wJ

World Journal of
Gastroenterology

Online Submissions: http:/ /www.wjgnet.com/1007-9327office

wjg@wijgnet.com
doi:10.3748 / wjg.v18.i21.2619

World | Gastroenterol 2012 June 7; 18(21): 2619-2629
ISSN 1007-9327 (print) ISSN 2219-2840 (online)
© 2012 Baishideng. All rights reserved.

ORIGINAL ARTICLE

Juvenile ferric iron prevents microbiota dysbiosis and colitis

in adult rodents

Chourouk Ettreiki, Pascale Gadonna-Widehem, Iréne Mangin, Moise Coéffier, Carine Delayre-Orthez, Pauline M Anton

Chourouk Ettreiki, Pascale Gadonna-Widehem, Carine De-
layre-Orthez, Pauline M Anton, Egeal Unit, LaSalle Beauvais
Polytechnic Institute, 60026 Beauvais, France

Iréne Mangin, Biology Lab, National Conservatory of Arts
and Crafts, 75003 Paris, France

Moise Coéffier, INSERM UMR 1073, School of Medicine, Rouen
University, 76183 Rouen, France

Author contributions: Ettreiki C carried out research; Gadon-
na-Widehem P and Mangin I both carried out the microbiota ex-
periments; Delayre-Orthez C designed the experiments; Anton
PM supervised the study, designed the experiments; all authors
analysed data, and prepared, read and approved the final manu-
script.

Supported by Institut Polytechnique LaSalle Beauvais
Correspondence to: Pauline M Anton, Associate Professor,
EGEAL Unit, LaSalle Beauvais Polytechnic Institute, 19 rue
Pierre Waguet, BP 30313, 60026 Beauvais,

France. pauline.anton@lasalle-beauvais.fr

Telephone: +33-3-44063868 Fax: +33-3-44062526
Received: January 25,2012 Revised: March 25, 2012
Accepted: April 9, 2012

Published online: June 7, 2012

Abstract

AIM: To assess whether juvenile chronic ferric iron in-
gestion limit colitis and dysbiosis at adulthood in rats
and mice.

METHODS: Two sets of experiments were designed.
In the first set, recently weaned mice were either orally
administered ferrous (Fe*") iron salt or ferric (Fe’") mi-
croencapsulated iron for 6 wk. The last week of experi-
ments trinitrobenzene sulfonic acid (TNBS) colitis was
induced. In the second set, juvenile rats received the
microencapsulated ferric iron for 6 wk and were also
submitted to TNBS colitis during the last week of experi-
ments. In both sets of experiments, animals were sac-
rificed 7 d after TNBS instillation. Severity of the inflam-
mation was assessed by scoring macroscopic lesions
and quantifying colonic myeloperoxidase (MPO) activity.
Alteration of the microflora profile was estimated using
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quantitative polymerase chain reaction (qPCR) by mea-
suring the evolution of total caecal microflora, Bacte-
roidetes, Firmicutes and enterobacteria.

RESULTS: Neither ferrous nor ferric iron daily exposu-
res at the juvenile period result in any effect in control
animals at adulthood although ferrous iron repeated ad-
ministration in infancy limited weight gain. Ferrous iron
was unable to limit the experimental colitis (1.71 £ 0.27
MPO U/mg protein vs 2.47 + 0.22 MPO U/mg protein in
colitic mice). In contrast, ferric iron significantly prevent-
ed the increase of MPO activity (1.64 £ 0.14 MPO U/mg
protein) in TNBS-induced colitis. Moreover, this positive
effect was observed at both the doses of ferric iron used
(75 and 150 mg/kg per day po - 6 wk). In the study we
also compared, in both rats and mice, the consequences
of chronic repeated low level exposure to ferric iron (75
mg/kg per day po - 6 wk) on TNBS-induced colitis and
its related dysbiosis. We confirmed that ferric iron lim-
ited the TNBS-induced increase of MPQO activity in both
the rodent species. Furthermore, we assessed the ferric
iron incidence on TNBS-induced intestinal microbiota
dysbiosis. At first, we needed to optimize the isolation
and quantify DNA copy numbers using standard curves
to perform by gPCR this interspecies comparison. Us-
ing this approach, we determined that total microflora
was similar in control rats and mice and was mainly
composed of Firmicutes and Bacteroidetes at a ratio of
10/1. Ferric juvenile administration did not modify the
microflora profile in control animals. Total microflora
numbers remained unchanged whichever experimental
conditions studied. Following TNBS-induced colitis, the
Firmicutes/Bacteroidetes ratio was altered resulting in a
decrease of the Firmicutes numbers and an increase of
the Bacteroidetes numbers typical of a gut inflammatory
reaction. In parallel, the subdominant population, the
enterobacteria was also increased. However, ferric iron
supplementation for the juvenile period prevented the
increase of Bacteroidetes and of enterobacteria num-
bers consecutive to the colitis in both the studied spe-
cies at adulthood.
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CONCLUSION: Rats and mice juvenile chronic ferric
iron ingestion prevents colitis and dysbiosis at adulthood
as assessed by the first interspecies comparison.
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INTRODUCTION

