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ABSTRACT

The microbiota significantly impacts digestive epithelium functionality, especially in nutrient
processing. Given the importance of iron for both the host and the microbiota, we hypothesized
that host-microbiota interactions fluctuate with dietary iron levels. We compared germ-free (GF)
and conventional mice (SPF) fed iron-containing (65 mg/Kg) or iron-depleted (<6 mg/Kg) diets. The
efficacy of iron privation was validated by iron blood parameters. Ferritin and Dmt1, which
represent cellular iron storage and transport respectively, were studied in tissues where they are
abundant: the duodenum, liver and lung. When the mice were fed an iron-rich diet, the microbiota
increased blood hemoglobin and hepcidin and the intestinal ferritin levels, suggesting that the
microbiota helps iron storage. When iron was limiting, the microbiota inhibited the expression of
the intestinal Dmt1 transporter, likely via the pathway triggered by Hif-2a. The microbiota assists
the host in storing intestinal iron when it is abundant and competes with the host by inhibiting
Dmt1 in conditions of iron scarcity. Comparison between duodenum, liver and lung indicates
organ-specific responses to microbiota and iron availability. Iron depletion induced temporal
changes in microbiota composition and activity, reduced a-diversity of microbiota, and led to
Lactobacillaceae becoming particularly more abundant after 60 days of privation. By inoculating GF
mice with a simplified bacterial mixture, we show that the iron-depleted host favors the gut fitness
of Bifidobacterium longum.
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Introduction the relative abundance and activity are mainly

influenced by the environment,” especially dietary

Human beings are holobionts, meaning that they
intake.”'°

rely on an obligatory co-existence with

microbiota.' > Most of these microbial cells live in Both the microbiota and eukaryotic cells need

the gastrointestinal tract and are responsible for
tasks such as digestion, protection through the bar-
rier effect, and the maturation of immunity.* The
microbiota connects the gut with other organs,
such as the brain, lungs, liver, and muscles through
various metabolic and structural signals.””” In
humans, gut bacteria are dominated by five bacter-
ial phyla (Bacillota, Bacteroidota, Actinomycetota,
Pseudomonadota, and Verrucomicrobia), of which

iron to live, rendering iron central in host-microbe
and microbe-microbe interactions.'' ™" Multiple
animal and human studies have examined the
effect of iron supplementation or deficiency on
microbiota composition."" Under conditions of
iron deficiency or supplementation, the relative
abundance of certain bacteria is modified, with
Lactobacillaceae and Bifidobacteriaceae being dis-
favored by iron supplementation.'' Overall, iron
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has a major impact on the microbiota, which
extends beyond changes in composition to major
modifications of the bacterial metabolite landscape,
such as the production of short-chain fatty acids
(SCFAs)."* There is no doubt the iron in the diet
has an impact on the composition and activity of
the microbiota, but whether iron stores in the body
modify gut microbiota fitness has been less inves-
tigated thus far.

In the host, iron absorbed from the diet reg-
ulates the expression of numerous proteins
involved in its homeostasis. For example, the
levels of divalent metal ion transporterl
(Dmtl), which is responsible for transporting
luminal iron into epithelial cells, and ferritin,
an intracellular protein that stores iron, are
inversely regulated by the amount of iron pre-
sent in the body. Dmtl levels increase under
iron-restricted conditions, whereas those of fer-
ritin decrease.">™"” Such iron-related regulation
is orchestrated by an interplay of transcriptional
and translational regulation mainly under the
influence of the hormone hepcidin, intracellular
iron regulatory proteins (IRPs), and the tran-
scription factor Hif-2a.'” 72! In accordance with
the fact that the microbiota aids the global
maturation of intestinal absorptive and secretory
functions of the epithelium,”***> microbial sig-
nals modulate both iron capture and
storage.”®”” As with dietary iron, the Dmtl
and ferritin proteins are also inversely affected
by the microbiota.’®*” Comparison of germfree
(GF) and conventional specific pathogen free
(SPF) mice under iron-replete conditions
showed GF mice to exhibit lower ferritin levels
and higher Dmt1 expression in the intestine.”®*’
Various commensal strains, independently of
their metabolic activity or level of implantation,
influence the amount of intestinal ferritin.*®
Under conditions of iron scarcity for a period
of 14 days, the microbiota was shown to restrict
iron absorption through the inhibition of Dmtl
expression, signifying competition between the
intestinal microbes with the host for iron
capture.”” The authors used an indirect assay
based on co-incubation with HT-29 cells over-
expressing Hif-2-a to ascertain the mechanisms
responsible for the inhibitory effects of microbes
on Dmtl expression. In this model, reuterin and

