].	Thus,	the	amino	acid	composition	in	the



different	dietary	proteins,	together	with	their	digestibility,	are
parameters	that	are	likely	to	affect	differently	the	luminal	environment
of	the	intestinal	epithelium	in	terms	of	bacterial	metabolite
composition,	and	with	different	impact	on	the	colonic	epithelium
metabolism	and	physiology.

Short-Term	High-Protein	Diets	Consumption	do	not	Induce	Fecal
Water	Toxicity,	But	Modify	Expression	of	Genes	Involved	in	the
Maintenance	of	the	Rectal	Mucosa	Homeostasis
To	test	the	mixture	of	compounds,	present	in	the	luminal	content	of	the
distal	part	of	the	intestine,	one	possibility	is	to	recover	the	so-called
fecal	water	before	and	after	a	dietary	intervention	in	volunteers	[351].
These	fecal	water	extracts	which	contain	the	hydrophilic	compounds
present	in	feces	can	be	separated	from	the	bacteria	and	tested	for	their
cytotoxic	effects	on	colonocytes.	However,	this	technique	has	several
limitations.	Firstly,	the	concentrations	of	the	compounds	in	the	mixture
are	not	the	original	concentrations	in	the	aqueous	phase	of	the	luminal
�luid,	because	of	dilution	during	the	process	of	extraction.	Also,	the	fecal
hydrophobic	compounds	are	not	extracted	by	such	a	procedure.	In
addition,	the	respective	parts	of	compounds	in	free	form	and	in	form
bound	to	fecal	components	most	probably	do	not	mimic	the	original
ratios.	With	these	reservations	in	mind,	this	fecal	water	test	allows
useful	comparison	of	cytotoxic	potential	of	the	intestinal	luminal
content	in	different	dietary	situations	[363].

When	an	isocaloric	high-protein	diet	was	given	for	two	weeks	to
healthy	human	subjects,	the	mixture	of	water-soluble	components
recovered	from	the	feces	shown	no	increased	cytotoxicity	or
genotoxicity	towards	human	colonocytes	when	compared	to	normo-
protein	diet	[352].	Similarly,	in	a	study	by	Benassi-Evans	et	al.	[364],	the
authors	performed	a	nutritional	intervention	with	high-protein	diet	for
52	weeks	and	found	that	the	fecal	water	recovered	from	the	volunteers
consuming	such	diet	was	not	more	genotoxic	that	the	ones	recovered
from	control	volunteers	consuming	isocaloric	normo-protein	diet.	In
the	study	by	Beaumont	et	al.	[351],	supplementation	of	the	regular	diet
with	either	casein	or	soy	protein	for	3	weeks	did	not	result	in	higher
cytotoxic	potential	of	the	fecal	water	when	compared	with	the	results
obtained	from	isocaloric	normo-protein	diet	volunteers.



Regarding	the	effects	of	high-protein	diet	ingestion	on	gene
expression	in	the	gut	mucosa,	only	few	studies	have	been	performed.
Using	a	six	week-	dietary	intervention	protocol,	a	study	in	rodents
showed	that	casein-containing	high-protein	diet	modi�ies	gene
expression	in	the	colonic	mucosa	when	compared	with	an	isocaloric
normo-protein	diet	[365].	Another	study	in	rodents	showed	that	a	two
week-intervention	protocol	with	whole	milk	protein-	containing	high-
protein	diet	down-regulates	in	colonocytes	gene	expression	notably	in
relationship	with	cell	metabolism,	cell	signaling,	DNA	repair,	and
cellular	adhesion	when	compared	with	the	situation	in	colonocytes
isolated	from	animals	that	received	an	isocaloric	normo-protein	diet
[366].	On	the	contrary,	such	diet	was	found	to	up-regulate	the
expression	of	genes	involved	in	intestinal	barrier	function	[366].	These
experimental	studies	allow	to	establish	the	new	proof	of	concept
according	to	which	increasing	the	amount	of	dietary	protein	in	the	diet
results	in	a	modi�ication	of	gene	expression	in	the	colonic	mucosa,	and
more	speci�ically,	in	the	epithelial	layer.	A	randomized	double-blind
controlled	study	with	overweight	volunteers	reported	that	3	week-
dietary	supplementations	with	either	casein	or	soy	protein	resulted	in
small	amplitude	changes	in	the	expression	of	numerous	genes	in	the
rectal	mucosa,	notably	for	genes	involved	in	the	homeostatic	processes
of	epithelial	renewal,	such	as	cell	cycle	and	cell	death	[351].

Low-Protein	Diet	May	Affect	Intestinal	Microbiota	Composition
and	Metabolic	Activity
In	deep	contrast	with	the	consumption	of	diet	rich	in	proteins,	thus
above	the	requirement,	in	Western	countries,	a	part	of	the	world
population	is	affected	by	an	amount	of	dietary	protein	sometimes
largely	below	the	requirement,	thus	affecting	children	growth	and
health	status	[367–369].	The	normal	pattern	of	intestinal	microbiota
evolution	is	disrupted	in	children	suffering	from	undernutrition	[370,
371],	even	if	the	part	due	to	insuf�icient	protein	consumption	remains
unknown.	Little	is	known	on	the	impact	of	low-protein	diet	on	the
intestinal	microbiota	composition	and	metabolic	activity,	as	well	as
consequences	in	terms	of	intestinal	physiology.	In	the	young	pig	model,
low-protein-high-carbohydrate	diet	given	for	one	month	alters	the	fecal
microbiota	composition	[372],	while	in	mice,	low-protein	diet	leads	to	a



greater	abundance	of	urease-producing	bacterial	species	in	feces	[373],
thus	modifying	the	microbiota	composition,	and	presumably	the	overall
microbiota	metabolic	capacity.

Key	Points
High-protein	diets	are	used	by	individuals	who	want	to	decrease
their	body	weight	in	relationship	with	the	associated	satiating	effect
of	such	diets.	Short-term	consumption	of	such	diets	induces	a	shift
from	carbohydrate	to	protein	degradation	by	the	intestinal
microbiota	with	increased	amino	acid-derived	bacterial	metabolites
and	co-metabolites	recovered	in	the	urine.
The	production	of	bacterial	metabolites	is	different	when
supplementing	the	regular	diet	with	either	animal	or	plant	proteins.
Short-term	consumption	of	high-protein	diet	causes	little	change	in
fecal	and	rectal	mucosa-associated	microbiota	composition	and
diversity.
Short-term	consumption	of	high-protein	diet	modi�ies	the	expression
of	genes	involved	in	the	maintenance	of	rectal	mucosa	homeostasis.
Children	suffering	from	undernutrition	display	an	altered	pattern	of
intestinal	microbiota.	Low	protein	diets	alter	the	fecal	microbiota
composition.

3.2	 Metabolism	of	Polysaccharides	by	the
Intestinal	Microbiota	and	Impact	on	the
Intestinal	Epithelium	Metabolism	and
Functions
Polysaccharide-Derived	Bacterial	Metabolites	and	Effects
on	the	Intestinal	Epithelium
Indigestible	Polysaccharides	Are	Substrates	for	the	Large
Intestine	Microbiota	Giving	Rise	to	Short-Chain	Fatty	Acids
Among	the	carbohydrates	present	in	the	diet,	only	monosaccharides
can	be	directly	absorbed	by	the	small	intestine	enterocytes	which	use
dedicated	transporters	for	such	a	purpose,	while	disaccharides	(like
sucrose,	lactose,	and	maltose)	need	to	be	�irstly	digested	before



absorption	of	the	resulting	monosaccharides	(glucose,	fructose,
galactose)	[374].	Indigestible	carbohydrates	in	the	diet	belong	to	a
family	of	compounds	mostly,	but	not	exclusively,	present	in	plant
sources	that	include	resistant	starch,	non-starch	polysaccharides,	and
indigestible	oligosaccharides	[375].	Resistant	starch	cannot	be	fully
digested	in	the	small	intestine	and	are	usually	divided	into	different
groups	according	to	their	relative	resistance	to	digestion	[376].	The
non-starch	polysaccharides,	usually	called	�ibers,	include	soluble	and
insoluble	�ibers	[377].	The	indigestible	carbohydrates	are	transferred
to	the	large	intestine	where	they	are	used	as	primary	carbon	and
energy	source	for	bacterial	growth	[378].	In	the	process	of
fermentation	of	the	dietary	non-digestible	carbohydrates,	the	human
gut	microbiota	produces	large	amount	of	short-chain	fatty	acids,
namely	acetate,	propionate,	and	butyrate	[379].	Both	dietary	�ibers	and
resistant	starch	are	substrates	for	the	production	of	short-chain	fatty
acids	in	the	large	intestine	[380–384].

Non-digestible	carbohydrates	are	not	the	unique	sources	of	short-
chain	fatty	acids,	since,	as	indicated	in	the	preceding	paragraphs,
several	amino	acids	are	used	by	the	intestinal	microbiota	as	substrates
for	such	production.	In	addition	to	these	precursors,	dietary	fructose
has	been	identi�ied	as	being	converted	to	acetate	by	the	intestinal
microbiota	[385].	Numerous	butyrate-producing	species	are	belonging
to	Ruminococcaceae,	Lactospiraceae,	and	Clostridiaceae	[386].	Other
bacterial	species,	including	Faecalibacterium	prausnitzii,	are	also	able
to	produce	butyrate	[387,	388],	as	well	as	Eubacterium	rectale	and
Roseburia,	and	many	clostridium	species	[389].

These	compounds	are	recovered	at	millimolar	concentrations	in
human	colonic	�luid.	Acetate	is	the	most	abundant,	averaging	54	mM	in
human	colon,	while	propionate	and	butyrate	represent	one-third	of
acetate	concentration,	thus	approximately	18	mM	[84,	89,	390–393].
Due	to	the	pKa	of	the	short-chain	fatty	acids,	and	to	the	neutral	or
slightly	acidic	pH	in	the	large	intestine	�luid,	most	of	the	short-chain
fatty	acids	are	in	anionic,	dissociated	form	in	the	large	intestine	content
[394].	These	compounds	are	transported	in	colonocytes	through
different	processes.	Speci�ic	transporters,	notably	the	monocarboxylate
transporters	MCT1	and	SLC5A8,	are	responsible	for	the	entry	of	short-
chain	fatty	acids	inside	colonocytes	[112,	358,	395,	396].	Butyrate	can



also	enter	the	colonocytes	by	using	the	SCFA/HCO3
−	exchanger	[397],

while	the	minor	amount	of	short-chain	fatty	acids	in	undissociated
lipid-soluble	form	can	enter	colonocytes	by	diffusion	[398].	Of	note,
from	in	vitro	experiments	with	colonocytes	and	luminal	membranes
obtained	from	colonocytes,	it	has	been	demonstrated	that	butyrate
transport	by	the	MCT1	transporter	can	be	reduced	by	L-lactate	and
propionate	[399,	400],	suggesting	that	competition	between	different
organic	acids	present	in	the	luminal	�luid	for	entry	into	colonocytes
may	happen	in	vivo.

Short-Chain	Fatty	Acids	Are	Luminal	Fuels	for	Absorptive
Colonocytes
Butyrate,	acetate,	and	propionate,	after	their	entry	inside	absorptive
colonocytes,	are	highly	oxidized	in	these	cells	[401–403],	thus	serving
as	luminal	fuels	for	colonocytes	(Fig.	3.18)	and	explaining	the
micromolar	circulating	concentrations	of	these	compounds	in	blood	as
compared	to	luminal	millimolar	concentration	[390].	Thus,	short-chain
fatty	acids	utilization	by	the	host	cells	represents	a	way	to	recycle
energy	from	compounds	produced	by	the	intestinal	microbiota	from
undigested	(or	not	fully	digested)	dietary	compounds	like	�ibers	and
proteins.



Fig.	3.18 Effects	of	the	bacterial	metabolite	butyrate	on	the	colonic	epithelium	metabolism	and
physiology

Oxidation	of	Short-Chain	Fatty	Acids	Brings	a	Minor	Amount	of
Energy	to	the	Host
However,	such	energy	recycling	appears	to	represent	only	a	minor	part
of	total	energy	consumption	by	the	human	body.	Indeed,	in	humans,
short-chain	fatty	acids	contribute	at	the	most	to	approximately	10%	of
the	caloric	requirement	[404].	Then,	the	supply	of	these	metabolites	by
microbiota	to	the	host,	and	their	subsequent	oxidation	represents	a
modest	contribution	in	terms	of	energy	supply,	and	this	is	particularly
true	when	calorie	intake	is	largely	above	the	requirements.	As	a	matter
of	fact,	overweight	and	obesity	are	mainly	driven	by	the	amount	of
energy	ingested	from	the	diet,	and	by	the	level	of	physical	activity	[405,
406],	according	to	the	energy	balance	status,	and	considering	the
interdependency	of	energy	intake	and	expenditure.

Genetic	background	of	the	hosts	linked	to	various	metabolic
pathways	also	plays	a	signi�icant	role	in	the	risk	of	obesity	and
overweight	at	a	given	level	of	energy	intake	and	disposal	[407–409].



Regarding	the	intestinal	microbiota,	its	composition	and	global
metabolic	activity	appear	to	play	an	indirect	role	in	the	process	of
weight	gain.	The	underlying	putative	mechanisms	are	notably	related	to
the	capacity	of	several	bacterial	metabolites	to	alter	the	intestinal
epithelial	barrier	function,	thus	increasing	the	transfer	of	bacterial
components	and	bacterial	metabolites	from	the	luminal	�luid	to	the
bloodstream,	several	of	these	latter	being	able	to	activate	in�lammatory
pathways	that	are	associated	with	both	obesity	and	risk	of	adverse
outcomes	in	obesity-associated	diseases	[410].	The	situation	is
complicated	by	the	fact	that	some	bacterial	metabolites,	like	butyrate
that	represents	a	fuel	for	the	colonic	absorptive	epithelial	cells,	have
been	shown	to	modify	the	secretion	of	enteroendocrine	hormones
involved	in	the	control	of	food	intake	[411],	as	detailed	in	the	last
paragraph	of	this	section.

Short-Chain	Fatty	Acids	Regulate	Electrolyte	and	Water
Movement	Across	the	Colonic	Epithelium
Butyrate,	and	to	a	minor	extent	acetate	and	propionate,	have	been
shown	to	play	a	role	in	the	movement	of	electrolytes	across	the	colonic
epithelium,	thus	participating	in	the	regulation	of	absorption	of
electrolytes	and	water	by	the	colonic	absorptive	cells	[96–98,	398,
412];	as	well	as	electrolyte	secretion	[100,	413]	(Fig.	3.18).

Short-Chain	Fatty	Acids	Stimulate	Tight	Junction	Assembly
In	in	vitro	experiments	performed	with	monolayers	of	human
colonocytes,	butyrate	stimulates	tight	junction	assembly,	thus
enhancing	the	epithelial	barrier	function	[414].	In	another	in	vitro
study	performed	with	intestinal	epithelial	cells	grown	as	monolayers,
butyrate	increased	epithelial	barrier	function	in	a	process	involving
increased	expression	of	gene	coding	for	claudin-1,	a	component	of	the
tight	junctions	involved	in	intestinal	barrier	function	[415]	(Fig.	3.18).

Butyrate	Oxidation	in	Colonocytes	Regulates	Its	Intracellular
Concentration:	A	Way	to	Regulate	Gene	Expression	in
Differentiated	Cells
In	colonocytes,	a	mixture	of	the	three	short-chain	fatty	acids	regulates
the	expression	of	different	genes	involved	in	different	aspects	of	their



functions	[416].	Among	these	compounds,	butyrate	appears	to	be	the
most	effective	in	such	regulation	[417,	418].	Of	notable	interest,
butyrate	increases	the	expression	of	genes	involved	in	the	control	of
proliferation	of	cancerous	colonic	epithelial	cell	models,	thus	reducing
their	growth	rate	[419–421].	These	results	have	led	to	the	proposition
that	butyrate	mitochondrial	metabolism	in	these	cells	is	not	exclusively
related	to	energy	production,	but	also	acts	as	a	regulator	of	butyrate
concentration,	and	thus	presumably	its	effect	on	nuclear	gene
expression,	and	associated	decreased	growth	[422,	423]	(Fig.	3.19).	In
other	words,	when	butyrate	is	highly	metabolized	in	the	mitochondria
of	cancerous	colonocytes,	this	bacterial	metabolite	little	affect	cell
growth,	while	when	this	compound	is	little	metabolized,	it	accumulates
in	the	cytosol	of	cells	and	modi�ies	gene	expression	resulting	in	reduced
growth	rate.	Of	note,	reduced	growth	rate	corresponds	to	a	lower
requirement	of	ATP	synthesis,	while	sustained	growth	rate	is	associated
with	higher	requirement	of	energy,	notably	for	protein	and	ADN
synthesis	[424].	The	mechanisms	involved	in	the	regulation	of	gene
expression	by	butyrate	in	colonocytes	include	notably	the	capacity	of
butyrate	to	increase	the	acetylation	of	speci�ic	nuclear	histone	proteins
[425].	Histone	hyperacetylation	in	colonocytes	represents	an	epigenetic
mechanism	driven	by	the	environment	that	regulates	gene	expression
in	these	cells	[426].



Fig.	3.19 Metabolism	and	mechanisms	of	action	of	butyrate	and	acetate	in	cancerous	colonic
epithelial	cell	models.	In	this	scheme,	the	metabolism	of	butyrate	in	the	mitochondria	of	cancerous
colonocytes	to	regulate	its	cytosolic	concentration	(and	thus	its	effects	on	gene	expression	in	the
nucleus)	is	presented



Regarding	the	oxidation	of	butyrate	to	regulate	its	intracellular
concentration,	the	central	article	of	Roediger	published	in	1982
reinforces	indirectly	this	latter	concept	[403].	As	a	matter	of	fact,
although	well	oxidized	in	the	mitochondria	of	the	colonocytes,	butyrate
very	modestly	increases	oxygen	consumption	in	these	cells	[403].	This
can	be	explained	by	the	suppression	of	the	oxidation	of	endogenous
substrates	in	colonocytes	in	the	presence	of	butyrate	[403].	In	other
worlds,	when	butyrate	is	available	from	the	microbial	activity	to
colonocytes,	these	cells	use	butyrate	as	a	preferential	fuel	for	ATP
synthesis,	and	thus	use	less	endogenous	substrates	(to	maintain	energy
homeostasis),	such	butyrate	metabolism	allowing	regulation	of	its
concentration	within	colonocytes,	and	thus	its	effect	on	gene
expression.

Of	note,	and	in	the	same	line	of	thinking,	it	has	been	shown	that	the
oxidation	of	butyrate	by	differentiated	colonocytes	in	the	surface
epithelium	and	in	the	upper	part	of	the	colonic	crypts	regulates	the
concentration	of	butyrate	in	vicinity	of	proliferating	epithelial
stem/progenitor	cells	in	the	lower	part	of	the	crypts,	thus	protecting
them	from	the	deleterious	effects	of	butyrate	at	excessive
concentrations	[427].

Short-Chain	Fatty	Acids	Stimulate	Mucin	Synthesis	in	Goblet
Cells	and	Hormone	Secretion	by	Enteroendocrine	Cells
Less	data	is	available	regarding	the	effects	of	short-chain	fatty	acids	on
non-absorptive	intestinal	epithelial	cells.	Regarding	the	mucous-
secreting	goblets	cells,	butyrate,	and	propionate	increase	the
expression	of	the	gene	coding	for	the	mucin	MUC2	in	human	goblet
cells	[428],	and	acetate	and	butyrate	induce	mucin	secretion	in	the
colon	after	intraluminal	administration	[429].	In	biopsies	recovered
from	colonic	resection	samples,	butyrate	is	able	to	increase	the
synthesis	of	mucin,	and	this	stimulating	effect	is	dependent	on	the
oxidation	of	butyrate	[430],	thus	suggesting	that	energy	provision
through	butyrate	metabolism	in	biopsies	likely	participate	in	the
process	(Fig.	3.18).

The	role	of	short-chain	fatty	acids	on	hormone	secretion	by	the
enteroendocrine	cells	has	been	investigated.	Although	butyrate
receptors	have	been	identi�ied	in	endocrine	cells	present	in	the	colonic



crypts	[431,	432],	the	physiological	signi�icance	of	the	presence	of	such
receptors	in	the	large	intestine	remains	unclear	[433].	Propionate	and
butyrate	have	been	shown	to	stimulate	in	vitro	the	production	and
secretion	of	PYY	in	human	enteroendocrine	cells	partly	through	binding
to	free	fatty	acid	receptors	(FFAR)	[434].	When	delivery	of	propionate
to	the	colon	in	volunteers	was	performed	by	oral	ingestion	of	inulin-
propionate,	an	increased	PYY	and	GLP-1	plasma	concentrations	were
measured	[435].	An	infusion	of	acetate	in	the	distal	colon	of	human
subjects	resulted	in	an	increased	circulating	concentration	of	PYY
[436].	These	results	are	of	interest	as	they	suggest	that	the	three	short-
chain	fatty	acids	increase	in	different	preclinical	and	clinical	studies	the
secretion	of	the	satiety	stimulators	PYY	and	GLP-1	[437,	438].	Thus,	it
remains	intriguing	that	in	one	hand,	as	stated	in	the	previous
paragraph,	short-chain	fatty	acid	oxidation	by	the	host	contributes	to	a
modest	extent	to	the	calorie	supply,	while	in	the	other	hand,	these
bacterial	metabolites	increase	the	secretion	of	the	satiety	stimulators
PYY	and	GLP-1	by	enteroendocrine	cells.

Key	Points
Indigestible	polysaccharides	are	used	by	the	large	intestine	bacteria
to	produce	short-chain	fatty	acids	which	are	used	as	energy
substrates	by	colonocytes.
Butyrate	is	used	as	energy	substrate	within	colonocytes,	allowing
regulation	of	its	intracellular	concentration,	and	thus	its	effects	on
gene	expression.
Butyrate	oxidation	by	differentiated	colonocytes	regulates	the
concentration	of	this	compound	near	the	proliferating	stem	cells,
avoiding	marked	inhibition	of	their	proliferation	in	case	of	excessive
concentration.
Short-chain	fatty	acids	regulate	electrolyte	and	water	movement
across	the	colonic	epithelium	and	favor	the	maintenance	of	epithelial
barrier.
Short-chain	fatty	acids	stimulate	mucus	synthesis	and	secretion	by
goblet	cells	and	stimulate	the	secretion	of	the	satiety	hormones	PYY
and	GLP-1	by	colonic	enteroendocrine	cells.



Effects	of	the	Amount	of	Dietary	Polysaccharide	on	the
Intestinal	Ecosystem	and	Consequences
Higher	Consumption	of	Fibers	Is	Generally	Associated	with
Favorable	Health	Outcomes	in	Terms	Of	Intestinal	Ecosystem
and	Intestinal	Physiology
Systematic	analysis	of	observational	studies	indicates	that	higher
dietary	�iber	consumption	is	associated	with	favorable	health	outcomes
[439].	Notably,	higher	consumption	of	�ibers	is	associated	with	lower
concentrations	of	serum	in�lammatory	biomarkers	[440,	441].
However,	it	is	worth	noting	that	higher	consumption	of	�ibers	may	be
associated	with	higher	intake	of	some	vitamins	[442],	some	minerals
[443],	and	numerous	phytomicronutrients	[444],	all	these	compounds
being	able	to	be	part	of	the	favorable	outcomes	observed	in	individuals
with	higher	�iber	intake.	With	these	reservations	in	mind,	what	part	of
the	bene�icial	effects	of	indigestible	polysaccharide	on	health	outcomes
could	be	attributable	to	changes	in	the	intestinal	ecosystem,	and
notably	in	reference	to	bacterial	metabolite	production	from	alimentary
compounds?

Mechanistic	studies	and	clinical	trials	with	isolated	or	mixtures	of
different	�ibers	have	demonstrated	regulatory	effects	on
gastrointestinal	physiology	notably	in	terms	of	digestion	and
absorption	of	dietary	compounds,	transit	time,	stool	consistency,	and
gut	microbiota	composition	and	metabolic	activity	[445–447].

When	indigestible	polysaccharides	are	in	short	supply,	as	often
observed	in	Western	countries	[448],	the	large	intestine	microbiota
may	switch	to	other	sources	for	growth	such	as	amino	acids	originating
from	undigested	proteins	or	fats	[93,	378].	Such	a	metabolic	switch	has
consequences	for	the	composition	of	the	luminal	large	intestine	�luid,
resulting	in	decreased	butyrate	concentration	in	feces	[354,	357,	449].

In	experimental	and	clinical	studies,	it	has	been	consistently	shown
that	supplementation	with	indigestible	saccharides,	in	case	of
consumption	of	diet	rich	in	protein,	bene�icially	lowers	the	production
of	amino	acid-derived	bacterial	metabolites	with	potential	toxicity
against	the	large	intestine	epithelium	[81,	144,	147,	450–454].	These
results	are	corroborated	by	in	vitro	fermentation	with	stools	obtained
from	donors	[68].



Very	Low	Dietary	Fiber	Consumption	May	Adversely	Affect	the
Protective	Mucus	Layer	in	the	Large	Intestine
There	is	evidence	that	high	�iber	consumption	contributes	to	an
ef�icient	protective	mucus	barrier	upon	the	colonic	epithelial	layer
[455].	It	has	been	proposed	that	when	the	availability	of	�ibers	for	the
intestinal	microbiota	is	limited,	due	to	lower	consumption,	the
proportion	of	mucus-degrading	bacteria	increases,	therefore	potentially
affecting	the	characteristics	of	the	mucus	layer	[456].

More	generally,	when	the	amount	of	microbiota-accessible
carbohydrates	is	limited	in	comparison	with	what	bacteria	require	for
growth,	bacteria	become	dependent	on	alternative	sources	represented
notably	by	mucin	glycans	[457–459],	therefore	possibly	altering	mucus
structure.	Incidentally,	some	adhering	bacterial	species	in	the
gastrointestinal	tract	are	equipped	with	proteases	that	can	directly
target	mucins	[460],	thus	changing	their	structure,	or	reducing	their
viscoelasticity,	allowing	increased	transfer	of	luminal	bacteria	through
mucus	[461].	The	full	understanding	of	how	such	a	use	of	mucin
glycans	by	the	colonic	bacteria	modify	the	mucus	properties	is
complicated	by	the	fact	that	limited	degradation	of	mucus	is	needed	for
the	maintenance	of	a	protective	barrier	function	[462].	In	other	words,
only	marked	utilization	of	mucin	glycans	by	speci�ic	bacteria	would	be
susceptible	to	affect	the	mucus	layer	properties.

Key	Points
Dietary	�iber	consumption	is	associated	with	bene�icial	regulatory
effects	on	digestion,	absorption,	and	intestinal	transit	time.
The	amounts	of	dietary	�ibers	consumed	have	an	impact	on	the
microbiota	composition	and	metabolic	activity.
Lower	dietary	indigestible	polysaccharide	consumption	shifts	the
intestinal	microbiota	metabolic	activity	to	other	sources	of	substrates
like	amino	acids	and	fats.
Very	low	dietary	�iber	consumption	affects	the	structure	of	the
protective	mucus	gel.



3.3	 Metabolism	of	Lipids	by	the	Intestinal
Microbiota
Lipid-Derived	Bacterial	Metabolites	and	Effects	on	the
Intestinal	Ecosystem
In	a	Context	of	Balanced	Diet	Consumption,	Few	Lipids	are
Transferred	from	the	Small	to	the	Large	Intestine
A	very	small	proportion	of	dietary	fat,	usually	less	than	5%	in	condition
of	regular	diet	consumption,	reaches	the	large	intestine	[170,	463].
Bacteria	in	the	gut	degrade	triglycerides	and	phospholipids	into
glycerol	and	fatty	acids	[464].	Triglycerides	represent	a	large	part	of	fat
present	in	the	diet,	while	phospholipids,	notably	phosphatidylcholine,
represent	only	a	minor	part	of	dietary	lipids.	Of	note,
phosphatidylcholine	can	also	be	synthesized	from	endogenous	bile
acids	[465].	Regarding	the	glycerol	moiety,	it	serves	as	a	precursor	for
the	synthesis	by	Lactobacillus	reuteri	of	reuterin,	a	mixture	of	different
compounds	that	include	3-hydroxypropionaldehyde	(3-HPA),	3-HPA
hydrate,	3-HPA	dimer,	and	acrolein	[466–468].	The	bacterial	metabolite
reuterin	is	known	to	exert	broad-spectrum	antimicrobial	effect	against
several	bacteria	of	the	intestinal	microbiota	including	Clostridium
dif�icile	and	Escherichia	Coli	[469,	470]	(Fig.	3.20).	Among	the
metabolites	present	in	reuterin,	acrolein	has	been	shown	to	exert
deleterious	effect	towards	intestinal	epithelial	cells,	affecting	tight
junction	proteins,	and	damaging	intestinal	barrier	function,	resulting	in
increased	intestinal	permeability	[471]	(Fig.	3.20).



Fig.	3.20 Production	of	bacterial	metabolites	from	lipids	and	glycerol	moiety	of	lipids	and	effects
of	these	compounds	on	the	intestinal	ecosystem.	In	this	scheme,	the	effects	of	excessive
concentrations	of	bacterial	metabolites	on	DNA	integrity	in	colonocytes,	on	the	intestinal	barrier
function,	and	on	bacteria	are	indicated

Regarding	phosphatidylcholine,	the	intestinal	microbiota	converts
the	choline	moiety	of	the	phospholipid	into	the	bacterial	metabolite
trimethylamine	[472]	(Fig.	3.20).	This	trimethylamine	production	is
performed	by	several	species	present	in	the	intestinal	microbiota
including	members	of	Clostridium,	Eubacterium	spp.,	and



Proteobacteria	[473,	474].	No	information	on	the	effects	of
trimethylamine	on	the	intestinal	epithelium	is	available	at	the	time	of
the	writing	of	this	book.	As	will	be	developed	in	the	paragraph	devoted
to	the	gut-cardiovascular	system,	trimethylamine	is	however	well
known	to	be	absorbed	through	the	intestinal	epithelium	and	then
metabolized	to	trimethylamine	oxide	in	the	liver	[475].

Concerning	the	fatty	acids	released	from	triacylglycerol	and
phospholipids	in	the	luminal	�luid	of	the	large	intestine,	there	are
several	indications	that	free	fatty	acids	display	strong	antimicrobial
properties	in	vitro	[476,	477],	but	the	impact	of	such	property	for	the
control	of	the	bacterial	growth	in	the	large	intestine	in	real	life	situation
remained	to	be	determined.

In	regards	to	speci�ic	bacterial	metabolites	that	are	derived	from
lipids,	fecapentaenes,	that	are	present	in	the	human	feces,	are	produced
by	the	intestinal	microbiota	from	polyunsaturated	ether	phospholipids
(Fig.	3.20)	and	represent	potent	mutagens	towards	colon	epithelial	cell
DNA	[478],	as	will	be	detailed	in	Chap.	4.	Fecapentaenes	are	produced
by	several	species	belonging	to	Bacteroides	spp.	[479].

Key	Points
Generally,	few	lipids	are	transferred	from	the	small	to	the	large
intestine.
The	glycerol	moiety	of	triglycerides	and	phospholipids	is
metabolized	by	the	gut	microbiota	into	reuterin,	a	mixture	of
bacterial	metabolites	with	antimicrobial	properties.
Among	the	compounds	in	reuterin,	acrolein	in	excess	exerts	adverse
effects	on	intestinal	epithelial	permeability.

Effects	of	the	Amount	of	Dietary	Lipids	on	the	Intestinal
Ecosystem	and	Consequences
Evidence	from	animal	studies	has	shown	that	high-fat	diets	modify	the
intestinal	ecosystem	both	in	the	distal	part	of	the	small	intestine	and	in
the	large	intestine.

High-Fat	Diets	Modify	the	Intestinal	Microbiota	Composition	and
Ileal	Permeability



In	the	ileum,	four	weeks	of	high-fat	diet	given	to	rodents	results	in	the
colonization	of	the	space	between	villous	by	a	dense	microbiota,	a
situation	in	contrast	with	what	is	observed	in	animals	that	receive	a
standard	diet,	since	in	that	latter	case	the	intervillous	space	is	free	of
bacteria	[480].	This	may	be	related	to	the	effects	of	fatty	acids,	which	in
addition	to	their	reported	antimicrobial	effects,	appear	to	act	on	the
adhesion	of	bacteria	to	mucus.	As	a	matter	of	fact,	some	lipids,
depending	on	their	chemical	structure,	have	been	shown	to	affect	the
adhesion	of	bacteria	to	the	mucus	layer.	Indeed,	in	in	vitro	studies,
polyunsaturated	fatty	acids	inhibit	adhesion	of	Lactobacillus	to	mucus,
while	gamma-linolenic	acid	and	arachidonic	acid	promote	adhesion	of
Lactobacillus	to	mucus	[481].

Overall,	the	cecal	and	fecal	microbiota	composition	are	markedly
modi�ied	by	high-fat	diets,	notably	regarding	the	relative	abundance	of
Lactobacillus,	Bi�idobacterium,	and	Bacteroides	[482,	483].	This
intestinal	dysbiosis	is	associated	with	numerous	adverse	events
including	decreased	expression	of	genes	involved	in	antimicrobial
peptides	in	ileal	epithelial	cells,	retention	of	mucin	in	goblet	cells,
decreased	electrolyte	secretion,	upregulation	of	the	pro-in�lammatory
cytokine	tumor	necrosis	factor-alpha	(TNF-α),	decreased	expression	of
genes	coding	for	tight	junction	protein,	and	�inally	alteration	of	the	ileal
permeability	[480,	483–486].

Secondary	Bile	Acids	Can	Decrease	Clostridium	Dif�icile
Colonization	But	are	Cytotoxic	in	Excess	for	the	Intestinal
Epithelial	Cells
Bile	acids	are	end	products	generated	from	the	metabolism	of
cholesterol	[487].	Cholic	acid	and	chenodeoxycholic	acid	are	the	major
primary	bile	acids	synthesized	in	the	liver,	and	then	conjugated	with
taurine	or	glycine	[488].	Bile	salts	are	stored,	together	with
phosphatidylcholine	and	cholesterol,	in	the	gallbladder	and	secreted
into	the	intestinal	tract	to	facilitate	nutrient	digestion	and	absorption,
notably	regarding	the	lipid	part	of	the	diet	[489].	In	the	enterohepatic
circulation	of	bile	acids,	approximately	95%	of	bile	acids	are	absorbed
in	the	ileum	and	transported	back	to	the	liver	via	portal	circulation
where	it	controls	the	level	of	synthesis	of	new	bile	acids.	The	minor
proportion	of	primary	bile	acids	that	have	not	been	absorbed	in	the



small	intestine	can	be	used	by	the	intestinal	microbiota	for	the
synthesis	of	the	secondary	bile	acids,	namely	mainly	deoxycholic	acid
and	lithocholic	acid	(Fig.	3.21).	Many	bacterial	species,	like	Clostridium,
Lactobacillus,	Bi�idobacterium,	Eubacterium,	Escherichia,	and
Bacteroides	can	deconjugate	primary	bile	acids,	thus	preventing	their
reabsorption	by	the	small	intestine,	and	increasing	their	transfer	to	the
large	intestine	where	they	are	thus	used	by	the	intestinal	microbiota	for
secondary	bile	acid	production	[490].	The	average	fecal	excretion	of
deoxycholic	acid	and	lithocholic	acid	in	healthy	volunteers	is	within	the
100–200	mg/day	range	[491].



Fig.	3.21 Synthesis	of	the	secondary	bile	acids	by	the	intestinal	microbiota	and	effects	of	these
compounds	on	the	colonic	ecosystem.	The	effect	of	the	secondary	bile	acid	deoxycholic	acid	on
Clostridium	dif�icile	colonization	is	indicated,	as	well	as	the	effects	of	excessive	concentrations	of
this	bacterial	metabolite	on	the	colonic	epithelium



High-fat	diets	increase	bile	acid	concentration	in	the	small	and	large
intestine	to	optimize	fat	absorption	[492].	Accordingly,	the	total	fecal
bile	acid	concentration	is	increased	by	such	diets.	Bile	acids	are	known
for	their	general	antimicrobial	action	[493].	Deoxycholic	acid	(also
called	DCA),	the	main	secondary	bile	acid	present	in	human	feces	[494],
has	been	shown	to	be	strongly	associated	with	the	inhibition	of
Clostridium	dif�icile	colonization	in	animal	models	and	in	clinical
practice	[495,	496]	(Fig.	3.21).	This	is	of	major	interest	since,	as
previously	stated,	Clostridium	dif�icile	is	central	for	the	induction	of
diarrhea	and	colitis	associated	with	antibiotic	consumption	[497,	498].

Regarding	the	effects	of	deoxycholic	acid	on	the	host	intestinal
epithelium,	this	bacterial	metabolite	is	known	to	be	cytotoxic	for	the
epithelium	of	the	small	intestine	[499]	and	the	large	intestine	[500].
Indeed,	in	in	vitro	and	in	vivo	experiments	performed	in	the	mice
model,	it	has	been	shown	that	deoxycholic	acid	in	excess	disrupts	the
epithelial	integrity	both	in	the	small	and	large	intestine	[501,	502]	(Fig.
3.21).

Key	Points
Unabsorbed	bile	acids	are	metabolized	by	the	gut	microbiota	into	the
secondary	bile	acids	deoxycholic	and	lithocholic	acids.
Deoxycholic	acid	inhibits	Clostridium	dif�icile	colonization.
Deoxycholic	acid	in	excess	is	cytotoxic	for	colonic	epithelial	cells.

