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Abstract
Irritable	 bowel	 syndrome	 (IBS)	 is	 a	 functional	 gastrointestinal	 disorder	 for	
which	dietary	interventions	can	be	a	useful	treatment.	In	recent	years,	the	low-	
FODMAP	approach	is	gaining	traction	in	this	regard.	The	fermentation	of	these	
non-	absorbed	carbohydrates	by	the	gut	microbiota	can	generate	toxic	glycating	
metabolites,	such	as	methylglyoxal.	These	metabolites	can	have	harmful	effects	
by	their	role	in	the	generation	of	advanced	glycation	end	products	(AGEs),	which	
activates	Receptor	for	AGEs	(AGER).	Mast	cells	can	be	stimulated	by	AGEs	and	
play	a	role	in	IBS.	We	have	treated	mice	with	lactose	or	fructo-	oligosaccharides	
(FOS),	with	or	without	co-	administration	of	pyridoxamine	and	investigated	the	
colonic	 mucus	 barrier.	 We	 have	 found	 that	 an	 increased	 intake	 of	 lactose	 and	
fructo-	oligosaccharides	induces	a	dysregulation	of	the	colonic	mucus	barrier,	in-
creasing	 mucus	 discharge	 in	 empty	 colon,	 while	 increasing	 variability	 and	 de-
creasing	average	thickness	mucus	layer	covering	the	fecal	pellet.	Changes	were	
correlated	with	increased	mast	cell	counts,	pointing	to	a	role	for	the	crosstalk	be-
tween	these	and	goblet	cells.	Additionally,	AGE	levels	in	colonic	epithelium	were	
increased	by	 treatment	with	 the	 selected	 fermentable	carbohydrates.	Observed	
effects	were	prevented	by	co-	treatment	with	anti-	glycation	agent	pyridoxamine,	
implicating	glycation	processes	in	the	negative	impact	of	 fermentable	carbohy-
drate	ingestion.	This	study	shows	that	excessive	intake	of	fermentable	carbohy-
drates	can	cause	colonic	mucus	barrier	dysregulation	in	mice,	by	a	process	that	
involves	glycating	agents	and	increased	mucosal	mast	cell	counts.
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1 	 | 	 INTRODUCTION

Irritable	bowel	 syndrome	(IBS)	 is	a	 functional	gastroin-
testinal	disorder	characterized	by	abdominal	pain,	erratic	
bowel	habits,	and	variable	changes	in	stool	consistency.1	It	
is	a	common	affliction,	with	a	global	prevalence	of	11.2%	
according	to	a	2012 meta-	analysis.2	Because	IBS	is	a	func-
tional	disorder,	and	causes	are	incompletely	understood,	
treatment	 has	 proven	 difficult.	 Dietary	 interventions	
prove	useful,	with	particularly	the	low-	FODMAP	(low	in	
fermentable	oligo-	,	di-	,	monosaccharides	and	polyols)	ap-
proach3 gaining	traction	in	recent	years.	Apart	from	gas	
production	 and	 osmotic	 distention	 due	 to	 fermentable	
carbohydrate	ingestion,	microbial	fermentation	products	
have	been	raised	as	factors	possibly	involved	in	symptom	
generation.	The	bacterial	metabolic	toxin	hypothesis	pro-
posed	 by	 Campbell	 et	 al.4	 poses	 that	 harmful	 bacterial	
fermentation	products	are	responsible	for	the	wide	range	
of	systemic	effects	observed	from	food	intolerances	such	
as	 lactose	intolerance.	Anaerobic	fermentation	of	unab-
sorbed	carbohydrates,	and	the	production	of	metabolites	
such	as	1,2	dicarbonyls,	are	likely	culprits.	These	reactive	
dicarbonyls	 are	 potent	 glycation	 agents	 which	 generate	
advanced	glycation	end	products	(AGEs)	in	reaction	with	
amino	acid	containing	molecules.5,6	Increasing	AGE	con-
centrations	lead	to	activation	of	the	Receptor	for	advanced	
glycation	end	products	(AGERs),	which	in	turn	leads	to	
ROS	 generation	 and	 a	 pro-	inflammatory	 state	 through	
NF-	κB	pathway	signaling.7	A	potential	increase	in	dicar-
bonyls	and	other	glycating	agents	during	microbial	pro-
cessing	 of	 fermentable	 carbohydrates	 in	 the	 gut	 can	 be	
expected	to	enhance	the	formation	of	AGEs,	and	in	that	
way,	support	a	pro-	inflammatory	state.	Mast	cells	too	can	
be	activated	by	AGEs8	through	AGER	activation,	or	by	al-
dehydes	(acetaldehyde)	directly.9	Our	recently	published	
work	 shows	 that	 glycating	 agents	 produced	 in	 the	 mi-
crobial	processing	of	lactose	and	fructo-	oligosaccharides	
(FOS)	can	be	responsible	for	the	emergence	of	abdominal	
hypersensitivity	in	mice,	by	increasing	AGER	expression	
and	mucosal	mast	cell	counts	in	the	colon.10	A	low-	grade	
inflammation	 caused	 by	 AGE-	AGER	 interaction	 and	
generating	oxidative	 stress,	 supported	by	mast	 cell	 acti-
vation,	could	also	have	negative	effects	on	the	epithelial	
barrier	function.	For	example,	mast	cells	are	responsible	
for	 the	 increased	paracellular	permeability	 in	 the	colon	
of	 rats	 subjected	 to	 water	 avoidance	 stress,11	 and	 mice	
subjected	to	nematode	infection.12	In	humans,	similarly,	
it	 has	 been	 shown	 that	 psychological	 stress	 increases	