In humans neonates never carry iron deficiency at birth
and needs remain low during the first trimester of life
because of a slowdown of red blood cells production as
well as physiological hernolysism. From the fourth month
of life, iron requirements increase and appropriate diet

supply, generally corresponding to food diversification,
becomes necessary. Western countries recommendations
leaded to iron fortification of food for infants to prevent
any risk of anemia. Classical forms of supplementation
are ferrous (Fe%) salts but are associated with frequent
gastrointestinal side effects leading to poor compliance.
In addition to this, presence of ferrous iron in the colon
could select gut microbiota for humans that are unfavor-
able to the host because iron is known to be essential for
the growth and virulence of many pathogenic enterobac-
teria”?. To limit the unfavorable effects linked to ferrous
iron absorption, food industry manufacturers have the
possibility of using ferric (FeH) forms mainly as of pyro-
phosphate. However, this form displays not only a poor
solubility in the food matrix but also a low bioavailability.
To bypass these constraints, ferric pyrophosphate may
be microencapsulated in lecithin beads (Lipofet®). The
incidence of the daily ingestion of this form in juvenile
individuals has not yet been investigated.

At the gut level, and particularly during the perinatal
period, the crosstalk between bacteria, epithelium and
lymphoid tissue is establishing, This crosstalk is involved
in modelling the memory mechanisms of systemic im-
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munity responsel | when those systems mature to reach

the full functionality of the intestinal barrier. In humans,
postnatal dominant colonisation by facultative anaerobic
bacteria, among which we find enterobacteria, quickly
gives way to dominant anaerobic bacteria development
within a couple of weeks, in order to reach an equilibrium
during the second year of life"”. Intestinal microbiota is
a large and extremely complex ecosystem, constituted by
dynamic and diverse bacterial communities. The adult
human tract environment harbours different bacterial
phylotypes superior to 400 different species™. In perma-
nent contact with the mucosal surface through symbiotic
interactions, it takes a prominent part on the maintenance
of health of the host'". A 10/1 Firmicutes/Bacteroidetes
ratio is considered to be representative of an health sta-
tus'” which reflects a stable equilibrium between bacteria.
However, some groups, that are generally subdominant,
such as enterobacteria may become potentially pathogenic
and can affect host homeostasis”. Several studies have
described a higher level of Bacteroidetes and enterobac-
teria associated to a reduction of Firmicutes in inflamma-
tory bowel disease (IBD) patients” . IBD are a group of
chronic disorders of the gastrointestinal tract and include
Crohn’s disease (CD) and ulcerative colitis. The patho-
genesis is not known but involves, at least in part a loss
of tolerance towards the commensal colonic microbiota.
Therefore, disruption of this crosstalk results in a deregu-
lation of the immune response to the gut microbiota and
may lead to development of chronic inflammation such
as IBD".

Since ferrous oral iron may be at the origin of entero-
bactetia proliferation[2J and since this development may
contribute to intestinal mucosal barrier function deregula-
tion leading to intestinal inflammation, we hypothesized
that ferric iron supplementation may modulate micro-
biota profile settlement when given to juvenile animals
and could modify the course of an experimental colitis in
young adults. However, as individuals vary in their resis-
tance to pathogenic stimuli and as interspecies compari-
sons remain difficult to address, particularly when analys-
ing microbiota profile, this study aimed at: (1) comparing
the incidence of microencapsulated ferric iron with the
ferrous iron on experimental colitis in mice; (2) evaluating
the dose-response effect of ferric iron in this model of
inflammation in mice; and (3) analyzing the consequences
of repeated exposure to ferric iron on a moderate colitis
and microbiota dysbiosis on two models of rodents (mice
and rats) to allow interspecies comparisons.

MATERIALS AND METHODS

Chemicals

Ferric pyrophosphate microencapsulated in lecithin beads
(Lipofer®) used in this study was kindly provided as a
stable solution by Lipofoods SA (Barcelona, Spain). An-
esthetics were obtained from Centravet (Nancy, France).
All other chemical molecules were purchased from Sigma-
Aldrich SA (St Quentin-Fallavier, France) except if speci-
fied.
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Animals

Experiments were conducted using male BalbC mice
(15-17 g) and male Wistar rats (100-125 g) obtained from
HARLAN Laboratories, Ganat (France). All animals were
housed in stainless steel cages under controlled tempera-
ture (21 = 1 °C) and a 12 h light-dark cycles. They had free
access to food (A04, SAFE, Epinay sur Ozrge, France) and
water throughout the study. This study was performed
at the Animal House Unit of the Institut Polytechnique
LaSalle Beauvais (policy agreement No. A60) and received
ptior approval from both the animal protocol review com-
mittee and of the Picardie Council veterinary office.

Treatments

Two sets of experiments have been designed. In the first
seties of experiments, 4 groups of 16 male BalbC mice
(10-12 g) were used. Three groups received either a solu-
tion of ferrous iron (150 mg/kg per day po) or ferric iron
(75 ot 150 mg/kg per day po - Lipofer®) daily for 6 wk.
The 4th group received water. 2,4,6 Trinitrobenzene sul-
fonic acid (TNBS) colitis was induced the last week of the
experiment on half of each group of animals (» = 8/sub-
group). The other half served as control (sham colitis).
In the second series of experiments, 16 male Wistar rats
(75-100 g) were used. The animals were separated in two
groups receiving either ferric iron (Lipofer®) at the dose
of 75 mg/kg per day po or water under the same condi-
tions for 6 wk. Colitis was also induced during the last
week of the experiment. Half of each group of animals
were submitted to TNBS colitis (7 = 8), the other half
(n = 8) served as a control (sham colitis). Body weight
was monitored throughout the experiments.