3.4	 Metabolism	of	Purine	Nucleotide	by	the
Intestinal	Microbiota
The	bacteria	present	in	human	stool	both	produce	hypoxanthine	in	the
purine	nucleotide	degradation	pathway,	and	degrade	this	compound
[503],	suggesting	that	the	concentration	of	hypoxanthine	in	the	distal
large	intestine	depends	on	the	net	result	of	such	production	and
degradation.	Hypoxanthine	has	been	identi�ied	as	being	able	to	increase
ATP	intracellular	concentration	in	intestinal	epithelial	cells,	thus	acting
presumably	as	an	additional	fuel	in	these	cells,	while	promoting
reinforcement	of	the	intestinal	barrier	function	[504].



3.5	 Metabolism	of	Phytochemicals	by	the
Intestinal	Microbiota	and	Impact	on	the
Intestinal	Epithelium	Metabolism	and
Functions
Bioactive	phytochemicals	are	compounds	contained	in	plants	that
display	biological	effects	on	various	tissues	and	cells	of	the	body.	These
bioactive	phytochemicals	gather	an	enormous	number	of	different
molecules,	including	notably	phenolic	structures,	a	group	of
compounds	composed	of	more	than	8000	currently	known	chemical
structures	[505].	Among	this	heterogeneous	group	of	compounds	from
plant	origin,	polyphenols	have	been	the	object	of	intensive	research	in
the	last	decades	because	of	their	reported	bene�icial	effects	observed	in
animal	models,	and	in	clinical	studies	[506].	The	fact	that	relatively	high
intakes	of	polyphenols	from	dietary	sources	have	been	measured	(for
instance,	approximately	820	mg/day	in	France	[507])	is	another	reason
for	explaining	the	research	effort	made	on	the	physiological	effects	of
these	compounds.	Of	note,	less	attention	has	been	paid	on	the	toxic
effects	that	can	be	observed	in	case	of	consumption	of	excessive	doses
of	polyphenols	in	the	context	of	dietary	supplementation	[508].

The	bene�icial	effects	of	polyphenols	have	been	observed	in	context
of	type	2	diabetes	[509],	in�lammatory	situations	[506,	510],	and
dysfunctions	of	the	cardiovascular	system	[511].	Polyphenolic
compounds	are	classically	divided	in	high	molecular	weight	tannins
(that	contain	notably	the	proanthocyanidins	[512]),	and	low	molecular
weight	polyphenols.	Most	polyphenols	are	present	in	food	as	glycosides
that	are	polyphenols	conjugated	to	various	sugars	including	glucose,
galactose,	rhamnose,	and	rutinose	[513].	In	the	small	intestine,	low
molecular	weight	polyphenols	are	partially	absorbed,	either	directly,	or
after	metabolic	transformation	during	their	transfer	through
enterocytes	[514,	515].

The	situation	is	much	different	for	the	high	molecular	weight
tannins,	since	these	dietary	compounds	are	almost	not	absorbed	in	the
small	intestine	and	are	thus	transferred	from	the	small	to	the	large
intestine	[516].	Studies	in	germ-free	animals,	as	well	as	in	vitro
incubation	of	fecal	samples	with	different	polyphenols,	provide



evidence	that	dietary	polyphenols	are	overall	highly	metabolized	by	the
colonic	microbiota	[513,	517–520].	Microbial	species	involved	in
metabolic	transformation	of	dietary	polyphenols	include	Bacteroides
distasomis,	Bacteroides	uniformis,	Bacteroides	ovatus,	Enterococcus
casseli�lavus,	Eubacterium	cellulosolvens,	and	Eubacterium	ramulus
[521].

The	Intestinal	Microbiota	Produces	Bacterial	Metabolites	from
Polyphenols
The	metabolic	activity	of	the	large	intestine	microbiota	towards	low
molecular	weight	polyphenols	and	high	molecular	weight	tannins
generates	numerous	bacterial	metabolites	that	are	often	organic	acids,
but	also	hydroxylated	forms	of	polyphenols	[522–530].	Human	dietary
intervention	trials	and	in	vitro	metabolic	studies	with	fecal	samples
incubated	with	different	dietary	plant	polyphenols	reveal	large	inter-
individual	variations	in	absorption,	metabolism,	and	excretion	of	these
compounds,	which	can	be	related	in	part	to	differences	in	the	gut
microbiota	composition	and	metabolic	activity	[513,	531–533].	Such
inter-individual	variations	in	the	microbial	metabolism	of	polyphenols
can	be	illustrated	considering	the	microbial	metabolism	of	the
phytoestrogen	daidzein,	a	polyphenolic	compound	that	belongs	to	the
�lavonoid	group	[534].	In	most	subjects,	intestinal	microbiota	converts
daidzein	to	o-desmethylangolensin,	a	metabolic	pathway	that	involves
Clostridium	species.	However,	a	minor	proportion	of	the	subjects,	about
30%	of	volunteers,	convert	daidzein	to	(S)-equol	through	the	metabolic
activity	of	a	wide	range	of	bacterial	species	among	the	intestinal
microbiota	[513,	535].

Several	Polyphenol-Derived	Bacterial	Metabolites	Exert
Bene�icial	Effects	on	the	Intestinal	Ecosystem
Some	data	are	available	regarding	the	effects	of	the	polyphenol-derived
bacterial	metabolites	on	the	host	intestinal	mucosa.	The	bacterial
metabolite	3,4-dihydroxyphenylacetic	acid	(DOPAC)	has	been	shown	to
possess	capacity	for	free	radical	scavenging	[536]	(Fig.	3.22).	In
addition,	DOPAC	reduces	the	secretion	of	pro-in�lammatory	cytokines
in	mononuclear	cells	[537].	Thus,	this	bacterial	metabolite	displays
interesting	bene�icial	potential	considering	its	capacity	to	reduce



events	associated	with	the	in�lammatory	processes.	Regarding	the
other	bacterial	metabolite	3,4-dihydroxylbenzoic	acid	(also	called
protocatechuic	acid	(PCA)),	it	has	been	shown	in	several	preclinical
experiments	with	animal	models	to	reduce	the	severity	of	chemically
induced	colitis.	Indeed,	in	mice,	PCA	given	intraperitoneally	reduces	the
severity	of	colitis	as	attested	by	reduced	damages	to	colonic	mucosa,
lower	neutrophil	in�iltration,	attenuated	oxidative	stress,	and	lower
expression	of	genes	coding	for	the	pro-in�lammatory	cytokines	IL-6,
TNF-alpha,	and	IL-1beta	in	colonic	tissues	[538]	(Fig.	3.22).	However,	in
this	latter	study,	the	way	of	administration	of	the	bacterial	metabolite
PCA	was	by	peritoneal	injection	and	not	by	the	intestinal	luminal	way.
Nevertheless,	other	studies	have	con�irmed	the	potentially	bene�icial
effect	of	PCA	towards	intestine.	In	the	pig	model,	dietary	PCA
supplementation	increased	the	expression	of	several	tight	junction
proteins	in	the	ileal	epithelium	[539],	while	dietary	supplementation
with	this	bacterial	metabolite	in	rodents	with	colitis	ameliorates	the
incidence	of	diarrhea	and	bleeding,	as	well	as	the	histological	aspect	of
the	colon	mucosa.	In	addition,	this	compound	lowers	the	in�iltration	of
neutrophils	in	the	colonic	mucosa,	while	decreasing	the	expression	of
the	inducible	form	of	nitric	oxide	synthase	(iNOS)	[540]	(Fig.	3.22).	This
latter	decrease	of	iNOS	is	of	interest,	since	iNOS	overexpression	has
been	found	in	colonic	samples	obtained	from	patients	with
in�lammatory	bowel	diseases	[541–543].	Overexpression	of	iNOS	in	the
colonic	mucosa	results	in	excessive	production	of	nitric	oxide	which
reacts	with	reactive	oxygen	species,	forming	strong	oxidant	like
peroxynitrite	[544].



Fig.	3.22 Metabolism	of	polyphenols	by	the	intestinal	microbiota	and	effects	of	bacterial
metabolites	on	the	intestinal	ecosystem.	The	effects	of	the	3	bacterial	metabolites	on	bacterial
growth	and	their	protective	action	in	case	of	in�lammatory	episodes	are	indicated

The	effects	of	4-hydroxyphenylacetate	(HPA)	on	the	intestinal
ecosystem	have	been	also	studied.	Of	note,	this	bacterial	metabolite	is
not	only	produced	from	polyphenols	[545],	but	also	from	aromatic
amino	acids	[546]	(see	paragraph	3.1).	This	latter	bacterial	metabolite
inhibits	the	growth	of	the	food-borne	pathogen	Listeria	monocytogenes
(Fig.	3.22),	an	effect	associated	with	alteration	of	the	bacteria
morphology,	and	decrease	of	the	expression	of	several	virulence	genes
[547].

Bene�icial	effects	of	polyphenols	have	been	in	addition	related	to
their	capacity	to	decrease	the	concentration	and	production	of
deleterious	metabolites	by	the	large	intestine	microbiota.	For	instance,
proanthocyanidin-containing	polyphenol	plant	extract	reduces	the



production	of	human	fecal	samples	of	H2S	and	ammonia	[548].
Furthermore,	in	rats,	proanthocyanidin-containing	polyphenol	extract
attenuates	the	increase	of	H2S	concentration	that	is	provoked	in	the
large	intestine	by	consumption	of	a	high-protein	diet	[549].	These
results	are	overall	of	interest	as	H2S	and	ammonia	inhibit	the
respiration	of	colonocytes	when	present	in	excess	[2].	Lastly,
proanthocyanidin-containing	polyphenol	extracts	from	plant	origin,	as
well	as	the	bacterial	metabolites	derived	from	proanthocyanidins,
namely	3-phenylpropionic	acid,	3,4-dihydrophenylpropionic	acid,	and
4-hydroxyphenylacetic	acid	are	all	able	to	prevent	the	alteration	of
barrier	function	provoked	by	excessive	concentrations	of	the	tyrosine-
derived	bacterial	metabolite	p-cresol	[162].

Key	Points
Among	phytochemicals,	polyphenols	can	be	transferred	from	the
small	to	the	large	intestine	where	they	are	metabolized	by	the
intestinal	microbiota	giving	rise	to	bacterial	metabolites.
Among	these	bacterial	metabolites,	several	of	them	display	bene�icial
effects	on	the	colonic	ecosystem,	inhibiting	Listeria	monocytogenes,
exerting	free	radical	scavenging	effect,	and	reducing	the
concentration	of	ammonia	and	hydrogen	sul�ide	which	are
deleterious	for	the	colonocytes	when	present	in	excess.

3.6	 Osmolality	and	pH	of	the	Intestinal
Luminal	Fluid	and	Effects	on	the	Intestinal
Epithelium
In	healthy	humans,	as	stated	above,	diet	can	modify,	at	least	transiently,
the	colonic	microbiota	composition	[356]	and/or	its	metabolic	activity
[2].	Consequently,	bacterial	metabolite	concentrations	in	the	colonic
�luid	can	evolve	depending	on	the	overall	net	result	of	bacterial
metabolism,	absorption	through	the	colonic	epithelial	absorptive	cells,
and	on	changes	in	water	and	electrolyte	movement	through	the	colonic
epithelium,	thus	�inally	being	able	to	affect	the	osmolality	of	the	luminal
content	[550,	551].



Hyperosmotic	Load	Affects	the	Intestinal	Epithelium
Metabolism
Exposure	of	the	mucosa	of	the	small	intestine	to	hyperosmotic	load
(treatment	with	hyperosmolar	media)	resulted	in	increased
transepithelial	resistance	and	alterations	in	absorptive	epithelial	cell
tight-junction	structure	[552,	553].	In	addition,	hyperosmotic	exposure
of	the	intestinal	epithelial	cells	results	in	the	production	of	pro-
in�lammatory	cytokines	[554,	555].	In	in	vitro	experiments	with	human
colonocytes,	hyperosmolar	media	slow	down	their	proliferation,	in
association	with	a	transient	reduction	of	cell	mitochondrial	oxygen
consumption	and	decreased	intracellular	ATP	content	[556].	The
barrier	function	of	colonocyte	monolayer	was	also	transiently	affected
in	this	latter	study	since	increased	paracellular	apical-to-basal
permeability	was	measured.	In	addition,	hyperosmotic	stress	induces
secretion	of	the	pro-in�lammatory	cytokine	IL-8.	By	measuring
expression	of	genes	involved	in	energy	metabolism,	electrolyte
permeability,	and	intracellular	signaling,	different	response	patterns	to
hyperosmotic	stress	occurred,	depending	on	its	intensity	and	duration,
highlighting	notably	cellular	adaptive	capacities	towards	changes	in
luminal	osmolarity	[556].

Changes	in	the	Luminal	pH	Affect	the	Transport	and	Diffusion	of
Several	Bacterial	Metabolites	in	Intestinal	Epithelium	Cells	and
Thus	Their	Effects	on	These	Cells
Regarding	the	luminal	pH,	several	bacterial	metabolites,	either	acidic	or
alkaline,	can	affect	this	parameter.	Conversely,	the	luminal	pH	can	affect
the	acid/base	ratio	of	several	bacterial	metabolites.

The	pH	of	the	human	cecal	content	is	slightly	acidic	ranging	from	5.7
to	6.8,	while	ranging	from	6.1	to	7.5	in	the	distal	colon	and	rectum
[394].	The	pH	at	the	colonic	mucosal	surface	in	healthy	subjects	is
averaging	7.1	in	cecum	and	proximal	colon,	whereas	it	ranges	from	7.2
to	7.5	in	the	distal	colon	and	rectum	[557].	The	luminal	pH	depends
notably	on	the	respective	concentrations	of	a	complex	mixture	of	acids
and	bases	in	the	large	intestine	content,	among	which	hydrogen	and
bicarbonate	secretion	by	the	colonic	mucosa	represents	important
determinants	[394].	Short-chain	fatty	acids	participate	as	organic	acids,
together	with	other	microbiota-derived	acidic	metabolites,	like



branched-chain	fatty	acids,	lactate,	succinate,	and	hydrogen	sul�ide.
Ammonia	intervenes	in	the	luminal	pH	as	a	weak	base.	Overall	change
in	the	luminal	pH	can	affect	the	uptake	of	luminal	compounds	by
colonocytes,	and	then	their	action	on	these	cells.	For	instance,	hydrogen
sul�ide	(H2S)	dissociates	in	solution,	yielding	hydrosul�ide	anion	with	a
pKa	equal	to	7.04	[209].	Thus,	when	the	luminal	pH	is	more	acidic,	the
hydrogen	sul�ide/hydrosul�ide	anion	ratio	in	the	large	intestine
increases,	with	H2S,	unlike	hydrosul�ide	anion,	easily	penetrating
biological	membranes	by	diffusion	[558].	A	lower	luminal	pH	will	then
increase	H2S	entry	into	colonocytes.	The	same	reasoning	can	be	made
regarding	butyrate	and	ammonia.	Butyrate,	according	to	its	pka	value	of
4.7,	exists	predominantly	in	the	anionic	dissociated	form	at	the	normal
colonic	pH,	this	anionic	form	being	transported	by	the
monocarboxylate	transporter	isoform	1	(MCT1),	which	is	present	in	the
colonocyte	brush-border	membranes	[89,	559].	Then	at	a	more	acidic
pH,	the	concentration	of	the	anionic	form	will	decrease	and	the
diffusible	undissociated	form	will	increase,	resulting	presumably	in
lower	uptake	of	this	compound	through	the	MCT	1	transporter	by
colonocytes,	and	increased	diffusion	of	the	undissociated	lipid-soluble
form.	Lastly,	ammonia	(considered	as	the	sum	of	NH4

+	and	NH3)	with	a
pKa	equal	to	9.02	is	mainly	present	as	the	NH4

+	ammonium	form	in	the
colonic	�luid	and	transported	in	absorptive	colonocytes	through
dedicated	transporters	[125].	A	more	alkaline	luminal	pH	will	displace
the	equilibrium	in	favor	of	NH3,	knowing	that	this	latter	compound	is
highly	diffusible	across	colonocyte	membranes	[560].	Then,	according
to	the	pH	of	the	colonic	luminal	�luid,	the	uptake	of	several	bacterial
metabolites	by	colonocytes	will	be	modi�ied,	and	consequently	their
effects	on	colonocytes	will	be	different	[2].

Beyond	the	in�luence	of	luminal	pH	on	the	transport	of	bacterial
metabolites	inside	colonocytes,	the	modi�ication	of	this	parameter	may
per	se	affect	the	microbiota	metabolic	activity.	For	instance,	low	luminal
pH	reduces	the	synthesis	of	secondary	bile	acids	by	the	intestinal
microbiota	[561],	and	the	activity	of	luminal	bacterial	proteases	in	the
colon	[562].

Key	Points



Hyperosmolarity	of	the	colonic	luminal	�luid	affects	colonocyte
energy	metabolism	and	epithelial	barrier	function.
Changes	in	the	pH	of	the	colonic	luminal	�luid	affect	the	acid/base
ratio	of	several	bacterial	metabolites,	thus	modifying	their	entry	into
colonic	epithelial	cells,	and	thus	their	effects	on	these	cells.
Changes	in	the	pH	of	the	colonic	�luid	affect	the	microbiota	metabolic
activity.

3.7	 Bacterial	Metabolites	and	the	Intestinal
Immune	System
The	intestine	represents	the	largest	compartment	of	the	immune
system.	The	intestinal	epithelium	is	continually	exposed	to	a	large
variety	of	antigens	and	immunomodulatory	agents	originating	from	the
diet	and	from	components	of	the	intestinal	microbiota,	together	with
metabolites	produced	by	its	metabolic	activity	[563].	The	intestinal
epithelial	cells	and	numerous	immune	cells	express	a	series	of
receptors	that	recognize	bacterial	cell	wall	components,	as	well	as
bacterial	metabolites,	and	such	recognition	has	an	impact	on	the
intestinal	immune	system	activity	[564,	565].	Intestinal	epithelial	cells
are	known	to	represent	crucial	mediators	of	intestinal	homeostasis	that
enables	the	establishment	of	an	immunological	environment
permissive	to	colonization	by	bacteria	[566].	The	intestinal	immune
system	includes	lymphoid	tissues	together	with	populations	of
scattered	innate	and	adaptive	effector	cells	[567].

Different	types	of	immune	cells	are	present	within	the	intestinal
epithelium,	within	the	lamina	propria	situated	below	the	epithelium,
and	within	the	organized	intestinal	lymphoid	tissue	known	as	Peyer’s
patches	[568,	569].	These	structures	are	continuously	exposed	to	an
enormous	diversity	of	microbial	and	food	antigens	[570].	Intestinal
intraepithelial	lymphocytes	are,	like	their	name	indicate,	located
between	intestinal	epithelial	cells	[571].	They	include	a	variety	of	cell
types	with	different	effector	functions,	including	cells	with	cytotoxic,
helper,	and	regulating	properties	[572].	The	lamina	propria	contains
numerous	dendritic	cells.	These	antigen-presenting	cells	can	extend
dendrites	between	intestinal	epithelial	cells	without	disrupting	the
intestinal	barrier	function,	and	sense	antigens	from	the	luminal	content



[224].	In	healthy	conditions,	dendritic	cells	participate	in	the	induction
of	tolerance	towards	the	residing	microbiota	antigens	[573,	574].	The
intestinal	B	cells,	as	part	of	the	adaptive	immune	system,	are	one	of	the
predominant	cell	populations	in	the	lamina	propria	of	the	small	and
large	intestine	[575].	Lamina	propria	is	also	rich	in	T	cells	[576].
Differentiated	T	cells	share	some	functional	properties	with	the	innate
lymphoid	cells	of	the	lamina	propria.	Intestinal	epithelial	cells	can	also
produce	several	cytokines	that	affect	immune	cells	functions	[577–
579].	Conversely,	intestinal	epithelial	cells	respond	to	cytokines
produced	by	immune	cells	in	the	lamina	propria	[566].

In	the	large	intestine,	immunoglobulins	A	(IgA),	together	with	the
presence	of	many	regulatory	T	cells	play	a	role	in	modulating	the
interactions	between	the	host	and	its	intestinal	microbiota	[580,	581].
Conversely,	the	intestinal	microbiota	contributes	to	shape	the	intestinal
immune	system	[582].

The	focus	of	this	chapter	is	to	review	the	actions	played	by	the
bacterial	metabolites	on	the	intestinal	immune	system.	Diverse
bacterial	metabolites	such	as	short-chain	fatty	acids	and	several	amino
acid-derived	compounds	can	affect	the	immune	response	through
interaction	with	cells	present	in	the	host	intestinal	tract	[583].

Several	Bacterial	Metabolites	Regulate	the	Intestinal	Immune
Response
Short-chain	fatty	acids	appear	to	be	able	in	in	vitro	experimental
models	to	act	on	several	immune	cells	in	ways	that	are	associated	with
anti-in�lammatory	actions.	In	vivo	studies	with	experimental	models
have	also	been	performed,	but	most	of	them	have	used	oral	provision	of
short-chain	fatty	acids,	thus	in	a	very	different	situation	than	the	“real
life	situation”	where	these	compounds	are	mostly	provided	from	the
luminal	content	through	the	metabolic	activity	of	the	intestinal
microbiota.	As	will	be	detailed	in	the	paragraph	4.1,	although	the	anti-
in�lammatory	effects	of	short-chain	fatty	acids	are	suggested	by	several
in	vitro	studies,	the	roles	of	these	effects	in	clinical	situations	remain
quite	controversial.

The	short-chain	fatty	acid	butyrate	has	the	capacity	to	decrease	the
production	of	the	pro-in�lammatory	mediators	Il-6	and	IL-12	by
intestinal	macrophages,	the	most	abundant	immune	cell	type	in	the



intestinal	subepithelial	lamina	propria	[584]	(Fig.	3.23).	Macrophages
differentiated	in	the	presence	of	butyrate	display	enhanced
antimicrobial	activity,	suggesting	increased	resistance	to
enteropathogens	[585].	In	addition,	the	three	short-chain	fatty	acids
butyrate,	propionate,	and	acetate	are	all	able	to	promote	the	production
of	the	regulatory	anti-in�lammatory	interleukin	IL-22	by	T	cells	and
innate	lymphoid	cells	[586]	(Fig.	3.23).	These	short-chain	fatty	acids
promote	T	cell	differentiation	into	both	effector	and	regulating	T	cells,
promoting	either	immunity	or	immune	tolerance	depending	on	the
immunological	environment	[587].	The	three	short-chain	fatty	acids
regulate	the	metabolism	and	gene	expression	in	B	cells,	promoting
pathogen-speci�ic	antibody	response	[588].	Butyrate	and	propionate
both	diminish	the	production	of	the	pro-in�lammatory	cytokine	TNF-α
by	activated	neutrophils	[589]	(Fig.	3.23).



Fig.	3.23 Effects	of	the	bacterial	metabolite	butyrate	on	immune	cells.	IL-6	and	IL-12	are	pro-
in�lammatory	interleukins,	while	IL-22	is	a	regulatory	anti-in�lammatory	interleukin

Dopamine	and	norepinephrine	are	bacterial	metabolites	derived
from	amino	acids	that	have	been	shown	to	interfere	with	the	intestinal
immune	system	since	these	compounds	alter	the	bacterial
internalization	in	intestinal	Peyer’s	patches	[590].

By	using	a	combined	metabolomics	and	bacterial	genetic	strategy,
histamine	was	identi�ied	as	a	bacterial	metabolite	produced	by
Lactobacillus	reuteri	that	suppresses	the	production	of	the	pro-
in�lammatory	TNF-alpha	by	isolated	Toll-like	receptor	2-activated
human	monocytoid	cells	[591].

Another	amino	acid-derived	bacterial	metabolite,	namely	spermine
was	shown	to	inhibit	pro-in�lammatory	M1	macrophage	activation
through	the	suppression	of	the	production	of	pro-in�lammatory
cytokines	[583,	592].	As	presented	in	the	paragraph	3.1,	the	bacterial
metabolite	indole,	which	is	produced	from	tryptophan,	together	with
several	indole	derivatives,	are	compounds	that	act	on	several	intestinal
immune	cell	functions.

Finally,	the	secondary	bile	acid	3	β-hydroxydeoxycholic	acid,	which
is	produced	by	the	intestinal	microbiota,	promotes	the	large	intestine
generation	of	peripheral	regulatory	T	cells,	and	acts	on	dendritic	cells
to	diminish	their	immune-stimulatory	properties,	thus	contributing	to
the	immunological	balance	in	the	large	intestine	[593].

Key	Points
Short-chain	fatty	acids	exert	immune-regulatory	roles	towards	the
intestinal	immune	system.
Several	bacterial	metabolites	including	dopamine,	norepinephrine,
histamine,	spermine,	indole,	and	the	secondary	bile	acids	3β-
hydroxydeoxycholic	acid	exert	regulatory	roles	on	the	intestinal
immune	system.

3.8	 Minerals	and	the	Intestinal	Microbiota:
Consequences	for	the	Intestinal	Ecosystem



The	intestinal	microbiota	uses	a	signi�icant	amount	of	minerals
provided	by	the	host	as	essential	elements	for	their	metabolic	needs
and	growth	[594].	In	addition,	the	intestinal	microbiota,	by	itself,	and
through	its	metabolic	activity,	and	thus	through	the	production	of
metabolites,	can	affect	directly	and	indirectly	the	absorption	of
minerals	by	the	small	and	large	intestine	as	will	be	presented	below.
Conversely,	mineral	de�iciency	and	oral	supplementation	with	several
minerals	can	affect	the	gut	microbiota	composition	[595].

Acetate	and	Propionate	Increase	Calcium	Absorption	in	the
Large	Intestine
Calcium	is	the	most	abundant	minerals	in	the	human	body,	with
approximately	99%	being	present	in	bones.	The	absorption	of	calcium
by	the	intestine	is	central	for	maintaining	bone	health	and	calcium
homeostasis	[595].	Although	in	healthy	humans,	calcium	is	mostly
absorbed	in	the	small	intestine,	a	minor	proportion	of	calcium	can	be
effectively	taken	up	by	the	large	intestine	epithelial	cells	[596].	Rectal
infusion	of	the	microbiota-derived	short-chain	fatty	acids	acetate	and
propionate	increased	calcium	absorption	from	the	distal	colon	and
rectum	in	volunteers	[597].

Dietary	Magnesium	De�iciency	Alters	Intestinal	Microbiota
Composition	and	Metabolic	Activity
Magnesium,	as	a	co-factor	of	more	than	300	enzymatic	reactions,	is
involved	in	a	wide	variety	of	physiological	and	metabolic	functions
[598].	The	intestinal	absorption	of	magnesium	occurs	predominantly	in
the	small	intestine,	but	some	uptake	is	ensured	by	the	large	intestine
epithelium	[599,	600].	Dietary	magnesium	de�iciency	was	shown	to
alter	the	gut	microbiota	composition	in	a	rodent	model	[601].	Such
de�iciency	was	associated	with	a	modi�ication	of	the	luminal
environment	of	the	colonic	epithelium,	since	marked	increase	of
formate	concentration	was	recorded	in	the	colon	of	mice	receiving	low
dietary	intake	of	magnesium	[602].

Propionate	Increases	Iron	Absorption	in	the	Large	Intestine
Iron	is	involved	in	the	synthesis	of	hemoglobin,	myoglobin,	and
numerous	enzymes	involved	in	physiological	and	metabolic	functions



in	the	body	[603,	604].	The	absorption	of	iron	from	heme	is	much	more
ef�icient	than	the	absorption	of	non-heme	iron	[605].	Non-absorbed
iron	that	has	not	been	used	by	the	bacteria	of	the	small	intestine	is
transferred	to	the	large	intestine	through	the	ileocaecal	junction.
Although	iron	absorption	occurs	mainly	in	the	small	intestine	of
mammals,	a	signi�icant	part	of	iron	can	be	absorbed	through	the
absorptive	epithelial	cells	of	the	large	intestine	[606].	Iron	is	an
essential	element	for	almost	all	intestinal	bacteria	[594].	Oral	iron
supplementation	is	used	in	case	of	iron-de�iciency	which	represents	a
global	health	concern	affecting	children,	women,	and	the	elderly	[607].
Due	to	limited	iron	absorption	in	the	small	intestine,	increase	transfer
of	iron	from	the	small	to	the	large	intestine	luminal	content	may	occur
notably	in	case	of	forti�ication	or	supplementation,	affecting	the	gut
microbiota	composition	with	a	reduction	of	the	relative	number	of
lactic	bacteria	including	bi�idobacteria	and	lactobacilli,	while	increasing
enterobacteria	including	Escherichia	coli	[608,	609].	Little	is	known	on
the	role	of	bacterial	metabolites	on	the	absorption	of	iron.	Lower
luminal	pH	in	the	colon,	notably	in	case	of	increased	organic	acid
production	by	the	microbiota,	increase	the	solubility	of	iron	and	iron
uptake	by	colonocytes	[610,	611].	In	rodents,	the	short-chain	fatty	acid
propionate	increases	iron	absorption	by	the	large	intestine	epithelium
[612].	Two	other	bacterial	metabolites,	namely	1,3-diaminopropane
(produced	from	the	amino	acids	glutamate	and	aspartate	[613]),	and
reuterin	both	downregulate	expression	of	key	elements	of	iron
transport	through	absorptive	enterocytes	[614],	thus	demonstrating
the	involvement	of	the	microbiota	metabolic	activity	in	systemic	iron
homeostasis.

The	Intestinal	Microbiota	Utilizes	a	Signi�icant	Part	of	Dietary
Zinc
Zinc	plays	major	roles	in	different	physiologic	and	metabolic	processes
notably	regarding	activity	of	different	brain	structures,	and	of	the
immune	and	endocrine	systems	[615–617].	Zinc	is	used	to	a	signi�icant
level	by	the	intestinal	microbiota	which	use	this	element	for	its
metabolic	needs	[594].	By	comparing	germ-free	rodents	with	no
intestinal	microbiota,	and	conventional	animals	colonized	by	an
intestinal	�lora,	it	has	been	determined	that	the	dietary	zinc



requirement	is	lower	in	germ-free	animals	than	in	the	conventional
counterpart	[618],	thus	pointing	out	the	signi�icant	utilization	of	zinc
by	the	intestinal	microbiota.	In	rodents,	zinc	de�iciency	during
pregnancy	alters	the	fecal	microbiota	composition	[619].	In	a	rodent
model	of	Clostridium	dif�icile	infection,	excessive	dietary	zinc
consumption	alters	the	intestinal	microbiota	composition	and
decreases	resistance	capacity	against	Clostridium	dif�icile	infection
[620].

Key	Points
Short-chain	fatty	acids	increase	calcium	and	iron	absorption	through
the	large	intestine	epithelium.
The	bacterial	metabolites	1,3-diaminopropane	and	3-
hydroxypropionaldehyde	decrease	iron	transport	through
enterocytes.
Gut	microbiota	diverts	part	of	the	available	zinc	for	its	own
utilization,	but	excessive	zinc	intake	lowers	resistance	towards
Clostridium	dif�icile	infection.

3.9	 Vitamins	and	the	Intestinal	Microbiota:
Consequences	for	the	Intestinal	Ecosystem
The	intestinal	microbiota	possesses	the	metabolic	capacity	for
synthesizing	some	vitamins,	notably	vitamin	K	and	vitamins	of	the	B
group	[621–623].	Although	the	bacteria	synthesize	vitamin	K	and
vitamins	B	for	their	own	metabolism	and	growth,	and	for	the	growth	of
other	microbial	members	of	the	intestinal	community,	a	part	of
produced	vitamins	is	available	to	the	host	[513,	624–627].	However,	the
contribution	of	intestinal	bacteria	for	vitamin	supply	to	the	host
appears	more	signi�icant	for	the	vitamins	of	the	B	group	than	for
vitamin	K	[623].	Some	bacterial	species	have	the	complete	biosynthetic
pathways	to	produce	B	vitamins,	while	others	must	acquire	them	from
exogenous	sources.	However,	both	kind	of	bacterial	species	express
transporters	for	B	vitamins	or	B	vitamin	precursors	[628,	629].	It	has
been	shown	that	the	colonic	epithelial	cells	can	absorb	a	wide	variety	of
B	vitamins	[630].	This	is	of	considerable	interest	since	humans	cannot



synthesize	vitamins	of	the	B	group	(except	for	niacin),	and	thus	depend
on	exogenous	sources	such	as	diet	and	intestinal	microbiota.	The
vitamins	of	the	B	group	that	are	synthesized	by	the	microbiota	play	a
central	role	in	numerous	metabolic	pathways	operating	in	the	host
tissues,	notably	those	involved	in	energy	production	[631].	Of	equal
importance,	vitamins	of	the	B	group	are	involved	in	the	metabolism	of
methionine,	this	amino	acid	being	the	precursors	of	several	metabolites
with	biological	activity,	and	notably	of	S-adenosylmethionine	which	is	a
methyl	donor	involved	in	more	than	60	methylation	reactions	in	the
body,	including	DNA	and	histone	methylation.	These	2	latter
methylation	processes	represent	an	important	component	for	the
regulation	of	gene	expression	in	cells	[632].

Key	Point
Intestinal	bacteria	participate	to	the	supply	of	vitamins	of	the	B
group	and	vitamin	K	to	the	host.

3.10	 Food	Additives	and	Compounds	Produced
during	Cooking	Processes	and	the	Intestinal
Microbiota:	Consequences	for	the	Intestinal
Ecosystem
Xenobiotics	is	a	general	term	that	includes	the	chemicals	to	which	an
organism	is	exposed,	with	the	notion	that	these	chemicals	are	extrinsic
to	the	normal	metabolism	of	that	organism	[633,	634].	Thus,
xenobiotics	include	dietary	compounds,	industrial	chemicals,	and
pharmaceuticals	[635].	In	this	chapter,	restriction	will	be	given	to	the
presentation	of	typical	examples	of	some	food	additives,	and
compounds	formed	in	the	cooking	process,	since	the	metabolism	of
dietary	nutrients	and	micronutrients	by	the	intestinal	microbiota	has
been	presented	in	previous	chapters.

The	metabolism	of	food	additives	and	compounds	generated	during
cooking	processes	by	the	gut	microbiota	remains	an	emerging	�ield	of
research	with	considerable	implications	for	the	assessment	of	the



toxicology	risk	and	for	the	understanding	of	the	mechanisms	of	action
of	these	compounds.

These	latter	compounds	can	be	active	on	the	microbiota	itself,
and/or	on	the	host’s	cells	[636,	637].	They	can	be	metabolized	by	the
gut	microbiota	which	produces	diverse	metabolites.	Indeed,	the	gut
microbiota	is	equipped	with	a	broad	repertoire	of	enzymatic	activities,
often	not	present	in	host	tissues,	which	can	lead	to	modi�ication	of
xenobiotics	and	production	of	metabolites	which	can	display	biological
effects,	either	bene�icial	or	deleterious,	depending	on	the	overall
context	[638].	The	amplitude	of	the	metabolic	activity	of	the	intestinal
microbiota	towards	these	compounds	will,	like	for	any	exogenous	and
endogenous	substrates	present	in	the	luminal	�luid,	depends	on	the
bioavailability	of	compounds	in	each	range	of	concentrations	and	on
the	intestinal	transit	time.

The	Intestinal	Microbiota	Metabolizes	Food	Additives
The	intestinal	microbiota	interacts	with	some	food	additives	like
arti�icial	sweeteners,	emulsi�iers,	and	preservatives	[635].	For	instance,
gut	microbes	convert	the	arti�icial	sweetener	cyclamate	into
cyclohexylamine,	and	can	metabolize	the	two	other	sweeteners
stevioside	and	xylitol	[639,	640].	However,	the	metabolic	pathways
involved	in	this	conversion	remain	to	be	identi�ied.	The	gut	microbiota
increases	its	metabolic	capacity	to	metabolize	cyclamate	after
prolonged	exposure	[641],	suggesting	that	long-term	ingestion	of	this
sweetener	may	select	and/or	induce	speci�ic	metabolic	activities
among	the	intestinal	microbiota.	However,	the	metabolism	of
sweeteners	by	the	human	intestinal	microbiota	in	humans	in	real-life
situation,	and	the	consequences	of	such	a	metabolism	for	the	intestinal
epithelium	remain	to	be	studied.

Sul�ite	is	a	food	preservative	that	acts	as	antioxidant	[642,	643].
Food	antioxidants	are	de�ined	as	chemical	compounds	added	to	some
food	to	retard	autoxidation	[642].	Sul�ite	is	absorbed	by	enterocytes	in
the	duodenum	[644].	Intestinal	bacteria	belonging	to	Bilophila	and
Veillonellaceae	reduce	sul�ite	into	hydrogen	sul�ide.	Hydrogen	sul�ide,
as	explained	in	paragraph	3.1,	can	be	used	as	a	mineral	fuel	in
mitochondria	of	colonocytes	at	low	concentration,	but	severely	impairs



mitochondrial	oxygen	consumption	and	ATP	production	in	these	cells
at	higher	concentration	[645].