small	 intestinal	paracellular	permeability,	which	can	be	
prevented	by	treatment	with	the	mast	cell	stabilizer	diso-
dium	cromoglycate	(DSCG),13	implying	the	involvement	
of	mast	cells	in	the	induced	epithelial	barrier	dysfunction.	
Alternatively,	mast	cells	can	impact	mucus	barrier	func-
tion,	for	example	by	inducing	mucus	release	from	goblet	
cells	 during	 immobilization	 stress	 in	 mice.14  Jalanka-	
Tuovinen	et	al.15 have	found	that	post-	infectious-	IBS	and	
IBS-	D	patients	report	passage	of	mucus	per rectum,	and	
the	 IBS-	type	 microbiota	 profile	 that	 they	 describe	 was	
positively	correlated	with	both	mast	cell	and	goblet	cell	
counts	 in	 rectal	 biopsy	 samples.	 It	 has	 also	 been	 estab-
lished	 that	diet	by	 itself	can	modulate	 intestinal	mucus	
barrier	 function,	 in	 the	 absence	 of	 pathophysiological	
processes.	Male	rats	on	6%	FOS	supplemented	fiber-	free	
semi-	purified	diets	show	heavily	impaired	cecal	epithelial	
mucus	barrier	function.16	On	the	other	hand,	dietary	fiber	
deficient	diets	decrease	the	colonic	mucus	barrier,17,18	an	
effect	 which	 is	 mediated	 by	 the	 intestinal	 microbiota.18	
Inulin	 supplementation	 given	 to	 rats	 immediately	 after	
weaning	modifies	mucin	gene	expression,	colonic	crypt	
depth	and	goblet	cell	numbers.19

We	 used	 an	 animal	 mouse	 model	 to	 investigate	
whether	an	increased	intake	of	dietary	fermentable	car-
bohydrates	is	implicated	in	mucus	barrier	particularities,	
which	could	be	involved	in	further	epithelial	barrier	dys-
function.	We	 sought	 to	 characterize	 the	 mouse	 colonic	
mucus	barrier	function	by	considering	the	influence	of	
the	 colonic	 contents	 on	 this	 physiological	 feature.	 We	
have	previously	described	that	the	mucus	layer	separat-
ing	 contents	 from	 host	 covers	 the	 fecal	 pellet	 in	 mice,	
instead	 of	 being	 attached	 to	 and	 covering	 the	 colonic	
epithelium,20	 a	 point	 of	 view	 that	 was	 spotlighted	 in	
recent	 work	 by	 Bergstrom	 and	 colleagues.21	 In	 a	 novel	
approach	to	reflect	this	revised	understanding,	we	mea-
sured	this	mucus	layer	and	its	variability,	as	well	as	the	
number	of	discharging	goblet	cells	in	empty	conditions,	
when	no	mucus	layer	is	formed,	as	an	indication	of	mu-
cosal	irritation.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals and sample collection

Adult	 male	 C57BL/6  mice	 (Janvier,	 Le	 Genest	 St	 Isle,	
France)	were	housed	in	polypropylene	cages	in	groups	of	
eight	and	offered	unlimited	access	to	standard	rodent	food	
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(Mucedola	 Global	 Diet	 2018,	 Harlan,	 Italy)	 and	 water.	
Lactose-	pyridoxamine	treated	group	received	a	daily	oral	
gavage	of	5 mg	lactose	and/or	5 mg	pyridoxamine	in	200 µl	
saline	solution,	the	control	group	received	only	saline,	for	
3 weeks.	The	FOS-	pyridoxamine	treated	group	received	a	
custom	modified	AIN-	93	diet,	with	or	without	10%	fructo-	
oligosaccharides	(composition	in	Table 1),	complemented	
with	or	without	1 mg/ml	pyridoxamine	in	drinking	water.	
Mice	were	euthanized	by	cervical	dislocation,	after	which	
both	1.5	to	2 cm	of	distal	colon	and	of	proximal	colon	cov-
ering	 regions	 with	 and	 without	 contents	 were	 removed	
and	stored	in	Carnoy's	 fixative	overnight.	All	animal	ex-
periments	were	performed	in	accordance	with	EU	direc-
tive	2010/63/EU	and	approved	by	the	local	Animal	Care	
and	 Use	 Committee	 of	 Toulouse	 Midi-	Pyrénées	 (agree-
ment	CEEA-	86).