Experimental colitis

Among the chemically induced experimental colitis'"”,
TNBS in 50% ethanol is one of the classical models be-
cause this mix induces a barrier break resulting in severe
colitis with penetrating ulcers, a reduced colon length
and thickening of the colon wall as observed in IBD pa-
tients''”. Mice were fasted overnight prior to induction of
colitis but were allowed free access to water. They were
anesthetized with a mixture (50% v/v) of ketamine and
xylazine (100 mg/mL) diluted in saline (NaCl 0.9%-w/v)
at a dose 1 mL/kg ip. TNBS (Sigma Aldrich, France) di-
luted in 50% of ethanol (v/v) was injected vz a polyeth-
ylene catheter inserted at 4 cm from the anus at the dose
of 100 mg/kg in 25 plL to induce an experimental colitis.
Control mice wete also anesthetized and received an equal
volume of saline. Following instillation mice were main-
tained in a head-down position for 2 min and received
0.2 mL sc of saline to prevent dehydration. Their awak-
ening was closely monitored. Mice were sacrificed 7 d
later. Rats were anesthetized with the same mixture of
anesthetics at the dose of 5 mL/kg ip and the solution
of TNBS was administered at 7 cm from the anus at the
dose of 40 mg/kg in 100 uL. Saline (0.5 mL sc) was ad-
ministered to prevent dehydration. Rats were sacrificed
7 d later. At sacrifice, macroscopic lesions were evalu-

(49

Tag
Bnishideng®

WJG | www.wjgnet.com

Ettreiki C et a/. Iron prevents colitis and dysbiosis

ated and pieces of proximal colon (1 cm from the caeco-
colonic junction) and caecal content were collected, snap
frozen and stored at -80 C until further evaluation in
both rat and mice experiments.

Assessment of the inflammatory reaction

Macroscopic damage scores: After sacrifice, the colon
was removed immediately and severity of colonic mucosal
alteration was determined according to a modified scale
of Wallace ez a/'”. Briefly, determination of the inflamma-
tory damage was based on the presence of mucosal hy-
peraemia and bowel wall thickening, presence and extent
of ulceration and necrosis, and the event of adhesions
and diarrhea. Final quotation was ranging from 0 (normal
appearance) to 10 (severe damage).

Myeloperoxidase assay: Myeloperoxidase (MPO) activ-
ity, a marker of polynuclear neutrophils, was measured
in pieces of colon adjacent to the instillation point as
described previously”. Briefly, frozen pieces of the pro-
ximal colon were homogenised in a phosphate buffer (50
mmol/L, pH = 6) containing hexadecyl trimethyl ammo-
nium bromide (0.5% w/v) with a tissue lyser 1T (Qiagen,
France). The homogenates wetre submitted to 3 cycles of
freezing/thawing (Liquid N2, 1 min/37 'C, 10 min) and
then further disrupted with a sonicator (Bioblock scien-
tific, France) and then centrifuged (6000 g at 4 'C for 15
min). Supernatants were collected for measuring MPO
activity and total protein contents. Samples were diluted
into a reaction buffer containing O- dianisidine dihydro-
chloride (1 mg/ml) and hydrogen peroxide (3 X 10" %
v/v). Human MPO from purified neutrophils was used as
a standard. The absorbance was measured after 10 min of
incubation at 450 nm. Total protein content was assessed
from the supernatants according to Lowry’s method (Bio
Rad DC Protein Assay, France).

Real time quantitative polymerase chain reaction for
microflora quantification

As we planned to assess microflora DNA from caecal con-
tent as well as comparing two species to validate the repeat-
ability, we aimed at optimizing the bacterial DNA extrac-
tion by improving the extraction procedure of Gram posi-
tive bacteria and by determining the appropriate amount
of the initial sample to treat.

DNA extraction: Total DNA from caecal samples (25, 50,
100 and 200 mg content) was extracted using the Qiamp
DNA stool Mini Kit (Qiagen, France). Before proceeding
according to the manufacturer’s recommendations, frozen
samples were lysed in an ASL lysis buffer and incubated
for 3 consecutive cycles of freezing/thawing (Liquid N2,
1 min/37 °C, 10 min). The lysates were clarified by cen-
trifugation (14 000 g at 4 °C for 3 min). Polymerase chain
reaction (PCR) inhibitors and impurities were absorbed by
action of an inhibitex tablet (Qiagen). The supernatants
were collected following a second centrifugation and DNA
was automatically purified in the Qiacube automat (Qiagen,

June 7,2012 | Volume 18 | Issue 21 |



Ettreiki C ef a/. Iron prevents colitis and dysbiosis

Table 1 Primers used for real-time polymerase chain reaction amplification of 765 rRNA gene