Nitrite	is	also	used	as	a	food	preservative,	notably	because	nitrite
inhibits	the	growth	of	microorganisms,	notably	Clostridium	botulinum
strain	[646],	which	produces	different	toxins	responsible	for
deleterious	effects,	notably	in	terms	of	neurotoxic	effects	[647].	Nitrite
can	react	with	amines	in	the	large	intestine	of	mammals,	allowing	the
synthesis	of	N-nitroso	compounds	[648].	Among	these	N-nitroso
compounds,	nitrosamine	synthesis	can	be	promoted	by	commensal
bacteria	through	catalysis	of	amine	nitrosation	[649].	Among
nitrosamines,	several	of	them,	when	present	in	excess,	have	been
shown	to	provoke	DNA	damages	in	cells	[650–652]	as	will	be	detailed
in	Chap.	4.

Compounds	Formed	During	the	Cooking	Processes	Can	Be
Modi�ied	by	the	Intestinal	Metabolic	Activity
The	numerous	cooking	processes	used	around	the	world	generate	a
myriad	of	new	compounds	that	were	not	initially	present	in	food	and
modify	the	structure	of	food	components	[653–655].	Typical	examples
of	compounds	that	are	formed	during	cooking	are	heterocyclic	amines
that	are	formed	during	charring	of	meat	and	�ish,	and	that	are	poorly
absorbed	by	the	small	intestine	[651,	656].	These	compounds	can	be
altered	by	the	gut	microbiota	activity.	For	instance,	by	comparing	in	a
rodent	model	animals	with	and	without	intestinal	microbiota,	it	was
shown	that	the	DNA	damage	provoked	in	colonic	cells	by	the
heterocyclic	amine	2-amino-3-methylimidazol	(4,5-f)	quinolone	(IQ)
was	more	ample	in	conventional	animals	than	in	germ-free	animals
[657],	indicating	that	the	intestinal	microbiota,	likely	by	metabolizing
IQ	into	secondary	metabolites,	play	a	role	in	the	degree	of	genotoxic
alterations	in	colonocytes.	Also	of	major	interest,	the	gut	microbiota
can	hydrolyze	IQ-glucuronide	conjugates,	such	metabolites	being
formed	within	the	liver	from	IQ	present	in	the	colonic	�luid	and
excreted	via	the	bile	into	the	intestinal	lumen	[658].	This	metabolic
activity	of	the	intestinal	microbiota	increased	the	time	of	exposition	of
host	‘cells	to	IQ,	thus	presumably	increasing	the	genotoxic	insults	in
colonic	epithelial	cells.



Key	Points
Food	additives,	like	sul�ite	and	nitrite,	can	be	metabolized	by	the
intestinal	microbiota	giving	rise	to	bacterial	metabolites	like
hydrogen	sul�ide	and	nitrosamines	which	show	adverse	effects	on
the	intestinal	epithelium	when	present	in	excess.
Compounds	produced	during	some	cooking	processes,	like
heterocyclic	amines,	can	be	metabolized	by	the	intestinal	microbiota,
giving	rise	to	metabolites	that	can	be	involved	in	the	overall	toxicity
of	these	compounds.
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N,	Tomé	D,	Gaudichon	C.	Postprandial	metabolic	utilization	of	wheat	protein	in	humans.	Am	J
Clin	Nutr.	2005;81(1):87–94.
[PubMed]
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Huttenhower	C.	Metabolic	reconstruction	of	metagenomic	data	and	its	application	to	the
human	microbiome.	PLoS	Comput	Biol.	2012;8(6):e1002358.
[PubMed][PubMedCentral]

42. Bergen	WG.	Small-intestinal	or	colonic	microbiota	as	a	potential	amino	acid	source	in
animals.	Amino	Acids.	2015;47(2):251–8.
[PubMed]

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10867063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16406138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10867060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=34338884
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8416832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15173430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8958003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12450899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10953675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10584050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22719234
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3374609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25466904


43. Chen	L,	Li	P,	Wang	J,	Li	X,	Gao	H,	Yin	Y,	Hou	Y,	Wu	G.	Catabolism	of	nutritionally	essential
amino	acids	in	developing	porcine	enterocytes.	Amino	Acids.	2009;37(1):143–52.
[PubMed]

44. Stoll	B,	Henry	J,	Reeds	PJ,	Yu	H,	Jahoor	F,	Burrin	DG.	Catabolism	dominates	the	�irst-pass
intestinal	metabolism	of	dietary	essential	amino	acids	in	milk	protein-fed	piglets	(1998).	J
Nutr.	1998;128(3):606–14.
[PubMed]

45. Bergen	WG,	Wu	G.	Intestinal	nitrogen	recycling	and	utilization	in	health	and	disease.	J	Nutr.
2009;139(5):821–5.
[PubMed]

46. Grohmann	U,	Bronte	V.	Control	of	immune	response	by	amino	acid	metabolism.	Immunol
Rev.	2010;236:243–64.
[PubMed]

47. Riedijk	MA,	Stoll	B,	Chacko	S,	Schierbeek	H,	Sunehag	AL,	van	Goudoever	JB,	Burrin	DG.
Methionine	transmethylation	and	transsulfuration	in	the	piglet	gastrointestinal	tract.	Proc
Natl	Acad	Sci	U	S	A.	2007;104(9):3408–13.
[PubMed][PubMedCentral]

48. Shoveller	AK,	Brunton	JA,	Pencharz	PB,	Ball	RO.	The	methionine	requirement	is	lower	in
neonatal	piglets	fed	parenterally	than	in	those	fed	enterally.	J	Nutr.	2003;133(5):1387–90.
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Sanz	Y,	Blachier	F,	Davila	AM.	High-protein	diet	modi�ies	colonic	microbiota	and	luminal
environment	but	not	colonocyte	metabolism:	the	increased	luminal	bulk	connection.	Am	J
Phys.	2014;307(4):G459–70.

93. Cummings	JH,	Macfarlane	GT.	The	control	and	consequences	of	bacterial	fermentation	in	the
human	colon.	J	Appl	Microbiol.	1991;70(6):443–59.

94. Rios-Covian	D,	Gonzalez	S,	Nogacka	AM,	Arboleya	S,	Salazar	N,	Gueimonde	M,	de	Los	Reyes-
Gavilan	CG.	An	overview	on	fecal	branched	short-chain	fatty	acids	along	human	life	and	as
related	with	body	mass	index:	associated	dietary	and	anthropometric	factors.	Front
Microbiol.	2020;11:973.
[PubMed][PubMedCentral]

95. Tref�lich	I,	Dietrich	S,	Braune	A,	Abraham	K,	Weikert	C.	Short-	and	branched-chain	fatty	acids
as	fecal	markers	for	microbiota	activity	in	vegans	and	omnivores.	Nutrients.
2021;13(6):1808.
[PubMed][PubMedCentral]

96. 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.	Am	J	Phys.
2001;280(4):G687–93.

97. 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.	P�lugers	Arch.	1993;424(3–4):216–23.
[PubMed]

98. Zaharia	V,	Varzescu	M,	Djavadi	I,	Newman	E,	Egnor	RW,	Alexander-Chacko	J,	Charney	AN.
Effects	of	short-chain	fatty	acids	on	colonic	Na+	absorption	and	enzyme	activity.	Comp
Biochem	Physiol.	2001;128(2):335–47.

99. Charney	AN,	Giannella	RA,	Egnor	RW.	Effect	of	short-chain	fatty	acids	on	cyclic	3′,5′-
guanosine	monophosphate-mediated	chloride	secretion.	Comp	Biochem	Physiol	A	Mol	Integr
Physiol.	1999;124(2):169–78.
[PubMed]

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2902962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17973645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25894657
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4425181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=32547507
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7271748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=34073495
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC8230270
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8414909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10629958


100. Dagher	PC,	Egnor	RW,	Taglietta-Kohlbrecher	A,	Charney	AN.	Short-chain	fatty	acids	inhibits
cAMP-mediated	chloride	secretion	in	rat	colon.	Am	J	Phys.	1996;271(6):1853–60.

101. Chu	S,	Montrose	MH.	Extracellular	pH	regulation	in	microdomains	of	colonic	crypts:	effects
of	short-chain	fatty	acids.	Proc	Natl	Acad	Sci	U	S	A.	1995;92(8):3303–7.
[PubMed][PubMedCentral]

102. Jaskiewicz	J,	Zhao	Y,	Hawes	JW,	Shimomura	Y,	Crabb	DW,	Harris	RA.	Catabolism	of
isobutyrate	by	colonocytes.	Arch	Biochem	Biophys.	1996;327(2):265–70.
[PubMed]

103. Boudry	G,	Jamin	A,	Chatelais	L,	Gras-Le	Guen	C,	Michel	C,	Le	Huërou-Luron	I.	Dietary	protein
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612. Bouglé	D,	Vaghe�i-Vaezzadeh	N,	Roland	N,	Bouvard	G,	Arhan	P,	Bureau	F,	Neuville	D,	Maubois
JL.	In�luence	of	short-chain	fatty	acids	on	iron	absorption	by	proximal	colon.	Scand	J
Gastroenterol.	2002;37(9):1008–11.
[PubMed]

613. Chae	TU,	Kim	WJ,	Choi	S,	Park	SJ,	Lee	SY.	Metabolic	engineering	of	Escherichia	coli	for	the
production	of	1,3-diaminopropane,	a	three-carbon	diamine.	Sci	Rep.	2015;5:13040.
[PubMed][PubMedCentral]

614.
Das	NK,	Schwartz	AJ,	Barthel	G,	Inohara	N,	Liu	Q,	Sankar	A,	Hill	DR,	Ma	X,	Lamberg	O,
Schnizlein	MK,	Arqués	JL,	Spence	JR,	Nunez	G,	Patterson	AD,	Sun	D,	Young	VB,	Shah	YM.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31299175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16158226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17487259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=31665543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25143342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=29070552
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5701709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14664552
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=30301142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12374223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=26260768
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4531320


Microbial	metabolite	signaling	is	required	for	systemic	iron	homeostasis.	Cell	Metab.
2020;31(1):115–130.e6.
[PubMed]

615. Krall	RF,	Tzounopoulos	T,	Aizenman	E.	The	function	and	regulation	of	zinc	in	the	brain.
Neuroscience.	2021;457:235–58.
[PubMed]

616. Prasad	AS.	Clinical,	endocrinological	and	biochemical	effects	of	zinc	de�iciency.	Clin
Endocrinol	Metab.	1985;14(3):567–89.
[PubMed]

617. Read	SA,	Obeid	S,	Ahlenstiel	G,	Ahlenstiel	G.	The	role	of	zinc	in	antiviral	immunity.	Adv	Nutr.
2019;10(4):696–710.
[PubMed][PubMedCentral]

618. Smith	JC	Jr,	McDaniel	EG,	McBean	LD,	Doft	FS,	Halsted	JA.	Effect	of	microorganisms	upon
zinc	metabolism	using	germ-free	and	conventional	rats.	J	Nutr.	1972;102(6):711–9.
[PubMed]

619. Sauer	AK,	Grabrucker	AM.	Zinc	de�iciency	during	pregnancy	leads	to	altered	microbiome	and
elevated	in�lammatory	markers	in	mice.	Front	Neurosci.	2019;13:1295.
[PubMed][PubMedCentral]

620. Zackular	JP,	Skaar	EP.	The	role	of	zinc	and	nutritional	immunity	in	Clostridium	dif�icile
infection.	Gut	Microbes.	2018;9(5):469–76.
[PubMed][PubMedCentral]

621. Guetterman	HM,	Huey	SL,	Knight	R,	Fox	AM,	Mehta	S,	Finkelstein	JL.	Vitamin	B-12	and	the
gastrointestinal	microbiome:	a	systematic	review.	Adv	Nutr.	2021;13(2):530–58.
[PubMed][PubMedCentral]

622. Rossi	M,	Amaretti	A,	Raimondi	S.	Folate	production	by	probiotic	bacteria.	Nutrients.
2011;3(1):118–34.
[PubMed][PubMedCentral]

623. Suttie	JW.	The	importance	of	menaquinones	in	human	nutrition.	Annu	Rev	Nutr.
1995;15:399–417.
[PubMed]
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Abstract
In�lammatory	bowel	diseases	are	characterized	by	chronic
in�lammation	of	the	intestinal	mucosa	with	alternating	relapse	and
remission	episodes.	During	remission,	the	in�lamed	mucosa	has	the
possibility	to	heal	progressively,	leading	to	the	partial	or	complete
disappearance	of	the	mucosal	damages.	Regarding	the	process	of
mucosal	in�lammation,	it	has	been	shown	in	pediatric	Crohn’s	disease
patients	that	diminished	capacity	for	hydrogen	sul�ide	(H2S)	disposal
ampli�ies	the	pro-in�lammatory	effect	of	this	bacterial	metabolite	on	the
intestinal	mucosa	when	overproduced	by	the	intestinal	microbiota,
while	indole	and	indole-related	compounds	exert	bene�icial	immune-
regulatory	effects	in	experimental	studies.	Although	butyrate	exerts
several	regulatory	effects	on	the	intestinal	immune	system,	results	from
clinical	trials	with	butyrate	fail	to	support	butyrate	enemas	as	an
effective	treatment	for	the	treatment	of	ulcerative	colitis.	Regarding	the
effects	of	bacterial	metabolites	on	mucosal	healing,	some	experimental
studies	indicate	bene�icial	effects	of	polyamines	for	mucosal
regeneration.	During	the	process	of	colorectal	carcinogenesis,	an
increased	supply	of	H2S	within	adenomatous	colonocytes	increases
their	proliferative	capacity	and	their	ability	to	promote	tumor
formation,	suggesting	that	overproduction	of	this	bacterial	metabolite
is	implicated	in	colorectal	cancer	occurrence.	H2S	overproduction	may
also	indirectly	alter	DNA	integrity	by	destabilizing	the	protective
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mucous	layer,	then	increasing	accessibility	of	genotoxic	compounds	to
colonic	epithelial	cells.	Spermine	is	another	bacterial	metabolite	that
indirectly	alters	DNA	integrity	by	increasing	reactive	oxygen	species
production	in	colonocytes	when	present	in	excess	in	the	luminal	�luid.
Other	bacterial	metabolites	like	p-cresol,	fecapentaenes,	acetaldehyde,
4-hydroxyphenylacetate,	and	some	speci�ic	N-nitrosamines	have	been
shown	to	alter	DNA	integrity	at	excessive	concentrations.

Keywords In�lammatory	bowel	diseases	–	Mucosal	healing	–
Colorectal	cancer	–	Diarrhea	–	Microbiota	metabolic	activity

The	physiological	functions	of	the	large	intestine	mucosa	and
epithelium	can	be	altered	in	different	pathological	situations,	including
notably	in�lammatory	bowel	diseases	and	colorectal	cancer.	In	these
pathologies,	apart	from	the	genetic	background	of	the	individuals
which	likely	plays	a	central	role	in	the	etiology	of	these	diseases,	there
are	emerging	reasons	to	implicate	some	of	the	bacterial	metabolites
produced	from	different	substrates,	including	those	from	alimentary
origin,	in	the	development	of	these	diseases.	As	we	will	see	in	this
chapter,	some	of	the	bacterial	metabolites,	depending	notably	on	their
luminal	concentrations,	appear	to	play	either	bene�icial	or	detrimental
roles	in	the	processes	involved	in	the	transition	from	a	healthy
colorectal	mucosa	into	an	in�lammatory	or	cancerous	mucosa.

In	addition,	some	among	the	numerous	metabolites	produced	by
the	intestinal	microbiota	have	been	identi�ied	as	playing	potential	roles
in	the	diarrheal	processes,	notably	in	case	of	chronic	in�lammatory
bowel	disease.

4.1	 Dietary	Compounds,	Bacterial	Metabolites,
and	Mucosal	In�lammation	and	Subsequent
Healing
In�lammation	of	the	Intestinal	Mucosa	Results	Notably	from	an
Inappropriate	Immune	Response



In�lammatory	bowel	diseases	are	characterized	by	alterations	of	the
intestinal	mucosa	associated	with	exacerbated	immune	functions	[1].
In�lammatory	bowel	diseases,	which	include	ulcerative	colitis	and
Crohn’s	disease,	are	characterized	by	chronic	in�lammation	of	the
intestinal	mucosa	resulting	from	inappropriate	mucosal	immune
responses	against	luminal	components	in	genetically	predisposed
individuals,	with	alternating	relapse	and	remission	episodes	[2,	3].
Although	Crohn’s	disease	and	ulcerative	colitis	have	different	clinical
features	[4],	the	in�lammation	of	the	intestinal	mucosa	is	often
observed	in	the	distal	parts	of	the	intestine	for	both	diseases	[5].	The
etiology	of	in�lammatory	bowel	diseases,	although	still	largely	elusive,
is	related	to	both	genetic	[6]	and	environmental	factors,	including	the
ones	from	dietary	origin	[7].	Although	patients	suffering	from
in�lammatory	bowel	disease	often	ask	clinicians	for	the	optimal	dietary
practices	to	reduce	relapse	risk	between	episodes	of	in�lammatory	�lare
and	to	correct	for	nutritional	de�iciencies,	the	optimal	dietary
composition	in	terms	of	macronutrients,	vitamins,	minerals,	and
micronutrients	remain	overall	largely	unknown,	notably	because
extent,	duration,	severity	of	in�lammation,	and	disease	history	are
different	between	patients	[8].

Chronic	in�lammatory	bowel	diseases	often	require	long-term
treatment	based	on	a	combination	of	drugs	such	as	corticosteroids	and
immunosuppressive	compounds	to	control	the	disease	by	reducing	the
in�lammatory	process	[9–11].

Mucosal	Healing	After	an	Episode	of	In�lammatory	Flare	Is
Associated	with	Clinical	Remission
In	Crohn’s	disease	remission,	the	in�lamed	mucosa	has	the	possibility	to
heal	progressively,	leading	to	the	total	disappearance	of	all	mucosal
ulcerations;	although	in	clinical	practice,	this	endpoint	is	dif�icult	to
achieve	[12–15].	For	patients	with	ulcerative	colitis,	mucosal	healing	is
described	by	the	absence	of	friability,	blood,	erosions,	and	ulcers	in	all
visualized	segments	of	the	gut	mucosa	[16,	17].	According	to	available
evidence,	it	seems	that	an	advanced	mucosal	healing	coincides	with	a
sustained	clinical	remission	and	improved	clinical	outcomes,	as	well	as
reduced	rates	of	hospitalization	and	surgical	resection.	This	explains
why	mucosal	healing	can	be	considered	a	full	therapeutic	goal	and	an



endpoint	for	clinical	trials	for	both	Crohn’s	disease	and	ulcerative	colitis
[18–24],	even	if	mucosal	healing	by	itself	is	obviously	not	suf�icient	to
cure	in�lammatory	bowel	diseases	[25].

In	these	diseases,	due	to	a	loss	of	epithelial	cells,	the	intestinal
barrier	is	disrupted,	leading	to	the	contact	of	the	laminal	propria
compartment	with	compounds	and	microorganisms	present	in	the
intestinal	lumen.	Normal	human	colon	mucosa	is	equipped	with	an
inner	mucus	layer	that	cannot	be	penetrated	by	bacteria.	However,	the
structure	of	the	mucus	in	the	colon	of	animals	that	develop	colitis	and
in	patients	with	active	ulcerative	colitis	allows	bacteria	to	penetrate
and	reach	the	epithelium	[26].

When	the	mucosal	damages	are	limited,	restitution	is	made	through
the	migration	of	viable	epithelial	cells	from	the	local	subepithelial	stem
cell	niche	in	the	proximity	of	the	wound	edges,	then	allowing	the
reestablishment	of	the	intestinal	epithelial	continuity	[27–29].	This
process	is	followed	by	nearby	cell	proliferation	to	repopulate	the
damaged	area.	In	such	restitution	process,	cells	in	the	proximity	of	the
wound	are	characterized	by	a	loss	of	classical	absorptive	epithelial	cell
polarization,	with	the	reorganization	of	the	cytoskeleton	and	loss	of
microvilli	[30].	These	cells	extend	protrusions	(called	lamellipodia)	into
the	denuded	area	to	allow	full	wound	closure	[31].	In	case	of	severe
mucosal	injury,	the	regeneration	capacity	of	local	stem	cells	is
overwhelmed,	so	that	adequate	tissue	healing	is	not	possible.	In	such
situations,	bone-marrow-derived	mesenchymal	stem	cells	migrate	into
the	intestinal	wall	where	they	contribute,	as	differentiated
mesenchymal	cells	such	as	myo�ibroblasts,	to	the	mucosa	repair
process	[32–35].	In	fact,	an	increased	number	of	myo�ibroblasts	is
observed	in	the	lamina	propria	from	colitis	patients	when	compared
with	normal	lamina	propria	[36].	Wound	healing	can	be	viewed	as	the
succession	of	steps	necessary	to	restore	tissue	structure	and	functions,
such	as	barrier	function	and	water	absorption	[37],	whereas	�ibrosis
can	be	viewed	as	the	pathophysiological	response	after	intestinal
mucosa	injury	that	leads	to	inappropriate	tissue	repair	[38].	Indeed,
�ibrosis	represents	an	exaggerated	response	characterized	by	the
accumulation	of	collagen-rich	extracellular	matrix	produced	by	a
permanent	or	transient	numerical	expansion	of	mesenchymal	cells,
including	�ibroblasts	and	smooth	muscle	cells	[39].	Fibrogenesis	in



in�lammatory	bowel	diseases	is	driven	notably	by	a	complex	set	of
interactions	between	cytokines,	adhesion	molecules,	and	growth
factors	[40].

The	challenge	for	the	medical	and	scienti�ic	communities	is	thus	to
�ind	ways	to	accelerate	mucosal	healing	without	promoting	�ibrosis.	Of
note,	preclinical	works	with	rodents	indicate	that	mucosal	healing
progression	can	be	initiated	even	in	the	context	of	not-fully	resolved
in�lamed	mucosa	[41,	42].

Several	bacterial	metabolites	in	excess	increase	expression	of
pro-in�lammatory	genes	in	colon
In	that	overall	context,	what	do	we	know	on	the	effects	of	bacterial
metabolites	toward	mucosal	in�lammatory	�lare,	and	healing	following
an	in�lammatory	episode?	Regarding	the	mucosal	in�lammatory
process	by	itself,	the	amino	acid	and	urea-derived	bacterial	metabolite
ammonia,	as	well	as	the	cysteine	and	sulfate-derived	metabolite
hydrogen	sul�ide	(H2S)	have	been	shown	to	induce,	when	present	in
excess,	the	expression	of	pro-in�lammatory	genes	in	colonic	tissues,	like
the	ones	involved	in	the	production	of	pro-in�lammatory	cytokines	and
pro-oxidant	mediators	[43,	44].

Mucosal	In�lammation	in	the	Colon	Is	Associated	with	Impaired
Mitochondrial	Energy	Production
Interestingly,	ammonia	and	H2S,	which	increase	the	expression	of	pro-
in�lammatory	genes	in	colonic	tissues,	are	known	to	inhibit
mitochondrial	oxygen	consumption	in	colonocytes,	and	thus
mitochondrial	ATP	production,	when	present	above	a	threshold	value
[45,	46].	These	results	can	be	usefully	related	to	the	fact	that	intestinal
in�lammation	is	associated	with	lower	level	of	mucosal	ATP,	thus
pointing	out	the	potential	importance	of	altered	mitochondrial	function
in	the	pathophysiology	of	the	disease.	Indeed,	in	the	in�lamed	colon	of
humans	and	experimental	animals,	decreased	mitochondrial	metabolic
activity	together	with	decreased	ATP	are	recorded	[47].	In	support	of	a
causal	link	between	decreased	ATP	concentration	in	in�lamed	colon
mucosa	and	progression	of	the	disease,	an	increased	mucosal	level	of
ATP	was	found	to	protect	mice	from	colitis	[48].	In	addition,	proteomic
analysis	of	colon	mucosa	obtained	from	volunteers	with	active



ulcerative	colitis	has	shown	decreased	expression	of	three
mitochondrial	enzymes	involved	in	mitochondrial	energy	production
when	compared	with	normal	colon	mucosa	[49],	suggesting	here	again
the	implication	of	mitochondrial	dysfunction	in	the	pathogenesis	of
in�lammatory	bowel	diseases	[50].	These	results	were	corroborated	by
a	study	showing	that	the	activities	of	three	complexes	of	the
mitochondrial	respiratory	chain	were	markedly	decreased	in	the
colonic	mucosa	of	patients	with	ulcerative	colitis	when	compared	with
the	activities	measured	in	the	normal	colonic	mucosa	[51].

Hydrogen	Sul�ide	in	Excess	in	the	Luminal	Fluid	Exerts	Pro-
in�lammatory	Effect	on	the	Intestinal	Mucosa,	but	Tiny	Amounts
of	This	Compound	Are	Required	to	Maintain	Mucosa	in	Healthy
State
Regarding	H2S,	the	concept	that	excessive	concentrations	of	H2S	in	the
intestinal	luminal	content	may	participate	in	mucosal	in�lammation	has
been	proposed	more	than	two	decades	ago	[52].	In	support	of	this
proposition,	a	study	has	shown	that	a	high	concentration	of	H2S
destabilizes	the	protective	mucous	layer	that	covers	the	intestinal
epithelium	through	the	reduction	of	disul�ide	bounds	linking	the
mucin-2	network,	a	process	that	would	increase	the	interactions
between	bacteria	and	the	epithelium	[53].	This	result	is	of	potential
importance	since	it	has	been	elegantly	shown	that	invalidation	of	the
gene	coding	for	one	of	the	main	mucins	in	the	intestine	leads	to	the
appearance	of	mucosal	in�lammation	[54].

By	studying	the	microbiota	composition	of	patients	with	new-onset
pediatric	Crohn’s	disease,	it	has	been	found	that	such	composition	is
characterized	by	a	high	relative	abundance	of	Atopobium,
Fusobacterium,	Veillonella,	Prevotella,	Streptococcus,	and	Leptotrichia
[55].	Several	members	of	those	genera	are	known	to	produce	H2S
through	the	catabolism	of	sulfur-containing	amino	acids.	In	this	cohort,
the	abundance	of	H2S	producers	from	cysteine	was	correlated	with	the
severity	of	mucosal	in�lammation.	To	search	for	a	possible	causal	link
between	H2S	production	and	intestinal	in�lammation,	the	authors
colonized	interleukin10−/−	mice	(mice	that	are	invalidated	for	the
regulatory	cytokine	interleukin-10),	with	the	H2S	producer	Atopobium



parvulum,	and	measured	a	worsening	of	colonic	in�lammation	[55].
Such	worsening	was	attenuated	by	the	H2S	scavenger	bismuth.	In
addition,	in	this	Crohn’s	disease	pediatric	cohort,	the	colonic	mucosa
biopsies	displayed	decreased	expression	of	the	mitochondrial	enzymes
involved	in	H2S	detoxi�ication.	Overall,	the	results	from	this	study
indicate	that	diminished	capacity	for	sul�ide	disposal	in	the	colonic
mucosa	of	patients	with	pediatric	Crohn’s	disease	ampli�ies	the	pro-
in�lammatory	effect	of	H2S	overproduction	by	the	intestinal	microbiota.
Another	study	is	in	accordance	with	this	conclusion,	as	gene	expression
and	the	activity	of	one	of	the	H2S	detoxi�ication	enzyme	thiosulfur
transferase	is	downregulated	in	the	mucosa	of	ulcerative	colitis	patients
[56].	Decreased	capacity	for	sul�ide	detoxi�ication	was	also	identi�ied	in
the	mucosa	of	patients	with	Crohn’s	disease	[57],	reinforcing	the	view
that	H2S,	over	the	capacity	of	the	intestinal	mucosa	to	detoxify	it,	exerts
pro-in�lammatory	effects	(Fig.	4.1).	The	study	by	Jowett	et	al.	also
indirectly	indicates	a	pro-in�lammatory	effect	of	excessive	H2S.	In	this
study,	following	for	1-year	patients	with	ulcerative	colitis	in	remission,
it	was	found	that	patients	with	the	highest	dietary	protein	consumption
were	associated	with	threefold	increase	in	the	risk	of	relapse	when
compared	with	patients	with	the	lower	protein	intake	[58].	One
plausible	explanation	for	such	a	result	is	related	to	the	increased
amount	of	H2S,	since,	although	H2S	was	not	measured	in	this	study,	high
sulfate	dietary	intake	was	also	associated	with	a	higher	risk	of	relapse
in	volunteers,	a	result	that	favors	the	implication	of	luminal	H2S	for
such	risk.	Indeed,	sulfate	is	one	of	the	substrates	that	is	converted	by
the	intestinal	microbiota	into	H2S	[59].	A	study,	in	a	mouse	model
de�icient	in	the	regulatory	interleukin-10,	showed	that	a	diet	high	in
saturated	fat	increases,	in	a	process	modulated	by	taurine-containing
bile	acids,	the	release	of	H2S	produced	by	the	intestinal	microbiota	from
sul�ite,	such	event	appearing	to	play	a	role	in	the	intestinal	mucosa
in�lammation	in	this	experimental	model	[60]	(Fig.	4.1).



Fig.	4.1 Pro-in�lammatory	effect	of	excessive	luminal	hydrogen	sul�ide	(H2S)	on	colonic
epithelial	cells.	High	concentrations	of	H2S	produced	by	the	intestinal	microbiota	provoke	mucous
layer	destabilization,	increase	in	colonocytes	the	expression	of	genes	coding	for	the	pro-
in�lammatory	interleukin	IL-6	and	for	the	inducible	form	of	nitric	oxide	synthase	(iNOS)	while
decreasing	mitochondrial	oxygen	consumption	and	thus	ATP	production.	In	contrast,	a	tiny
amount	of	endogenous	H2S	produced	within	colonocytes	appears	necessary	to	limit	the
severity	of	colonic	mucosal	in�lammation.	CBS	is	cystahionine	beta-synthase



However,	from	experimental	works	with	rodents	with	chemically
induced	colitis,	in	which	pharmacological	inhibitors	of	H2S	synthesis	or
H2S-releasing	compounds	were	used,	it	appears	that	a	low	minimal
amount	of	sul�ide	produced	endogenously	or	supplied	from	the	colonic
luminal	content	is	likely	necessary	to	limit	the	extent	of	colonic	mucosal
in�lammation,	thus	suggesting	that	a	complete	depletion	of	H2S	supply
to	colonocytes	is	counter-productive	in	in�lammatory	situation	[61].
Indeed,	several	in	vivo	studies	found	that	inhibition	of	H2S	endogenous
synthesis	favors	intestinal	in�lammation	and	delays	colitis	resolution
[62,	63].	Endogenous	synthesis	of	H2S	is	mostly	catalyzed	in
colonocytes	by	cystathionine	beta-synthase	[61]	(Fig.	4.1).	However,	in
these	latter	studies,	the	supply	of	H2S	from	the	bacterial	activity	in	the
colonic	luminal	content,	if	any,	was	not	determined,	thus	making
dif�icult	to	evaluate	the	part	played	by	the	exogenous	supply	of	H2S	to
the	colonic	epithelial	cells	in	the	results	obtained.	Regarding	the	effect
of	exogenous	H2S	(provided	in	limited	quantities)	on	colitis	resolution
in	rodent	models,	H2S-releasing	compounds	have	been	shown	to
promote	this	process	[64]	and	to	offer	some	protection	against	colitis
development	[65].	Interestingly,	H2S	has	been	shown	to	exert	some
antioxidant	activity,	notably	by	persul�idation	of	cysteine	residues	that
protects	these	residues	from	oxidative	damage	[66].	This	result	is	of
special	interest	when	considering	that	mitochondria-derived	reactive
oxygen	species	play	a	role	in	epithelial	barrier	dysfunction	[67].	A	loss
of	epithelial	integrity	apparently	plays	a	pivotal	role	during
in�lammatory	bowel	diseases	[68].	This	action	of	H2S	may	thus
contribute	to	the	anti-in�lammatory	effect	of	low	supply	of	H2S	in
colonocytes,	regardless	of	its	endogenous	or	exogenous	origin.

Finally,	endogenous	production	of	H2S	appears	to	contribute	to
mucus	production,	thus	favoring	segregation	between	luminal	bacteria
and	the	intestinal	epithelium	[69].	Then,	the	concept	that	H2S	is	a
double-edged	sword	for	the	intestinal	epithelium	has	been	proposed
[70].	In	that	view,	the	effects	of	the	diffusible	bacterial	metabolite	H2S
on	the	in�lammatory	process	in	the	intestinal	mucosa	depend	on	both
the	low	endogenous	production	by	the	host	colonic	tissue,	that	is



protective,	and	on	the	exogenous	production	by	the	intestinal
microbiota,	that	is	deleterious	when	produced	in	excess.

However,	as	presented	in	the	following	paragraph,	it	is	worth	noting
that	some	bacterial	metabolites	have	also	been	shown	to	be	able,	at
least	in	preclinical	studies,	to	diminish	the	risk	of	intestinal	mucosa
in�lammation.	Overall,	the	idea	is	that	the	severity	of	mucosal
in�lammation	in	the	colon	and	rectum	with	active	in�lammatory	bowel
diseases	would	be	partly	related	to	the	ratio	of	deleterious	versus
bene�icial	bacterial	metabolite	concentrations	[59].

Indole	and	Indole-Related	Compounds	Exert	Protective	Effect
Against	Intestinal	Mucosa	In�lammation
Bene�icial	effects	of	bacterial	metabolites	in	the	context	of	intestinal
mucosal	in�lammation	have	been	reported	for	the	tryptophan-derived
metabolite	indole	and	its	related	compounds	which	exert	immune-
regulatory	effects	[71–73].	Indole,	the	main	tryptophan-derived
bacterial	metabolite	[74],	decreases	mucosal	in�lammation	and	injury
in	an	experimental	model	of	enteropathy	[75].	Interestingly,	these
effects	were	paralleled	by	an	effect	of	indole	on	the	expression	of
different	cytokines	in	a	human	enterocyte	cell	line,	with	decreased
expression	of	the	pro-in�lammatory	IL-8,	and	increased	expression	of
the	regulatory	cytokine	IL-10	[76]	(Fig.	4.2).	However,	in	this	study,
expression	of	several	genes	linked	to	in�lammation	were	found	to	be
also	increased	[76],	making	the	indole	effects	on	the	intestinal
epithelial	cells	more	complicated	than	it	appears	at	�irst	sight.



Fig.	4.2 Effects	of	indole	and	indole-related	compounds	on	intestinal	barrier	function	and
cytokine	expression	in	intestinal	epithelial	cells.	IL-8	is	a	pro-in�lammatory	interleukin	while	IL-10
is	a	regulatory	interleukin

Other	tryptophan-derived	bacterial	metabolites	have	shown	some
modulatory	roles	against	intestinal	mucosal	in�lammation.	In	a	mice
model	with	colitis,	aryl	hydrocarbon	receptor	ligands,	such	as
tryptophan-derived	indole	and	indole-like	compounds,	that	are
produced	by	the	intestinal	microbiota,	were	able	to	attenuate	intestinal
in�lammation	[77].	Indole-3-propionate,	when	given	by	the	oral	route,
was	found	to	exert	bene�icial	effects	on	the	intestinal	barrier	function
when	this	latter	was	experimentally	altered	in	rodent	models,	such	as



in	the	model	of	radiation	injury	[78],	or	in	the	model	of	rodents	fed
with	a	high-fat	diet	[79]	(Fig.	4.2).	In	such	experimental	context,	it	is	of
interest	to	note	that	circulating	indole-3-propionic	acid	is	reduced	in
patients	suffering	from	ulcerative	colitis	when	compared	with	their
healthy	counterparts,	while	the	increased	level	of	this	bacterial
metabolite	is	associated	with	remission	[80].	In	a	model	of
experimental	colitis	induced	in	mice,	other	indole-related	compounds
given	by	the	oral	route,	namely	indole-3-pyruvate,	indole-3-aldehyde,
and	indole-3-ethanol,	were	found	to	protect	against	increased	intestinal
permeability	observed	in	this	model	[81].

Indole-3-acrylate,	produced	by	Peptostreptococcus	species,
diminishes	intestinal	in�lammation	in	mice	and	upregulates	Mucin	2
gene	expression	[82]	(Fig.	4.2).	Indole-3	propionate,	produced	by
Clostridium	species,	reduced	intestinal	permeability	and	in�lammation
in	a	rodent	model	[72].	Overall,	the	protective	effects	of	bacterial
metabolites	derived	from	tryptophan	on	intestinal	mucosa	might
contribute	to	the	bene�icial	effects	of	tryptophan	supplementation
observed	in	animal	models	of	colitis	[83,	84].

However,	in	order	to	establish	the	overall	bene�icial	vs.	deleterious
effects	of	increased	production	of	indole	and	indole	derivatives	by	the
gut	microbiota,	it	appears	important	to	consider	that	indoxyl	sulfate,	a
co-metabolite	derived	from	indole	produced	by	the	host,	contributes	to
renal	disease	progression	and	associated	pathologies,	as	will	be
developed	in	Chap.	5	of	this	book	[85–88]	(see	Sect.	5.	3).

Histamine	and	Spermine	Modulate	the	In�lammasome	Signaling
Other	amino	acid-derived	bacterial	metabolites	such	as	histamine	and
spermine	have	been	shown	to	modulate	in�lammation	in	the	intestinal
epithelium	by	modulating	in�lammasome	signaling	and	IL-18	secretion
[89].	Limited	in�lammasome	activation	serves	critical	functions	in
pathogen	defense	by	intervening	in	the	removal	of	damaged	host	cells,
and	by	stimulating	an	adaptive	immune	response,	while	inappropriate
in�lammasome	activation	is	linked	to	several	in�lammatory	disorders
[90–92].	To	balance	the	potentially	bene�icial	modulatory	effect	of
spermine	on	intestinal	in�lammation,	attention	must	be	given	to	the
otherwise	deleterious	effect	of	excessive	spermine	catabolism	on



colonocyte	DNA	integrity	in	response	to	enteroxigenic	B.	fragilis	([93],
see	Sect.	4.2).