Diets	were	prepared	and	mixed	at	the	UE300	‘Unité	de	
Préparation	des	Aliments	Expérimentaux’	(UPAE)	INRAE	
Jouy-	en-	Josas,	France.

2.2	 |	 Histological sample preparation

Collected	tissues	were	rinsed	in	100%	ethanol	after	1 day	
in	Carnoy's	 fixative	and	automatically	processed	using	a	
Shandon	Excelsior	ES	Tissue	Processor	by	 the	 following	
program:	 2×	 60  min	 100%	 ethanol,	 2×	 60  min	 butanol,	
480 min	butanol,	3×	80 min	paraffin	at	60°C.	Tissue	sam-
ples	 were	 included	 in	 paraffin	 blocks	 using	 a	 Thermo	
Scientific	 HistoStar	 Embedding	 Workstation.	 5  μm	 tis-
sue	 sections	 were	 made	 using	 a	 Microm	 HM	 340	 E	 mi-
crotome	and	attached	to	Superfrost	Plus	microscope	slides	
(Thermo	Scientific,	USA).

2.3	 |	 Visualization

2.3.1	 |	 Mouse	mucosal	mast	cell	
protease	staining

5  µm	 sections	 were	 deparaffinated	 by	 using	 3×	 5  min	
baths	 of	 American	 Mastertech	 Clearify	 followed	 by	 3×	
5 min	100%	ethanol,	3×	5 min	95%	ethanol,	2×	5 min	70%	
ethanol,	5 min	demineralized	water.	Slides	were	washed	
2×	in	PBS	for	5 min,	followed	by	a	2-	h	blocking	step	with	
10%	donkey	serum	in	PBS,	and	washed	3×	5 min	under	
light	agitation	in	PBS.	Slides	were	incubated	overnight	at	
4°C	 with	 primary	 antibodies	 (Sheep	 anti-	mMCP1	 (MS-	
RM8	 (Moredun	 Group,	 UK))	 diluted	 1:400),	 followed	
by	 2×	 5  min	 rinsing	 steps	 in	 PBS.	 Secondary	 antibody	
(Alexa	Fluor	594	Donkey-	anti-	Sheep	(A-	11016	(Molecular	
Probes,	 USA))	 diluted	 1:400	 in	 1%	 donkey	 serum	 PBS)	
incubation	was	performed	for	2 h,	followed	by	3×	5 min	
washing	 steps	 in	 PBS,	 a	 quick	 rinse	 with	 tap	 water,	 fol-
lowed	by	mounting	using	ProLong	Gold®	antifade	reagent	
with	DAPI	(Thermo	Fisher	Scientific,	USA).

2.3.2	 |	 Carboxy-	methyl	lysine	staining

5  µm	 tissue	 sections	 were	 deparaffinated	 by	 using	 3×	
5 min	baths	of	xylene	followed	by	3×	5 min	100%	etha-
nol,	3×	5 min	95%	ethanol,	2×	5 min	70%	ethanol,	5 min	
demineralized	water.	Slides	were	washed	2×	in	PBS	for	
5  min,	 followed	 by	 a	 2-	h	 blocking	 step	 with	 1%	 bovine	
serum	albumin	(BSA)	 in	PBS,	and	washed	3×	5 min	in	
PBS.	 Slides	 were	 incubated	 overnight	 at	 4°C	 with	 anti-	
CML	 mAb	 ((clone	 6C7)	 (MABN1837,	 Millipore,	 USA)	
diluted	1:75),	followed	by	2×	5 min	rinsing	steps	in	PBS.	
Secondary	 antibody	 (Alexa	 Fluor	 647	 Goat-	anti-	Mouse	
(A32728,	Thermo	Fisher	Scientific,	USA))	diluted	1:250	
in	1%	BSA	PBS)	 incubation	was	performed	for	2 h,	 fol-
lowed	by	3×	5 min	washing	steps	in	PBS,	a	quick	rinse	
with	 tap	 water,	 followed	 by	 mounting	 using	 ProLong	
Gold®	 antifade	 reagent	 with	 DAPI	 (Thermo	 Fisher	
Scientific,	USA).