PCR assay Primers Primers Sequences 5’—3’ Accession number Linear regression curves with  Sources of reference
(NCBI) coefficient of correlation

Total Bacteria UnivE TCCTACGGGAGGCAGCAGTG - Y =-2.941 x + 36.580 Watanabe et al™, 2001
UnivR  TTACCGCGGCTGCTGGCACG 12 =0.9997 Nadkarni et al®, 2002

Bacteroidetes BacF CCTWCGATGGATAGGGGTT - Y =-2.908 x + 35.839 Firmesse et al®, 2008
BactR TCCCCAGGTGGAATACTTAACG 2 =0.9995

Enterobacteria EntF CATTGACGTTACCCGCAGAAGAA  AX110239/AX109631 Y =-3.192 x + 36.762 This study
EntR CGCTTGCACCCTCCGTATTA AF293850/U26176 r2=0.9747

Firmicutes FirmF ACCCGCGTCTGATTAGCTAGTT M59090/1.34627 Y =-3.298 x + 39.136 This study
FirmR CCTCTCAGGCCGGCTACTG Y10584/FJ345661 2 =0.9924

Primers sequences were designed using the following website: www.ncbi.nlm.nih.gov/BLAST/. PCR: Polymerase chain reaction; NCBI: National Center

for Biotechnology Information.

France) using Qiamp Minispin columns. Concentrations
were determined on a Hellma TrayCel using a Biophotom-
eter (Eppendorf, France). Absorbance ratios at 260/280
and at 260/230 wete determined to quantify and assess the
purity of DNA samples.

Plasmids for standard curves: Competent DH10b cells
were used for the cloning experiments desctribed previ-
ously". The recombinant plasmids containing specific
165 rRNA gene inserts either from Firmicutes, or Bac-
teroidetes, or enterobacteria or a consensus sequence for
total microflora, were purified using a HiSpeed Plasmid
Maxi kit (Qiagen, France). DNA concentration was deter-
mined following measurement of optical densities both at
260 nm and 280 nm before converting it into 765 rRINA
gene copy numbers as described previously'”. Standard
curves were established from serial dilutions of recom-
binants plasmids performed using real-time quantitative
PCR. Copy numbers of the plasmid were calculated fol-
lowing a previously established equation [Copy numbers
= 6.02 x 10” (copy/mol) X DNA amount (g)/DNA
length (dp) X 660 (g/mol per dp)]*".

Real time polymerase chain reaction: Two paits of pri-
mers (enterobacteria and Firmicutes) corresponding to
specific bacterial regions targets within 765 rRINA gene
were designed (Table 1). The two other pairs used (Total
Flora and Bacteroidetes) had already been designed” ™.
qPCR was performed using an ABI Prism 7300 sequence
detector system (Applied Biosystems, France) on both
plasmids and samples extracted DNA. Reactions were
performed in duplicate using the Sybr Green PCR master
mix (Qiagen, France) in a final volume of 25 pl. with 0.3
umol/L final concentration of each primer and appro-
priate dilutions of DNA samples. Amplification was initi-
ated at 95 'C for 3 min to activate Taq plus DNA poly-
merase followed by 40 cycles at 95 C for 3 s and 61 C
for 30 s. Two consecutive tenfold series of dilutions were
realized to verify the linearity (slope of -3.32). A melting
step was added and curves were analysed to look for any
unspecific amplification. Standard curves were obtained
following amplification under similar conditions of dif-
ferent samples containing different numbers of cop-
ies from the respective specific clones of the targeted
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gene. PCR efficiency (E) was calculated according to the
equation from the standard curve: E = 10 (1/ slope) -1
according to Tbekwe and Grieve™. qPCR was realised
using the cycle number threshold (Ct) and was based on
the calculated standard curves. Each qPCR assay system-
atically included control reactions performed in parallel
to the samples.

Statistical analysis

Results were expressed in mean = SD error to the mean.
Macroscopic lesions scores were compared using the Wil-
coxon test for non parametric data followed by the Dunn
post-test. For all the others parameters, data were submit-
ted to an ANOVA followed by the Tuckey post-test. A
value of P < 0.05 was considered to be significant.

RESULTS

Optimization of DNA isolation and quantification of
microflora for realising interspecies comparison
Because of high inter- and intra-species vatiations, we aim-
ed at improving the DNA extraction steps by determining
the best amount of caecal content to use and by adding
the preliminary step to improve the extraction of Gram
positive bacteria. The best yield of DNA extraction was
obtained when using 100 mg of caecal content and by
adding a preliminary thermic lysis step (data not shown).
Specificity of the 765 rRINA gene targeted primers used
for qPCR was tested both in silico and using pure DNA
extracts from specific target strains (positive controls) and
by confronting it to no target species (negative controls).
Selected primers (Table 1) were run and the specificities
of the amplification products were confirmed by the
analysis of the dissociation curve in both caecal samples
and DNA controls. We thus determined that a unique tar-
get gene was amplified for each species. Analysis of the
regression curve for Ct values obtained from serial dilu-
tion of DNA samples showed a linear correlation for all
target DNA regions; for all the microbiota species stud-
ied, the coefficient of correlation (%) was higher than 0.97
and amplification efficiencies were between 100 % and
120 % which involves curve slopes ranging from -3.29 to
-2.9 (Table 1). All below mentioned analyses have been
performed under those conditions.
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Figure 1 Effect of a 6 wk juvenile ingestion of ferrous (150 mg/kg per day po) vs ferric (150 mgl/kg per day po) iron on the inflammatory response at adult-
hood to a trinitrobenzene sulfonic acid-induced colitis in mice. A: Macroscopic damage scores in non-inflamed (sham-colitis) and inflamed (trinitrobenzene sulfonic
acid, TNBS) mice; B: Colonic myeloperoxidase (MPO) activity in non-inflamed (sham-colitis) and inflamed (TNBS) mice. Data are expressed as mean + SE (n = 8 per