Can	Butyrate	Exert	Modulatory	Response	on	the	In�lamed
Intestinal	Mucosa?
Attention	has	also	been	paid	to	the	potentially	protective	effects	of	the
short-chain	fatty	acid	butyrate	on	intestinal	mucosal	in�lammation,
given	its	regulatory	effects	on	the	intestinal	immune	system	in
experimental	studies	as	presented	in	Chap.	3.	Regarding	the	process	of
intestinal	mucosa	in�lammation,	treatment	of	lipopolysaccharide-
treated	macrophages	with	butyrate	reduced	the	production	of	pro-
in�lammatory	mediators	including	nitric	oxide,	interleukin-6,	and
interleukin-12	[94].	In	addition,	butyrate	promoted	the	differentiation
of	colonic	regulatory	T	cells	(Treg),	which	act	as	an	anti-in�lammatory
effector	[95].

Also	of	interest,	butyrate	enhances	MUC2	production	in	colonic
biopsies	obtained	from	ulcerative	colitis	patients	[96].	In	several	in	vivo
experimental	works	with	rodents	in	which	colitis	is	chemically	induced,
butyrate	displays	anti-in�lammatory	effects	[97–99].

Several	controlled	studies	have	been	performed	on	the	effects	of
butyrate	in	patients	with	in�lammatory	bowel	disease.	In	ulcerative
colitis	patients	receiving	butyrate	enemas,	thus	receiving	injection	of
butyrate	solution	into	the	distal	bowel	by	the	rectal	way,	the	results
were	rather	heterogeneous	depending	on	the	studies	considered.	One
study	found	worse	clinical	situation	in	butyrate	treated-patients	than	in
placebo-treated	patients	[100],	two	studies	found	no	therapeutic	value
of	short-chain	fatty	acid	enemas	because	of	no	signi�icant	clinical
improvement	[101,	102],	and	four	studies	found	some	modest
improvement	of	in�lammatory	parameters	after	enemas	with	buyrate
or	other	short-chain	fatty	acids	[103–106].	These	discrepancies	are
likely	due	to	differences	among	the	clinical	status	of	the	volunteers
included	in	each	study,	the	number	of	patients,	the	doses	of	short-chain
fatty	administered,	the	duration	of	treatment,	and	the	parameters
measured.	Finally,	by	recapitulating	the	data	obtained	in	randomized
controlled	trials,	it	was	concluded	that	the	results	obtained	do	not
overall	support	the	application	of	butyrate	enemas	for	the	treatment	of
ulcerative	colitis	[107].	Regarding	Crohn’s	disease,	there	are	no	reliable



data	supporting	the	use	of	butyrate	enemas	for	the	treatment	of	this
disease	[107].	Such	a	conclusion	suggests	that	treatment	with	butyrate
is	not	able	by	itself	to	reduce	the	in�lammatory	�lare	to	any	valuable
extent	in	ulcerative	colitis.	These	disappointing	results	are	likely	due,	in
part	at	least,	to	reduction	of	butyrate	uptake	by	the	in�lamed	mucosa
through	downregulation	of	the	monocarboxylate	transporter	MCT1,
thus	limiting	its	action	on	the	colonic	epithelium	[108].

Bacterial	Metabolites	and	Intestinal	Mucosa	Healing:	A	Potential
Role	of	Polyamines
Regarding	the	effects	of	bacterial	metabolites	on	intestinal	mucosal
healing	after	an	in�lammatory	episode,	there	is	still	a	paucity	of	data
regarding	this	important	speci�ic	area	of	research	[7,	13].	Experiments
with	animal	models	and	intestinal	epithelial	cells	have	provided	some
information	on	the	roles	played	by	bacteria-derived	polyamines	on	this
process.	In	rats	with	intestinal	mucosal	injury	induced	by
chemotherapy,	it	has	been	shown	that	increased	polyamine	content	in
mucosa	plays	a	central	role	in	mucosal	regeneration	[109].	The
bene�icial	effects	of	polyamines	on	regeneration	seem	to	be	partly
related	to	the	effects	of	these	molecules	on	epithelial	cell	migration	in
the	mucosal	healing	processes	[110–112].	Regarding	short-chain	fatty
acids	produced	by	the	intestinal	microbiota,	despite	promising	effects
in	experimental	models	of	treatment	with	butyrate	or	mixture	of	short-
chain	fatty	acids	on	mucosal	healing	observed	after	anastomosis
(connection	between	two	parts	of	the	intestine)	[113–115],	enemas
with	butyrate	used	at	high	concentration	and	for	long-term	treatment
(100	mM	for	20	days)	displays	no	measurable	bene�icial	effect	in
patients	with	ulcerative	colitis	in	remission	[116].

Irritable	Bowel	Syndrome:	What	Role	for	the	Bacterial
Metabolite	Pro�ile?
Irritable	bowel	syndrome	is	a	common	functional	intestinal	disorder	in
the	Western	world	characterized	by	recurrent	abdominal	pain,
associated	with	stool	of	abnormal	form	and	frequency	[117,	118].	The
diagnosis	of	irritable	bowel	syndrome	relies	mainly	on	the
identi�ication	of	characteristic	symptoms	and	on	the	exclusion	of	other
organic	diseases	[119].	The	pathophysiology	of	irritable	bowel



syndrome	seems	to	be	related	to	enhanced	intestinal	epithelium
permeability	[120–122],	mucosal	immune	activation	[123,	124],
visceral	hypersensitivity	[125],	and	intestinal	dysmotility	[126],	but	the
etiology	(causes)	of	this	syndrome	remains	obscure.	In	patients	with
irritable	bowel	syndrome	characterized	by	abdominal	pain	and
frequent	defecation	or	diarrhea,	motility	index	and	number	of	high
amplitude	propagation	contractions	were	higher	when	compared	to
healthy	patients,	and	the	colonic	transit	time	was	shortened	in	a	way
that	implies	the	colonic	enteric	nervous	system	[127].

Several	authors	have	proposed	gluten-free	and	low	FODMAP
(meaning	Fermentable	Oligo-,	Di-	and	Monosaccharides,	And	Polyols)
diets	to	reduce	irritable	bowel	symptoms.	Gluten	proteins,
predominantly	gliadins	in	wheat,	are	resistant	to	complete	degradation
by	mammalian	enzymes,	resulting	in	the	production	of	polypeptides
with	potential	immunogenic	sequences	in	genetically	susceptible
individuals	[128].	Gluten-related	disorders	are	prevalent	conditions
that	encompass	diseases	triggered	by	dietary	gluten,	including	notably
and	most	importantly	celiac	disease	[129,	130].	In	celiac	disease
patients,	the	only	treatment	is	a	life-long,	strict	gluten-free	diet	[131].
Of	note,	bacteria	isolated	from	the	human	small	intestine	exhibit
distinct	metabolic	patterns	in	terms	of	gluten	protein	degradation,
increasing	or	reducing	gluten	peptide	immunogenicity	in	laboratory
animals	[129,	132].

Regarding	FODMAP,	that	is	thus	a	group	of	highly	fermentable
oligo-,	di-,	and	monosaccharides,	as	well	as	polyols,	these	latter
compounds	being	poorly	absorbed	and	easily	fermented	by	the	gut
bacteria	with	the	production	of	methane,	hydrogen,	and	short-chain
fatty	acids	[133].	According	to	the	available	dietary	intervention
studies,	there	is	insuf�icient	evidence	to	recommend	gluten-free	diets	to
reduce	irritable	bowel	symptoms	[134].	Regarding	low	FODMAP	diets,
there	is	some	evidence	that	it	may	possibly	reduce	global	symptoms	in
patients,	but	the	evidence	obtained	are	of	low	quality,	asking	for
additional	studies	to	reach	more	robust	conclusions	[134,	135].

The	association	between	usual	symptoms	of	irritable	bowel
syndrome	and	modi�ication	of	the	intestinal	microbiota	composition,	if
any,	remains	poorly	documented	[126].	In	a	clinical	setting,	subjects
with	irritable	bowel	symptoms	and	who	experienced	pain,	as	assessed



by	questionnaire	during	the	7-week	duration	of	the	study,	were
characterized	by	an	over	�ivefold	less	bi�idobacteria	when	compared
with	other	subjects	with	irritable	bowel	symptoms	but	without
declared	pain	[136].

Regarding	the	bacterial	metabolites	that	would	be	implicated	in
irritable	bowel	syndrome,	here	again,	there	is	a	paucity	of	information.
When	the	feces	from	patients	with	irritable	bowel	syndrome	are
analyzed	and	compared	to	data	obtained	in	healthy	volunteers,
decreased	branched-chain	fatty	acid	concentrations	are	recorded	[137].
This	result	is	of	potential	importance	given	that	branched-chain	fatty
acids	act	as	regulators	of	electrolyte	movements	across	the	colonic
epithelium	[138]	and	prevent	the	disruption	of	the	intestinal	epithelial
barrier	in	vitro	[139].	Analysis	of	metabolites	in	feces	originating	from
patients	with	diarrhea-predominant	irritable	bowel	syndrome	and
from	healthy	counterparts,	revealed	that	esters	of	short-chain	fatty
acids	are	associated	with	irritable	bowel	syndrome	[140],	but	the
effects	of	these	metabolites	on	the	colonic	epithelium	remain	to	be
determined.	Of	note,	higher	concentrations	of	acetate	and	propionate
are	measured	in	the	feces	of	patients	with	irritable	bowel	symptoms
than	in	the	feces	produced	by	healthy	subjects	[141],	but	the	role	of
these	short-chain	fatty	acids,	if	any,	on	the	etiology	of	irritable	bowel
syndrome	remains	unknown.

Key	Points
Hydrogen	sul�ide	produced	by	the	gut	microbiota	in	excess
contributes	to	the	in�lammation	of	the	colonic	mucosa.
Indole	and	several	indole-related	compounds	produced	by	the	gut
microbiota	generally	exert	bene�icial	effects	on	the	intestinal	mucosa
in	a	context	of	in�lammatory	�lare.
Histamine	and	spermine	are	bacterial	metabolites	that	modulate	the
in�lammasome	pathway.
Although	butyrate	displays	immunomodulatory	roles	on	the
intestinal	mucosa	in	a	context	of	in�lammatory	�lare,	the	capacity	of
this	short-chain	fatty	acid	to	reduce	in�lammation	in	clinical	practice
remains	doubtful.
Polyamines	represent	potential	candidates	for	mucosal	healing	after
an	episode	of	mucosal	in�lammation.



Differences	in	fecal	concentrations	of	short-chain	and	branched-
chain	fatty	acids	have	been	measured	in	patients	with	irritable	bowel
syndrome.

4.2	 Dietary	Compounds,	Bacterial	Metabolites,
and	Colorectal	Cancer
Colorectal	cancer	is	one	of	the	leading	global	causes	of	cancer-related
death	[142].	Colorectal	cancer	mortality	has	increased	during	the	last
decades	in	economically	emerging	countries	[143,	144].	Of	note,	in	the
high-risk	countries	for	colorectal	cancer,	the	distal	large	intestine	areas
(left	colon	and	rectum)	are	the	intestinal	segments	where	majority	of
neoplasms	are	observed	when	compared	with	proximal	parts	of	the
large	intestine	(right	and	transverse	colon)	[145].

A	classical	model	for	the	genetic	and	epigenetic	changes	that	occur
during	colorectal	tumorigenesis	was	proposed	in	1990	by	Fearon	and
Volgenstein	[146].	In	this	model,	the	genetic	alterations	involved	in	the
development	of	colorectal	cancer	were	described.	Of	note,	the	order	of
genetic	events	occurring	in	the	process	of	colorectal	carcinogenesis
appears	to	be	crucial	for	the	development	of	the	disease	[147].

These	genetic	and	epigenetic	alterations	have	an	impact	on	the
normal	processes	of	large	intestine	epithelium	renewal	[148].	Brie�ly,
the	accumulation	of	these	abnormalities,	in	a	process	that	takes	over	a
decade	to	occur,	interferes	with	the	process	of	normal	cell	division,
differentiation,	migration,	and	apoptosis	as	well	as	cell	signaling	in
response	to	extracellular	and	intracellular	regulators	[149–152].	The
loss	of	genetic	and	epigenetic	stability	has	been	observed	in	most
neoplastic	lesions	in	the	colon,	but	the	exact	implication	of	epigenetic
modi�ications	measured	in	cancerous	cells	for	the	development	of	the
disease	remains	poorly	understood	[153,	154].	It	is	believed	that	such
instability	accelerates	the	accumulation	of	mutations	and	epigenetic
alterations	in	colonic	and	rectal	epithelial	cells,	such	accumulation
driving	the	malignant	transformation	of	these	cells	[155,	156].

Colorectal	Cancer:	One	Name	for	Several	Disease	Forms
It	is	obvious	that	colorectal	cancer	is	not	one	single	disease,	but	rather
gathers	several	diseases	with	different	genetic	and	environmental



in�luences.	Indeed,	both	genetic	and	environmental	factors	play
important	roles	in	the	etiology	of	the	different	forms	of	colorectal
cancer	[157].	The	great	majority	of	colorectal	cancer	are	called	sporadic
in	reference	to	the	fact	that	approximately	three-quarters	of	patients
have	a	negative	family	history	of	colorectal	cancer.	In	the	classic
colorectal	cancer	formation	model,	most	cancers	arise	from	polyps
beginning	with	aberrant	crypt	formation,	such	aberrant	crypts	possibly
evolving	into	neoplastic	precursor	lesions	within	the	adenoma-
carcinoma	pathway	which	evolves	from	early	adenoma	to	advanced
adenoma,	before	�inally	possibly	becoming	colorectal	cancer	[158,	159].
Although	the	histology	of	the	so-called	conventional	tubular	adenomas
is	homogeneous,	the	speci�ic	biochemical	parameters	of	these	polyps
are	heterogeneous,	explaining	likely	why	some	adenomas	progress	up
to	colorectal	cancer	(approximately	10%	of	polyps),	while	the	vast
majority	do	not	[155,	160,	161].	Brie�ly,	the	biochemical	parameters
identi�ied	in	the	different	colorectal	cancer	molecular	subgroups	that
are	affected	by	the	different	mutations	observed	are	related	to
epithelial	cell	immune	destruction	avoidance	after	transformation,
growth	suppressor	evasion	of	transformed	epithelial	cells,	inactivation
of	DNA	repair	mechanisms	in	epithelial	cells	with	alteration	of	DNA
integrity,	replicative	immortality	of	cancerous	cells,	resistance	of
transformed	epithelial	cells	to	cell	death,	dysregulation	of	cellular
energetics	by	modi�ied	fuel	utilization	in	transformed	epithelial	cells,
and	tumor-promoting	in�lammation	[157].	Some	mutations	are
common	to	a	vast	majority	of	subgroups,	suggesting	a	central	role	of
these	mutations	in	colorectal	cancer	in	general	[162–166].

A	minor	subgroup	of	the	patient	population	is	formed	by	those
affected	by	a	hereditary	form	of	colorectal	cancer,	accounting	for	5–
10%	of	all	patients.	The	most	common	syndrome	in	these	categories	is
the	Lynch	syndrome	which	is	caused	by	mutation	in	one	of	the	DNA-
repair	genes	[167].	Impaired	DNA	repair	during	cell	replication	gives
rise	to	the	accumulation	of	DNA	mutations.	The	second	hereditary	form
of	colorectal	cancer	is	familial	adenomatous	polyposis	syndrome	[168].
This	syndrome	is	notably	caused	by	mutations	in	the	adenomatous
polyposis	coli	(APC)	gene,	which	controls	the	activity	of	the	Wnt
signaling	pathway	[169–171].



Regarding	non-hereditary	forms	of	colorectal	cancer,	chronic
in�lammatory	bowel	disease	is	associated	with	an	increased	risk	of
colorectal	cancer	[172,	173].	However,	chronic	in�lammatory	bowel
disease	explains	a	very	minor	part	(approximately	1%)	of	all	colorectal
cancer	in	western	populations,	and	several	studies	indicate	that	the
incidence	of	colorectal	cancer	in	individuals	affected	by	chronic
in�lammatory	bowel	diseases	is	decreasing	in	the	last	decades	because
of	effective	anti-in�lammatory	treatments	and	improved	surveillance
[174,	175].

Etiology	of	Colorectal	Cancer	Is	Related	to	Both	Genetic	and
Environmental	Parameters
The	etiology	of	colorectal	cancer	includes	both	genetic	and
environmental	factors.	Among	colorectal	cancer,	approximately
between	10	and	20%	can	be	attributed	to	heritable	gene	variations
[176],	thus	suggesting	that	the	largest	fraction	of	sporadic	colorectal
cancer	cases	is	linked	to	environmental	and	lifestyle	causes	[177].
Among	the	environmental	factors	that	are	involved	in	the	modulation	of
colorectal	cancer	risk,	dietary	parameters	are	presumed	to	play	a
signi�icant	role	[178].	The	variation	of	colorectal	cancer	incidence
between	countries	appears	largely	associated	with	differences	in
dietary	habits.	However,	it	is	only	fair	to	say	that	epidemiological
studies	are	markedly	dependent	on	the	methodologies	used	to	obtain
and	analyze	dietary	and	lifestyle	information,	and	this	contributes	to
the	variability	of	the	results	obtained.	Furthermore,	western	diets
contain	an	enormous	number	of	different	compounds,	making	the
identi�ication	of	compounds,	or	mixture	of	compounds,	that	may
increase	or	decrease	the	risk	of	colorectal	cancer	dif�icult	[179].	In
addition,	epidemiological	studies	cannot	establish	causal	relationships
between	dietary	parameters	and	the	endpoint	measured	which	is	often
colorectal	cancer	appearance	[180].	Lastly,	numerous	biases	related	to
other	non-dietary	lifestyle	parameters	must	all	be	considered	to	more
robustly	interpret	the	epidemiological	data	obtained	in	the	different
studies.	With	these	reservations	in	mind,	a	range	of	environmental	and
lifestyle	parameters	have	been	proposed	to	modify	the	risk	of
developing	colorectal	cancer	[181].	Brie�ly,	the	risk	appears	to	increase
notably	in	association	with	prolonged	smoking	[182,	183],	and	high



body	mass	index	is	associated	with	increased	risk	[184],	while	regular
physical	activity	is	associated	with	decreased	risk	[158].	Regarding
alcohol	consumption,	high	intake	is	associated	with	an	increased	risk	of
colorectal	cancer	[185].

Identifying	the	Dietary	Compounds	that	Are	Likely	to	Modulate
the	Risk	of	Colorectal	Cancer:	A	Dif�icult	Task	When	Considering
the	Complexity	and	Changing	Nature	of	Western	Diets
Concerning	dietary	habits,	several	epidemiological	and	experimental
studies	have	suggested	that	consumption	of	typical	western-style	diets
that	are	rich	in	energy,	fat,	and	protein,	and	poor	in	�iber	and
phytochemicals	increase	colorectal	cancer	risk	[186–189].

More	speci�ically,	regarding	the	consumption	of	meat,	most
population	studies	suggest	that	high	consumption	of	red	and	processed
meat	increases	colorectal	cancer	risk	in	a	dose-dependent	manner
[190–195].	Not	only	the	amount,	but	the	frequency	of	red	meat	intake
has	been	associated	with	the	risk	of	colorectal	carcinogenesis	[196].	Of
note,	a	meta-analysis	of	the	prospective	cohort	studies	(studies	in
which	a	large	number	of	volunteers	are	followed	and	observed	over	a
period	of	time	to	record	the	development	of	chosen	outcomes)	found
that	the	relative	risk	of	colon	cancer	was	slightly	increased	with	an
odds	ratio	equal	to	1.18	for	individuals	with	the	highest	consumption	of
heme	iron	compared	with	individuals	with	the	lowest	consumption
(meaning	that	the	risk	of	colorectal	cancer	is	increased	by	18%	for
individuals	with	the	highest	meat	consumption)	[197].	However,	it
must	be	mentioned	that	the	relationship	between	red	meat
consumption	and	colorectal	cancer	risk	is	still	the	subject	of	scienti�ic
debates.	Some	reviews	of	prospective	epidemiological	studies	have
concluded	that	the	association	between	red	meat	consumption	and
colorectal	cancer	risk	is	generally	rather	weak	[198].	In	fact,	in	a	large
multiethnic	cohort,	it	was	concluded	that	no	role	for	meat	in	the
etiology	of	colorectal	cancer	could	be	clearly	identi�ied	[199].	Similarly,
another	study	found	no	association	between	colorectal	cancer	risk	and
levels	of	intake	of	meat	[200].	The	Nurses’	Health	Study	and	Health
Professionals	Follow-up	study	showed	no	strong	correlation	between
consumption	of	heme	iron	and	incidence	of	colorectal	cancer	in	an
analysis	performed	during	a	22-years	period	of	follow-up	[201].



Similarly,	Kabat	et	al.	reported	no	association	between	intake	of	iron,
heme	iron,	or	iron	in	meat	and	colorectal	cancer	incidence	in	a	large
cohort	study	with	Canadian	women	[202].	These	latter	results	make	the
association	between	heme	consumption	and	increased	colorectal
cancer	risk	questionable,	and	suggest	a	relatively	modest	role	of	red
meat	consumption	in	the	risk	of	colorectal	cancer.

However,	the	fact	that	many	studies	found	a	positive	association
between	high	red	and	processed	meat	consumption	and	risk	of
colorectal	cancer,	and	even	if	this	increased	risk	appears	modest,	has
led	to	recommending	a	consumption	of	red	meat	not	above	2	times
230	g	red	meat	per	week	[203].	Recommendation	concerning	red	and
processed	meat	has	indeed	to	integrate	the	fact	that	red	meat
represents	an	important	source	of	proteins	and	of	micronutrients,
including	iron,	zinc,	and	vitamin	B12,	notably	in	a	context	of	the	large
prevalence	of	anemia	worldwide	[204].	Indeed,	anemia	affects	roughly
one-third	of	world’s	population,	with	half	the	cases	being	due	to	iron
de�iciency	which	increases	maternal	and	child	mortality,	while	affecting
physical	performance.	Even	in	developed	countries,	iron	de�iciency	still
affects	a	signi�icant	proportion	of	young	females	[205].

Another	indirect	evidence	of	the	in�luence	of	environment	on	the
risk	of	sporadic	colorectal	cancer	is	related	to	the	fact	that	occurrence
of	colorectal	cancer	has	been	shown	to	be	signi�icantly	increased	for
instance	in	Japanese	individuals	who	have	migrated	to	the	United	States
of	America	and	adopted	a	Western-style	diet/-lifestyle	compared	with
those	living	in	Japan	[206].	Other	studies	indicate	that	the	incidence	of
colorectal	cancer	has	dramatically	increased	in	Japan,	and	this
coincides	with	an	overall	increased	consumption	of	the	Westernized
diet	[207,	208].

Several	Bacterial	Metabolites	Affect	the	DNA	Integrity	in	Colonic
Epithelial	Cells
In	that	overall	context,	this	chapter	is	devoted	to	the	current	emerging
knowledge	on	typical	luminal	environment	of	colorectal	epithelium
that	may	affect	epithelium	homeostasis	by	either	affecting	its
coordinated	renewal,	or	by	driving	the	stem	and	progenitor	cells	from
normal	to	transformed	phenotypes.



Regarding	the	risk	of	colorectal	cancer,	research	aiming	at
identifying	bacterial	metabolites	that	may	accumulate	and	participate
in	the	process	of	pre-neoplasia	and	neoplasia	in	the	colon	and	rectum	is
motivated	notably	by	the	fact	that	if	cancer	of	the	small	intestine	is	rare
[209],	colorectal	cancer	remains	one	of	the	predominant	cancers	in
both	males	and	females	[157].	Then,	the	idea	is	that	the	luminal
environment	of	the	residing	stem	cells	in	the	colonic	crypts	may	favor
(or	limit)	the	molecular	events	that,	by	accumulating	in	these	cells
during	decades,	drive	the	process	of	evolution	of	a	normal	colorectal
epithelium	to	epithelium	with	cancerous	lesions.

Emphasis	will	be	given	to	the	bacterial	metabolites	that	are	known
to	be	genotoxic	for	colonic	epithelial	cells	when	present	in	excess,
either	by	direct	action	on	DNA,	or	by	indirect	effect	through
modi�ication	of	cell	metabolism,	resulting	in	altered	integrity	of	their
nuclear	and/or	mitochondrial	DNA	[210–214].	This	topic	is	of
particular	importance	as	long-term	exposure	of	colonic	crypt	cells	to
DNA-damaging	agents	is	likely	to	increase	the	risk	of	unrepaired	DNA
lesions	in	these	cells	[215].	To	make	a	long	and	complicated	story	short,
cancer	stem	cell	hypothesis	proposes	that	cells	at	the	origin	of	most
colorectal	cancer	are	stem	or	stem	cell-like	cells	that	reside	at	the	base
of	the	colon	crypts	[216–218].	However,	whether	a	colorectal	cancer
stem	cell	is	a	transformed	descendent	of	a	normal	intestinal	stem	cell,
or	whether	differentiated	cells	can	also	acquire	a	cancer	stem	cell
phenotype	upon	transformation	remains	debated	[219].

The	mechanisms	for	genetic	changes	in	colorectal	cancer	and	their
interactions	with	environmental	risk	factors	are	dif�icult	to	unravel.
However,	recent	studies	have	begun	to	better	clarify	how	the	intestinal
microbiota	can	generate	genomic	changes	in	colorectal	cancer,	for
instance	through	bacterial	metabolite	synthesis,	toxin	production,	and,
in	some	cases,	production	of	reactive	species	[220].

Is	Excessive	Hydrogen	Sul�ide	Genotoxic	for	Colonic	Epithelial
Cells,	and	Is	This	Bacterial	Metabolite	Involved	in	Colorectal
Carcinogenesis?
Among	the	bacterial	metabolites	with	reported	genotoxicity,	the
bacterial	metabolite	hydrogen	sul�ide	that	is	produced	from	cysteine
and	sulfate	was	reported	to	alter	genomic	DNA	integrity	in	intestinal



colonic	epithelial	cells	[221].	However,	probably	because	of	different
experimental	designs,	the	genotoxicity	of	H2S	was	not	con�irmed	in
further	experiments	either	using	human	colonocytes	incubated	with
the	H2S	donor	sodium	sul�ide	up	to	3	millimolar,	or	in	in	vivo
experiments	using	colonic	short-term	intraluminal	instillation	with	H2S
in	rodent	[43].	In	this	latter	study,	maybe	because	of	the	activity	of	the
enzymatic	machinery	devoted	to	DNA	reparation,	no	measurable	effects
of	H2S	on	DNA	integrity	were	recorded	using	the	sensitive	gamma
H2AX	genotoxicity	test.	This	assay	detects	DNA	double-strand	breaks
that	is	one	of	the	events	that	is	occurring	during	colorectal
carcinogenesis	[222–224].

Some	experimental	and	clinical	studies	robustly	suggest	that	both
endogenous	synthesis	of	H2S	in	colonic	epithelial	cells,	and	luminal
exogenous	H2S	are	implicated	in	the	process	of	colorectal
carcinogenesis.	Gene	and	protein	expression	have	revealed	that	the
H2S-synthesizing	enzyme	cystathionine	β-synthase	is	increased	in
colonic	tumors	when	compared	with	the	surrounding	mucosa	[225],
suggesting	an	increased	capacity	for	H2S	synthesis	in	the	cancerous
samples.	However,	since	colonic	tumors	and	surrounding	tissues
contained	numerous	different	cell	phenotypes,	it	would	be	important	to
determine	the	expression	of	this	enzyme	in	the	colonic	epithelial	cell
and	other	cell	types.

Upregulation	of	cystathionine	β-synthase	in	human	colonic	biopsies
obtained	from	precancerous	adenomatous	polyps	has	been	measured
when	compared	with	normal	mucosa,	and,	of	great	signi�icance,	forced
upregulation	of	cystathionine	β-synthase	in	late	adenoma-like	colonic
epithelial	cells	resulted	in	differences	in	the	expression	of	genes
involved	in	colorectal	cancer	development,	notably	genes	involved	in
NF-kappaB,	KRAS,	and	p53	signaling	[226].	In	addition,	the	cells
overexpressing	cystathionine	β-synthase	were	characterized	by
increased	proliferative	activity	and	enhanced	cellular	bioenergetics
capacity	in	terms	of	respiration	and	glycolysis.	This	increased
cystathionine	β-synthase	reinforced	cell	tumorigenicity	in	athymic
nude	mice.	On	the	opposite,	genetic	ablation	of	cystathionine	β-
synthase	in	mice	resulted	in	a	reduction	of	the	number	of	mutagen-
induced	aberrant	crypt	foci	[226].	Thus,	from	these	experimental



results,	it	appears	that	increased	endogenous	production	of	H2S	within
adenomatous	colonocytes	increases	their	proliferative	capacity	and
their	ability	to	promote	tumor	formation.

Decreased	expression	of	cystathionine	β-synthase	in	HCT116
colonic	carcinoma	cells	reduces	cell	growth	and	size	of	HCT116
xenografts	(cell	transplant	in	mice)	[225].	In	accordance	with	these
results,	pharmacological	inhibition	of	cystathionine	β-synthase
catalytic	activity	inhibits	HCT116	oxygen	consumption	and	glycolysis,
thus	seriously	affecting	ATP	production	in	these	cells,	an	effect	that	was
paralleled	by	an	arrest	in	the	cell	cycle,	resulting	in	a	reduction	of	cell
growth	without	loss	of	cell	viability	[227].	In	vivo,	the	silencing	or
pharmacological	inhibition	of	cystathionine	β-synthase	attenuates	the
growth	of	colon	carcinoma	cell	xenografts	in	nude	mice,	as	well	as	neo-
vessel	density,	suggesting	a	role	of	endogenous	H2S	in	colorectal	cancer
cell	growth	and	tumor	angiogenesis	[225].	Thus,	in	cancerous	cells,
hydrogen	sul�ide	produced	endogenously	appears	to	favor	cell
proliferation	through	its	utilization	as	an	energy	substrate.

Increased	supply	of	H2S	produced	by	the	intestinal	microbiota	has
been	also	implicated	in	the	process	of	colorectal	carcinogenesis.	Indeed,
by	collecting	feces	and	tissue	samples	collected	on	and	off	the	tumor
site	within	the	same	individuals,	and	by	using	multi-omic	data	and
community	metabolic	models	to	assess	H2S	production	in	colorectal
cancer,	Hale	and	collaborators	[228]	obtained	data	indicating	increased
H2S	production	by	the	gut	bacteria	in	colonic	cancer	samples.	The
predicted	increased	H2S	production	at	the	tumor	site	was	associated
with	the	relative	abundance	of	Fusobacterium	nucleatum,	a	known
hydrogen	sul�ide	producer	largely	suspected	to	promote	colorectal
cancer	[229–233].	By	using	paired	colon	tumor	tissues	and	adjacent
tissues	from	volunteers,	it	has	been	shown	that	hydrogen	sul�ide-
producing	sul�idogenic	Fusobacterium	nucleatum	was	enriched	in	the
colon	tumors	of	patients	with	de�icient	mismatched	nucleotide	repair
in	DNA	[234].	In	accordance	with	these	latter	results,	in	volunteers,
sul�idogenic	bacteria	abundance	is	higher	in	colonic	tissue	biopsies
recovered	from	patients	with	colorectal	cancer	when	compared	with
those	from	healthy	subjects	[235],	thus	reinforcing	the	view	that	these
bacteria	participate,	likely	in	part	by	producing	excessive	amounts	of



hydrogen	sul�ide,	in	colorectal	cancer	development.	Lastly,	in	the	same
line	of	thinking,	sulfur-containing	compounds	in	the	samples	of	�latus
(mixture	of	gas	produced	by	the	large	intestine	microbiota	and
evacuated)	recovered	from	patients	with	colorectal	cancer	were	more
abundant	when	compared	with	samples	recovered	from	healthy
subjects	[236].

P-cresol	Is	One	of	the	Greatest	Predictors	of	Genotoxicity	in
Colonocytes
Using	the	measurement	of	DNA	double-strand	breaks	with	the	gamma
H2AX	genotoxicity	test,	the	tyrosine-derived	bacterial	metabolite	p-
cresol	was	found	to	dose-dependently	alter	the	DNA	integrity	in
colonocytes	[237].	Interestingly,	by	using	a	fermentation	system
containing	fecal	samples	from	volunteers	in	the	presence	of	various
substrates,	together	with	the	test	of	fermentation	supernatants	on
human	colonocytes	for	their	genotoxic	potential,	p-cresol	was	identi�ied
among	the	compounds	present	in	the	supernatants	as	the	greatest
predictor	of	genotoxicity	against	colonocytes	[238]	(Fig.	4.3).	In
addition,	association	has	been	found	between	the	fecal	p-cresol
concentration	and	the	total	DNA	adduct	formation	leading	to	DNA
damage	in	the	distal	colon	of	mice	[239,	240].	Although	of	considerable
interest	to	identify	the	bacterial	metabolites	that	may	increase	the	risk
of	colorectal	neoplasia	development,	the	results	of	these	in	vitro	studies
ask	for	in	vivo	studies	with	relevant	experimental	models.



Fig.	4.3 Effects	of	different	bacterial	metabolites	in	excessive	concentrations	on	DNA	integrity	in
colonic	epithelial	cells

Phenol	Is	a	Precursor	of	Mutagenic	Compound
Phenol,	which	is	produced	by	the	intestinal	microbiota	from	tyrosine,
after	reacting	with	nitrite,	leads	to	the	formation	of	the	compound	p-
diazoquinone	which	is	mutagenic	in	tests	with	bacteria
[241].	Unfortunately,	no	data	are	available	regarding	the	mutagenic
potential	of	p-diazoquinone	on	colonic	epithelial	cells.

Fecapentaenes	Are	Potent	Mutagens	for	Colonic	Epithelial	Cells



Fecapentaenes,	which	are	produced	by	the	intestinal	microbiota
presumably	from	polyunsaturated	ether	phospholipids,	represent
potent	mutagens	toward	colon	epithelial	cells	[242]	(Fig.	4.3).

Secondary	Bile	Acids	in	Excess	Are	DNA-Damaging	Agent
A	wealth	of	experimental	studies	has	shown	that	the	secondary	bile
acid	deoxycholic	acid	that	is	produced	by	the	intestinal	microbiota	from
bile	acids	can	act	as	a	DNA-damaging	agent	[188,	243,	244]	(Fig.	4.3).

Acetaldehyde	Is	a	Potential	Carcinogen	in	the	Rectum
Although	ethanol	is	likely	not	genotoxic	by	itself	for	colonic	epithelial
cells,	this	compound	can	be	converted	to	acetaldehyde	by	the	gut
microbiota.	Acetaldehyde	is	considered	as	a	potential	carcinogenic
compound	in	the	rectum	[245]	(Fig.	4.3).	One	study	reported	modest
genotoxic	effect	of	micromolar	concentration	of	acetaldehyde	on
human	colonocytes	[246].

Excessive	Spermine	Catabolism	Increases	Damages	to	DNA	in
Colonic	Epithelial	Cells
Regarding	spermine,	it	appears	that,	when	present	in	excess,	this
polyamine	which	is	ef�iciently	taken	up	by	colonic	epithelial	cells	[247],
increases	reactive	oxygen	species	production	and	DNA	damage	in	these
cells	through	its	increased	catabolism	by	the	spermine	oxidase	activity
in	response	to	enteroxigenic	B.	fragilis	infection	[93]	(Fig.	4.3).	In
regards	with	the	group	of	polyamines,	metabolites	derived	from	these
compounds	were	found	to	accumulate	in	microbial	bio�ilms	that	adhere
to	human	colorectal	biopsies	when	compared	to	biopsies	without
bio�ilms	[248].	Microbial	bio�ilms	are	aggregations	of	microbial
communities	encased	in	a	polymeric	matrix	that	are	present	on	the
mucosal	surface	of	colon.	Bio�ilms	that	invade	the	colonic	mucus	layers
and	come	into	direct	contact	with	epithelial	cells	generally	indicate	a
pathologic	state	[249,	250].	The	results	obtained	by	Johnson	and
collaborators	[248]	are	of	great	interest	when	considering	the	role	of
polyamines	on	colon	cancer	cell	growth	[251]	(see	also	Sect.	3.	1).

4-Hydroxyphenylacetic	Acid	in	Excess	Decreases	Oxygen
Consumption	and	Increases	Reactive	Oxygen	Species	Production
in	Colon	Epithelial	Cells,	in	Association	with	DNA	Alteration



The	microbial	fermentation	of	aromatic	amino	acids	by	bacterial
species	present	in	the	human	colon	produces	4-hydroxyphenylacetic
acid	[252].	This	metabolite,	when	present	in	excess,	decreases	the
respiration	of	human	colonocytes	and	increases	reactive	oxygen	species
(also	called	ROS)	production.	This	increased	reactive	oxygen	species
production	has	been	associated	with	DNA	alteration	in	these	cells	[246]
(Fig.	4.3).