2.3.3	 |	 Alcian	blue/hematoxylin/eosin		
staining

5  µm	 sections	 were	 deparaffinated	 by	 using	 3×	 5  min	
baths	 of	 American	 Mastertech	 Clearify	 followed	 by	 3×	
5 min	100%	ethanol,	3×	5 min	95%	ethanol,	2×	5 min	70%	
ethanol,	 5  min	 demineralized	 water.	 Staining	 was	 per-
formed	by	5 min	in	hematoxylin,	10 min	in	running	tap	
water,	30 min	in	Alcian	Blue	solution	(pH	3.0)	 followed	
by	5 min	in	running	water,	3 min	in	Eosin,	10 min	in	95%	

T A B L E  1 	 Composition	custom	AIN93-	M	+/−	FOS	diets	(g/kg)

AIN- 93M AIN93M- FOS

Corn-	starch 465.692 365.692

Fructo-	oligosaccharides 0 100

Casein 140 140

Dextrinized	corn-	starch 155 155

Sucrose 100 100

Soybean	oil 40 40

Powdered	cellulose 50 50

Mineral	mix	(AIN-	93M-	MX) 35 35

Vitamin	mix	(AIN-	93-	VX) 10 10

l-	Cystein 1.8 1.8

Choline	bitartrate 2.5 2.5

Tert-	butylhydroquinone 0.008 0.008

Note: Reference:	Reeves	PG,	Nielsen	FH,	Fahey	GC,	Jr.	J Nutr.	
1993;123(11):1939–	1951.22
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ethanol,	followed	by	dehydration	(2×	4 min	70%	ethanol,	
2×	5 min	95%	ethanol,	2×	5 min	100%	ethanol,	3×	5 min	
American	 Mastertech	 Clearify),	 and	 finally	 mounted	
using	Diamount	mountant.

2.4	 |	 Microscopy and image analysis

2.4.1	 |	 Manual	ultra-	high-	resolution	
composite	image	overview

Data	 sets	 of	 overlapping	 microscope	 views	 covering	 en-
tire	slides	were	generated	by	manual	microscope	photog-
raphy	 (single	 photo	 resolution:	 1280	 ×	 1024	 pixels)	 and	
stitched	together	using	Microsoft	Image	Composite	Editor	
(MICE),	 as	 originally	 described	 in	 Kamphuis,	 Mercier-	
Bonin,	Eutamène,	Theodorou	(2017).20	Samples	were	im-
aged	using	a	Nikon	Eclipse	90i	microscope	 fitted	with	a	
DXM	1200	F	Digital	Camera.

2.4.2	 |	 Mucus	layer	thickness	measurements

The	 fecal	 mucus	 layer	 thickness	 was	 measured	 using	
ImageJ	 software;	 a	 measurement	 perpendicular	 to	 the	
surface	of	 the	colonic	 contents	was	 taken	every	100 mi-
crometers	along	the	entire	imaged	surface.

2.4.3	 |	 Fluorescence	microscopy	(MCPT1)

Samples	 were	 imaged	 using	 a	 Nikon	 Eclipse	 90i	 micro-
scope	 fitted	 with	 a	 DXM	 1200	 F	 Digital	 Camera.	 Image	
sets	were	taken	at	200×	magnification.

2.4.4	 |	 Fluorescence	microscopy	(CML)

Samples	were	imaged	using	a	Zeiss	Axio-	observer	micro-
scope	fitted	with	an	Axiocam	HRm	Rev.3.	Image	sets	were	
taken	at	200×	magnification.

2.4.5	 |	 Active	goblet	cell	count	analyses

One	ratio	discharging	goblet	cell:crypt	per	mouse	based	on	
analysis	of	25–	90	crypts	 in	 transversal	sections	of	empty	
colon,	depending	on	availability	of	suitable	visual	material	
was	generated.	Image	sets	were	coded,	randomized,	and	
analyzed	 blindly.	 Statistical	 analysis:	 One-	way	 ANOVA,	
multiple	comparisons	with	Tukey's	correction	for	multi-
ple	comparisons.

2.4.6	 |	 Mast	cell	count	analyses

One	 ratio	 mast	 cell:crypt	 per	 mouse	 based	 on	 analysis	
of	 50–	250	 crypts,	 dependent	 on	 availability	 of	 suitable	
visual	 material	 was	 generated.	 Image	 sets	 were	 coded,	
randomized,	 and	 analyzed	 blindly.	 Statistical	 analysis:	
One-	way	 ANOVA,	 multiple	 comparisons	 with	 Tukey's	
correction	for	multiple	comparisons.