group). °P < 0.05 vs TNBS-treated group, °P < 0.01 vs Sham-coliis.
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Figure 2 Effect of a 6 wk juvenile ferric iron administration (75 and 150 mg/kg per day po) on the inflammatory response at adulthood to a trinitrobenzene
sulfonic acid-induced colitis in mice. A: Macroscopic damage scores in non-inflamed (sham-colitis) and inflamed trinitrobenzene sulfonic acid (TNBS) mice; B: Co-
lonic myeloperoxidase (MPO) activity in non-inflamed (sham-colitis) and inflamed (TNBS) mice. Data are expressed as mean + SE (n = 8 per group). °P < 0.05, °P < 0.01

vs TNBS-treated group, °P < 0.01 vs Sham-colitis.

Effects of ferric iron on TNBS colitis

Repeated daily ingestion of ferrous iron (150 mg/kg
per day po - 6 wk) by juvenile mice did not prevent the
induction of a2 TNBS-induced moderate colitis. In fact,
juvenile ferrous iron daily exposure failed to limit macro-
scopic lesions (Figure 1A) in TNBS treated mice. In con-
trast, juvenile ferric iron prevented these lesions (Figure
1A) in inflamed mice. Furthermore, while TNBS enema
resulted in an increased MPO activity in controls (2.47
+ 0.22 MPO U/mg protein 25 0.91 £ 0.09 MPO U/mg
protein), we did not observe any significant reduction of
MPO activity in mice exposed to a repeated ingestion of
ferrous iron (1.71 £ 0.27 MPO U/mg protein »s 2.47 +
0.22 MPO U/mg protein in the TNBS group) (Figure
1B). In contrast, the daily exposure of juvenile mice to
the same dose of ferric iron (150 mg/kg per day po - 6
wk) was able to limit the inflammatory response since
MPO activity was significantly lower (P < 0.05) (1.64 *
0.14 MPO U/mg protein »s 2.47 £ 0.22 MPO U/mg
protein in the TNBS group) (Figure 1B). Furthermore,
we observed that before inducing TNBS colitis (5 wk of
treatment), mice treated with ferrous iron put on signifi-
cantly (P < 0.05) less weight than mice treated with ferric
iron and controls (124.6% * 1.12% and 136.6% * 1.33
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Y% vs 143.7% £ 2.29 % in control, respectively).

Ferric iron juvenile supplementation and dysbiosis

We also aimed at determining the dose-response effect of
ferric iron supplementation on the same model of colitis
in mice.

In control animals, the repeated administration of
both 75 and 150 mg/kg per day po (6 wk) of ferric iron
did not result in any alteration of growth, nor did it result
in colonic inflammation or an alteration of the micro-
tlora profile. In fact, weight gain under iron treatment
remained similar whichever species considered (142.7%
+ 2.66% for 75 mg/kg per day and 136.6% * 1.33 % for
150 mg/kg per day vs 143.7% + 2.29 % in controls). Sim-
ilarly, no macroscopic alterations of the gut mucosa have
been observed on mice following either the low or the
high chronic ferric supplementation (Figure 2A). Those
results were correlated to low levels of MPO activity in
the colonic mucosa following exposure to both doses
of fertic iron (1.65 £ 0.21 MPO U/mg protein and 1.58
+ 0.11 MPO U/mg protein for respectively 75 and 150
mg/kg per day ferric iron po »s 0.91 £ 0.09 MPO U/mg
protein in controls) (Figure 2B). Daily consumption of
ferric iron by juvenile rodents did not modify the bacte-
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Figure 3 Effect of a juvenile ferric iron administration for 6 wk on the microflora profile of mice and its evolution consecutively to a trinitrobenzene sul-
fonic acid-induced colitis. A: Total Flora; B: Firmicutes; C: Bacteroidetes; D: Enterobacteria. Iron75: Ferric iron 75 mg/kg/d po - 6 wk; Iron150: Ferric iron 150 mg/kg
per day po - 6 wk. Data are expressed as mean + SE (n = 8 per group). °P < 0.05, °P < 0.01 vs Sham-colitis; “P < 0.01 vs TNBS-treated group.

ria profile since the total flora number remained at circa
11.8 log copy number/g of caecal content (Figure 3A).
The Firmicutes number was estimated to be around 11.4
log copy number/g of caecal content (Figure 3B); The
Bacteroidetes number remained around 10.5 log copy
numbert/g caecal content (Figure 3C); and enterobacteria
levels at 8.7 = 0.1 log copy number/g of caecal content
(Figure 3D).