Elevated	mitochondrial	reactive	oxygen	species	production	over	the
capacity	of	colonocytes	to	detoxicate	them,	may	damage	and	produce
mutations	in	mitochondrial	DNA	which	is	in	proximity	with	the
electron	transport	chain,	and	which	is	not	protected	by	histones	[253].
Of	interest,	mitochondrial	DNA	mutations	observed	in	colon	cancer	are
mutations	in	the	gene	coding	for	a	subunit	of	cytochrome	c	oxidase
(complex	IV	of	the	mitochondrial	respiratory	chain)	with	associated
proton	leaks	and	thus	decreased	mitochondrial	energy	production
ef�iciency,	together	with	perturbations	of	transport	processes,	and
metabolite	traf�icking	[254].

Heme,	by	Increasing	H2S	Production,	Destabilizes	the	Mucus
Layer,	Thus	Increasing	Heme	Accessibility	to	Colonic	Epithelial
Cells,	Then	Favoriting	Its	Genotoxic	Effect
A	special	interest	has	been	devoted	to	the	possible	role	of	heme,	the
pigment	of	red	meat,	on	the	process	of	colorectal	carcinogenesis,	since
as	presented	above,	high	red	and	processed	meat	consumption	is
suspected	to	increase	the	risk	of	colorectal	cancer.	Although	iron	in
heme	is	much	better	absorbed	than	elemental	iron	[255],	dietary	heme
is	relatively	poorly	absorbed	by	the	enterocytes	in	the	small	intestine,
and	accordingly,	part	of	dietary	heme	is	transferred	from	the	small	to
the	large	intestine	[256].	Hemin,	the	reactive	ferric	protoporphyrin-IX
groups	of	hemoglobin	[257],	represents	the	stable	form	of	heme	[258].
Hemin	has	been	shown	to	be	genotoxic	for	colonocytes	[259].	In
experimental	works	with	rodents,	dietary	supplementation	with	hemin
results	in	alteration	of	the	colonic	epithelium,	with	crypt	depth	being
increased	by	the	so-called	compensatory	hyperproliferation	of	crypt
cells	[260],	thus	leading	to	hyperplasia.	Such	hemin-induced
hyperplasia	is	believed	to	represent	an	early	event	that	would	drive	the
normal	colonic	epithelium	toward	the	neoplastic	pathway	[53].	This



process	appears	to	be	dependent	on	the	intestinal	microbiota	and	on	its
metabolic	activity.	Indeed,	by	supplementing	rodents	with	heme,	a
colonic	epithelial	hyperproliferation	was	observed	that	was	completely
suppressed	by	treatment	with	antibiotics	[53],	thus	implying	the	gut
microbiota	in	such	effects.	Some	evidence	suggest	that	H2S	was	one	of
the	bacterial	metabolites	indirectly	implicated	in	the	deleterious	effect
of	heme	on	the	colonic	epithelium.	Indeed,	the	abundance	of	the	mucin-
degrading	bacteria	Akkermansia	muciniphila	was	increased	after
dietary	heme	supplementation	[53].	Since	mucin-degrading	bacteria
metabolize	notably	the	sulfate-containing	mucin,	thus	producing	H2S
[261];	and	since	H2S	in	excess	fragilizes	the	mucus	barrier,	the	authors
have	proposed	that	heme	by	favoriting	H2S	production,	increases	the
accessibility	of	heme	to	colonic	epithelial	cells,	thus	reinforcing	its
genotoxic	effect	(Fig.	4.3).	The	identi�ication	of	the	bacterial
metabolites	that	fragilize	the	mucus	layers	in	the	colon	is	of	paramount
importance	because,	as	exempli�ied	above	for	the	H2S	case,	increased
accessibility	of	genotoxic	compounds	to	the	colonic	epithelial	cells	is
likely	a	way	to	adversely	increase	alteration	of	DNA	integrity.	Indeed,
elegant	studies	performed	in	rodent	models	that	have	been	invalidated
for	the	production	of	speci�ic	mucins	reveal	that	these	animals	are	more
prone	to	develop	colorectal	carcinomas	than	their	wild-type
counterpart	[262].

Of	note,	the	addition	of	calcium	to	the	heme-enriched	diet	allows	to
trap	the	luminal	heme,	then	counteracting	the	deleterious	effects	of
heme	on	the	colonic	epithelium	[263].

Dietary	supplementation	with	heme	iron	affects	the	microbial
community	structure	[264].	Numerous	bacteria	do	not	possess	the
capacity	to	synthesize	heme	[265]	and	are	therefore	equipped	with
diverse	heme	transport	systems	[266].	Bacterial	pathogens	are	notably
ef�icient	at	capturing	heme	and	utilizing	it	for	their	metabolism	[267].
Then	the	overall	capacity	of	the	colonic	microbiota	to	take	up	heme
plays	a	role	in	�ixing	the	luminal	heme	concentration	within	the	large
intestine,	and	thus	presumably	the	effects	of	heme	on	the	stem	cells	in
the	colonic	crypts.



N-Nitrosamines	Are	Suspected	to	Increase	the	Risk	of	Colorectal
Cancer
N-nitrosamines	are	a	large	family	of	compounds	among	which	several
of	them	have	been	shown	to	induce	cancer	development	in	various
organs	in	animal	models	[268].	As	introduced	in	Chap.	3,	bacteria	are
believed	to	play	a	central	role	in	nitrosamine	synthesis	in	the	human
intestine	by	catalyzing	nitrosation	of	diet-derived	amines	[269].	The
carcinogenic	effect	of	N-nitrosamines	in	excess	are	likely	mediated	via
direct	interaction	with	DNA	in	cells	causing	chemical	structure
alterations	[270–273]	(Fig.	4.3).	Of	note,	the	level	of	dietary	intake	of
the	nitrosamine	N-nitrosodimethylamine	was	positively	associated
with	risk	of	rectal	cancer	[274],	thus	pointing	out	potential	implication
of	this	compound,	from	either	dietary	source	or	resulting	from	the
activity	of	the	intestinal	microbiota,	in	rectal	carcinoma	formation.

Is	Butyrate	Protective	Against	Colorectal	Cancer	Risk?
Regarding	the	undigestible	polysaccharide-derived	short-chain	fatty
acid	butyrate,	this	bacterial	metabolite	has	been	considered	to	display
some	protective	action	on	the	risk	of	developing	colorectal	cancer.

The	evidence	for	such	a	proposition	were	based	notably	on
experimental	works	showing	in	a	rodent	model	of	colitis-associated
colon	cancer	that	a	dietary	supplementation	with	resistant	starch
decreased	tumor	multiplicity	and	adenoma	formation,	an	effect	that
was	associated	with	an	increased	short-chain	fatty	acid	production,
including	butyrate	[275].	In	addition,	numerous	studies	have	shown
that	butyrate	is	able	in	vitro	to	inhibit	the	proliferation	of	colonocytes
recovered	from	human	carcinomas.	However,	even	if	these	experiments
bring	important	new	information	regarding	the	mechanisms	of	action
of	butyrate	on	colonic	cancerous	cells,	from	a	strategic	point	of	view,
this	information	is	of	little	relevance	in	a	cancer	prevention	perspective.
As	indicated	in	previous	paragraph	(see	Chap.	3),	the	anti-proliferative
effect	of	butyrate	on	colonic	cancerous	cells	is	related	to	the	dose-
dependent	capacity	of	this	bacterial	metabolite	to	inhibit	histone
deacetylase	activity	[276],	therefore	increasing	the	acetylation	of
histones,	such	a	process	being	linked	to	the	alteration	of	cell	cycle
regulatory	proteins	[277–279].	These	alterations	result	in	a	marked
reduction	of	cancerous	cell	growth.	This	effect	appears	rather	speci�ic



for	butyrate,	as	acetate	has	no	effect	on	the	acetylation	of	histone
proteins	and	on	cancerous	cell	growth	[280,	281].

An	experimental	study	has	seriously	contradicted	the	initial
hypothesis	of	a	role	of	butyrate	for	decreasing	the	risk	of	colorectal
cancer.	Indeed,	in	a	model	of	rodent	that	spontaneously	develops
multiple	polyps	in	small	intestine	and	colon,	gut	microbes	stimulated
colon	cancer	development	through	the	production	of	butyrate	that	was
used	as	a	fuel	to	sustain	hyperproliferation	of	colon	epithelial	cells
[282].	In	addition,	butyrate	in	drinking	water	given	to	a	model	of
chemically	induced	colon	cancer	in	rodents	has	been	shown	to	enhance
the	development	of	colonic	neoplasia,	an	effect	that	was	associated	with
an	increased	butyrate	content	in	feces	[283].

Then	butyrate	may	be	viewed,	depending	on	its	luminal
concentration	in	the	colon,	and	on	the	characteristics	(notably	in	terms
of	metabolic	capacities)	of	colonic	differentiated	and	undifferentiated
epithelial	cells	(either	healthy,	pre-neoplasic,	or	neoplasic);	as	either	an
oncometabolite	(a	metabolite	associated	with	cancer	[284])	or	as	a
tumor-suppressive	metabolite	[285].	This	may	explain	why,	although
dietary	�ibers,	and	notably	butyrogenic	�ibers,	are	generally	believed	to
decrease	colorectal	cancer	risk,	there	is	a	lack	of	consensus	because	of
con�licting	results	obtained	from	prospective-cohort	studies	[286].

Key	Points
Several	bacterial	metabolites	derived	from	dietary	compounds	that
are	partially	transferred	from	the	small	to	the	large	intestine	are
suspected	in	excessive	amounts	and	after	long-term	exposure	to
increase	the	risk	of	colorectal	cancer.
These	bacterial	metabolites,	which	include	p-cresol,	phenol,
fecapentaenes,	secondary	bile	acids,	acetaldehyde,	spermine,	and	the
hemin	group	of	hemoglobin,	have	all	been	shown	to	act	as	DNA-
damaging	agents	on	colonic	epithelial	cells	when	present	in	excess.
Some	bacterial	metabolites	when	present	in	excessive
concentrations,	like	hydrogen	sul�ide,	may	indirectly	favor	DNA
alteration	in	colonic	epithelial	cells	by	altering	the	mucous	layer,
therefore	increasing	the	accessibility	of	genotoxic	compounds.
Increased	hydrogen	sul�ide	production	by	adenomatous	colonocytes
and	by	intestinal	bacteria	is	likely	to	favor	colorectal	carcinogenesis.



The	initial	hypothesis	that	butyrate	would	reduce	the	risk	of
colorectal	cancer	has	been	challenged	by	results	obtained	from
preclinical	and	prospective-cohort	studies.

4.3	 Dietary	Compounds,	Bacterial	Metabolites,
and	Diarrhea
One	Main	Physiological	Function	of	the	Colonic	Epithelium	Is
Water	and	Electrolyte	Absorption
Approximately	1.2	L	(including	water	in	food)	is	consumed	every	day
by	an	adult	individual.	In	the	digestive	tract,	there	are	exocrine
secretions	by	salivary	gland,	stomach,	exocrine	pancreas,	and	liver.	In
addition,	1.0	L	of	�luid	moves	per	day	from	blood	to	the	intestinal
lumen.	Thus,	it	is	estimated	that	8	to	9	L	of	�luid	traverse	every	day	the
digestive	tract	[287].	On	this	amount	of	�luid,	6.7	L	are	reabsorbed
every	day	by	the	small	intestine.	The	remaining	water	(approximately
1.5	L	per	day)	moves	from	the	small	to	the	large	intestine.	The	large
intestine	absorbs	in	such	condition	1.4	L	of	water	per	day,	thus	leading
to	the	excretion	of	approximately	100	ml	water	per	day	in	feces	[288].
In	addition	to	water,	the	colon,	and	to	a	much	lower	extent,	rectum,	are
the	�inal	intestinal	segments	for	recapturing	solutes	present	in	the
luminal	�luid	[289].

To	maintain	electrolyte	homeostasis,	and	to	provide	electrolytes	for
different	physiological	functions,	complex	interactions	between
absorptive	and	secretory	processes	are	necessary.	Although	the	net
result	of	electrolyte	transport	in	the	healthy	gut	is	largely	orientated
toward	transfer	from	the	lumen	to	the	blood,	there	is	also	secretion	of
electrolytes,	mainly	chloride	(Cl−)	and	bicarbonate	(HCO3−)	that	play	a
role	in	digestion	and	absorption	of	nutrients	[290,	291].

Regarding	the	large	intestine,	there	are	signi�icant	qualitative	and
quantitative	differences	in	electrolyte	transport	processes	between	the
different	segments	[292].	Both	surface	and	crypt	colonocytes	perform
secretory	and	absorptive	functions	that	can	happen	simultaneously
[293,	294].	Regarding	the	colonic	absorption	of	electrolytes,	sodium
(Na+),	chloride	and	potassium	(K+)	are	transferred	from	the	lumen	to
the	blood	by	a	series	of	dedicated	transporters,	co-transporters,



exchangers,	and	channels	present	in	the	brush	border	membranes	at
the	luminal	side	and	in	the	baso-lateral	membranes	situated	in
proximity	of	the	blood	capillaries	(Fig.	4.4).	Incidentally,	and
importantly,	the	Na/K	ATPase	situated	in	the	baso-lateral	membranes
of	colonocytes	transfer	Na+	to	the	blood	while	transferring	K+	from
blood	to	colonocyte	intracellular	medium	[295].	To	make	a	long	story
short	and	more	easily	understandable,	it	can	be	useful	to	consider	that
overall,	water	follows	Na+	during	its	transcellular	journey	from	the
lumen	to	the	blood.



Fig.	4.4 Schematic	view	of	the	different	transporters	and	channels	in	the	colonic	absorptive
epithelial	cells

Absorptive	colonocytes	are	in	addition	equipped	with	several
aquaporin	water	channels	that	facilitate	the	transport	of	water	across
these	cells	[296,	297].	Changes	in	the	distribution	of	aquaporins	in
colonocytes	are	associated	in	a	rodent	model	with	diarrhea	caused	by
bacterial	pathogens	[298].	Interestingly,	in	vitro	inhibition	of	the
expression	of	aquaporin	8,	one	of	the	aquaporins	that	equips
colonocytes,	decreased	osmotic	water	permeability	by	38%	[299],	thus
suggesting	major	involvement	of	this	channel	for	water	absorption.

Diarrhea	Can	Be	Either	Acute	or	Chronic
Classi�ication	for	evaluation	of	diarrhea	considers	both	acute	and
chronic	(chronic	meaning	more	than	4	weeks-duration)	forms	of
diarrhea.	This	classi�ication	considers	the	probability	of	an	infectious
etiology	for	acute	conditions,	whereas	chronic	diarrhea	is	much	less
likely	to	be	infectious,	implying	to	consider	other	causes	[287].	An
alternative	classi�ication	for	the	type	of	diarrhea	is	based	on	the
appearance	of	stool	either	fatty,	or	in�lammatory	(associated	in	some
cases	with	blood	in	the	stool),	or	watery	[300].	Diarrhea	may	represent
a	symptom	of	many	diseases	including	bacterial,	viral,	and	parasitic
infections,	altered	bile	acid	absorption,	carbohydrate	malabsorption,
dissacharidase	insuf�iciency,	and	chronic	in�lammatory	bowel	diseases
[301].	In	watery	diarrhea,	the	body	loses	water	and	electrolytes	(Na+,
Cl−,	K+,	HCO3−)	in	aqueous	stool,	and	such	losses	are	measured	in
different	types	of	diarrhea	from	either	viral	or	bacterial	origin.

In	patients	with	watery	diarrhea,	solutes	are	not	suf�iciently
absorbed	or	secreted	in	excess	into	the	luminal	content,	or	both	[287].
The	ability	of	the	colonic	epithelium	to	dehydrate	the	luminal	�luid
depends	on	the	integrity	of	the	epithelium	so	preventing	back	diffusion
of	electrolytes	and	other	solutes	once	they	have	been	absorbed	across
the	epithelial	layer.	For	instance,	the	pathogenesis	of	in�lammatory
bowel	disease-associated	diarrhea	is	essentially	an	outcome	of	mucosal
damage	caused	by	persistent	in�lammation	resulting	in	dysregulated
intestinal	ion	transport	and	impaired	epithelial	barrier	function	[302].

Watery	diarrheas	are	categorized	as	either	osmotic	or	secretory.	In
patients	with	secretory	diarrhea,	stool	osmolarity	is	almost	entirely



accounted	for	by	excessive	electrolyte	secretion	(Na+,	K+,	and
accompanying	anions).	In	osmotic	diarrhea,	poorly	absorbed
compounds	draw	�luid	in	the	lumen	[303].	This	is	the	case	for	instance
for	dietary	lactose	in	case	of	lactase	de�iciency	[304],	a	de�iciency	that
affects	a	large	part	of	the	population	worldwide,	notably	in	Asian
countries	[305,	306].	Undigested	and/or	unabsorbed	carbohydrates	in
addition	to	provoking	osmotic	retention	of	�luid	can	increase	bacterial
fermentation	with	the	production	of	various	compounds	including
gases	[307,	308].	Clinical	studies	indicate	an	increased	intestinal
motility,	either	as	a	cause	or	consequence,	in	chronic	watery	diarrhea,
thus	limiting	the	contact	time	between	absorbable	solutes	and	colonic
epithelium	[309].

Short-Chain	Fatty	Acids	Can	Modulate	Water	and	Electrolyte
Movements	Through	the	Colonic	Epithelium	in	Case	of	Diarrhea
Chronic	diarrhea	in	mammalian	models	and	in	humans	has	been
associated	with	an	overall	shift	in	the	composition	of	the	microbiota
and	of	its	metabolic	activity	[310,	311].	Several	metabolites	produced
by	the	intestinal	microbiota	have	been	shown	to	interfere	with	the
process	of	electrolyte	absorption	and	secretion.	Short-chain	fatty	acids
increase	colonic	�luid	and	electrolyte	absorption	in	healthy	individuals
by	involving	Na+/H+,	short-chain	fatty	acid/HCO3−,	and	Cl−/short-chain
fatty	acid	exchangers	in	apical	membranes	of	colonocytes	[312].	Among
short-chain	fatty	acids,	butyrate	upregulates	the	sodium	channel	ENaC
in	human	colonocytes	as	well	as	sodium	absorption	across	the	colonic
epithelium	in	rodent	model	[313].	The	other	short-chain	fatty	acid
propionate	increases	Na+	absorption	in	the	rabbit	colon	[314].	This
latter	short-chain	fatty	acid	also	induced	chloride	secretion	across
colonic	epithelium	in	in	vitro	experiments	[315],	indicating	that	this
bacterial	metabolite	has	an	impact	on	both	electrolyte	absorption	and
secretion.	Adding	resistant	starch	to	oral	rehydration	solution	(that
contains	glucose	and	electrolytes	[316],	and	which	are	used	notably	to
rehydrate	children	with	diarrhea	[317]),	has	been	proposed	to	increase
short-chain	fatty	acid	production	by	the	intestinal	microbiota,	thus
further	improving	the	effectiveness	of	this	solution	for	the	treatment	of
acute	diarrhea	in	children	[312].	Some	bene�icial	effects	of	such
addition	have	been	reported	in	children	with	acute	watery	diarrhea



[318,	319],	while	one	multicenter	study	found	no	effect	of	the	addition
of	a	mixture	of	non-digestible	carbohydrates	to	oral	rehydration
therapy	for	the	treatment	of	children	with	acute	infectious	diarrhea
[320],	suggesting	that	the	effects	of	non-digestible	carbohydrates	on
pediatric	diarrhea	depend	on	their	chemical	nature	and/or	the	clinical
form	of	diarrhea.

The	Bacterial	Metabolites	Deoxycholate	and	Succinate	Modulate
the	Growth	of	the	Diarrhea	Inducer	Clostridium	dif�icile
The	secondary	bile	acids	deoxycholate	that	is	produced	by	the
intestinal	microbiota	promotes	germination	but	markedly	reduces	the
vegetative	growth	of	Clostridium	dif�icile,	bacteria	that	represent	a
major	cause	of	intestinal	infection	and	diarrhea	among	individuals
following	antibiotic	treatment	[321,	322].	Germination	occurs	only	in
the	distal	part	of	the	intestine	partly	because	oxygen	concentration	at
this	site	is	negligible	[323].	Ex	vivo	studies	with	intestinal	extracts	from
antibiotic-treated	and	untreated	rodents	revealed	a	correlation
between	the	capacity	of	the	extracts	to	support	the	growth	of	C.	dif�icile
and	decreased	levels	of	secondary	bile	acids	in	these	extracts	[324,
325].	These	observations	suggest	that	the	production	of	secondary	bile
acids	by	the	usual	bacterial	community,	and	the	reduction	of	the	size	of
this	community	by	antibiotic	treatment,	and	thus	of	such	production,
increases	the	susceptibility	to	C.	dif�icile	overgrowth	[321].	In	other
words,	deoxycholic	acid,	which	is	known	to	be	deleterious	for	the
colonic	epithelial	cells	when	present	in	excess	in	the	luminal	�luid	(see
previous	paragraphs),	is	also,	at	moderate	concentrations,	able	to	limit
the	growth	of	Clostridium	dif�icile.

C.	dif�icile	may	cause	colitis	through	a	range	of	virulence	factors,
including	toxins,	as	well	as	adherence	and	motility	factors.	In	response
to	limited	nutrient	availability,	C.	dif�icile	produces	toxins	that	primarily
target	intestinal	epithelial	cells,	provoking	necrosis,	and	thus	leading	to
a	loss	of	apical	membrane	integrity,	and	�inally	increasing	exposure	of
the	host	intestinal	mucosa	to	microbes	and	their	bacterial	metabolites
[321].	Such	increased	exposure	may	result	in	an	activation	of	the	host
intestinal	in�lammatory	response	and	associated	diarrhea.

In	addition	to	deoxycholate,	other	metabolites	produced	by	the
intestinal	microbiota,	namely	mucin-derived	monosaccharides,	and



succinate,	are	used	by	C.	dif�icile	which	takes	up	these	compounds	and
used	them	for	growth	[326,	327].	Succinate	is	produced	by	the
intestinal	microbiota	from	different	substrates	including	amino	acids
and	carbohydrates	[328,	329].

Is	Excessive	Serotonin	Produced	by	the	Intestinal	Microbiota
Involved	in	Chronic	Diarrhea?
Several	compounds	secreted	by	enteroendocrine	cells,	mast	cells,	and
submucosal	neurons	are	involved	in	chronic	diarrhea.	Among	these
compounds,	serotonin	is	playing	an	important	role,	notably	since	this
compound	stimulates	gut	motility	[330–332].	Antagonists	of	the
serotonin	receptor	5-HT3	are	pharmaceuticals	used	for	the	treatment	of
chronic	watery	diarrhea	[287].	As	serotonin	is	also	produced	by	the
intestinal	microbiota,	it	would	be	of	major	interest	to	evaluate	the	role
played	by	this	bacterial	metabolite	regarding	the	net	�luid	�luxes	across
the	colonic	epithelium.

Key	Points
Short-chain	fatty	acids	increase	colonic	�luid	and	electrolyte
absorption	by	colonocytes.
Suf�icient	production	of	secondary	bile	acids	by	the	intestinal
microbiota	limits	the	growth	of	the	diarrhea	inducer	Clostridium
dif�icile.
Succinate	produced	by	the	intestinal	microbiota	is	used	by
Clostridium	dif�icile	for	growth.
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Abstract
After	synthesis	by	the	intestinal	bacteria,	several	metabolites	are
absorbed	and	metabolized	by	host	tissues	giving	rise	to	bioactive	co-
metabolites.	In	liver,	some	bacterial	metabolites	like	trimethylamine,
indole,	p-cresol,	and	phenylacetate	are	metabolized,	and	resulting	co-
metabolites	like	trimethylamine	N-oxide,	indoxyl	sulfate,	and	p-cresyl
sulfate	impair	hepatocyte	energy	metabolism	and	viability	when
produced	in	excess.	In	contrast,	the	bacterial	metabolites	indole	and
indole-3	acetate	appear	protective	in	situation	of	hepatic	damage.
Regarding	the	gut–kidney	axis,	the	bacterial	metabolite	p-cresol,	as	well
as	the	co-metabolites	p-cresyl	sulfate	and	indoxyl	sulfate	act	as	uremic
toxins	when	synthesized	in	excess.	These	latter	compounds	have	been
shown	to	affect	mitochondrial	function	in	renal	tubular	cells	and	to
provoke	an	in�lammatory	response.	Trimethylamine	N-oxide	has	been
identi�ied	as	a	co-metabolite	which	at	excessive	concentration	increases
in	experimental	work	platelet	responsiveness	to	agonists,	favors
thrombus	development	within	internal	carotid	artery,	and	provokes
endothelial	cell	dysfunction.	Phenylacetylglutamine	is	another	co-
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metabolite	that	is	involved	in	the	gut–cardiovascular	axis.	This
compound	binds	to	adrenergic	receptors,	enhancing	platelet	activation
and	clot	formation	within	carotid	artery.	Other	compounds	like	p-cresol
and	indoxyl	sulfate	have	been	shown	to	provoke	endothelial
dysfunction	at	excessive	concentrations.	Regarding	the	gut–brain	axis,
from	experimental	works,	surprisingly,	there	are	reasons	to	believe	that
the	metabolic	activity	of	the	gut	microbiota	can	in�luence	parameters
characteristic	of	mood	disorders.	Although	the	mechanisms	involved
remain	far	from	being	well	understood,	emerging	data	indicate	that
host	neurophysiology	may	be	affected	by	both	direct	and	indirect	ways
including	actions	on	vagus	nerve,	enteric	nervous	system,	intestinal
immune	and	neuro-endocrine	systems.	Interestingly,	in	animals	with	no
intestinal	microbiota,	norepinephrine,	dopamine,	and	serotonin
turnover	are	modi�ied	in	brain	suggesting	complex	relationships
between	intestinal	microbiota	and	its	host.	Some	compounds	derived
from	the	metabolic	activity	of	the	gut	microbiota,	like	NH3	may	cross
the	blood–brain	barrier	and	exert	adverse	effects	on	the	central
nervous	system	in	case	of	liver	failure.	Tryptamine	is	another	example
of	bacterial	metabolite	that	can	cross	the	blood–brain	barrier	function.
Among	indole-related	compounds,	isatin	and	oxindole	can	enter	within
the	brain,	and	affect	behavior	and	brain	functions.	Lastly,	the	co-
metabolite	indoxyl	sulfate	appears	to	exert,	depending	on	the	doses
used,	both	bene�icial	and	deleterious	effects	on	the	central	nervous
system	in	experimental	works.

Keywords Bacterial	metabolites	–	Co-metabolites	–	Microbiota-host
metabolic	interactions	–	Consequences	for	health

As	indicated	in	previous	parts,	several	bacterial	metabolites	can	be
transferred	from	the	intestinal	lumen	to	the	bloodstream	by	being
transported	across	the	intestinal	epithelial	cells.	This	is	typically	the
case	for	organic	acids	like	short-chain	fatty	acids,	succinate,	and	lactate
which	are	transported	through	absorptive	cells	through	dedicated
transporters	present	in	the	apical	and	basolateral	membranes.	Some
other	bacterial	metabolites	can	cross	the	epithelial	layer	by	diffusion.
Hydrogen	sul�ide	(H2S)	is	one	example	of	luminal	compound	that	easily



diffuses	across	the	epithelial	cell	membranes	due	to	its	chemical
characteristics	[1].

Some	bacterial	metabolites,	after	entry	into	colonocytes,	are
transferred	from	the	lumen	to	the	blood	without	being	modi�ied,	while
for	some	others,	they	can	be	partly	metabolized	by	the	colonocytes,
giving	rise	to	the	so-called	co-metabolites.	Co-metabolites	are	thus
compounds	produced	by	the	intestinal	microbiota	that	are	modi�ied	by
the	host.	The	bacterial	metabolites	and	co-metabolites	are	then
released	in	the	portal	vein	that	drains	the	blood	from	the	intestine	to
the	liver.	The	co-metabolites	are	not	exclusively	formed	inside
colonocytes	but	can	be	synthesized	in	the	liver	and	in	different
peripheral	tissues.	Of	major	interest,	as	presented	below,	some
bacterial	metabolites	and	co-metabolites	have	been	found	to	have
biological	activities	toward	host	cells	and	tissues,	either	bene�icial	or
deleterious,	often	depending	on	their	concentrations.	Of	note,	by
comparing	mice	that	are	deprived	of	microbiota	and	those	that	are
carrying	a	microbiota,	it	has	been	found	that	the	presence	of	microbiota
modi�ies	to	a	large	extent	the	bacterial	metabolite	composition	in	the
different	tissues	examined	[2].	Of	equal	importance,	numerous	bacterial
metabolites	are	known	to	be	involved	in	multiple	metabolic	pathways,
strongly	suggesting	that	the	gut	microbiota	has	a	direct	impact	on	host
metabolism	[2].

5.1	 Bacterial	Metabolites	and	the	Gut–Liver
Axis
Hepatocytes,	which	are	by	far	the	most	abundant	cells	of	the	liver,	are
the	�irst	to	be	in	contact	with	the	numerous	compounds	released	from
the	intestine,	and	these	cells	play	a	major	role	in	their	complex
metabolic	remodeling	[3,	4].	Among	this	complex	mixture	of
compounds,	absorbed	bacterial	metabolites	are	known	to	be	partly
metabolized	in	the	liver,	giving	rise	to	different	molecules	that
intervene	in	the	host	metabolism	and	physiology.	Other	bacterial
metabolites	can	also	play	a	role	on	liver	cells	without	being
transformed	as	we	will	see	in	the	following	text.



Short-Chain	Fatty	Acids	Produced	by	the	Intestinal	Microbiota
that	Have	Not	Been	Used	by	the	Colonic	Epithelium	Are
Metabolized	by	the	Liver	Cells
Due	to	intense	metabolic	capacity	of	colonic	epithelial	cells	to	oxidize
short-chain	fatty	acids,	the	concentration	of	these	compounds	in	the
portal	vein	is	several	orders	of	magnitude	lower	than	in	the	luminal
�luid.	Indeed,	the	butyrate	concentration	in	the	portal	blood	is	below	10
micromolar	concentration,	while	being	at	the	limit	of	detection	in	the
systemic	blood	[5,	6].	Propionate	concentration	in	the	blood	also	does
not	exceed	10	micromolar.	Only	acetate,	which	represents	the	most
abundant	short-chain	fatty	acid	in	the	intestinal	luminal	�luid,	reaches
higher	concentrations	in	the	peripheral	blood,	approximately	100
micromolar	[7].	In	humans,	using	capsules	that	release	13C-labeled
acetate,	propionate,	and	butyrate	inside	the	colonic	luminal	�luid,	it	was
found	that	the	systemic	availability	in	blood	plasma	of	acetate	was
greater,	averaging	36%,	while	those	of	propionate	was	only	9%,	and
those	of	butyrate	was,	as	expected,	negligible	[8].	Indeed,	this	latter
short-chain	fatty	acid	is	intensely	metabolized	in	colonocytes	[9].
Although	acetate	is	a	precursor	for	cholesterol	synthesis	in	liver	[10],
when	13C-labeled	acetate	was	introduced	in	the	colon	of	healthy
subjects,	almost	no	incorporation	of	acetate	in	cholesterol	was
measured	[8],	indicating	that	acetate	used	for	cholesterol	synthesis
does	not	originate	from	microbiota	metabolic	activity.	In	human
volunteers,	it	has	been	shown	that	acetate	released	from	the	gut	is
largely	taken	up	by	the	liver	[11].	The	acetate	produced	by	the	gut
microbiota	is	used	as	a	precursor	for	hepatic	fatty	acid	synthesis	[12].
In	a	rodent	model,	when	13C-labeled	acetate	and	propionate	were
instilled	in	the	cecum	lumen,	acetate,	but	not	propionate,	was	used	by
the	liver	for	fatty	acid	synthesis	[13].	In	a	rodent	model,	dietary
fructose	was	found	to	provide	hepatic	lipogenesis	pathway	through
microbiota-derived	acetate	used	for	the	synthesis	of	fatty	acids	[14].
Regarding	propionate,	it	was	found	that	a	minor	part	of	this	bacterial
metabolite	is	used	for	glucose	production	[8],	while	this	short-chain
fatty	acid	inhibits	fatty	acid	synthesis	in	rat	hepatocytes	[15].

The	Bacterial	Metabolite	Trimethylamine	Is	Metabolized	by
Liver	Cells	into	Trimethylamine	N-Oxide



Choline	in	the	intestinal	content	can	be	converted	by	bacteria	into
trimethylamine	[16,	17]	(Fig.	5.1).	The	precursor	choline	is	mainly
provided	by	the	diet	[18]	but	can	be	also	produced	endogenously	[19].
Trimethylamine	has	been	shown	to	be	produced	by	different	bacterial
species	among	different	bacterial	genus	including	Clostridium,
Desulfovibrio	spp.,	Escherichia,	Klebsiella,	and	Proteus	spp.	[20,	21].	This
bacterial	metabolite	is	then	transferred	to	the	liver	via	the	portal	vein.
In	a	murine	model	of	ethanol-induced	liver	injury,	reduction	of
trimethylamine	production	by	the	gut	microbiota	was	found	to
ameliorate	histological	and	biochemical	indicators	of	liver	disease	[22],
thus	suggesting	that	trimethylamine	in	excess	is	a	potential	hepatotoxic
(Fig.	5.1).	Of	note,	50%	of	patients	suffering	from	primary	or	secondary
liver	diseases	were	found	to	have	an	increased	urinary	excretion	of
trimethylamine	[23].



Fig.	5.1 Synthesis	of	trimethylamine	by	the	intestinal	microbiota,	transformation	of	this	bacterial
metabolite	into	its	co-metabolite	trimethylamine	N-oxide	by	the	liver,	and	effects	of	this
compound	at	excessive	concentrations	on	the	liver

Liver	cells	can	convert	trimethylamine	into	trimethylamine	N-oxide
(also	called	TMAO)	[24]	(Fig.	5.1).	Trimethylamine	N-oxide	is	formed	in
the	liver	from	the	choline-derived	bacterial	metabolites
trimethylamine.	Intestinal	bacteria	have	been	found	to	be	able	to	use
not	only	choline	as	a	precursor	for	trimethylamine	N-oxide	production
[16],	but	also	from	the	phospholipid	phosphatidylcholine	[19],	and
from	carnitine	[25].	Carnitine	is	usually	mainly	provided	by	food	but
can	be	also	synthesized	endogenously	from	the	amino	acids	lysine	and



methionine	[26].	Trimethylamine	N-oxide	is	suspected	to	be	involved	in
the	process	of	atherogenesis	[27],	as	will	be	detailed	in	the	paragraph
dedicated	to	“The	gut-cardiovascular	axis.”	Regarding	the	liver,
increased	concentrations	of	trimethylamine	N-oxide	has	been
associated	in	patients	with	the	severity	of	non-alcoholic	fatty	liver
disease	[28].	In	mice	fed	with	a	high-fat	diet,	18	weeks	administration
of	trimethylamine	N-oxide	further	impairs	liver	function	and	increased
lipogenesis	with	a	resultant	accumulation	of	triglycerides	in	the	liver
[29]	(Fig.	5.1).	In	subjects	with	non-alcoholic	fatty	liver	disease,	the
plasma	concentration	of	trimethylamine	N-oxide	is	associated	with	all-
cause	mortality	independently	of	classical	risk	factors	[30].	In	a	cohort
study,	advancing	age	was	strongly	associated	with	the	trimethylamine
N-oxide	plasma	concentration	[31],	with	an	implication	of	the	gut
microbiota	metabolic	activity	being	underlined	in	such	association.

Tryptophan-Derived	Bacterial	Metabolites	Exert	Protective
Effect	on	Liver	In�lammation
Indole	produced	by	the	gut	microbiota	from	tryptophan,	after
absorption	in	the	portal	vein,	has	been	shown	to	exert	some	anti-
in�lammatory	effects	on	liver	cells.	In	a	rodent	model,	indole	was	found
to	reduce	the	production	of	pro-in�lammatory	mediators	by	the	liver
[32].	In	a	model	of	obese	mice,	indole	is	able	to	reduce	hepatic	damage
and	the	associated	in�lammatory	response	[33]	(Fig.	5.2).	The	indole-
related	compound	indole-3-acetate	was	found	to	alleviate	in	mice	the
high-fat	diet	induced	hepatotoxicity,	as	based	on	histological
examination	and	measurement	of	the	liver	in�lammatory	response	[34]
(Fig.	5.2).	This	latter	bacterial	metabolite	reduces	the	expression	of
fatty	acid	synthase	in	hepatocytes	[35],	a	characteristic	that	might
prove	to	be	clinically	useful	in	case	of	excessive	fatty	acid	production.



Fig.	5.2 Synthesis	of	indole	and	indole-related	compounds	by	the	intestinal	microbiota,
transformation	of	this	bacterial	metabolite	into	its	co-metabolite	indoxyl	sulfate	by	the	liver,	and
effects	of	this	compound	at	excessive	concentrations	on	the	liver

Indole	in	liver	cells	is	partly	metabolized	by	several	enzymes
belonging	to	the	cytochrome	(CYP)	family,	including	notably	CYP2E1
[36].	Several	molecules	are	produced	from	indole,	with	indoxyl	sulfate
being	the	main	co-metabolite	produced	[37]	(Fig.	5.2).	Of	note,	in
rodent	model,	indoxyl	sulfate	is	found	only	in	conventional	animals
with	intestinal	microbiota,	but	not	in	germ-free	animals	[38],



con�irming	the	view	that	circulating	indoxyl	sulfate	is	originating
exclusively	from	the	intestinal	microbiota	metabolic	activity.