2.4.7	 |	 Quantification	of	CML-	
residue	staining

3–	4 mean	fluorescence	intensity	values	per	sample	were	
measured	 by	 carefully	 selecting	 the	 epithelial	 layer	 and	
measuring	 the	 mean	 grey	 value	 of	 the	 proper	 chan-
nel	using	Fiji	(Fiji	Is	Just	ImageJ)	software.23	Image	sets	
were	coded,	randomized,	and	analyzed	blindly.	Statistical	
analysis:	 One-	way	 ANOVA,	 multiple	 comparisons	 with	
Tukey's	correction	for	multiple	comparisons.

3 	 | 	 RESULTS

Treatment	with	5 mg/day	lactose	caused	a	slight	reduc-
tion	of	the	average	fecal	mucus	layer	thickness	(−11.9%	
vs.	control,	p	<	.68),	but	with	a	markedly	altered	disper-
sion	of	measured	values	(gray	point-	cloud,	Figure 1A),	
which	shows	in	the	significantly	increased	coefficient	of	
variation	(CoV)	for	the	lactose-	treated	group	(+98%	vs.	
control,	p	<	.01),	which	was	normalized	by	co-	treatment	
with	pyridoxamine	 (Figure 1A,B).	Similarly,	 treatment	
with	a	FOS-	enriched	diet	caused	a	diminution	of	the	av-
erage	fecal	mucus	layer	thickness	(−33%	vs.	control,	p	<	
.01),	with	a	significantly	increased	CoV	(+26%	vs.	con-
trol,	p	<		.05),	which,	again,	was	lowered	by	co-	treatment	
with	pyridoxamine	(Figure 1C,D).	Measurements	were	
performed	using	the	Manual	ultra-	high-	resolution	com-
posite	 image	 overview	 (MUCIO)	 approach20	 on	 Alcian	
blue/hematoxylin/eosin	 (AB/HE)	 stained	 distal	 colon	
sections,	 thus	 obtaining	 complete	 overviews,	 and	 nu-
merous	measurement	values	per	sample	and	individual	
(Figure 1E).

To	 further	 investigate	 the	 cause	 of	 these	 changes	 in	
fecal	mucus	 layer	 thickness,	we	next	analyzed	 the	activ-
ity	 of	 goblet	 cells	 in	 empty	 colon,	 without	 the	 presence	
of	 feces,	as	we	previously	demonstrated	 that	 the	colonic	
mucus	 layer	 depends	 on	 the	 presence	 of	 luminal	 con-
tents,20	and	we	questioned	how	the	production	of	mucus	
in	 the	absence	of	 contents	might	differ	between	groups.	
Elevated	 intake	 of	 lactose	 or	 FOS	 caused	 an	 increase	 in	
the	 number	 of	 discharging	 goblet	 cells	 in	 the	 empty	
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F I G U R E  1  Fecal	mucus	layer	thickness	in	distal	colon	of	mice	treated	with	fermentable	carbohydrates	+/−	pyridoxamine.	(A)	The	
average	colonic	fecal	mucus	layer	thickness	(black),	and	the	pooled	complete	dataset	that	generated	these	averages	(gray)	of	mice	treated	
daily	with	5 mg	lactose	+/−	5 mg	pyridoxamine.	(B)	The	coefficients	of	variation	(CoVs)	of	the	mucus	layer	thickness	averages	for	mice	
treated	daily	with	5 mg	lactose	+/−	5 mg	pyridoxamine.	(C)	The	average	colonic	fecal	mucus	layer	thickness	(black),	and	the	pooled	
complete	dataset	that	generated	these	averages	(gray)	of	mice	fed	with	a	FOS-	augmented	diet	+/−	pyridoxamine-	enriched	drinking	water	
(1 mg/ml).	(D)	The	CoVs	of	the	mucus	layer	thickness	averages	for	mice	fed	with	a	FOS-	augmented	diet	+/−	pyridoxamine-	enriched	
drinking	water	(1 mg/ml).	(E)	Representative	images	showing	the	fecal	mucus	layers	of	all	treatment	groups
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F I G U R E  2  Active	goblet	cells	per	crypt	in	the	distal	colon	of	mice	treated	with	fermentable	carbohydrates	+/−	pyridoxamine.	(A)	Ratio	
active	goblet	cells/crypt	for	distal	colon	of	animals	treated	with	lactose	and/or	pyridoxamine.	In	red,	the	ratio	mast	cell/crypt	is	represented.	
(B)	Ratio	active	goblet	cells/crypt	for	distal	colon	of	animals	treated	with	FOS	and/or	pyridoxamine.	In	red,	the	ratio	mast	cell/crypt	is	
represented.	(C)	Representative	images	showing	the	increase	in	active	goblet	cells	in	the	colon	of	fermentable	carbohydrate	treated	animals,	
and	its	reversal	by	pyridoxamine.	(D)	Representative	images	showing	the	increased	colonic	mucosal	mast	cells	in	FODMAP-	treated	animals,	
and	the	normalization	obtained	by	pyridoxamine	co-	treatment
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distal	 colon	 (lactose:	 +70%	 vs.	 control,	 p	 <	 .0001;	 FOS:	
+81%	 vs.	 control,	 p	 <	 .0001),	 and	 this	 effect	 was	 lost	 or	
moderated	when	cotreated	with	anti-	glycation	agent	pyr-
idoxamine	(lactose-	pyridoxamine:	−1.7%	vs.	control,	p	=	
.9979;	FOS-	pyridoxamine:	+14.5%	vs.	control,	p	=		.4622)	
(Figure  2A–	C).	 At	 the	 same	 time,	 fermentable	 carbohy-
drate	 treatment	 caused	 an	 increase	 in	 colonic	 mucosal	
mast	 cell	 counts	 in	 proximal	 colon	 (lactose:	 +45%	 vs.	
control,	 p	 <	 .0001;	 FOS:	 +73%	 vs.	 control,	 p	 <	 .0001),	
which	was	similarly	 lost	 through	co-	treatment	with	pyr-
idoxamine	 (lactose-	pyridoxamine:	 −1.2%	 vs.	 control,	
p  =  	.9978;	 FOS-	pyridoxamine:	 −4.8%	 vs.	 control,	 p	 =	
.7663)	(Figure 2A,B,D).