Daily administration of both the doses of ferric iron
on juvenile rodents prevented the TNBS-induced colitis
at adulthood. In fact, exposure to ferric iron supplemen-
tation before inducing an experimental colitis limited the
onset of macroscopic lesions (1.42 + 0.72 AU and 0.2 *
0.2 AU »s 5.75 = 0.75 AU in TNBS-treated mice) (Figure
2A) and the increase of colonic MPO activity (1.58 £ 0.15
MPO U/mg protein and 1.64 = 0.14 MPO U/mg pro-
tein 25 2.47 + 0.22 MPO U/mg protein in TNBS-treated
mice) (Figure 2B). The limitation of the inflammatory le-
sions was correlated to the maintenance of a healthy mi-
croflora profile. This supplementation also prevented the
decrease of the Firmicutes (Figure 3B) and increase of
the Bacteroidetes and enterobacteria populations (Figure
3C and D). Since efficiency was observed with the dose
of 75 mg/kg per day po for 6 wk, we chose to continue
with this dose of ferric iron.
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Juvenile exposure to ferric iron comparably prevents a
moderate TNBS-induced colitis in both rats and mice
Good comparisons need to be performed under the same
conditions necessitating the induction of a comparable
inflammatory reaction that is representative of patho-
physiological conditions observed in humans. Using the
optimised technique of extraction and quantification of
DNA, total flora in control rats and mice was estimated
to be around 11.8 log copy number/g of caecal content
in control animals (Figures 3A and 4A). We also noticed
that it is mainly composed of Firmicutes (around 11.3
log copy numbet/g of caecal content in both species)
(Figures 3B and 4B) and Bacteroidetes (around 10.5 £
log copy number/g caecal content) (Figures 3C and 4C)
followed by an enterobacteria population ranging from 8.6
1 0.1 log copy number/g of caecal content in mice to 9.4
1 0.1 log copy numbet/g of caecal content in rats (Figures
3D and 4D).

Instillation of TNBS resulted in a significant (P <
0.05) increase of macroscopic damage scores in rats (8.33
* 0.35 AU) and mice (5.75 £ 0.75 AU) (Figures 2A and
5A) as well as a significant (P < 0.05) increase of MPO
activity in rats (773.7 £ 36.62 MPO U/mg protein »s
496.1 £ 63.94 MPO U/mg protein) and mice (2.47 + 0.22
MPO U/mg protein »s 0.91 £ 0.09 MPO U/mg protein)
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(Figures 2B and 5B). However, we did not observe any
significant modification of total microflora neither in rats
nor in mice 7 d after TNBS instillation (circa 11.7 log
copy numbet/g of caecal content in both rodent species)
(Figures 3A and 4A). However, the balance between the
two major phyla of the bacterial population observed
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was altered. A significant reduction (P < 0.05) of Fir-
micutes was registered in both colitic rats (-0.4 A log copy
number) and mice (-0.3 A log copy number) (Figures 3B
and 4B) as compared to controls. Conversely, significant
higher levels of Bacteroidetes (P < 0.05) were detected
in both the colitic groups; it increased by 0.5 A log copy
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number in rats and by 0.7 A log copy number in mice
(Figures 3C and 4C). Enterobacteria numbers were also
found to be significantly higher (P < 0.05) in colitic rats
and mice with increases of respectively 0.4 and 2 A log
copy number/g of caecal content as compared to con-
trols (Figures 3D and 4D).

Juvenile ferric iron supplementation for 6 wk, before
inducing an experimental colitis, significantly limited the
onset of macroscopic lesions not only in TNBS-treated
mice (1.42 * 0.72 AU »s 5.75 * 0.75 AU) but also in
TNBS-treated rats (7.25 £ 0.49 AU »s 8.33 = 0.35 AU).
Juvenile iron administration also significantly (P < 0.05)
prevented the increase of colonic MPO activity in TNBS-
treated mice (1.59 + 0.5 MPO U/mg protein »s 2.47 £ 0.22
MPO U/mg protein) as well as in TNBS-treated rats (572.5
+ 26.39 MPO U/mg protein »s 773.7 + 36.63 MPO U/
mg protein) (Figures 2B and 5B). This juvenile ferric ad-
ministration (75 mg/kg per day po - 6 wk) did not modify
total bacteria number even when inducing colitis (Figure
3A and 4A). Juvenile ferric iron repeated administration
before inducing the colitis not only prevented the increase
of the Bacteroidetes population (Figures 3B and 4B) but
also the enterobacteria population (Figures 3D and 4D)
in both mice and rats.

DISCUSSION

When using a microencapsulated ferric pyrophosphate
form (Lipofer®), we were the first to evidence a beneficial
effect of ferric iron oral supplementation in juvenile ani-
mals to prevent the induction of colitis at adulthood. Fer-
ric pyrophosphate is a water insoluble compound, mat-
keted as a food additive in Europe to fortify infant cereals
and chocolate powder drinks™. Because of its chemical
composition, it has been microencapsulated to improve
both its bioavailability and its incorporation in food to be
fortified™, rendering it a good alternative to the ferrous
forms without having any of the side effects.