As	can	be	anticipated,	subjects	who	consumed	a	high-protein	diet
show	overall	greater	indoxyl	sulfate	urinary	excretion	than	those	who
consumed	a	low-protein	diet	[39].	In	addition,	in	a	randomized,
parallel,	double-blind	trial	in	overweight	volunteers,	protein
supplementation	provoked	increased	concentrations	of	indoxyl	sulfate
in	urine	[40].	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
oxidation	of	indole	to	indoxyl	[41].	The	effects	of	indoxyl	sulfate	on	liver
have	been	little	investigated,	with	one	study	showing	a	stimulatory
effect	of	this	co-metabolite	on	the	activity	of	the	ef�lux	transporter	P-gp
in	liver	cells	[42],	thus	suggesting	possible	alteration	of	the	clearance	of
drugs	handled	by	this	transporter.	Indoxyl	sulfate	decreased	the	uptake
of	the	conjugated	bile	acid	taurocholate	by	liver	cells	[43].	Taurocholic
acid	is	secreted	in	the	small	intestine	and	returns	to	liver	via	the	portal
vein	[44].	Thus,	indoxyl	sulfate	in	excess	appears	to	interfere	with	the
transport	processes	in	liver	(Fig.	5.2).	Indoxyl	sulfate	in	excess	has	been
shown	to	reduce	human	primary	hepatocytes	viability,	a	process	that	is
associated	with	a	decrease	of	the	mitochondrial	membrane	potential
and	of	the	ATP	content	[43]	(Fig.	5.2),	thus	indicating	alteration	of	the
hepatocyte	energy	metabolism.

As	will	be	detailed	in	the	following	paragraphs,	indoxyl	sulfate	has
been	shown	to	exert	activity	on	the	kidney,	on	the	cardiovascular
system,	and	on	the	central	nervous	system,	with	reported	signs	of
deleterious	effects	of	excessive	concentrations.

The	Tyrosine-Derived	Bacterial	Metabolite	p-cresol	Is	Further
Metabolized	in	p-cresyl	Sulfate	in	the	Liver
The	bacterial	metabolite	p-cresol	can	be	absorbed	through	the
intestinal	epithelium,	released	in	the	portal	vein,	and	then	metabolized
in	the	liver	giving	rise	mainly	to	p-cresyl	sulfate,	and	to	a	lesser	extent
to	p-cresyl	glucuronide	[45,	46]	(Fig.	5.3),	and	to	other	minor
metabolites	[47].	Little	is	known	on	the	effect	of	the	p-cresol	co-
metabolites	on	the	liver,	with	one	study	showing	that	p-cresol	sulfate
and	p-cresol	glucuronide	in	excess	affect	human	hepatocyte	viability	in



association	with	an	impaired	mitochondrial	energy	metabolism	in
these	cells	[43]	(Fig.	5.3).

Fig.	5.3 Synthesis	of	p-cresol	by	the	intestinal	microbiota,	transformation	of	this	bacterial
metabolite	into	its	co-metabolite	p-cresyl	sulfate	by	the	liver,	and	effects	of	this	compound	at
excessive	concentrations	on	hepatocytes

The	Phenylalanine-Derived	Bacterial	Metabolite	Phenylacetate
Is	Further	Metabolized	in	Phenylacetylglutamine	in	the	Liver
Phenylacetylglutamine	(also	called	PAG)	is	a	co-metabolite	produced	in
the	host	liver	from	phenylacetate,	a	bacterial	metabolite	produced	by



the	intestinal	microbiota	from	the	amino	acid	phenylalanine	[48]	(Fig.
5.4).	The	effects	of	phenylacetylglutamine	on	the	liver	have	not	been
investigated,	but	as	explained	in	the	paragraph	dedicated	to	the	gut–
cardiovascular	system	axis,	this	compound	appears	involved	in	this
latter	axis.



Fig.	5.4 Synthesis	of	phenylacetate	by	the	intestinal	microbiota	and	transformation	of	this
bacterial	metabolite	into	its	co-metabolite	phenylacetylglutamine	by	the	liver

Key	Points
A	minor	part	of	acetate	produced	by	the	intestinal	microbiota	is	used
for	the	synthesis	of	fatty	acids	in	the	liver.
Trimethylamine	produced	by	the	gut	microbiota	is	converted	in	the
liver	into	the	co-metabolite	trimethylamine	N-oxide	that	is	active	on
the	cardiovascular	system.
Indole	and	indole-3	acetate	produced	by	the	intestinal	microbiota	are
protective	against	liver	in�lammation.
The	liver	converts	indole	to	the	co-metabolite	indoxyl	sulfate,	p-
cresol	to	the	co-metabolite	p-cresyl	sulfate,	and	phenylacetate	to
phenylacetylglutamine.
Indoxyl	sulfate	and	p-cresyl	sulfate	in	excess	impaired	mitochondrial
energy	metabolism	in	hepatocytes	and	decreases	their	viability.

5.2	 Bacterial	Metabolites	and	the	Gut–
Endocrine	Pancreas	Axis
The	search	for	bacterial	metabolites	that	can	interfere	with	the	process
of	insulin	secretion	is	an	emerging	�ield	of	research	[49].	Insulin
secretion	is	primarily	the	result	of	an	in�lux	of	nutrients	from	the
intestinal	luminal	�luid	to	the	blood	circulation	after	a	meal,	with
glucose	being	well	known	to	be	central	for	such	a	secretion	[50].
Several	other	nutrients,	including	amino	acids,	further	increase	the
stimulus-secretion	coupling	provoked	by	an	increase	in	blood	glucose
concentration.	Particularly,	arginine,	lysine,	and	histidine	are	known	to
potentiate	insulin	secretion	provoked	by	glucose	[51–53].	Several



studies	have	shown	that	among	metabolites	produced	by	the	intestinal
microbiota,	some	of	them	can	also	modulate	insulin	secretion.

Acetate	Produced	by	the	Intestinal	Microbiota	Further	Increases
Insulin	Secretion
In	rodents	fed	with	a	high-fat	diet,	it	has	been	shown	that	increased
production	of	acetate	by	an	altered	gut	microbiota	leads	to	the
activation	of	the	parasympathetic	nervous	system,	which,	in	turn,
promotes	increased	glucose-stimulated	insulin	secretion	[54].

The	Co-metabolite	Hippurate	Can	Enhance	Insulin	Secretion	and
Glucose	Tolerance
Hippurate	is	one	of	the	most	abundant	microbial-host	co-metabolites
that	is	produced	by	the	conjugation	of	glycine	and	microbial	benzoate
in	the	liver	and	kidney	through	phase	2	detoxi�ication	enzymes	[55]
(Fig.	5.5).	In	human	volunteers,	urinary	hippurate	was	positively
associated	with	microbial	gene	richness	and	with	functional	capacity	of
the	intestinal	microbiota	to	synthesize	benzoate	[56].	In	rodents	fed
with	a	high-fat	diet,	it	has	been	shown	that	chronic	infusion	of
hippurate	results	in	enhanced	insulin	secretion	and	improved	glucose
tolerance	[56],	thus	suggesting	that	the	microbiota-derived	hippurate
modulates	insulin	secretion	(Fig.	5.5).



Fig.	5.5 Synthesis	of	benzoate	by	the	intestinal	microbiota,	transformation	of	this	bacterial
metabolite	into	its	co-metabolite	hippurate	by	the	liver	and	kidney,	and	effects	of	this	compound
on	pancreatic	beta	cells

Agmatine	Potentiates	Insulin	Secretion	Provoked	by	Glucose	in
Pancreatic	Beta-cells
As	detailed	in	Chap.	3,	agmatine	is	a	metabolite	produced	by	the
intestinal	microbiota	from	arginine.	Bacteria	capacity	for	agmatine
production	and	release	in	the	surrounding	medium	differs	considerably
according	to	the	bacterial	species	examined	[57],	suggesting	that	the



composition	of	the	intestinal	microbiota	has	a	great	impact	on	the
agmatine	availability	in	the	gut	for	subsequent	absorption.

Agmatine	has	been	shown	to	increase	insulin	secretion	by
pancreatic	islet	cells	when	tested	in	the	presence	of	an	intermediate
concentration	of	glucose	[58].	This	stimulation	was	dose-dependent
and	observed	at	an	initial	concentration	of	100	micromolar	agmatine.
In	this	study,	agmatine	was	found	to	accumulate	in	islet	cells	and	to
stimulate	calcium	uptake.

Several	Bacterial	Metabolites	Are	Associated	with	an	Increased
Risk	of	Type	2	Diabetes
In	a	cohort	of	subjects	with	different	characteristics	in	terms	of	clinical
and	biochemical	parameters,	several	metabolites	produced	by	the
intestinal	microbiota,	including	3-(4-hydroxyphenyl)	lactate	(derived
from	phenylalanine)	and	2-hydroxyhippurate	(a	glycine	conjugate),
were	associated	with	an	increased	risk	of	type	2	diabetes	as	well	as
decreased	insulin	secretion	and/or	decreased	insulin	sensitivity	[59].
Although	this	study	was	purely	observational,	it	raises	the	possibility	of
a	potential	role	of	these	bacterial	metabolites	in	the	etiology	of	type	2
diabetes.

Key	Points
The	bacterial	metabolites	acetate	and	agmatine	potentiate	insulin
secretion	provoked	by	glucose.
The	co-metabolite	hippurate	modulates	insulin	secretion.

5.3	 Bacterial	Metabolites	and	the	Gut–Kidney
Axis
During	the	progression	of	kidney	diseases,	uremic	toxins	may
accumulate	in	body	�luids	leading	to	the	so-called	uremic	syndrome
[60–62].	In	patients	with	chronic	kidney	disease,	a	progression	of
kidney	dysfunction	is	associated	with	the	accumulation	in	plasma	of
protein-bound	and	water-soluble	uremic	solutes.	Chronic	kidney
disease	is	de�ined	as	abnormalities	of	kidney	structure	and/or	function
that	last	over	3	months	[63].	Among	the	uremic	solutes,	more	than	one



hundred	uremic	toxins	have	been	identi�ied	[64,	65].	Among	these
uremic	toxins,	several	of	them	appear	to	originate	from	the	metabolic
activity	of	the	intestinal	microbiota.

p-Cresol,	p-cresyl	Sulfate,	and	Chronic	Kidney	Disease:	The
Dangerous	Relationships
Among	these	uremic	toxins,	the	bacterial	metabolite	p-cresol	derived
from	L-tyrosine	and	its	co-metabolite	p-cresyl	sulfate	have	been	largely
suspected	to	aggravate	chronic	kidney	disease	[66,	67].	p-cresol	and	p-
cresyl	sulfate	refer	to	the	category	of	protein-bound	and	low	molecular
weight	compounds	that	are	only	partly	removed	by	conventional
dialysis	techniques	[68],	mainly	because	of	their	strong	capacity	to	bind
to	serum	proteins	[69–72].	These	compounds	thus	accumulate	in	blood.
In	contrast,	the	other	p-cresol	co-metabolite	p-cresyl	glucuronide
appears	much	less	protein-bound	in	serum	than	p-cresyl	sulfate	[73].

Accordingly,	p-cresol	and	p-cresyl	sulfate	are	found	in	numerous
studies	at	much	higher	concentrations	in	blood	from	chronic	kidney
disease	and	hemodialysis	patients	than	in	blood	originating	from
healthy	volunteers	[70,	73–88].	Of	note,	in	rodent	model,	p-cresyl
sulfate	is	found	only	in	the	blood	of	animals	with	an	intestinal
microbiota,	but	not	in	the	blood	of	germ-free	animals	[38],	thus
con�irming	that	p-cresol	and	its	derivatives	are	exclusively	originating
from	the	metabolic	activity	of	the	intestinal	microbiota.

p-cresyl	sulfate	dialytic	clearance	rate	by	tubular	secretion	is	much
lower	in	hemodialysis	patients	than	in	the	healthy	counterpart	[88,	89],
suggesting	altered	secretion	of	p-cresyl	sulfate	in	chronic	kidney
disease.	The	handling	of	p-cresyl	sulfate	implicates	the	organic	anion
transporter	OAT3	since	mice	invalidated	for	this	transporter	show
increased	p-cresyl	sulfate	plasma	concentration	[90].

The	proposition	that	p-cresol	and	p-cresyl	sulfate	act	as	uremic
toxins	during	chronic	kidney	disease	is	derived	from	several	clinical
and	experimental	observations.	A	prospective	and	observational	study
in	patients	with	chronic	kidney	disease	indicates	that	the	baseline	level
of	p-cresyl	sulfate	is	a	predictor	of	chronic	kidney	disease	progression
[91],	and	p-cresol-free	concentration	in	serum	of	hemodialysis	patients
is	associated	with	mortality	[92].	From	in	vitro	data	with	renal	tubular
cells,	and	in	vivo	data	from	partially	nephrectomized	mice	treated	with



p-cresyl	sulfate	for	4	weeks,	this	latter	co-metabolite	appears	to	be
involved	in	kidney	�ibrosis	[93].	Knowing	that	renal	handling	of	p-cresyl
sulfate	mainly	depends	on	tubular	secretion	[94],	it	is	worth
considering	that	this	co-metabolite	causes	renal	tubular	cell	damage	by
inducing	oxidative	stress	[95].	This	co-metabolite	used	in	vitro	at
micromolar	concentrations	modi�ies	gene	expression	in	cultured
proximal	renal	tubular	cells	in	a	way	that	is	compatible	with	an
in�lammatory	response	[96].	In	addition,	from	studies	with	renal
tubular	cells,	p-cresyl	sulfate	when	tested	at	micromolar	concentrations
impairs	mitochondrial	function	and	biogenesis	[97].	The	parent
compound	p-cresol	exerts	at	micromolar	concentrations	an	apoptotic
effect	on	renal	tubular	cells	[98],	while	higher	concentrations	induce
autophagic	cell	death	[99].	Figure	5.6	recapitulates	schematically	the
deleterious	in	vitro	effects	of	p-cresol	and	its	co-metabolite	on	kidney
cells	when	present	in	excess.



Fig.	5.6 Schematic	view	of	the	effects	of	p-cresol	or	p-cresyl	sulfate	in	excess	on	renal	tubular
cells

Interestingly,	in	patients	with	end-stage	renal	disease	on
maintenance	hemodialysis,	the	consumption	for	8	weeks	of	a	diet
containing	resistant	starch	can	reduce	p-cresol	concentration	in	serum
[100].	Furthermore,	in	dialysis	patients,	supplementation	of	the	diet
with	non-digestible	carbohydrates	lowers	the	plasma	concentration	of
p-cresyl	sulfate	[101],	thus	suggesting	that	such	dietary	intervention	is
ef�icient	in	reducing	the	production	of	colon-derived	p-cresol	[102].	The



fact	that	low-protein	diets	(0.6–0.8	g/kg/day)	are	often	recommended
for	retarding	the	progression	of	chronic	kidney	disease	and	delaying
initiation	of	maintenance	dialysis	therapy	[103]	is	in	accordance	with
the	view	that	higher	protein	intake	increases	notably	the	availability	of
L-tyrosine	for	the	synthesis	of	p-cresol	by	the	intestinal	microbiota.
Further	works	are	obviously	required	to	de�ine,	among	the	numerous
uremic	toxins,	the	speci�ic	role	played	by	p-cresol	(and	p-cresyl	sulfate)
in	the	alterations	of	kidney	functions	recorded	during	chronic	kidney
disease	progression.

Indoxyl	Sulfate	Is	another	Uremic	Toxin	Involved	in	Chronic
Kidney	Disease	Progression
As	explained	in	Chap.	3,	indole	is	produced	by	the	intestinal	microbiota
from	tryptophan.	Indoxyl	sulfate	after	production	in	the	liver	is
released	in	the	peripheral	blood	and	then	excreted	in	urine.	Total
indoxyl	sulfate	concentration	in	blood	can	be	increased	from
micromolar	concentrations	in	healthy	individuals,	up	to	1.1	millimolar
in	severe	chronic	kidney	disease	[104].	Indoxyl	sulfate	represents
another	uremic	toxin	that	may	accumulate	in	body	�luids	leading	to	the
so-called	uremic	syndrome	[105].	Indeed,	indoxyl	sulfate	at	excessive
concentration	aggravates	chronic	kidney	disease	in	patients	[106].	In
healthy	individuals,	indoxyl	sulfate	is	almost	entirely	bound	to	proteins
in	blood	(approximately	93%	of	this	co-metabolite	is	in	bound	form)
[107].	The	main	binding	protein	in	blood	is	albumin	[108].	Circulating
indoxyl	sulfate	in	free	form	is	then	ef�iciently	excreted	in	the	urine	by
proximal	tubular	cells	through	basolateral	organic	anion	transporters
[109].

However,	in	patients	with	chronic	kidney	disease,	only	85%	of	this
co-metabolite	is	protein-bound	[110],	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	[111].	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	[112].	Then,	indoxyl	sulfate	concentration	in	blood	has	been
proposed	as	an	indicator	of	chronic	kidney	disease	progression	in
dialyzed	patients	[113].



From	experimental	in	vitro	and	in	vivo	studies,	indoxyl	sulfate	has
been	shown	to	have	deleterious	effects	on	kidney	cells	when	present	in
excess.	Indoxyl	sulfate	increases	the	expression	of	in�lammation-
associated	genes	in	cultured	proximal	renal	tubular	cells	[96].	This
effect	coincides	with	a	capacity	of	this	bacterial	co-metabolite	to
increase	the	net	production	of	reactive	oxygen	species	in	the	proximal
tubular	cells	[114,	115],	and	this	effect	appears	at	the	origin	of	an
oxidative	stress	in	these	cells	[116]	(Fig.	5.7).	In	addition,	indoxyl
sulfate	reduces	the	glutathione	concentration	in	renal	tubular	cells
[117].	Considering	the	central	role	of	reduced	glutathione	in	the
process	of	reactive	oxygen	species	disposal	[118],	it	is	plausible	that	a
reduced	intracellular	concentration	of	glutathione	will	render	renal
tubular	cells	more	vulnerable	to	oxidative	stress.	The	fact	that	indoxyl
sulfate	also	reduces	the	superoxide	scavenging	activity	in	the	kidney	of
normal	and	uremic	rodents	[119]	is	another	element	that	will	make	the
kidney	cells	sensitive	to	oxidative	stress	(Fig.	5.7).	Indeed,	superoxide	is
one	of	the	reactive	oxygen	species	that	is	deleterious	to	cells	when	its
intracellular	concentration	exceeds	a	threshold	value	[120].	These
effects	are	of	major	importance	when	considering	that	reactive	oxygen
and	nitrogen	species	are	elevated	in	renal	tubular	cells	in	the	process	of
chronic	kidney	disease	progression	[121].



Fig.	5.7 Schematic	view	of	the	effects	of	indoxyl	sulfate	in	excess	on	renal	tubular	cells

Indoxyl	sulfate	in	excess	has	been	shown	to	be	involved	in	renal
�ibrosis.	Brie�ly,	renal	�ibrosis	results	from	excessive	accumulation	of
extracellular	matrix	after	renal	insult	[122].	Administration	of	indoxyl
sulfate	in	experimental	models	of	chronic	kidney	disease	leads	to
glomerular	sclerosis	and	interstitial	�ibrosis	[123].	These	effects	can	be
explained	by	the	capacity	of	this	co-metabolite	to	promote	the
transformation	of	kidney	�ibroblasts	into	matrix-producing	phenotype,
thus	increasing	collagen	deposition,	a	process	that	is	linked	to
interstitial	�ibrosis	[124].	This	proposition	is	reinforced	by	the	fact	that
indoxyl	sulfate	increases	the	expression	of	genes	that	are	known	to	be
implicated	in	kidney	�ibrosis	[125].

Trimethylamine	N-oxide	and	Kidney	Diseases:	An	Aggravating
Co-metabolite
As	explained	in	previous	paragraphs,	trimethylamine	N-oxide	is	formed
in	the	liver	from	the	choline-derived	bacterial	metabolite
trimethylamine.	In	healthy	subjects,	the	circulating	concentration	of
trimethylamine	N-oxide	is	low	being	in	the	3–7	micromolar	range



[126].	Several	concordant	studies	have	found	that	trimethylamine	N-
oxide	is	elevated	in	the	blood	and	urine	of	subjects	with	impaired	renal
function	when	compared	with	healthy	subjects	[127–130].	Such	an
association	urged	studies	aiming	at	searching	for	a	possible	causative
link	between	increased	trimethylamine	N-oxide	synthesis	and	renal
dysfunction.	By	supplementing	rodents	with	either	choline	or
trimethylamine	N-oxide,	it	was	found	that	such	dietary
supplementation	for	6	weeks	led	to	tubulointerstitial	�ibrosis	with
collagen	deposition	in	the	kidneys	of	animals	[129],	thus	indicating
deleterious	effects	of	this	co-metabolite	when	present	in	excess	on
renal	histopathological	structure	(Fig.	5.8).	This	conclusion	was
reinforced	by	another	study	showing	in	a	mouse	model	of	kidney
disease	that	inhibition	of	trimethylamine	N-oxide	production	by	the
intestinal	microbiota	attenuated	the	development	of	renal	injury	and
�ibrosis	[131].	In	a	mice	model	of	calcium	oxalate	crystal	deposition	in
renal	tubular	cells,	trimethylamine	N-oxide	was	found	to	aggravate
kidney	injury	provoked	by	such	crystal	deposition	[132].	These
converging	studies	have	led	to	consider	trimethylamine	N-oxide	not
only	as	a	biomarker	of	renal	disease	but	also	as	a	plausible	player	in
chronic	kidney	disease	aggravation	[133].



Fig.	5.8 Effects	of	the	co-metabolite	trimethylamine	N-oxide	in	excess	on	kidney	injury	and
�ibrosis

Key	Points
The	bacterial	metabolite	p-cresol	and	its	co-metabolite	p-cresyl
sulfate	at	excessive	concentrations	act	as	uremic	toxins	during
chronic	kidney	disease.



The	co-metabolite	indoxyl	sulfate	is	deleterious	at	excessive
concentrations	for	kidney	tubular	cells	and	is	involved	in	renal
�ibrosis.
The	co-metabolite	trimethylamine	N-oxide	aggravates	chronic	kidney
disease	at	excessive	concentrations.

5.4	 Bacterial	Metabolites	and	the	Gut–
Cardiovascular	System	Axis
Higher	concentrations	in	biological	�luids	of	several	metabolites
produced	by	the	intestinal	microbiota	have	been	associated	in
observational	studies	with	an	increased	risk	of	adverse	cardiovascular
events.	Such	associations	have	motivated	in	vitro	and	in	vivo
experiments	aiming	at	identifying	possible	causal	links	between
excessive	production	of	suspected	bacterial	metabolites	and	the
aggravation	of	cardiovascular	diseases.

Trimethylamine	N-Oxide	and	Cardiovascular	Diseases:	A	Role	in
Atherosclerosis
The	�irst	studies	revealing	a	potential	link	between	the	intestinal
microbiota	metabolic	activity	and	risk	of	cardiovascular	diseases
focused	on	trimethylamine	N-oxide	(TMAO).	Elevated	trimethylamine
N-oxide	concentration	in	plasma	was	shown	to	predict	cardiovascular
disease	risk	in	clinical	studies	[48].	Indeed,	circulating	concentrations
of	trimethylamine	N-oxide	have	been	shown	to	be	associated	with
cardiovascular	disease	incidence,	and	even	proposed	as	a	predictor	of
outcomes	in	different	situations,	including	peripheral	disease	[134],
coronary	artery	disease	[135],	acute	coronary	syndrome	[135–137],
heart	failure	[19,	138–141],	and	stroke	[142].	While	not	all	clinical
studies	have	observed	a	clear	relationship	between	increased
concentrations	of	trimethylamine	N-oxide	in	plasma,	examination	of
available	studies	in	meta-analyses	concludes	on	a	robust	relationship
between	excessive	trimethylamine	N-oxide	circulating	concentration
and	cardiovascular	disease	risk	and	mortality	in	multiple	cohort	studies
performed	in	different	countries	[143,	144].

However,	it	must	be	underlined	that	association	between
trimethylamine	N-oxide	elevated	plasma	concentration	and	the



incidence	of	cardiovascular	disease	does	not	allow	to	postulate	on	any
causal	link	between	this	biochemical	parameter	and	the	�inal	clinical
outcomes.	To	make	advances	in	relationship	with	this	important
question,	both	experimental	in	vivo	and	in	vitro	studies	are	necessary.
Overall,	in	most	studies,	data	obtained	from	animal	models	and	cells
show	that	trimethylamine	N-oxide	enhances	atherosclerosis	and
atherosclerosis-related	biochemical	events	[16,	25,	145–148].	However,
one	study	found	that	elevated	concentrations	of	trimethylamine	N-
oxide	did	not	enhance	atherosclerosis	in	a	model	of	rodent	that
developed	spontaneously	atherogenesis	in	basal	condition	[149],	likely
because	the	atherogenesis	processes	operate	rapidly	in	this	model.

Several	mechanisms	that	would	link	trimethylamine	N-oxide
excessive	circulating	concentrations	and	the	atherosclerotic	process
include	the	reported	effect	of	this	co-metabolite	on	cholesterol
metabolism.	Brie�ly,	it	is	well	known	that	elevated	plasma
concentrations	of	LDL	cholesterol,	cholesterol,	and	triglycerides,	and
low	concentration	of	HDL	cholesterol	are	leading	contributors	to	an
increased	risk	for	cardiovascular	diseases	[150–152].	In	mice,
trimethylamine	N-oxide	reduces	cholesterol	clearance	in	the	host	[25]
(Fig.	5.9).	Consistent	with	this	�inding,	decreased	conversion	of
trimethylamine	into	trimethylamine	N-oxide	in	the	liver,	and	thus
reduction	of	circulating	concentration	of	this	latter	co-metabolite,
restores	cholesterol	balance	[153].	In	addition,	reduction	of
trimethylamine	N-oxide	synthesis	in	mice	prevented	diet-driven
hepatic	cholesterol	accumulation	[154].



Fig.	5.9 Schematic	view	of	the	effects	of	trimethylamine	N-oxide	at	excessive	concentrations	on
endothelial	cells	and	platelets,	and	effects	of	this	compound	on	cholesterol	metabolism

Increased	platelet	activity	has	been	associated	with	cardiometabolic
dysfunction	and	modi�ication	of	parameters	known	to	be	involved	in



thrombotic	events	[155,	156].	Platelet	activation,	aggregation,	and
subsequent	generation	of	an	occlusive	intra-arterial	thrombus	are
central	in	atherothrombotic	disease	[157].	In	that	context,	it	has	been
shown	that	mice	supplemented	with	trimethylamine	N-oxide	or	with
the	precursor	choline	display	an	increased	responsiveness	of	platelet	to
agonists	that	activate	platelets	[158]	(Fig.	5.9).	In	this	latter	study,	in
vitro	exposure	of	platelets	recovered	from	healthy	volunteers	to
trimethylamine	N-oxide	enhances	the	responsiveness	of	platelets	to
different	activators	of	platelets.	Of	equal	importance,	treatment	of	mice
with	this	latter	co-metabolite	provokes	thrombus	development	within
the	internal	carotid	artery	[158].	In	accordance	with	these	results,	by
diminishing	hepatic	trimethylamine	N-oxide	synthesis,	decreased
platelet	responsiveness	and	thrombus	formation	was	observed	in	a
mice	model	of	carotid	artery	injury	[159].

Vascular	endothelial	cell	dysfunction	is	another	component	of
vascular	in�lammation,	a	process	that	is	critically	involved	in
atherosclerosis	and	thrombotic	events	[160,	161].	In	in	vitro
experiments,	trimethylamine	N-oxide	activates	human	coronary	artery
endothelial	cells	[162]	(Fig.	5.9).	This	latter	result	was	con�irmed	in
vivo	in	a	rodent	model	where	trimethylamine	N-oxide	was	acutely
injected.	In	that	experimental	situation,	this	microbiota-derived	co-
metabolite	increases	indicators	of	vascular	in�lammation	with
activation	of	aortic	endothelial	cells	and	increased	expression	of	genes
coding	for	pro-in�lammatory	factors	[163].	From	in	vitro	experiments
with	human	umbilical	vein	endothelial	cells,	it	has	been	shown	that
trimethylamine	N-oxide	induces	an	oxidative	stress	in	these	cells	[164].
In	this	latter	study,	it	was	observed	from	in	vitro	and	in	vivo
experiments	that	this	bacteria-derived	metabolite	induces	vascular
senescence	and	dysfunction	with	impaired	endothelial	cell	proliferation
and	migration.	In	addition	to	increasing	the	production	of	reactive
oxygen	species,	trimethylamine	N-oxide	induces	activation	of
in�lammasome	in	endothelial	cells	[165]	(Fig.	5.9).	As	shortly	explained
in	the	previous	paragraph,	in�lammasomes	are	a	set	of	intracellular
complexes	that	drives	innate	immune	and	in�lammatory	responses	by
releasing	pro-in�lammatory	mediators	including	pro-in�lammatory
cytokines	under	inappropriate	activation	[166,	167].	Of	note,	activation



of	in�lammasome	by	trimethylamine	N-oxide	was	found	to	be
associated	with	endothelial	dysfunction	[168,	169].

Phenylacetylglutamine	and	Cardiovascular	Diseases:	A	Role	in
Platelet	Activation
As	previously	presented,	phenylacetylglutamine	is	a	co-metabolite
produced	in	the	host	liver	from	phenylacetate,	a	bacterial	metabolite
produced	by	the	intestinal	microbiota	from	the	amino	acid
phenylalanine.	The	association	between	increased	concentration	of
phenylacetylglutamine	in	plasma	with	incident	risk	of	major	adverse
cardiac	events,	like	myocardial	infarction	and	stroke,	was	validated	in	a
large	cohort,	and	this	association	was	shown	to	be	independent	of
classical	cardiovascular	disease	risk	factors	[170].	In	isolated	platelets,
it	was	shown	that	phenylacetylglutamine	enhances	platelet	activation
and	responsiveness	to	different	agonists	[170]	(Fig.	5.10).	In	an	animal
model	of	carotid	injury,	phenylacetylglutamine	accelerates	platelet	clot
formation	within	carotid	artery,	and	thrombus	formation.	This	latter
bacteria-derived	metabolite	appears	to	promote	its	deleterious	effects
by	binding	to	adrenergic	receptors	[170],	thus	identifying
phenylacetylglutamine	as	an	adrenergic	agonist	(Fig.	5.10).	These
results	are	of	major	importance	when	considering	that	adrenergic
receptors	are	crucially	involved	in	platelet	activation	[171]	and	heart
diseases	[172].



Fig.	5.10 Schematic	view	of	the	effects	of	phenylacetylglutamine	on	platelets

p-cresol:	A	Role	in	the	Increased	Risk	of	Cardiovascular
Dysfunction	in	Patients	with	Chronic	Kidney	Disease
Cardiovascular	diseases	represent	one	of	the	major	causes	of	mortality
in	uremic	[173],	and	chronic	kidney	disease	patients	[174].	This	led	to
investigate	how	the	accumulation	of	uremic	toxins	may	play	a	role	in
chronic	kidney	disease-associated	cardiovascular	events.	Among	the
uremic	toxins,	attention	has	been	notably	paid	to	the	tyrosine-derived
bacterial	metabolite	p-cresol	and	associated	co-metabolites.	Suspicion
of	deleterious	effects	of	these	microbiota-derived	substances	on	the
cardiovascular	system	originates	mostly	from	observational	studies	in
patients	with	renal	diseases,	and	from	in	vitro	experiments	with
endothelial	cells.

Regarding	observational	studies,	in	the	work	by	Meijers	and
collaborators	[175],	free	p-cresol	concentration	in	serum	represents	a
risk	predictor	of	cardiovascular	disease	in	chronic	kidney	disease



patients,	while	in	hemodialysis	patients,	serum-free	and	total	p-cresol
concentrations	are	related	to	cardiovascular	events	[82].	High	urinary
excretion	of	p-cresyl	sulfate	is	directly	associated	with	cardiovascular
events	in	patients	with	chronic	kidney	disease	[176].	In	addition,	free
serum	p-cresol	concentration	is	associated	with	cardiovascular	disease
when	the	primary	endpoint	is	the	time	of	the	�irst	cardiovascular	event
[177].	Lastly,	serum-free	p-cresyl	sulfate	concentration	predicts
cardiovascular	mortality	in	the	elderly	[178].	However,	in	one	study
with	hemodialysis	patients,	p-cresol	plasma	concentration	was	not
associated	with	cardiovascular	mortality	[179];	and	in	another	study,	p-
cresyl	sulfate	was	not	associated	with	cardiovascular	outcomes	[180].
However,	in	this	latter	study,	sub-group	analysis	among	patients	with
lower	serum	albumin	indicates	that	a	twofold	higher	p-cresyl	sulfate
concentration	is	associated	with	a	higher	risk	of	sudden	cardiac	death.

Since	endothelial	dysfunction	plays	an	important	role	in	the
development	of	cardiovascular	diseases	[181],	since	patients	with
chronic	kidney	disease	may	show	endothelial	dysfunction	[182];	and
since	in	the	case	of	endothelial	injury,	an	active	process	implicating
proliferation	and	migration	of	endothelial	cells	plays	an	important	role
in	the	healing	of	endothelial	injury	[183],	several	experimental	studies
have	tested	the	effects	of	p-cresol	on	endothelial	cell	physiology.	When
p-cresol	at	increasing	concentrations	was	tested	in	the	presence	of
albumin	on	endothelial	cells,	this	compound	inhibits	dose-dependently
the	endothelial	cell	proliferation,	and	the	endothelial	wound	repair	in
an	in	vitro	test	[173,	184]	(Fig.	5.11).	Li	et	al.	showed	that	inhibition	of
endothelial	cell	proliferation	by	p-cresol	was	partly	due	to	an
accumulation	of	cells	in	the	G0/G1	phase	of	the	cell	cycle	[185].	In	the
presence	of	albumin,	p-cresol	causes	a	strong	increase	in	endothelial
permeability	in	the	human	umbilical	vein	endothelial	cells	(HUVEC)
model	[186]	(Fig.	5.11).	Using	p-cresol	tested	in	the	presence	of
albumin,	Zhu	and	colleagues	found	that	p-cresol	at	high	concentrations
impairs	endothelial	progenitor	cell	proliferation	and	found	in	addition
that	this	bacterial	metabolite	affects	cell	migration	[187].	p-Cresol
inhibition	of	endothelial	progenitor	cell	proliferation	is	associated	with
an	activation	of	the	signaling	pathways	p-38	and	with	mitogen-
activated	protein	kinases	Erk1	and	2	phosphorylation	[188].	At	the



highest	concentration	tested,	p-cresol	reduces	the	capacity	of
endothelial	progenitor	cells	to	form	a	tube-like	structure.

Fig.	5.11 Schematic	view	of	the	effects	of	p-cresol	in	excess	on	vascular	endothelial	cells

p-cresol,	either	in	the	free	form	or	bound	to	albumin,	increases	the
endothelial	microvesicle	release	from	endothelial	cells	in	the
extracellular	milieu	[189]	(Fig.	5.11).	Endothelial	microvesicles,	in	the
form	of	membrane	vesicles	ranging	in	size	from	0.1	to	1.0	μm,	are
released	from	activated	or	apoptotic	endothelial	and	blood	cells	and
re�lect	the	severity	of	endothelial	cell	damages	[190].	These
microvesicles,	which	are	produced	by	cytoplasmic	membrane	blebbing
and	shedding,	are	considered	as	active	intracellular	messengers	that
are	involved	in	the	regulation	of	vascular	physiology	[191].	Increased
endothelial	microvesicle	release	is	believed	to	alter	the	endothelial
repair	process	by	reducing	the	capacity	of	endothelial	cells	to	migrate,



and	by	increasing	the	senescence	of	mature	endothelial	cells	[192].
Enhanced	circulating	endothelial	microvesicles	have	been	associated
with	endothelial	dysfunction	in	patients	with	end-stage	renal	failure
[193].	Interestingly,	in	hemodialysis	patients,	free	serum	p-cresol
concentration	is	associated	with	the	quantity	of	circulating	endothelial
microvesicles	[177].	Recently,	it	has	been	shown	that	p-cresol	in	excess
enhanced	the	release	of	microvesicles	from	endothelial	cells	[192].
Lastly,	p-cresol	in	the	endothelial	cells	activates	the	integrin-linked
kinase	[194].	This	kinase	represents	a	key	component	in	the	integrin
signaling	complex	that	is	involved	in	vascular	vessel	integrity	and
angiogenesis	[195–197].	This	bulk	of	experimental	evidence	obtained
in	vitro	clearly	indicates	that	p-cresol	in	excess	may	affect	endothelial
cell	biology	and	repair.

p-cresol	has	been	also	tested	on	cardiomyocytes,	the	cells	that	drive
heart	contraction	[198].	Using	neonatal	cardiomyocytes,	Peng	and
collaborators	have	shown	that	p-cresol	reduces	in	a	reversible	way	the
cellular	spontaneous	contraction	rate	and	provokes	disassembly	of	gap
junction,	thus	supporting	the	association	between	an	excess	of	p-cresol
and	cardiomyocyte	dysfunction	[199].	Indeed,	in	cardiac	muscles,	gap
junctions	contribute	to	the	electrical	cell-to-cell	coupling	and	impulse
propagation	between	cardiomyocytes.	In	addition,	at	high
concentrations,	p-cresol	induces	disruption	of	cardiomyocyte	adherens
junctions,	thus	likely	affecting	the	intercellular	junctions	between
cardiomyocytes	[200].