The	 observed	 effects	 and	 their	 prevention	 by	 co-	
treatment	 with	 anti-	glycation	 agent	 pyridoxamine	 could	
be	 linked	 to	changes	 in	advanced	glycation	end	product	
(AGE)	levels	in	the	intestinal	tissue.	We	stained	sections	of	
proximal	colon	tissue	of	treated	mice	for	carboxy-	methyl	
lysine	 (CML),	 a	 main	 AGE	 residue,	 by	 immunofluores-
cence.	Lactose	and	FOS	increased	mean	fluorescent	levels	
in	the	epithelial	cell	layer	compared	with	control	(lactose:	
+21,5%	 vs.	 control,	 p	 =	 .0042;	 FOS:	 +60%	 vs.	 control,	
p  =  .0143),	 which	 was	 prevented	 by	 co-	treatment	 with	
pyridoxamine	 (lactose-	pyridoxamine:	 +0,4%	 vs.	 control,	
p = .9244;	FOS-	pyridoxamine:	+9.2%	vs.	control,	p	=	.67)	
(Figure 3A–	C)	indicating	that	lactose	and	FOS	treatment	
have	 increased	 CML	 levels	 in	 the	 colonic	 epithelium,	
and	pyridoxamine	co-	treatment	was	able	 to	prevent	 this	
increase.

4 	 | 	 DISCUSSION

We	 observed	 an	 increase	 in	 mucus	 production	 in	 both	
lactose-		 and	 FOS-	treated	 animals,	 as	 demonstrated	 by	
the	 increased	 goblet	 cell	 discharge	 in	 empty	 distal	 colon	
(Figure  2),	 which	 has	 been	 described	 before	 in	 response	
to	 the	 intake	 of	 FOS	 in	 rat24	 as	 well	 as	 in	 man.25  Ten	
Bruggencate	et	al.	take	this	increased	mucus	production	to	
be	an	indicator	of	mucosal	irritation	in	response	to	an	in-
creased	luminal	concentration	of	irritants	produced	by	the	
microbiota,24,25	a	claim	that	has	not	been	readily	accepted	
by	everyone.26	A	mucosal	insult	by	fermentation	of	ferment-
able	carbohydrates	is	however	supported	by	our	results,	and	
the	increased	mucus	production	is	somewhat	paradoxically	
accompanied	by	a	reduced	fecal	mucus	barrier	formation,	
and	 a	 higher	 variability	 in	 this	 mucus	 layer	 (Figure  1),	
something	more	readily	understood	in	the	model	of	colonic	
mucus	organization	we	previously	described,20	and	which	
has	recently	been	put	forth	again	in	an	excellent	article	by	
Bergstrom	et	al.21	In	short,	the	separating	mucus	barrier	is	
only	formed	in	the	presence	of	colonic	contents	and	covers	
the	fecal	pellet	within	the	gut	and	after	defecation.	In	case	