First, we provided evidence of the benefits of ferric
iron supplementation during the juvenile period. Iron
oral administration is recommended in young infants
to prevent anemia and its consecutive neurologic and
developmental deficits. Iron also has benefits, as a trace
element, in supporting immune function by strengthening
not only epithelial barriers but also cellular and humoral
immune responses. However, ferrous iron may be at the
origin of deleterious effects such as lipid peroxydarjon[27J
or enterobacteria growth facilitation™. Here, with ferric
iron, we did not observe any negative effect of a repeated
administration for 6 wk. In fact, in non-inflamed mice,
juvenile ferric iron ingestion did not result in either an in-
flammatory reaction or did it modify the microflora pro-
file since both total bacteria and enterobacteria numbers
remained unchanged as compared to non supplemented
sham-colitic mice. This absence of action on gut micro-
biota profile is in favour of the ferric form instead of the
ferrous form for infant food fortification.

Secondly, we aimed at evaluating the dose response ef-
fect of ferric iron supplementation in the juvenile period
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the induction of an experimental colitis at adulthood.
Environmental factors such as smoking, luminal enteric
bacteria and trace elements such as iron are involved
in the pathogenesis of IBD in a genetically susceptible
host™. In fact, anemia is often described during chronic
gut inflammatory disorders such as IBD™. This anemia
is caused by two factors, the first being impaired prolif-
eration and differentiation of erythroid progenitor cells,
and the second being consecutive to iron retention within
monocytes and macrophages both activated under the
inflammatory conditions. Classically, patients receive
either oral or systemic iron supplementation generally
as ferrous sulfate or fumarate. However, ferrous iron
oral administration often aggravates the inflammatory
reaction because of its accumulation in the intestinal lu-
men and its participation in the Haber-Weiss reaction””.
Compared to non supplemented mice, ferric iron juvenile
supplementation proved to be efficient against this ex-
perimental colitis, even at the lowest dose used since their
MPO activity levels were similar to those of control mice.
The lowest dose of iron used corresponded to an overall
daily intake of 1.2 mg iron per day, in other words to 15
ug iron/g mouse/day which is two times lower than the
dose used by Werner e al" but it is however efficient in
our model too.

The positive effect of iron supplementation in mice
was corroborated by the results obtained in rats. In our
study, we were able to demonstrate that ferric iron oral
administration did not induce any alteration but rather
prevented the course of an experimental colitis in both
rodent species. In fact, both rats and mice submitted to
iron supplementation did not develop any sign of inflam-
mation. In both those rodent species, we also induced
an experimental inflammatory reaction of comparative
intensity. In fact, in comparison to the literature”", they
developed a moderate but homogenous colitis charac-
terised by tissular lesions, ulcerations of the distal colon
and neutrophil infiltration. These results are in agreement
with a previous report indicating that the TNBS-induced
colitis model is associated to an increase of inflammatory
response including granulomas and tissular MPO activ-
itymssjl

Finally, we aimed at evaluating the reproducibility of
colonic microflora evaluation undetr control conditions
and its alteration during a moderate experimental colitis
in rats and mice. This study is the first to evidence a com-
parative alteration of gut microbiota during an experi-
mental colitis in two rodent species. Following the qPCR
optimisation process described above, we observed no
difference in total microbiota numbers between control
rats and mice groups. In this work, we also found that
caecal microflora of rodents is composed predominantly
of Firmicutes followed by Bacteroidetes which profile
correlates to the observations realised on humans. In
fact, human Firmicutes population is 10 times higher
than their Bacteroidetes population; which is consid-
ered to be a good indicator of health status”. In this
study, we observed the same ratio profile not only in mice
but also in rats. In non supplemented animals and under
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inflammatory conditions, we did not observe any altera-
tion of total bacteria numbers in both the rodent spe-
cies. This is in agreement with literature which describes
no principal differences in the composition of the total
mucosal flora in IBD patients compared to controls™.
Furthermore, while tissular healing might have already
started in the animals, in both murine models we ob-
served a net increase of Bacteroidetes and a reduction of
the Firmicutes population indicating a clear reversion of
this profile. Similar trends were also observed in clinical
studies, showing a lower representation of Firmicutes
phyla during inflaimmatory acute phasesm’m. As already
evidenced, the diminution of the Firmicutes phylum
promotes the development and the invasion of tissues by
opportunistic bacteria species and the gut becomes very
susceptible to invading pathogens among which entero-
bacteria”™”. We also noted, under colitic conditions, a
higher level of enterobactetia which is concordant with
literature reporting a higher incidence of Escherichia coli in
IBD patient compared to healthy subjectsm’m. We chose
to work in comparing rat and mice microbiota alteration
during this moderate experimental colitis to ensure that
not only could we obtain comparative results to human
dysbiosis but also to make sure that the results obtained
were linked to the intensity of the inflammatory response
rather that to species sensitivity. Such comparisons are of
great interest in testing the reproducibility of the method
set up. Overall, our results are correlated to clinical obset-
vations realised on IBD patients such as fever, diarrhea,
weight loss, rectal bleedingmj, and severe alteration of
the microbiota equilibrium, especially with Bacteroidetes
and enterobacteria increases in opposition to Firmicutes
reduction™. In both rats and mice receiving ferric iron
in the juvenile period for 6 wk the microbiota profile was
not altered. In addition, rats and mice submitted to an
experimental colitis during the last week of iron treatment
did not display any modification of either total number
bacteria or enterobacteria numbers as compared to non
supplemented animals. This is in favour of a positive role
of ferric iron onto gut microbiota equilibrium which will
limit the onset of the inflammatory reaction as compared
to classical ferrous forms. It reinforces the idea that iron
is one of the key markers for limiting the onset of the in-
flammatory response in genetically susceptible patientsm.
Furthermore, we may suggest that ferric iron in contrast
to ferrous iron contributes to the settlement of an appro-
priate microflora during the post natal period and that this
profile is less sensitive to inflammatory stimuli. One can-
not ascertain the mechanisms producing such results, but
we may suggest that the lower incidence of ferric iron on
colitis might be linked to, either a lower susceptibility to
stimulate oxidative stress reactions as compared to ferrous
iron, or to its interactions with the immune system which
is partly driving an appropriate microbiota implantation
during the perinatal period. Rather than working with ani-
mals whose microflora profile had been modified because
they display a modified immune patternl43’44j, we decided
to work on two rodent species of the same age, gender
and submitted to a similar level of an inflammatory stim-
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ulus Since this microbiota/immune system interaction is
said to be species, gender and age specific.