Further	studies	are	needed	to	test	if	the	lowering	of	p-cresol	and/or
p-cresyl	sulfate	circulating	concentrations	may	allow	to	lower	the	risk
of	cardiovascular	outcomes	in	chronic	kidney	disease	patients	[68].

Indoxyl	Sulfate	Is	Deleterious	for	Endothelial	Cells	in	Patients
with	Chronic	Kidney	Disease
Indoxyl	sulfate	can	be	included	in	the	family	of	uremic
endotheliotoxins,	meaning	that	this	compound	induces	endothelial
dysfunction,	one	central	element	implicated	in	cardiovascular
morbidity	and	mortality	[201].	From	in	vivo	and	in	vitro	preclinical
studies,	indoxyl	sulfate	has	been	shown	to	promote	both	pro-
thrombotic	processes,	through	different	mechanisms	including	aryl
hydrocarbon	receptor	activation	[202–204],	and	pro-oxidant	processes



in	endothelial	cells	[205–208].	Clinical	data	obtained	in	patients	with
chronic	kidney	disease	indicate	that	indoxyl	sulfate	is	likely	to
represent	one	of	the	links	between	impaired	renal	function	and	adverse
cardiovascular	events,	notably	regarding	hemostatic	disorders	[209]
and	thrombotic	events	[210].

Key	Points
The	co-metabolite	trimethylamine	N-oxide	favors	endothelial
dysfunction,	vascular	in�lammation,	atherogenesis,	and	thrombus
formation	at	excessive	concentrations.
The	co-metabolite	phenylacetylglutamine	favorizes	platelet	clot
formation	within	carotid	artery	and	thrombus	formation	at	excessive
concentrations.
The	bacterial	metabolite	p-cresol	in	excess	favors	endothelial	cell	and
cardiomyocyte	dysfunction.
The	co-metabolite	indoxyl	sulfate	represents	likely	one	of	the	links
between	impaired	renal	function	and	adverse	cardiovascular	events.

5.5	 Bacterial	Metabolites	and	the	Gut–Bone
Axis
The	evidence	that	link	metabolites	produced	by	the	gut	microbiota	and
bone	physiology	are	relatively	scarce.	Most	available	data	are	related	to
the	positive	effects	that	short-chain	fatty	acids	appear	to	exert	on	bone,
notably	in	the	situation	of	impaired	bone	quality.

Short-Chain	Fatty	Acids:	An	Emerging	Bene�icial	Role	for
Increasing	Bone	Mass
Bone	loss	induced	by	ovariectomy	or	in�lammation	in	rodent	model	can
be	partially	rescued	by	supplying	a	mixture	of	butyrate,	propionate,	and
acetate	in	the	drinking	water	[211].	Although	in	this	study	the	way	of
administration	of	short-chain	fatty	acids	was	not	the	way	these
compounds	are	supplied	in	real-life	situations	(these	bacterial
metabolites	are	produced	by	the	intestinal	bacteria	and	absorbed	by
the	intestinal	epithelium),	the	results	obtained	point	out	the	potential
effect	of	these	compounds.	Then,	it	is	worth	to	note	that	in



physiological	situations,	butyrate	and	propionate	are	almost	completely
metabolized	during	the	transfer	from	the	luminal	content	to	the	blood
[6].	Among	short-chain	fatty	acids,	only	acetate	is	detected	at	higher
concentrations	(approximately	100	micromolar)	in	peripheral	blood.
The	effects	of	short-chain	fatty	acids	taken	by	the	oral	way	in	the	mice
model	were	associated	with	the	inhibition	of	osteoclast	differentiation
and	bone	resorption,	while	bone	formation	was	not	affected	[211].
Brie�ly,	overall	bone	mass	and	quality	determine	bone	strength	that	can
be	evaluated	by	different	parameters	that	include	bone	mineral	density
and	bone	microarchitecture	[212].	These	parameters	depend	on
relative	osteoblast	and	osteoclast	activity	to	maintain	adequate	bone
remodeling.	Osteoblasts	are	the	bone-forming	cells	[213]	while
osteoclasts	are	bone-resorbing	cells	[214].	For	instance,	low	bone	mass
and	altered	microarchitecture	can	be	associated	with	estrogen
de�iciency,	as	observed	after	menopause	in	animal	models	[215]	and
human	subjects	[216].

When	mice	were	treated	with	antibiotics	to	drastically	reduce	the
abundance	of	their	intestinal	microbiota,	the	animals	displayed	reduced
circulating	concentration	of	insulin-like	growth	factor-1	(also	called
IGF-1)	and	reduced	bone	formation	[217].	Insulin-like	growth	factor-1
is	a	compound	with	both	endocrine	and	paracrine	actions	that
promotes	bone	growth	and	density	[218–220].	Supplementation	of
antibiotic-treated	mice	with	short-chain	fatty	acids	provided	in	the
drinking	water	allowed	to	restore	insulin-like	growth	factor-1	in	blood
[217].

In	a	prospective	cohort	study	gathering	more	than	200,000
participants,	greater	intake	of	total	dietary	�ibers,	and	subtypes	from
various	food	sources,	was	associated	with	higher	heel	bone	mineral
density	[221],	reinforcing	the	potential	role	of	intestinal	microbiota-
derived	acetate	as	one	bene�icial	element	for	bone	health	maintenance.

Key	Points
Short-chain	fatty	acids	provided	orally	can	counteract	bone	loss.
Reduced	abundance	of	intestinal	microbiota	leads	to	reduced	bone
formation.



5.6	 Bacterial	Metabolites	and	the	Gut–Brain
Axis
Surprisingly,	accumulating	evidence	suggest	that	the	intestinal
microbiota	exerts	some	effects	on	brain	development	[222],
neurogenesis	[223],	and	interacts	with	the	peripheral	and	central
nervous	system	[224].	Most	of	the	works	on	that	topic	have	been
performed	on	animal	models,	showing	that	the	intestinal	microbiota
can	apparently	modulate	parameters	characteristics	of	mood	disorders
and	emotional	behavior	[225–229].	Although	the	metabolic	capacity	of
bacteria	to	synthesize	neurotransmitters	and	other	metabolites	with
effective	or	presumed	action	on	the	central	and	peripheral	nervous
system	of	the	host	is	much	intriguing,	the	precise	physiological	roles	of
this	bacterial	metabolic	activity	and	the	underlying	mechanisms	remain
in	its	early	infancy,	opening	a	very	excitatory	new	�ield	of	research
[230]	with	considerable	potential	applications.

Experimental	Data	Indicate	that	Some	Bacterial	Metabolites
Which	Are	Known	to	Act	as	Neuroactive	Compounds	in	the	Host
Are	Used	in	the	First	Place	for	Communication	between
Different	Bacterial	Species
As	illustrated	in	Chap.	3,	in	regards	with	the	role	of	bacteria-derived
gamma-amino	butyric	acid	and	norepinephrine	on	bacterial	physiology,
a	�irst	consideration	that	is	worth	to	be	considered	is	related	to	the	fact
that	microbes	can	communicate	with	each	other	via	some	of	the
metabolites	known	to	act	as	neurotransmitters	in	the	host	[231].	These
bacterial	metabolites	can	indeed	modulate	several	characteristics	of
bacterial	activity.	For	instance,	enterohemorrhagic	E.Coli	can	sense	the
luminal	norepinephrine	to	express	some	of	its	virulence	traits	[232],
and	this	bacterial	metabolite	can	stimulate	the	proliferation	of	several
strains	of	enteric	pathogens	[233].	Luminal	norepinephrine	is	also
known	to	increase	the	virulence	properties	of	Campylobacter	jejuni
[234].	However,	the	effects	of	norepinephrine	in	the	context	of
nonpathogenic	microorganism	dialogue	remains	poorly	documented
[235].	Gamma-aminobutyric	acid	(also	called	GABA)	is	another
illustrating	example	of	bacterial	metabolite	with	known
neurotransmitter	properties	in	the	host	which	is	used	in	the	bacterial



world	to	support	the	growth	of	speci�ic	bacterial	species.	Indeed,
gamma-aminobutyric	acid	produced	by	Bacteroides	fragilis	has	been
shown	to	be	used	as	a	nutrient	in	support	of	the	growth	of	a	Gram-
positive	bacterium	of	the	Ruminococcaceae	family	[236].	Thus,
importantly,	metabolites	produced	by	the	intestinal	bacteria	with
neurotransmitter	function	in	the	host	nervous	system	are	used	in	the
�irst	place	as	molecules	for	communication	within	the	intestinal
microbial	world.	In	other	words,	this	is	a	fascinating	example	of	the
utilization	of	the	same	molecules	for	completely	different	functions	in
the	bacterial	and	mammalian	world.	These	bacterial	metabolites	are
also	likely	involved,	as	some	experimental	data	presented	below
suggest,	in	the	communication	between	the	intestinal	microbiota	and
its	host.

Several	Bacterial	Metabolites	with	Neuroactive	Properties	Can
Modulate	Host	Neurophysiology	by	either	Binding	to	Receptors
Present	in	the	Intestinal	Wall	or	by	Being	Absorbed	in	the
Circulating	Blood
An	increasing	amount	of	preclinical	evidence	indicate	that	several
bacterial	metabolites	can	modulate	host	nervous	system	functioning,
thus	pointing	out	an	intriguing	interkingdom	signaling	between
intestinal	microbiota	and	the	host	[237].	This	metabolic	crosstalk	is
dependent	on	a	mixture	of	microbiota-derived	compounds	that	can
in�luence	host	neurophysiology	either	through	direct	interactions	with
receptors	present	in	different	cell	phenotypes	present	within	the
intestinal	tract,	or	following	absorption	and	diffusion	through	the	gut
epithelium,	and	entry	into	the	portal	circulation	[235].	The	bacterial
metabolites	may	in�luence	host	neurophysiology	via	different	routes
including	the	vagus	nerve	activity,	the	enteric	nervous	system,	the
intestinal	immune	system,	and	the	neuro-endocrine	system	[238,	239].
Information	about	the	characteristics	of	the	luminal	environment,	such
as	the	osmolarity	and	bacterial	product	composition,	are	transmitted	to
the	central	nervous	system	by	the	vagus	nerve	[231].	At	the	interface
between	the	intestinal	microbiota	and	the	host	lies	a	network	of
neurons	known	as	the	enteric	nervous	system,	which	has	been	found	to
be	modulated	either	directly	or	indirectly	by	several	bacterial
metabolites	[238]	as	will	be	illustrated	in	the	following	paragraphs.



How	Do	the	Bacterial	Metabolites	Find	their	Way	between	the
Intestinal	Lumen	and	the	Central	Nervous	System?
Regarding	bacterial	metabolites	with	known	neurotransmitter	function
in	the	host,	to	postulate	on	possible	direct	effects	of	these	bacterial
compounds	on	the	central	nervous	system,	several	prerequisites	must
be	established.	Firstly,	the	bacterial	metabolites	must	be	transferred
across	the	intestinal	epithelium	from	the	intestinal	lumen	to	the	portal
bloodstream	without	being	fully	metabolized	during	this	transcellular
journey	(Fig.	5.12).	The	transfer	through	the	intestinal	epithelium	may
depend	on	the	permeability	of	the	intestinal	epithelium,	which	can
be	itself	modulated	by	bacterial	metabolites	[240].





Fig.	5.12 Schematic	view	of	the	transfer	of	bacterial	metabolites	into	the	central	nervous	system
after	colonic	absorption,	and	transfer	into	peripheral	blood

Then,	the	compounds	must	not	be	fully	degraded	during	liver	cell
metabolism.	Then,	if	so,	the	bacterial	metabolites	may	be	released	in
the	peripheral	blood.	From	peripheral	blood,	the	compounds	must	then
enter	the	brain	to	exert	some	putative	roles	there.	As	will	be	detailed	in
the	next	paragraphs,	only	few	information	is	available	regarding	these
prerequisites.	Thus,	following	the	entry	into	the	circulating	blood,	one
given	bacterial	metabolite	will	have	to	be	transferred	across	the	blood–
brain	barrier	(also	called	BBB)	to	enter	the	central	nervous	system	and
to	act	there	(Fig.	5.12).	The	blood–brain	barrier	is	a	vascular	structure
that	separates	the	central	nervous	system	from	the	peripheral	blood
circulation.	By	tightly	controlling	the	passage	of	molecules	and	ions,	by
delivering	nutrients	and	oxygen	according	to	neuronal	needs,	and	by
protecting	the	brain	from	deleterious	compounds,	the	blood–brain
barrier	maintains	an	environment	that	is	compatible	with	a	proper
functioning	of	the	different	brain	structural	zones	[241].	This	barrier	is
indeed	one	of	the	tightest	barriers	in	the	human	body,	so	that	about
98%	of	all	small	molecules	tested,	and	nearly	all	macromolecular
compounds	cannot	ef�iciently	access	the	brain	[242],	except	in	the	case
of	blood–brain	barrier	dysfunction	[243].	The	brain	microvascular
endothelial	cells,	with	well-developed	tight	junction	complexes,	and
with	the	support	of	pericytes	and	astrocytes,	allow	the	blood–brain
barrier	to	play	its	role	as	a	boundary	between	the	bloodstream	and	the
brain	parenchyma	[244,	245].

Nutrients	such	as	glucose	and	amino	acids	are	well	known	to	be
able	to	enter	the	brain	through	carrier-mediated	transport	systems
present	in	the	blood–brain	barrier	[246–248].	In	addition	to	these
compounds,	some	lipophilic	molecules	with	a	molecular	weight	below
500	Da	can	passively	diffuse	across	the	blood–brain	barrier	under
physiological	conditions	[249,	250].	Ammonia,	for	instance,	a
compound	formed	not	only	in	the	process	of	amino	acid	metabolism	in
the	host,	but	also	largely	resulting	from	intestinal	microbiota	metabolic
activity,	can	cross	the	blood–brain	barrier	in	the	diffusible	form	NH3,
but	not	in	the	NH4

+	cationic	form	[251].	This	is	an	important
consideration	to	be	taken	into	account	since	ammonia	accumulation	in



blood	plasma	in	case	of	severe	hepatic	insuf�iciency	can	lead	to	severe
brain	dysfunction	[252],	as	will	be	detailed	in	the	following	paragraphs.
Ef�lux	transporters	are	also	expressed	at	the	blood–brain	barrier,
allowing	clearance	from	brain	to	blood	of	compounds	that	are
deleterious	for	the	brain	at	excessive	concentrations	[247].

The	communication	between	the	periphery	and	brain	is	also	made
possible	through	the	circumventricular	organs	(also	called	CVOs),	made
of	specialized	neuroepithelial	structures	found	in	the	midline	of	the
brain,	and	gathered	around	the	third	and	the	fourth	ventricles	[253].
The	circumventricular	organs	play	both	sensory	and	secretory	roles
facilitated	by	increased	vascularization.	Although	these	specialized
structures	are	morphologically	and	functionally	diverse,	they	share	a
range	of	common	features	such	as	fenestrated	capillaries	and	lack	of
blood–brain	barrier,	thus	providing	an	interface	not	only	between	the
bloodstream	and	the	brain	but	also	between	brain	and	cerebrospinal
�luid	in	the	ventricular	system	of	the	brain	[254–256].	For	instance,
among	the	circumventricular	organs,	the	area	postrema	located	at	the
proximity	of	the	fourth	ventricle	is	involved	in	the	detection	of	several
toxins	that	may	circulate	in	the	bloodstream	[257].	The	area	postrema,
after	the	detection	of	toxins,	is	implicated	for	instance	in	the	emesis
(vomiting)	process	[258],	allowing	the	potential	elimination	of	toxins
present	in	the	stomach.

Overall,	as	will	be	detailed	in	the	next	chapters,	the	passage	of
microbiota-derived	neurotransmitter-like	compounds	from	blood	to
brain	appears	plausible	since,	as	detailed	in	the	next	chapters,	in
experimental	models	several	bacterial	metabolites	when	injected	in	the
intestinal	lumen	are	recovered	within	the	brain.	The	passage	of	these
bacterial	metabolites,	including	those	with	neuroactive	properties,
either	through	the	blood–brain	barrier	or	through	the
circumventricular	organs	remains	however	poorly	documented	[259].

Germ-free	animal	models	(without	microbes)	have	been	largely
used	to	decipher	the	part	played	by	the	intestinal	microbiota	in	various
physiological	and	pathophysiological	situations	as	already	presented	in
some	previous	paragraphs	of	this	book.	Although	enabling	to	build	new
working	hypothesis,	these	experimental	models	have	several	inherent
important	limitations	[259],	since	numerous	physiological	functions
and	metabolic	pathways	are	altered	in	animals	without	microbes	[260],



rendering	the	comparison	and	interpretation	of	data	recorded	in	germ-
free	versus	normal	counterpart	sometimes	dif�icult.	It	is	however
interesting	to	note	that	germ-free	animals	are	characterized	notably	by
important	modi�ications	regarding	brain	and	gut	physiology,	in	a
presumed	gut–brain	axis,	when	compared	with	normal	animals	with	an
intestinal	microbiota	[222,	261,	262].	Also,	the	animal	behavior	shows
some	modi�ications	when	comparing	animals	with	a	microbiota,	and
those	without	it	[222,	263–266].	Observed	changes	in	brain	functioning
and	behavior	in	germ-free	animals	could	be	mediated	by	the	lack	of
microbiota	in	a	direct	or	indirect	fashion	through	brain-related	and
non-brain-related	alterations.

Gamma-Aminobutyric	Acid	Is	Absorbed	by	the	Intestinal
Epithelium	but	Entry	through	the	Blood–Brain	Barrier	Is
Observed	Only	in	Situation	of	Slight	Disruption
As	brie�ly	introduced	in	Chap.	3,	gamma-aminobutyric	acid	is	the	major
inhibitory	neurotransmitter	in	the	central	nervous	system	[267].
Gamma-aminobutyric	acid	is	found	in	different	specialized	structures
of	the	brain	[268].	This	neurotransmitter	is	notably	known	to	be
implicated	in	the	reduction	of	anxiety	disorders	[269,	270].	Gamma-
aminobutyric	acid	is	also	involved	in	the	modulation	of	intestinal
motility	by	the	enteric	nervous	system	[271].	Gamma-aminobutyric
acid	is	produced	by	intestinal	bacteria	and	released	in	the	intestinal
content	[272].	Although	this	compound	is	absorbed	by	the	mammal
intestine	[273],	by	comparing	normal	and	germ-free	rats,	and	by
measuring	its	concentration	in	arterial	blood	and	venous	ef�luents	from
small	and	large	bowel,	it	was	found	that	gamma-aminobutyric	acid
produced	by	the	microbiota	represents	only	a	minor	fraction	of	the
gamma-aminobutyric	acid	produced	by	the	intestinal	ecosystem,	the
vast	majority	of	this	compound	originating	presumably	from	the
metabolism	of	glutamine	in	the	intestinal	epithelium	[274].	In	addition,
gamma-aminobutyric	acid	whatever	its	origin	does	not	cross	the	blood–
brain	barrier	in	rodent	models	[275],	so	that	blood–brain	barrier	must
be	slightly	disrupted	to	allow	delivery	of	circulating	gamma-
aminobutyric	acid	in	experimental	model	[276].



The	Absence	of	Microbiota	in	the	Host	Increases
Norepinephrine	Turnover	in	Brain
Norepinephrine	(also	called	noradrenaline)	is	notably	produced	in	a
small	nucleus	of	cells	located	in	the	lateral	wall	of	the	brainstem	which
produce	most	of	the	norepinephrine	released	in	the	brain	[277].
Norepinephrine	is	considered	as	a	participant	in	the	shaping	and	the
wiring	in	the	central	nervous	system	during	development	[278],	and	as
a	player	for	cognitive	functions	in	healthy	state.	Impaired
norepinephrine	production	is	also	involved	in	cognitive	dysfunctions	in
several	neurodegenerative	diseases	[279].	The	effects	of	bacterial
norepinephrine	produced	and	released	from	intestinal	bacteria	are	not
known.	Norepinephrine	does	not	appear	to	cross	the	blood–brain
barrier	in	normal	situations,	since	systemic	administration	of
norepinephrine	has	no	effect	on	cerebral	circulation	[280].	However,	in
primate	model,	when	the	blood–brain	barrier	is	opened	by	osmotic
disruption	and	norepinephrine	infused	in	blood,	this	compound
increases	cerebral	blood	�low,	oxygen	consumption,	and	glucose	uptake
[281].

Interestingly,	mice	with	no	microbiota	(germ-free	animals)	show	an
increased	turnover	rate	of	norepinephrine	in	the	brain	when	compared
with	normal	animals	[222],	suggesting	that	the	intestinal	microbiota
through	still	unknown	mechanisms	can	modulate	norepinephrine
metabolism	in	the	brain	of	mammals.

The	Absence	of	Microbiota	in	the	Host	Alters	Dopamine
Turnover	in	Brain
Dopamine	is	a	neurotransmitter	synthesized	in	central	and	peripheral
nervous	system	[282].	Dopamine	is	a	critical	modulator	of	learning	and
motivation	[283].	Bacterial	tyrosinases	which	catalyze	the	conversion
of	tyrosine	to	L-dihydroxyphenylalanine	(also	known	as	DOPA),	the
direct	precursor	of	dopamine,	are	widely	found	in	many	bacterial
genera	[284].	The	possible	effects	of	dopamine	produced	by	the
intestinal	bacteria	on	the	host	nervous	system	remain	to	be	explored.
Dopamine	from	the	circulating	blood	usually	does	not	enter	the	brain
through	the	blood–brain	barrier	[285].

Germ-free	mice	display	an	altered	turnover	of	dopamine	in	the
striatum	when	compared	with	animals	with	a	normal	gut	microbiota



[222,	263].	The	striatum	acts	as	an	integrative	hub	for	information
processing	in	the	brain	as	revealed	by	analysis	of	multiple	connections
between	central	nervous	system	zones	and	neuroimaging	data	[286].

Excessive	Histamine	Production	by	Bacteria	in	Food,	and	Maybe
by	Intestinal	Bacteria,	May	Lead	to	Intoxication	but	Histamine
Does	Not	Cross	the	Blood-Brain	Barrier
Histamine	and	its	receptors	were	�irst	described	as	parts	of	the	immune
and	gastrointestinal	systems,	but	their	presence	in	the	central	nervous
system	and	their	implication	in	behavior	and	energy	homeostasis	have
gained	increased	attention	[287].	The	role	of	histamine	in	allergic
diseases	has	been	largely	studied	[288].

Apart	from	synthesis	in	specialized	blood	cells,	histamine	is
synthesized	by	histaminergic	neurons	and	enteroendocrine	cells	[289].
Then,	histamine	is	considered	as	a	neuromodulator	[290].	Histamine
can	modulate	the	activity	of	the	enteral	nervous	system	[291].	Then,
histamine	is	considered	as	a	neuromodulator	(Nomura	H,	Shimizume	R,
Ikegaya	Y.	Histamine:	a	key	neuromodulator	of	memory	consolidation
and	retrieval.	Curr	Top	Behav	Neurosci.	2022;59:329-53).	Excessive
production	of	histamine	from	the	bacteria	in	food	not	appropriately
stored	may	lead	to	histamine	intoxication	[292].	Of	note,	Lactobacillus
paracasei	has	been	shown	to	degrade	histamine,	pointing	out	its
potential	capacity	for	decreasing	the	histamine	content	in
contaminated	food	[293].	Histamine	in	normal	situation	does	not	cross
the	blood–brain	barrier	[294].	Further	research	is	needed	to	study	the
possible	effects	of	excessive	histamine	production	by	the	intestinal
microbiota	on	the	host	peripheral	nervous	system	[291,	295].

Serotonin	Produced	by	the	Gut	Microbiota	Contributes	to	the
Circulating	Concentration	of	this	Compound	and	to	Serotonin
Turnover	in	the	Brain
Serotonin,	a	neurotransmitter	involved	in	numerous	processes	involved
in	behavior,	learning,	and	appetite,	is	produced	in	specialized	cells	of
the	human	brain,	but	also	in	intestinal	enteroendocrine	cells	[296].
Serotonin	is	also	centrally	implicated	in	mood	and	cognition	[297].	The
effects	of	serotonin	synthesized	by	the	intestinal	bacteria	on	the	host
nervous	system,	if	any,	is	not	known.	Of	major	signi�icance,	comparison



between	germ-free	and	conventional	animals	(with	an	intestinal
microbiota)	reveals	a	large	decrease	of	serotonin	in	the	blood
circulation	of	germ-free	animals	when	compared	with	their	normal
counterpart	[38],	thus	suggesting	that	the	production	of	serotonin	by
the	intestinal	microbiota	and	its	subsequent	intestinal	absorption	plays
a	signi�icant	role	in	�ixing	the	circulating	concentration	of	this
neurotransmitter.	However,	the	serotonin	originating	from	the
enteroendocrine	cells	likely	accounts	for	a	major	part	of	the	circulating
serotonin	[298].	It	is	generally	considered	that	circulating	serotonin
does	not	cross	the	blood–brain	barrier	to	any	signi�icant	extent	[299].
However,	in	anesthetized	rats,	it	has	been	shown	that	circulating
serotonin	was	able	to	transiently	enter	the	brain	parenchyma	by
inducing	a	short-term	breakdown	of	the	blood–brain	barrier,
in�luencing	then	the	spontaneous	cerebral	cortical	activity	[300].

Serotonin	produced	by	the	enteroendocrine	cells	is	likely	to	play	a
central	role	on	the	intestinal	peripheral	nervous	system.	Indeed,	nerve
terminals	of	vagal	afferents	are	near	enteroendocrine	cells,	and	these
terminals	express	serotonin	receptors	[301].	As	afferent	nerves	are	not
exposed	to	the	luminal	side	of	the	intestinal	mucosa,	sensory	neurons
are	believed	to	be	indirectly	activated	by	stimuli	in	the	intestinal
content	via	paracrine	signaling,	which	can	be	mediated	by	compounds
like	serotonin,	this	latter	compound	being	released	from
neuroendocrine	cells	in	the	mucosa	[302].	However,	the	possible	role	of
enteroendocrine	cells	to	vagus	nerve	signaling	in	the	modulation	of
brain	function	has	received	little	attention,	and	thus	further
experimental	works	are	needed	[231].

Of	note,	the	fact	that	in	germ-free	animals	the	turnover	of	serotonin
in	brain	is	increased	suggests	microbiota-host	metabolic	interactions
regarding	this	neurotransmitter	[222].

Circulating	Tryptamine	Can	Enter	the	Brain
Tryptamine	can	be	produced	from	tryptophan	by	the	intestinal
microbiota	[303,	304].	Tryptamine,	which	can	also	be	synthesized	in
different	structures	of	the	brain,	has	been	proposed	to	act	as	a
neurotransmitter	[305].	In	animal	model,	intravenous	injection	of
labeled	tryptamine	was	followed	by	rapid	intake	into	the	brain	[306],
indicating	passage	of	this	compound	through	the	blood–brain	barrier.



Little	information	is	available	regarding	the	role,	if	any,	played	by	the
tryptamine	originating	from	the	microbial	activity	on	the	brain
physiology.

Decreasing	Ammonia	Net	Production	by	the	Intestinal	Bacteria:
Is	it	Ef�icient	for	Limiting	Brain	Damages	in	Hepatic
Encephalopathy?
As	explained	in	Chap.	3	of	this	book,	the	colon	is	a	major	site	of
production	of	ammonia.	In	the	colon,	the	bacteria	produce	ammonia
from	the	urea	that	diffuses	from	the	blood	capillaries	to	the	intestinal
lumen.	This	conversion	of	urea	to	ammonia	is	made	through	the
catalytic	activity	of	bacterial	ureases.	These	enzymes	are	not	expressed
in	the	host’s	cells,	and	then	only	the	bacteria	lodged	by	the	host	are	able
to	perform	this	conversion.	In	addition	to	be	produced	from	urea,	this
latter	metabolite	is	also	produced	by	the	colonic	bacteria,	by
deamination	of	amino	acids	originating	from	undigested	proteins	[307,
308].	Ammonia	in	the	colonic	content	is	largely	absorbed	through
colonocytes	[309]	(Fig.	5.13).	Enterocytes	of	the	small	intestine	and
colonocytes	are	also	important	contributors	for	ammonia	production,
since	these	cells	use	glutamine	as	major	energy	substrate,	and	then
produce	ammonia	when	glutamine	is	converted	into	ammonia	and
glutamate	[310]	(see	Chap.	1).	Ammonia	from	intestinal	origin	is
released	in	the	portal	vein,	reaching	the	liver	where	this	metabolite	is
transformed	in	urea	in	the	liver	urea	cycle,	and	eliminated	in	urine	(Fig.
5.13).	Urea	cycle	represents	the	principal	elimination	route	for
ammonia,	allowing	to	maintain	the	circulating	concentration	of
ammonia	below	toxic	threshold	[311].	High	ammonia	concentration	in
the	brain	leads	to	in�lammation,	elevation	of	cerebral	glutamine,	and
astroglial	swelling,	in	relationship	with	increased	intracranial	pressure,
cerebral	edema,	and	disturbance	of	brain	functions	[312].	Glutamine
synthetase	found	mainly	in	the	perivenous	hepatocytes	of	the	liver	(and
in	muscles)	represents	a	secondary	metabolic	resource	for	ammonia
disposal	[313]	(Fig.	5.13).	Hepatic	encephalopathy	represents	a
frequent	complication	of	liver	diseases	with	a	complex	spectrum	of
neurological	cognitive	disturbances	and	altered	level	of	consciousness
[314,	315].	High	circulating	concentration	of	ammonia,	due	to	failure	of
liver	to	eliminate	this	metabolic	waste	(from	the	host	point	of	view)	is



considered	as	the	leading	cause	of	encephalopathy	[316]	(Fig.	5.13).
Then,	any	strategy	that	would	allow	to	decrease	ammonia	production
by	the	colonic	intestinal	microbiota	can	represent	a	valuable	way	to
decrease	blood	ammonia	concentration,	and	thus	hopefully	the	clinical
signs	of	hepatic	encephalopathy.	This	can	be	theoretically	done	by
decreasing	microbial	ammonia	production	and/or	increasing	ammonia
utilization	by	the	bacteria	for	their	nitrogen	metabolism.	This	can	also
be	done	by	limiting	glutamine	conversion	to	ammonia	and	glutamate	in
intestinal	epithelial	cells,	and/or	increasing	ammonia	utilization	for
glutamine	synthesis	in	tissues	equipped	with	this	metabolic	capacity.



Fig.	5.13 Production	of	ammonia	(considered	as	the	sum	of	NH4
+	and	NH3)	by	the	intestinal

microbiota	and	by	the	intestinal	epithelial	cells,	disposal	of	this	neurotoxic	compound	by	the	liver,
and	excretion	of	urea



Although	the	non-absorbable	disaccharide	lactulose	was	initially
found	in	two	small	trials	to	show	some	ef�iciency	in	the	treatment	of
portal-systemic	encephalopathy	[317,	318],	a	systematic	review	of	the
available	data	concluded	that	lactulose	shows	insuf�icient	evidence	of
ef�iciency	to	recommend	its	use	for	the	treatment	of	hepatic
encephalopathy	[319].	Protein	restriction	has	also	been	proposed	as	a
possible	treatment	for	hepatic	encephalopathy.	However,	such	a
restriction	appears	also	insuf�icient	for	signi�icantly	ameliorating	the
course	of	the	disease	[320].	A	mixture	of	ornithine	and	aspartate,	which
provides	intermediates	for	glutamate	production,	and	thus	supply	a
substrate	for	glutamine	synthesis	from	ammonia	and	glutamate,
decreased	serum	ammonia	concentration	and	improved	hepatic
encephalopathy	in	animal	models	[321],	and	in	clinical	trials	[322,
323]).	It	has	been	proposed,	as	a	strategy	for	hepatic	encephalopathy
treatment,	to	focus	both	on	the	ways	to	reduce	the	circulating	ammonia
(notably	by	reducing	its	production	by	the	intestinal	microbiota),	and
on	the	ways	to	limit	its	endogenous	production	by	the	host	tissues,
notably	at	the	level	of	intestine	[324].

The	Bacterial	Metabolite	p-Cresol	Is	Suspected	to	Be	One
Element	that	Would	Be	Involved	in	the	Etiology	of	Autism
Spectrum	Disorders
Autism	spectrum	disorders	(also	known	as	ASD)	are	diagnosed	within
the	�irst	3	years	of	life	and	are	de�ined	notably	as	persistent	de�icits	in
social	communication	and	interaction,	as	well	as	restrictive	and
repetitive	behavior	[325].	The	pathogenesis	of	autism	spectrum
disorders	is	far	from	being	understood,	and	such	disorders	without	a
known	speci�ic	cause	(named	idiopathic	form)	represent	most	cases
[326].	Autism	spectrum	disorders	gather	heterogeneous	forms	of	the
disease	with	multiple	etiologies,	different	subtypes,	and	various
developmental	trajectories	[327].	Post-mortem	examination	of	brain
from	individuals	with	autism	spectrum	disorders	may	reveal	region-
speci�ic	abnormalities	in	neuronal	morphology	and	cytoarchitectural
organization,	with	consistent	�indings	reported	for	abnormalities	in	the
prefrontal	cortex,	fusiform	gyrus,	frontoinsular	and	cingulate	cortex,
hippocampus,	amygdala,	cerebellum,	and	brainstem	[326].



Autism	candidate	genes	have	been	identi�ied	regarding	their
prevalence,	inheritance,	and	mutations	involved	in	genotype-phenotype
correlations	[328].	From	several	studies	including	studies	with	twins
[329],	several	environmental	factors	have	been	identi�ied	as	putative
risk	factors	for	autism	spectrum	disorders	[330,	331].	In	that
complicated	context,	what	are	then	the	available	evidence	that	allow	to
propose	that	elevated	bacterial	metabolites	in	urine	and	feces	may
represent	valuable	early	biomarkers	of	autism	spectrum	disorders,	and
even	maybe	candidates	that	would	play	a	partial	role	in	the	etiology	of
autism?

To	answer	that	question,	it	is	of	interest	to	consider	that	a	subset	of
children	with	autism	spectrum	disorders	exhibits	high	concentrations
in	biological	�luids	of	diverse	amino	acid-derived	bacterial	metabolites
in	several	studies	[332–340].	These	observations	have	led	to	the
challenging	hypothesis	that	excessive	protein	fermentation	by	the	large
intestine	microbiota	would	play	a	role	in	the	etiology	of	autism
disorders	in	some	children	diagnosed	with	autism	spectrum	disorders
[341].	Among	the	different	amino	acid-derived	bacterial	metabolites,
special	attention	has	been	paid	to	p-cresol.

As	indicated	in	Chap.	3,	p-cresol	is	produced	by	the	intestinal
microbiota	from	the	amino	acid	tyrosine	but	cannot	be	synthesized	by
the	host.	P-Cresol	in	excess	is	suspected	to	exert	deleterious	effects	on
the	central	nervous	system,	such	effects	being	possibly	related	to	the
etiology	of	autism	spectrum	disorders.	Firstly,	in	the	study	by	Altieri	et
al.	[334],	higher	p-cresol	concentrations	in	the	morning	spot	urine	are
measured	in	autistic	children	when	compared	to	age-	and	sex-matched
control	children.	Incidentally,	the	recovery	of	p-cresol	in	the	host	urine
is	a	clear	indication	of	the	absorption	of	this	compound	from	the
intestine	to	the	blood	circulation.	These	differences	in	urine
concentrations	are	detectable	up	to	the	age	of	seven,	while	the	urinary
p-cresol	levels	normalized	at	the	age	of	8	years	and	thereafter.	In	the
study	by	Gabriele	et	al.	[337],	the	total	urinary	p-cresol	and	its	co-
metabolites	p-cresyl	sulfate	and	p-cresyl	glucuronide	are	higher	in
young	children	diagnosed	with	autism	spectrum	disorder,	here	again	up
to	the	age	of	8	years,	when	compared	with	control	children	of	same	age
and	sex,	but	not	in	older	children.	Interestingly,	urinary	levels	of	p-
cresol	and	p-cresyl	sulfate	are	associated	with	stereotypic	and



compulsive/repetitive	behavior,	but	not	with	the	overall	signs	of	autism
severity.	Measurement	of	p-cresol	in	feces	of	autistic	and	control
children	has	also	been	performed	in	two	other	studies,	and	in
accordance	with	the	data	obtained	from	urine	analysis,	the	results
indicate	that	p-cresol	is	higher	in	feces	recovered	in	autistic	children
when	compared	to	control	children	[335,	338].	These	results	have
motivated	experimental	works	to	determine	if	p-cresol	may	play	a
partial	role	in	the	etiology	of	autism.