mucus	is	liberated	at	an	increased	rate	due	to	mucosal	ir-
ritation,	even	 in	 the	absence	of	 feces,	 there	seems	to	be	a	
hypervariable	and	insufficient	coverage	of	the	feces,	and	the	
barrier	separating	the	fecal	material	from	the	epithelium	of	
distal	colon	is	compromised.	We	saw	a	prevention	of	these	
negative	effects	by	co-	treatment	with	pyridoxamine,	which	
is	a	known	anti-	glycation	agent,27–	30	which	points	to	the	in-
volvement	of	glycation	processes	in	the	generation	of	these	
effects	by	the	dietary	interventions.	Recently,	elegant	work	
by	Kingsley	and	colleagues	show	that	microbial	processing	
of	glucose	plays	a	crucial	role	 in	the	increased	dicarbonyl	
stress	and	negative	health	effects	of	high	sugar	intake	in	a	
C. elegans	model.31	 In	our	mouse	model	 too,	 the	 increase	
in	glycation	most	 likely	 stems	 from	elevated	 levels	of	mi-
crobial	fermentation	products,	as	proposed	in	the	toxic	bac-
terial	 metabolite	 hypothesis	 by	 Campbell	 et	 al.4	 We	 have	
recently	published	results	more	broadly	in	support	of	this	
hypothesis;	in	a	mouse	model	of	IBS-	symptoms	induced	by	
fermentable	carbohydrates,	the	increase	in	colonic	epithe-
lial	AGER	expression,	 the	 increase	 in	mucosal	mast	cells,	
as	well	as	the	resulting	abdominal	hypersensitivity	induced	
by	elevated	intake	of	the	fermentable	carbohydrates	lactose	
and	FOS	could	be	prevented	by	anti-	glycation	agent	pyri-
doxamine.10	 Reactive	 glycation	 agents	 interact	 with	 pro-
teins	to	produce	glycated	residues,	leading	to	the	formation	
of	AGEs,6	which	can	directly	stimulate	mast	cells,8	and	mast	
cells	in	turn	are	capable	of	causing	mucus	discharge	by	gob-
let	cells.14 The	aberrant	mucus	release	and	passage	per rec-
tum	of	mucus	in	some	IBS	patients15 might	be	explained	in	
this	way	too	because	IBS	patients	can	show	increased	mast	
cell	numbers.32–	34	Histamine	levels	are	increased	in	the	mu-
cosa	of	IBS	patients,33,35	while	evasion	of	dietary	FODMAPs	
lowers	urinary	histamine	levels.36	As	shown	in	our	recently	
published	work,	lactose	and	FOS	intake	can	induce	an	in-
crease	 in	 mucosal	 mast	 cell	 numbers	 in	 the	 gut	 through	
glycation	 processes	 in	 a	 healthy	 mouse	 model.10	 In	 this	
work,	 we	 have	 observed	 increased	 levels	 of	 CML,	 an	 im-
portant	AGE	residue,37	in	lactose	and	FOS-	treated	animals,	
which	could	be	prevented	by	co-	treatment	with	pyridoxam-
ine	(Figure 3).	Similarly,	we	previously	reported	increased	
levels	of	AGER	expression	in	response	to	these	same	treat-
ments.10  Together	 with	 the	 other	 effects	 observed	 in	 the	
current	 work;	 on	 goblet	 cell	 activity,	 mast	 cell	 numbers,	
and	mucus	layer	variability,	we	hypothesize	the	following	
cascade:	 the	specific	 increased	carbohydrate	 fermentation	
causes	production	of	reactive	glycation	agents	by	the	intes-
tinal	microbiota,	which	leads	to	generation	of	AGEs	locally	
in	 tissues	exposed	to	 these	 toxic	metabolites.	This	 in	 turn	
leads	to	AGER	activation	and	upregulation,	activating	mast	
cells	and	 increasing	 their	population	 locally.	At	 the	 same	
time,	increased	mast	cell	numbers	and	mediator	production	
causes	goblet	cells	to	discharge	more,	even	in	the	absence	
of	contents,	causing	the	observed	dysregulation	(Figure 4).	
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Previously,	 it	has	been	demonstrated	that	a	10%	FOS	diet	
decreases	the	cecal	mucus	barrier	in	rats38	and	similarly,	a	
6%	FOS-	diet	induces	an	increased	cecal	permeability	in	rats	
on	an	otherwise	fiber-	free	diet,	probably	due	to	a	disturbed	
mucus	layer,	which	caused	a	transient	inflammatory	state,	
which	abated	in	a	timely	fashion,	and	was	interpreted	by	the	
authors	as	an	adaptative	response	to	develop	the	immune	
system.16 We	observed	no	overt	inflammation	in	our	mice	
after	3 weeks	of	treatment	with	either	5 mg	daily	of	lactose	
or	diet	containing	10%	FOS,	by	fecal	lipocalin-	2	quantifica-
tion,	macroscopic	or	microscopic	observation.10	It	is	likely	
that	an	increase	in	short-	chain	fatty	acids	(SCFAs)	caused	