In conclusion, this study shows comparative rodent
dysbiosis to human IBD dysbiosis following a moderate
TNBS colitis. It also shows the benefits of ferric iron oral
ingestion during the juvenile period in the prevention of
an experimental colitis induced at adulthood in healthy
animals. These interesting results would necessitate check-
ing how anemic juvenile animals would react to such a
treatment and especially to an induced colitis at adult-
hood. To further understand this incidence of ferric iron
on overall intestinal functionalisation, one point we did
not address is the role of the immune system and particu-
larly its fine orientation modulation by iron fortification
during the perinatal period in regards to the observed
effects. We may hypothesize that iron could participate in
reinforcing the immune system orientation, thus contrib-
uting to the limitation of the inflammatory response due
to TNBS. This question will be addressed in another set
of experiments. If these results are confirmed, this form
of microencapsulated ferric iron could thus be clinically
assessed as an interesting alternative to iron sulfate in
young individuals at risk of anemia but also in subjects at
risk of chronic gut inflammation such as CD.
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COMMENTS

Background

Juvenile iron supplementation is now widely accepted to limit the risk of ane-
mia. However, oral iron ingestion may have side effects especially at this period
when the crosstalk between bacteria, epithelium and the immune system is
being set up. In fact, an impaired settlement of this crosstalk may predispose
to chronic diseases such as inflammatory bowel disease (IBD). No one has so
far evaluated the consequences of food matrix composition during the postnatal
period on the predisposition to develop chronic diseases at adulthood. This
study was thus aimed at evaluating the consequences of juvenile chronic iron
exposure on the onset of experimental colitis and its related dysbiosis in both
rats and mice at adulthood.

Research frontiers

In these recent years, research on the role of commensal microbiota has evi-
denced its strong impact on digestive physiology and particularly its modulating
role in IBD. Moreover, recent data evidenced that microbiota implantation in the
perinatal period conditions, the maturation of the gut mucosa and the immune
system renders the host tolerant to commensal bacteria. Since oral ferrous iron
may promote potential pathogenic bacteria growth, which may condition the
development of chronic gut inflammation, the authors evaluated in this study
the modulation by repeated juvenile administration of ferric iron on the onset of
an experimental colitis at adulthood in two rodent species.

Innovations and breakthroughs

Literature largely describes the necessity to maintain a good equilibrium of the
microbiota to stay healthy. Food matrix also conditions the diversity and stability
of the microbiota especially during the postnatal period crucial for these as-
pects. This study is the first to evidence the preventive effects of oral ferric iron
administration at the juvenile period on the inflammatory response and dysbio-
sis related to an experimental colitis at adulthood in two rodent species.

Applications
This study proposes to evaluate the consequences of oral supplementation at
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infancy on risk of developing gut inflammation at adulthood. These results ne-
cessitate being completed by the evaluation of the consequences of ferric iron
on the immune system maturation and to be clinically proven but they could
represent a good opportunity for families at risk of developing IBD.
Terminology

IBD comprises chronic inflammations of the gut and more especially Crohn’
s Diseases and Ulcerative Colitis. Microbiota designates the pool of microor-
ganisms harboured in our gut under physiological conditions. They divide into
dominant and subdominant and control each other’s growth to reach dynamic
equilibrium. Dysmicrobism is an alteration of the microbiota equilibrium. Iron is
a metal. In aqueous solution, it exists in two oxidation states: ferrous (Fe*) and
ferric (Fe™).

Peer review

The study aimed to study rodent dysbiosis and compare it to human IBD dys-
biosis following a moderate trinitrobenzene sulfonic acid colitis. It shows the
benefits of ferric iron oral ingestion during the juvenile period in the prevention
of an experimental colitis induced at adulthood. The paper is well written and
has potential application in food supplemental.
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