Several	evidence	from	preclinical	studies	support	this	suspicion.	Of
major	interest,	mice	exposed	to	p-cresol	for	4	weeks	in	their	drinking
water	are	characterized	by	social	behavior	de�icits,	stereotypies,	and
perseverative	behaviors,	but	by	no	changes	in	anxiety,	locomotion,	or
cognition	[342].	In	this	latter	study,	abnormal	social	behavior	induced
by	p-cresol	was	associated	with	decreased	activity	of	central	dopamine
neurons	involved	in	the	social	reward	circuit.	Pascucci	et	al.	show	that	a
single	intravenous	injection	of	p-cresol	at	a	dose	of	1	mg/kg	in	the
BTBR	mice	model	(a	model	genetically	homogenous	that	displays	three
behavioral	traits	used	to	diagnose	autism	[343,	344])	induces	a
behavior	characterized	by	anxiety	and	increased	locomotor	activity
[345].	At	the	higher	dose	of	10	mg/kg,	p-cresol	exacerbates	the	core
symptoms	of	autism	in	mice,	and	notably	thwarts	preference	for	social
interaction	between	mice.	In	addition,	in	this	study,	the	authors
performed	a	brain	region-speci�ic	neurochemical	analysis	and	showed
that	these	modi�ications	of	behavior	are	paralleled	by	a	dose-
dependent	increase	of	the	dopamine	turnover	in	some	regions	of	the
brain,	namely	the	amygdala,	nucleus	accumbens,	and	dorsal	caudate
putamen.

However,	at	this	point	of	discussion,	it	is	worth	indicating	that
autism	spectrum	disorders	should	not	be	viewed	only	as	a	“brain
disease”	since	abnormalities	in	the	immune	system	and	digestive	tract
are	also	described	in	such	disorders	[346].	Regarding	the	digestive
tract,	elevated	levels	of	p-cresol	in	urine	is	associated	with	the	anomaly
of	intestinal	transit	in	autistic	children	[336].	Such	anomaly	of	transit	is
relatively	frequent	in	these	children,	although	with	very	different
incidences,	since	it	represents	between	9	and	70%	of	children
diagnosed	autistic	according	to	the	different	studies	considered	[347,
348].	In	addition,	in	one	study,	43%	of	children	with	autism	spectrum



disorder	show	altered	intestinal	permeability	[349],	leading	to	the
hypothesis	that	an	increased	transfer	of	luminal	components	(including
p-cresol)	from	the	intestinal	content	to	the	bloodstream	may	occur	in
these	children.

From	in	vitro	and	in	vivo	experiments,	several	mechanisms	may
account	for	the	deleterious	effect	of	excessive	circulating	p-cresol	on
neural	functions.	These	effects	include	the	effects	of	p-cresol	on	the
brain	Na/K	ATPase	activity	[350],	and	on	the	blunted	conversion	of
dopamine	to	norepinephrine	due	to	the	inhibition	of	dopamine-beta
hydroxylase	activity	[351].	The	inhibition	of	this	latter	enzymatic
activity	is	due	to	the	action	of	p-cresol	on	one	residue	at	the	active	site
of	the	enzyme.	Intraperitoneal	injection	of	p-cresol	(30	mg/kg)	in	rats
modi�ies	the	expression	of	N-methyl-D-aspartate	glutamate	receptors
(also	known	as	NMDARs)	subunits	in	the	nucleus	accumbens	and
hippocampus,	raising	the	view	that	p-cresol	may	impair	N-methyl-D-
aspartate	glutamate	receptors-dependent	activity	in	these	structures
[352].	These	receptors	are	known	to	play	a	central	role	in	the	process	of
learning,	memory,	and	synaptic	development	[353,	354].	Lastly,	p-cresol
inhibits	oligodendrocyte	differentiation	in	vitro	[355],	these	cells	being
the	myelin-forming	cells	of	the	central	nervous	system	that	develops
from	glial	progenitor	cells	[356].

Overall,	the	relatively	high	frequency	of	intestinal	transit	and
permeability	impairment	in	autistic	children,	together	with	an
increased	production	of	p-cresol	by	the	intestinal	microbiota	could
plausibly	lead	to	deleterious	effects	of	these	bacterial	metabolites	on
specialized	areas	of	the	central	nervous	system	in	a	subset	of
predisposed	children.	To	con�irm	or	invalidate	this	proposition,	clinical
studies	are	required	to	test	in	children	with	an	early	diagnosis	of
autism,	if	the	lowering	of	p-cresol	and/or	p-cresyl	sulfate	production	by
the	intestinal	microbiota	by	dietary	and/or	pharmacological	means
could	by	itself	improve	the	intestinal/neurological	outcomes.

Indole	and	Indole-Related	Compounds	Are	Bacterial	Metabolite
and	Co-Metabolites	that	Are	Active	on	the	Central	Nervous
System
There	is	emerging	evidence	indicating	the	in�luence	of	indole	on	brain
metabolism	and	physiology	and	on	host	behavior	[357].	Chronic



overproduction	of	indole	in	rats	monocolonized	with	indole-producing
E.	coli	has	been	shown	to	enhance	anxiety-like	behaviors	and
depression	in	these	animals	[358].	This	latter	study	also	found	that
giving	intra-caecal	indole	to	conventional	rats	activated	a	cerebral
nucleus	called	the	dorsal	vagal	complex.	By	comparing	mice	mono-
associated	with	a	non-indole-producing	E.	coli	strain,	or	with	an	indole-
producing	E.	coli	strain,	it	was	found	that	chronic	high	indole
production	by	the	intestinal	microbiota	increased	the	vulnerability	to
the	adverse	effects	of	chronic	stress	on	overall	emotional	behavior
[359].	It	has	been	shown	that	a	rise	in	plasma	indole	derived	from
intestinal	microbiota	metabolic	activity	is	associated	with	hepatic
encephalopathy,	a	neuropsychiatric	trouble	caused	by	hepatic
dysfunction	[360].	Furthermore,	the	�indings	of	the	observational
prospective	NutriNet-Santé	Study	revealed	a	positive	link	between
urine	indole	and	indole-related	compound	concentrations	and
recurrent	depression	symptoms.	This	correlation	raises	the	hypothesis
that	the	synthesis	of	these	compounds	by	the	gut	microbiota	in
excessive	amounts	might	possibly	play	a	role	in	the	emergence	of	mood
disorders	in	humans	[361].

Some	bene�icial	effects	of	indole	have	also	been	reported.	Indeed,	in
the	model	of	mice	treated	with	antibiotics	(to	diminish	the
concentration	of	bacteria	in	the	intestine),	intraperitoneal	injection	of
indole	reduced	central	nervous	system	in�lammation	[362].	Of	note,	in
this	latter	experimental	study,	indole	was	not	the	sole	compound	that
reduces	central	nervous	system	in�lammation	since	indole-3-
propionate	and	indole-3-aldehyde	also	display	some	protective	effects.
Regarding	indole-3-propionate,	this	bacterial	metabolite	was	found
able	to	protect	primary	neurons	against	the	oxidative	damages
provoked	by	reactive	oxygen	species	when	present	in	excess	[363].	The
bene�icial	versus	deleterious	effects	of	indole	on	the	central	nervous
system	and	behavior,	as	observed	in	experimental	works,	are	likely
related	to	the	different	exposure	levels	and	experimental	designs
according	to	the	different	studies.

Some	additional	information	on	the	effect	of	indole-
related	compounds	on	the	central	nervous	system	are	available.	Isatin,
oxindole,	and	indoxyl	sulfate	are	the	most	studied	indole-related
compounds	for	their	neuroactive	effects.



The	Co-Metabolite	Isatin	which	Is	Produced	from	the	Bacterial
Metabolite	Indole	Enters	the	Brain	and	Affects	Behavior	and
Brain	Functions
Regarding	isatin	(1H-indole-2,3-dione),	this	compound	is	a	co-
metabolite	that	is	produced	by	the	host	from	indole	[36].	Isatin	can	be
detected	in	different	regions	of	the	brain	[364].	Systemic	administration
of	isatin	to	rodents	leads	to	the	accumulation	of	this	compound	in	the
brain	[358].	In	addition,	administration	of	indole	in	the	large	intestine
results	in	the	accumulation	of	isatin	in	the	brain	[358],	thus	importantly
suggesting	that	this	co-metabolite	of	indole	enters	the	brain	by	still
unknown	processes.	The	hippocampus	and	cerebellum	have	the	largest
concentrations	of	isatin	in	the	rat	brain,	whereas	the	prefrontal	cortex
and	brainstem	have	the	lowest	quantities	[365].	The	impact	of	isatin	on
rodent	behavior	and	brain	function,	either	bene�icial	or	deleterious,
appears	to	depend	on	the	doses	used	[366,	367].	At	10	mg/kg,	isatin
when	given	intraperitoneally	reduces	the	anxiolytic	effect	of
intracerebroventricular	atrial	natriuretic	peptide	(also	known	as	ANP)
injection	[368].	Higher	amounts	of	isatin,	over	40	mg/kg,	when	given
here	again	by	the	intraperitoneal	way	result	in	a	reduction	in	locomotor
activity	in	the	open	�ield	test	and	mobility	in	the	forced	swimming	test
in	rats	[369],	indicating	that	isatin	may	exert	a	sedative	effect.

An	intraperitoneal	injection	of	isatin	(100	mg/kg)	improves
parkinsonian	symptoms	in	a	parkinsonian	rat	model	induced	by	6-
hydroxydopamine	lesion	[370].	Isatin	intraperitoneal	administration
(100	mg/kg)	increases	dopamine	concentration	in	the	striatum	of	rats
and	motor	activity	in	the	model	of	Parkinson’s	disease	induced	by
Japanese	encephalitis	virus	[371].	Isatin	inhibits	in	a	dose-dependent
manner	the	monoamine	oxidase	activities	in	extracts	obtained	from	rat
brain	[372].	Monoamine	oxidase	activities	are	implicated	in	the
degradation	of	neurotransmitters	including	serotonin,	dopamine,	and
norepinephrine	[373,	374].

The	Bacterial	Metabolite	Oxindole	Enters	the	Brain	and	Exerts
Deleterious	Effects	on	the	Central	Nervous	System	at	Excessive
Doses
Regarding	oxindole,	this	indole-related	compound	has	been	found	in
the	brain,	and,	in	the	rat	model,	oral	administration	of	indole	resulted	in



the	accumulation	of	oxindole	in	the	brain	[375].	In	addition,	systemic
administration	of	oxindole	increased	the	concentration	of	this
compound	in	the	rat	brain	[358],	thus	indicating	that	this	compound
may,	as	isatin,	enter	the	brain	by	a	still	unknown	process.	Importantly,
oral	administration	in	rodents	of	neomycin,	a	broad-spectrum
antibiotic,	decreased	the	brain	oxindole	content	[375],	thus	suggesting
that	oxindole	is	originating,	at	least	partly,	from	the	intestinal
microbiota	metabolic	activity.	Interestingly,	oxindole	is	found	in	human
fecal	samples	and	in	mouse	caecal	contents	[376],	thus	con�irming	that
intestinal	microbes	are	a	source	of	this	metabolite.	Among	the	bacterial
metabolites	present	in	human	stool,	oxindole	was	found	to	be	one	of
the	dominant	aryl	hydrocarbon	receptor	activators	[376].	The
mechanism	of	action	responsible	for	oxindole’s	effects	on	the	central
nervous	system	remains	unknown.	In	vitro	experiments	on	rat
hippocampus	slices	demonstrate	that	oxindole	may	interact	with
voltage-gated	sodium	channels,	increasing	the	threshold	for	producing
action	potentials	and	therefore	drastically	reducing	neuron	excitability
[377].	These	results	led	several	authors	to	propose	that	oxindole	may
share	some	characteristics	with	known	neurodepressant	compounds
[375,	377].

The	Co-Metabolite	Indoxyl	Sulfate	which	Is	Produced	from	the
Bacterial	Metabolite	Indole	Exerts	both	Bene�icial	and
Deleterious	Effects	on	Brain	Depending	on	the	Doses	Used
In	respect	to	indoxyl	sulfate,	this	co-metabolite	derived	from	the	indole
produced	by	the	intestinal	microbiota	is	detected	in	the	mammalian
brain	[378].	Indoxyl	sulfate	is	also	detected	in	the	cerebrospinal	�luid	of
mice,	and	animals	with	no	intestinal	microbiota	display	low	level	of	this
compound	in	this	�luid	when	compared	with	normal	mice	hosting
microbes	[379]	(Fig.	5.14).	By	comparing	volunteers	suffering	from
depression	with	healthy	participants,	22	urine	metabolites	were
identi�ied	for	which	abundance	differed	between	the	two	groups	of
subjects.	The	Hamilton	depression	scale	questionnaire	score	was	used
to	measure	the	severity	of	depression.	According	to	this	investigation,
the	urine	indoxyl	sulfate	concentration	in	individuals	suffering	from
severe	depression	was	highly	signi�icantly	lower	than	in	healthy
counterparts	[380].	In	volunteers,	serum	indoxyl	sulfate	concentrations



have	been	associated	with	psychic	anxiety	and	with	the	related
functional	magnetic	resonance	imaging-based	neurological	signature
[381].	Obviously,	although	of	major	interest,	these	association	analyses
do	not	allow	to	conclude	on	any	causal	link	between	indoxyl	sulfate
concentration	in	biological	�luids	and	mood	disorders	but	ask	for	other
preclinical	studies.



Fig.	5.14 Effects	of	the	co-metabolite	indoxyl	sulfate	on	the	central	nervous	system



In	a	mouse	model	of	experimental	autoimmune	encephalomyelitis,
indoxyl	sulfate	delivered	daily	(10	mg/kg)	via	the	intraperitoneal	way
modulated	astrocyte	activity	and	exerted	anti-in�lammatory	action	on
the	central	nervous	system	via	the	aryl	hydrocarbon	receptor	[362]
(Fig.	5.14).	Astrocytes	are	the	most	abundant	cell	population	in	the
central	nervous	system	and	participate	in	several	functions	including
the	blood–brain	barrier	and	the	modulation	of	neuronal	transmission
[241,	382].

Conversely,	when	rats	were	exposed	by	the	oral	way	to	indoxyl
sulfate	used	at	higher	doses	(100	and	200	mg/kg),	impairment	of
spatial	memory	and	reduced	locomotor	and	exploratory	activities	were
observed	[383].	In	this	latter	study,	after	indoxyl	sulfate	administration,
this	compound	was	mainly	recovered	in	the	brainstem.	Another	study
found	that	a	single	intraperitoneal	injection	of	indoxyl	sulfate	at	an
even	greater	dose	(800	mg/kg)	caused	histological	changes	in	the	brain
compatible	with	neuronal	necrosis	[384]	(Fig.	5.14).	In	this	latter	study,
indoxyl	sulfate,	when	used	in	the	micromolar	range,	induced	radical
oxygen	species	production	in	primary	astrocytes,	and	cell	death	in
hippocampal	neurons	[384].	At	a	10	micromolar	concentration,	indoxyl
sulfate-induced	apoptosis	through	oxidative	stress	in	human	astrocytes
[385].	Thus,	the	effect	of	indoxyl	sulfate	on	the	brain,	either	bene�icial
or	deleterious,	appears	to	depend	on	the	dose	used.	Unfortunately,	no
information	is	available	on	the	physiological	concentrations	of	indoxyl
sulfate	and	of	the	other	indole-related	compounds	that	are	reaching	the
central	nervous	system.

Key	Points
Bacterial	metabolites	like	norepinephrine	and	gamma-aminobutyric
acid,	with	known	function	of	neurotransmitter	in	the	host,	are
involved	in	communication	between	bacterial	species.
Animals	with	no	intestinal	microbiota	are	characterized	by
modi�ications	of	brain	physiology.
Animals	with	no	intestinal	microbiota	display	altered	turnover	of	the
neurotransmitters	norepinephrine,	dopamine,	and	serotonin	in	brain
suggesting	communication	between	the	intestinal	microbiota	and	the
host	central	nervous	system.



Some	bacterial	metabolites	and	co-metabolites	like	tryptamine,
indoxyl	sulfate,	isatin,	and	oxindole	can	enter	the	brain	and	affect
behavior	and	brain	functions.
The	bacterial	metabolite	p-cresol	is	suspected	to	be	implicated	in	the
etiology	of	autism	spectrum	disorders.
Decreased	ammonia	net	production	by	the	intestinal	microbiota,
together	with	decreased	ammonia	endogenous	production	by	the
host,	represent	a	potential	strategy	for	the	treatment	of	hepatic
encephalopathy.
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Abstract
Although	there	is	no	doubt	that	numerous	metabolites	produced	by	the
bacteria	from	alimentary	compounds	in	the	intestinal	�luid	are	active,
either	positively	or	negatively,	on	the	colon	epithelium	in	terms	of
renewal,	barrier	function,	energy	metabolism,	and	physiology,	we	need
additional	information	on	the	concentrations	of	bacterial	metabolites	in
their	active	form	in	the	vicinity	of	colonic	epithelium	and	on	the	effects
of	mixtures	of	these	compounds	on	this	structure.	Many	active	bacterial
metabolites	have	been	shown	to	be	implicated	in	microbial
communication,	serving	notably	as	signaling	molecules	implicated	in
bacterial	physiology	and	growth.	If	bacteria	can	provide	compounds
such	as	some	vitamins	and	amino	acids	to	the	host,	the	exchange	of
substrates	is	largely	orientated	toward	supply	by	the	host	of	substrates
from	alimentary	origin	to	the	intestinal	microbiota	for	their	metabolic
and	physiological	needs.	Several	intermediary	and	metabolic	end
products	produced	by	the	intestinal	bacteria	can	cross	the	intestinal
epithelium,	with	a	part	of	them	being	utilized	and	transformed	in	the
epithelial	cells	during	their	transcellular	journey.	The	compounds
released	in	the	portal	blood	can	then	be	further	transformed	in	the
liver,	giving	rise	to	co-metabolites.	Although	several	among	bacterial
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metabolites	and	co-metabolites	have	been	shown	to	be	bene�icial	for
some	host	tissues	in	different	physiological	and	pathophysiological
situations,	the	same	compounds	may	prove	to	be	deleterious	on	other
tissues,	leading	to	consider	effects	of	these	compound	according	to	the
host	tissues	and	to	the	physiological	or	pathophysiological	context.
Additional	studies	are	urgently	needed	concerning	the	metabolic	and
physiological	relationships	between	mammals	and	their	microbiota.
These	studies	should	include	mechanistic	studies	regarding	for
instance	the	processes	implicated	in	the	transport	of	active	bacterial
metabolites	from	the	luminal	�luid	to	the	bloodstream,	the	enzymatic
processes	that	allow	synthesis	of	co-metabolites	in	mammalian	tissues,
as	well	as	entry	of	these	compounds	within	the	target	tissues.	Dietary
intervention	in	volunteers	in	different	situations	is	also	crucially
needed	to	better	consider	the	microbial-host	metabolic	communication
in	both	preventive	and	curative	perspective.

Keywords Microbiota	metabolic	activity	–	Metabolomic	analysis	–
Mechanistic	studies	–	Clinical	studies	–	Dietary	intervention

As	presented	in	this	book	the	results	of	published	experimental	studies
clearly	indicate	that	numerous	metabolites	produced	from	compounds
present	in	food	by	the	intestinal	microbiota	and	which	are	found	in
stools	and	in	the	luminal	�luid	of	the	large	intestine	are	biologically
active	on	the	intestinal	mucosa	and	within	the	intestinal	mucosa	on	the
intestinal	epithelium.	The	effects	recorded	are	related	to	the
metabolism	of	epithelial	cells	and	on	the	physiological	functions	of	the
different	phenotypes	present	within	the	intestinal	epithelium.	Also,	the
studies	of	several	bacterial	metabolites	have	demonstrated	effects	on
biological	processes	that	are	involved	in	the	overall	renewal	of	the
epithelial	layer	and	on	the	selective	barrier	function	of	this	epithelium.
Although	it	is	obvious	that	the	metabolism	and	physiological	functions
carried	out	by	the	intestinal	mucosa	in	the	different	anatomical	parts	of
the	intestine	as	well	as	risks	of	in�lammatory	and	neoplastic	diseases	in
the	intestine	are	not	dependent	exclusively	on	the	luminal
environment,	this	parameter	appears	of	prime	importance	to	be
considered	[1–6].



6.1	 Modulating	the	Intestinal	Microbiota
Activity	for	Health	Bene�it.	The	Interest	of
Metabolomics	Analysis	of	Biological	Fluids
However,	the	experimental	works	performed	are	characterized	by
several	limitations	that	need	to	be	taken	into	consideration	for	future
research.	Firstly,	the	concentrations	of	the	bacterial	metabolites	tested
are	not	necessarily	within	the	range	of	concentrations	that	are	present
in	the	vicinity	of	the	intestinal	epithelial	cells.	Since	this	parameter	is
not	easy	to	measure,	the	bacterial	concentrations	used	in	experiments
often	refer	to	the	concentration	measured	in	feces	which	can	be
different	when	compared	with	the	concentrations	in	the	different
segments	of	the	intestine.	This	is	an	important	aspect	to	be	considered,
as	the	effects	of	several	bacterial	metabolites	on	the	intestinal	mucosa,
either	bene�icial	or	deleterious,	depend	on	the	concentrations	tested.
Secondly,	the	intestinal	luminal	�luid	contains	a	complex	mixture	of
bacterial	metabolites	that	can	exert	additive,	synergistic,	or	opposite
effects	on	the	metabolism	and	functions	of	cells	present	within	the
intestinal	mucosa.	In	fact,	in	most	experimental	works,	the	bacterial
metabolites	are	tested	individually,	thus	making	dif�icult	extrapolation
from	experimental	works	to	“real	life	situation.”

With	these	limitations	in	mind,	schematically,	it	is	feasible	to	classify
the	different	bacterial	metabolites	as	bene�icial	and	deleterious,
keeping	in	mind	that	some	bacterial	metabolites	have	been	shown	to	be
bene�icial	at	one	given	concentration,	and	deleterious	at	higher
concentrations.	Bacterial	metabolites	can	be	considered	as	bene�icial
toward	the	intestinal	mucosa	if	they	contribute	to	the	maintenance	of
epithelial	homeostasis,	of	selective	barrier	function,	of	normal
endocrine	activity,	and	if	they	maintain	an	appropriate	immune
response.	Inversely,	bacterial	metabolites	can	be	considered	as
deleterious	when	they	exert	at	excessive	concentrations	adverse	effects
on	the	coordinated	renewal	of	the	epithelium,	on	the	barrier	function,
on	the	normal	physiological	functions	of	the	intestine,	and	if	they
participate	in	an	inappropriate	activation	of	the	immune	system.	Some
limited	information	indicates	that	for	some	bacterial	metabolites	with
deleterious	effects	on	the	intestinal	epithelium,	detoxifying	metabolism
can	avoid	excessive	accumulation	of	these	compounds	inside	the



intestinal	epithelial	cells,	thus	avoiding	adverse	effects	on	various
cellular	targets.	The	determination	for	deleterious	bacterial	metabolites
of	threshold	concentration	values	above	which	risk	of	deleterious
effects	on	intestinal	mucosa	is	increased	represents	an	important
information	to	be	determined,	as	well	as	the	adaptive	capacity	of	the
intestinal	epithelial	cells	toward	increased	concentrations	of	these
compounds	in	the	luminal	�luid.

However,	at	this	step	of	discussion,	it	appears	important	to	also
consider	the	available	data	from	a	strictly	“microbial	point	of	view.”
This	point	is	related	to	the	fact	that	for	several	bacterial	metabolites,	it
has	been	shown	that	these	compounds	are	implicated	in
communication	between	microbes	of	the	same	or	from	different
species,	either	commensal	(with	no	pathogenicity)	or	conversely
pathogenic.	Thus,	it	is	plausible	that	intestinal	bacteria	produce	several
metabolites	primarily	to	exchange	signals	between	them	and	other
microbial	species,	thus	regulating	their	respective	growth	and
biological	activities.	In	addition,	to	maintain	their	growth,	the	bacteria
within	the	intestinal	microbiota	are	dependent	on	different	substrates
provided	by	the	host,	notably	those	that	are	available	after	food
consumption.	In	the	large	intestine,	where	the	population	of	bacteria	is
abundant,	the	intestinal	microbiota	uses	dietary	substrates	that	have
not	been	digested	(or	not	fully	digested)	by	the	host.	While
metabolizing	these	substrates,	they	produce	a	myriad	of	bacterial
metabolites	that	are	often	metabolic	end-products,	and	among	which,
numerous	ones	have	been	shown	to	interfere	with	the	host’s	intestine
metabolism	and	function.	Then,	it	can	be	hypothesized	that	the
production	of	bacterial	metabolites	from	food	ingested	by	the	host	is	a
way	for	bacteria	to	communicate	between	them,	but	also,	importantly,
this	production	is	involved	in	communication	between	intestinal
bacteria	and	their	hosts.

It	should	not	be	ignored	however	that	the	communication	between
bacteria	and	the	host	is	not	unidirectional	since	a	limited	amount	of
nutrients	and	micronutrients	(for	instance	indispensable	amino	acids
and	certain	vitamins)	can	be	provided	by	the	bacteria	to	the	host.
However,	from	the	available	data,	although	it	has	not	been	quanti�ied
precisely,	it	appears	that	the	supply	of	nutrients	is	mainly	done
from	host	to	bacteria	rather	than	from	bacteria	to	host.



The	communication	between	the	intestinal	microbiota	and	its	host
is	obviously	not	restricted	to	the	intestinal	ecosystem.	Indeed,	several
bacterial	metabolites	are	absorbed	from	the	luminal	�luid	to	the
bloodstream	and	are	�irstly	recovered	in	the	portal	blood.	Some	of	these
bacterial	metabolites	are	heavily	or	partly	metabolized	during	the
transepithelial	journey	through	the	absorptive	intestinal	epithelial	cells,
serving	as	energy	substrates	and/or	as	signaling	molecules,	or	being
converted	by	the	host	to	co-metabolites.	These	co-metabolites	are	then,
for	some	of	them,	released	in	the	portal	circulation.	Thus,	it	appears
that	bacterial	metabolites	can	be	modi�ied	in	the	host’s	cells,	pointing
out	metabolic	interactions	between	the	intestinal	microbiota	and	its
lodging	host.	Of	major	importance,	both	bene�icial	and	deleterious
effects	of	bacterial	metabolites	and	co-metabolites	on	host’s	peripheral
tissues	have	been	reported	within	the	gut–liver,	gut–endocrine
pancreas,	gut–kidney,	gut–cardiovascular	system,	gut–bone,	and	gut–
brain	axis	in	different	physiological	and	pathophysiological	situations.

The	situation	is	complicated	by	the	fact	that	some	bacterial
metabolites	or	co-metabolites	are	bene�icial	for	some	tissues	regarding
the	physiological	functions	or	recovery	of	normal	functions,	while	being
detrimental	to	the	functions	of	other	tissues	and	cells.	As	detailed	in
this	book,	the	case	of	indole	and	indole-related	compounds	generated
from	intestinal	bacterial	activity	is	an	illustrative	example	of	such
complexity	[7].	Indeed,	on	one	hand,	indole	and	several	indole-related
compounds	produced	by	the	intestinal	microbiota	exert	overall
bene�icial	effects	on	the	intestinal	mucosa	in	different	situations,
notably	in	in�lammatory	situations,	while	on	the	other	hand	the	indole-
derived	compound	indoxyl	sulfate,	a	co-metabolite	produced	by	the
liver,	is	well	known	to	be	one	of	the	uremic	toxins	that	can	seriously
aggravate	chronic	kidney	disease	when	present	in	excess,	notably
through	deleterious	effects	on	kidney	cells.

Then	any	intervention,	either	from	dietary,	microbial,	and/or
pharmacological	origin,	which	aims	at	modulating	for	instance	indole
and	indole-related	compounds	in	the	biological	�luids,	should	crucially
consider	the	dual	effects	of	these	compounds,	either	bene�icial	or
deleterious,	according	to	the	host	tissues	considered,	and	to	the
physiological	or	pathophysiological	context.	For	instance,	given	the
deleterious	effect	of	indoxyl	sulfate	on	kidney	cells	in	chronic	kidney



disease	patients,	it	can	be	envisaged	in	that	situation	to	either	decrease
the	production	of	indole	by	the	colonic	microbiota,	and/or	to	decrease
indoxyl	sulfate	production	by	the	liver,	and/or	to	increase	its	removal
from	blood	by	an	appropriate	dialysis	system.

Emerging	data	indicate	that	not	only	the	composition	of	aliments
consumed	but	also	the	structure	of	food,	represents	an	element	that	has
an	impact	on	the	composition	and	metabolic	activity	of	the	intestinal
microbiota.	For	instance,	in	experimental	works,	the	lipo-protein
emulsion	structure	in	the	food,	either	liquid	or	gelled,	that	are
chemically	identical,	but	differs	at	the	macro-	and	microstructure	levels,
display	different	effects	after	3	weeks	on	the	composition	and
metabolic	activity	of	the	intestinal	microbiota	[8,	9],	thus	asking	for
additional	works	on	the	effects	of	food	processing	and	technology	on
the	production	of	bacterial	metabolites	by	the	intestinal	microbiota
both	in	the	small	and	large	intestine	luminal	�luid.

Metabolic	analysis	of	biological	�luids	may	help	in	estimating	the
overall	metabolic	activity	of	the	intestinal	microbiota	in	different
situations.	The	biological	�luids	under	consideration	may	be	blood,
fecal,	and/or	urine	samples.	Among	them,	analysis	of	bacterial
metabolites	and	co-metabolites	in	morning	spot	urine	offers	several
advantages	in	addition	to	being	less	invasive	and	more	practical	than
the	utilization	of	blood	or	fecal	samples.	Firstly,	it	gives	an	estimation	of
the	metabolites	that	have	been	produced	overnight	by	the	intestinal
microbiota,	absorbed	through	the	intestinal	epithelium,	partly
metabolized	by	the	host,	and	�inally	excreted	in	the	urine.	Since
numerous	compounds	among	the	bacterial	metabolites	are	not
produced	by	the	host,	analysis	of	these	compounds	(and	related	co-
metabolites)	should	give	a	rather	speci�ic	view	of	different	aspects	of
the	microbiota	metabolic	activity.	Then	in	a	given	situation,	taking	into
account	the	state	of	the	art	regarding	the	effects	of	the	bacterial
metabolites	and	co-metabolites	on	the	splanchnic	area	organs
(intestine	and	liver),	and	peripheral	tissues,	it	is	conceivable	to	use	the
metabolomic	analysis	of	urine	as	a	basis	for	de�ining	dietary,
pharmaceutical	or	biochemical	interventions	aiming	at	modulating	the
metabolic	activity	of	the	intestinal	microbiota	for	the	bene�it	of	patients
in	both	a	preventive	and	curative	perspective.



For	instance,	in	case	of	chronic	kidney	disease,	personalized
measurement	in	the	urine	of	bacterial	uremic	toxins	would	possibly
lead	to	selective	dietary	recommendations	with	the	objective	to	reduce
such	production.	Using	such	strategy	would	however	need	to	consider
the	fact	that	several	bacterial	metabolites	have	been	shown	to	be
implicated	in	communication	between	bacteria,	including
communication	with	some	pathogens.	Then,	the	ef�icacy	of	such	future
strategy	would	depend	on	the	further	accumulation	of	new	data
regarding	the	implication	of	bacterial	metabolites	and	related	co-
metabolites	on	both	communication	in	the	microbial	world	and	on
communication	between	the	microbial	world	and	the	host	tissues	in
different	pathological	situations.	As	developed	in	this	book,	these
pathological	situations	include	intestinal	mucosa	in�lammation,
colorectal	cancer,	liver	in�lammation,	chronic	kidney	disease,	disease
related	to	cardiovascular	system	dysfunction,	bone	loss,	endocrine
dysfunction,	and	certain	brain	dysfunctions.	This	is	not	science	�iction
as	the	still	limited	available	experimental	and	the	few	clinical	data
clearly	indicate	a	potential	possibility	to	diminish	the	risk	of	several
pathological	processes	by	modulating	the	intestinal	microbiota
metabolic	activity.

6.2	 The	Needs	for	Mechanistic	Studies	for
Enlightening	the	Black	Box	Between	Bacterial
Metabolites	and	Co-Metabolites	Production
and	Effects	on	Host	Tissues
Obviously,	new	studies	are	mandatory	to	enlighten	the	black	box
between	bacterial	metabolites	and	co-metabolites	and	effects	on	the
different	host	tissues.	For	instance,	although	it	is	known	that	some
bacterial	metabolites	are	absorbed	and	can	enter	speci�ic	regions	of	the
brain,	very	few	data	are	available	on	the	physiological	concentrations
that	reach	the	central	nervous	system,	and	on	the	putative	transport
mechanisms	that	are	involved	in	such	blood-to-brain	transfer.	Even	the
systems	which	allow	the	transfer	of	bacterial	metabolites	from	the
intestinal	luminal	�luid	to	the	portal	blood	remain	largely	unidenti�ied,
as	well	as	possible	competition	between	different	bacterial	metabolites



that	enter	intestinal	epithelial	cells	through	common	transporters.	In
addition,	the	characteristics	of	the	host	enzymatic	systems	that	allow	to
convert	the	bacterial	metabolites	into	corresponding	co-metabolites,	as
well	as	the	enzymatic	detoxifying	systems	(and	the	way	by	which	they
are	induced)	are	still	little	documented.

Regarding	the	experimental	models	that	will	help	to	better
understand	the	biological	effects	of	bacterial	metabolites	and	derived
co-metabolites	on	the	different	tissues	and	cells	in	the	body,	special
attention	is	worth	to	be	paid	to	the	utilization	of	organoids.	The
intestinal	organoids	can	be	prepared	from	human	biopsies	and	from
biopsies	obtained	from	animals	and	maintained	in	culture	or	kept	in
deep	cold	for	additional	experiments.	Notably,	the	use	of	colonic
organoids	should	help	a	lot	for	determining	the	mechanisms	by	which
the	numerous	bacterial	metabolites,	tested	individually	and	in
combination,	act	on	the	different	phenotypes	among	intestinal
epithelial	cells	[10].	This	model	of	colonic	organoids	represents	in
addition	an	opportunity	to	reduce	the	number	of	animals	used	in	pre-
clinical	experiments.	However,	even	if	the	objective	of	limiting	the
number	of	animals	for	experiments	must	always	be	kept	in	mind	by
scientists,	there	are	some	situations	where	it	will	be	still	necessary	to
perform	experiments	with	animal	models	to	better	understand	the
impact	of	bacterial	metabolites	and	related	co-metabolites	on	host
tissues	in	different	pathophysiological	contexts.

Such	information	will	then	help	in	envisaging	dietary
and	pharmacological	interventions	aiming	at	diminishing	in	different
situations	the	production	of	deleterious	bacterial	metabolites	and	co-
metabolites,	while	increasing	the	production	of	bene�icial	ones.

6.3	 The	Need	for	Dietary	Intervention	Studies
in	Volunteers
As	said	above,	and	in	different	parts	of	this	book,	only	few	dietary
interventions	have	been	made	in	volunteers	to	test	the	potential
ef�icacy	of	modulation	of	the	bacterial	metabolic	activity	in	different
situations.	In	a	healthy	situation,	the	results	of	such	dietary
intervention	could	pave	the	way	for	future	clinical	studies	aiming	at
de�ining,	within	a	preventive	strategy	perspective,	optimal	personalized



nutrition	allowing	to	increase	the	bene�icial	over	deleterious	bacterial
metabolite	ratio	considering	the	individual	metabolic	capacities	and
relative	risk	of	different	pathological	processes.	The	same	reasoning
can	be	made	regarding	patients	affected	by	diseases	for	which	a
component	related	to	an	inappropriate	metabolic	activity	of	the
intestinal	microbiota	is	involved	in	disease	development.

Considering	the	heterogeneity	of	the	intestinal	microbiota
composition	and	metabolic	activity	between	individuals,	such
intervention	trials	would	bene�it	from	randomized	and	double-blind
trials	with	a	parallel	design	in	which	each	participant	will	be	its	own
control,	thus	allowing	comparison	of	the	intestinal	microbiota
individually	before	and	after	intervention.

Finally,	the	progress	in	the	de�inition	of	optimal	bacterial	metabolite
and	co-metabolites	pro�iles	in	biological	�luids	of	healthy	individuals,	in
a	prevention	perspective,	and	in	patients	in	given	pre-pathological	and
pathological	situations	in	a	curative	perspective,	and	the	de�inition	of
modi�ied	dietary	conditions	that	will	prove	to	be	bene�icial	will	depend
on	a	constant	�low	of	novel	data	originating	from	both	experimental
and	clinical	studies.

Key	Points
Numerous	bacterial	metabolites	derived	from	alimentary	compound
are	active	on	the	intestinal	epithelium	in	terms	of	renewal,	barrier
function,	energy	metabolism	and	physiology,	but	the	effects	of	the
mixture	of	compounds	remain	little	studied.
Many	bacterial	metabolites	intervene	in	�irst	place	in	microbial
communication,	as	well	as	in	bacterial	metabolism	and	physiology.
The	exchange	of	substrates	between	hosts	and	their	intestinal
microbiota	is	largely	orientated	toward	supply	by	the	host	to	the
intestinal	microbiota	for	metabolic	and	physiological	needs.
Many	bacterial	metabolites	can	cross	the	intestinal	epithelium	and	be
transferred	to	peripheral	tissues	for	further	metabolism,	giving	rise
to	co-metabolites.
In	speci�ic	situations,	several	of	these	co-metabolites	have	been
shown	to	be	bene�icial	for	some	tissues,	while	being	deleterious	for
others.



Mechanistic	studies	are	required	to	better	enlighten	the	black	box
between	the	intestinal	microbiota	and	host	tissues.
Dietary	intervention	studies	are	crucially	needed	to	take	into	account
the	microbial-host	metabolic	interactions	in	both	preventive	and
curative	perspectives.
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