by	our	interventions	has	a	significant	effect	on	mucus	bar-
rier	function	as	well,	as	previously	reported39,40	for	SCFAs.	
However,	in	contrast	to	our	study,	these	effects	are	gener-
ally	 described	 to	 be	 positive	 for	 mucus	 function,	 and	 if	
similar	processes	were	responsible	in	our	experiments,	the	
observed	reversibility	by	anti-	glycation	agent	pyridoxamine	
is	 not	 easily	 explained.	 The	 SCFAs	 acetate,	 butyrate,	 and	
propionate	can	also	directly	stimulate	mucus	release41;	the	
periodic	arrival	of	 the	colonic	contents	 in	the	distal	colon	
would	 bring	 increased	 levels	 of	 SCFAs	 with	 it,	 stimulat-
ing	release	of	mucus	in	the	presence	of	feces.	In	contrast,	
we	have	observed	an	increased	discharge	in	the	absence	of	

F I G U R E  3  Mean	fluorescence	level	of	carboxy-	methyl	lysine	(CML)	immunostained	colonic	epithelium	in	mice	treated	with	
fermentable	carbohydrates	+/−	pyridoxamine.	Pictures	show	CML	residues	(orange)	and	cell	nuclei	(blue).	(A)	Mean	fluorescence	level	
of	CML	staining	of	colonic	epithelium	of	animals	treated	with	lactose	+/−	pyridoxamine.	(B)	Mean	fluorescence	level	of	CML	staining	of	
colonic	epithelium	of	animals	treated	with	FOS	+/−	pyridoxamine.	Dotted	“Control”	line	indicates	mean	fluorescence	level	of	the	negative	
control:	stained	with	only	the	secondary	antibody.	(C)	Representative	images	showing	the	increase	in	mean	fluorescence	intensity	of	colonic	
epithelial	cells	of	animals	treated	with	fermentable	carbohydrates,	and	the	normalization	obtained	by	pyridoxamine	co-	treatment.	White	
dash-	dotted	line	indicates	typical	selection	of	epithelial	cells	used	for	mean	fluorescence	intensity	measurements
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contents,	thus	during	moments	where	the	SCFAs	concen-
trations	were	not	particularly	increased.

The	 specific	 predisposition	 of	 the	 immune	 system	 to	
react	or	to	tolerate	gut	microbes	becomes	more	important	
in	case	of	a	dysfunctional	mucus	barrier	and	increased	in-
testinal	permeability,	and	it	 is	 indeed	known	that	serum	
cytokine	 profiles	 in	 a	 subset	 of	 IBS	 patients	 have	 a	 ten-
dency	to	show	more	IL-	6,	IL-	8,	and	less	IFN-	γ,	while	mu-
cosal	 mRNA	 expression	 of	 IL-	10	 and	 FOXP3	 tend	 to	 be	
decreased.42 These	tendencies	could	indicate	the	relatively	
higher	predisposition	of	the	IBS	patient	intestine	to	retain	
low-	grade	inflammation,	in	particular	in	the	context	of	a	
dysfunctional	 mucus	 barrier,	 which	 we	 showed	 here,	 in	
mice,	can	be	caused	by	a	badly	tolerated	fermentable	car-
bohydrate	intake.	In	our	view,	the	dysregulation	of	the	in-
testinal	mucus	barrier	observed	herein	is	unlikely	to	cause	
systemic	 or	 even	 local	 symptoms	 unless	 other	 factors	
are	present	 that	exacerbate	or	exploit	 this	dysregulation,	
which	 might	 prove	 a	 fruitful	 topic	 for	 further	 research.	
Characterizing	the	mucus	barrier	by	measuring	the	fecal	
mucus	 barrier	 in	 filled,	 and	 the	 discharging	 goblet	 cells	
in	 empty	 conditions,	 gives	 an	 indication	 of	 the	 state	 of	

the	 murine	 colonic	 mucus	 barrier	 using	 the	 renascent	
appreciation	of	the	impact	of	the	colonic	content	and	its	
microbiota	 on	 the	 colonic	 mucus	 barrier	 and	 its	 organi-
zation.20,21 We	have	shown	that	FODMAP	ingestion	can	
cause	mucosal	 irritation,	and	dysregulation	of	 the	 intes-
tinal	 mucus	 barrier	 in	 mice,	 by	 a	 process	 that	 involves	
glycating	agents,	increased	AGE	levels	in	the	colonic	ep-
ithelium,	and	a	subsequent	increase	in	mast	cell	counts.
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