1,3-diaminopropane (DAP), two bacterial meta-
bolites, were able to inhibit Hif-2a.>” Thus, the
gut microbial inhibition of intestinal HIF-2a
limits host iron absorption.”” Moreover, in
a mouse model of hemochromatosis, supple-
mentation with DAP or a bacterial strain produ-
cing reuterin was able to decrease intestinal
Dmtl expression and subsequently reduce iron
accumulation.”” Thus, the microbiota may help
or hinder iron uptake and storage as a function
of the physiological setting, kinetics, and diet. So
far, the effects of a long term iron privation in
GF and SPF have not been described.

It is well known that the duodenum and liver
play crucial role in maintaining systemic iron
homeostasis, but the majority of proteins
involved in iron homeostasis, including Dmtl
and ferritin, are also expressed in the lung.*®
Moreover, the effects of the intestinal micro-
biota may act at a distance in extra-digestive
tissues, in particular, the lungs, through the so-
called gut-lung axis.”® The interconnection
between nutrition, the intestinal microbiota,
and respiratory health has been extensively
described for chronic respiratory diseases, viral
and bacterial infections, and the physiological
process of senescence.”” Although respiratory
health and lung defense mechanisms are both
linked to iron metabolism and intestinal micro-
biota activity,”>>* the dual effect of the micro-
biota and dietary iron has not been described in
pulmonary iron regulation.

We aimed to compare the effect of iron defi-
ciency in GF and SPF mice over 60 days. Ferritin
and Dmtl, which are both regulated by iron and
the microbiota, were used as surrogate markers of
intracellular iron stores and apical transport,
respectively. We studied systemic iron parameters,
ferritin and Dmt1 levels in the gut, liver, and lungs,
modifications of the microbiota over time, and the
involvement of Hif-2«. To understand the recipro-
cal interaction between host and microbiota, we
evaluated whether iron in the diet can modify the
microbiota and, conversely, whether iron stores in
the body can modify gut fitness using a controlled
mixture of microbes (Enterococcus faecalis +
Bacteroides thetaiotaomicron + Escherichia coli +
Bifidobacterium longum) that actively participate
in maturation of the intestinal epithelium.>



Materials and methods
Animals and experimental design

The study was approved by the Animal Care and
Use Committee of Jouy-en-Josas and the
Ministry of Higher Education and Research (n°
20374- 2019060714134169V3). The protocol is
based on a previous study using female mice
with the same diets.”> Two groups of adult ani-
mals consisting of specific pathogen free (SPF)
and germ free (GF) mice were used. Female SPF
C3H/HeN mice (3 weeks old, n=36) were pur-
chased from Charles River Laboratories (Saint
Germain Nuelles, France) and housed in the
Rodent Experimental Infectiology Facility (IERP,
INRAE Jouy-en-Josas, France). Female C3H/HeN
GF (3 weeks old, n=17) mice were bred from GF
parents in the GF breeding facility of ANAXEM
(germ-free animal facilities at INRAE, UMR1319
MICALIS, Jouy-en-Josas, France). The FO genera-
tion was fed a standard diet containing 280 mg/
kg iron (RO3; Safe, Augy, France). All GF animals
were housed in Trexler-type isolators (La
Calhene, Vélizy, France). All SPF and GF animals
were fed exactly the same diet (except for iron
content) sterilized by 45 kGy gamma irradiation.
The iron-deficient diet (iron”) contained <6 mg/
kg iron (U8958 Version 0176) and the iron-
containing diet (iron") consisted of U8958P
Version 0176 + 65 mg/kg iron (SAFE Nutrition,
Augy, France)’® (Figure 1). The protocol was
previously designed for the same duration for
the GF and SPF groups, with data collected on
days 15 (D15), 30 (D30), 45 (D45) and 60 (D60),
but the iron-depleted diet could not be extended
beyond 30 days for the GF mice without weight
loss (Supplemental Figure S4).

To obtain gnotobiotic mice, GF mice on iron-
deficient (n=3) and iron-rich (n=2) diets were
orally inoculated on D30 with 0.2 ml of a solution
containing 10° CFU of four strains: Enterococcus
faecalis (strain X98), Bacteroides thetaiotaomicron
(strain L55), Escherichia coli (strain CECI15), and
Bifidobacterium longum (strain L74). Mice were
euthanized four days after oral gavage. The gnoto-
biotic mice inoculated with the pure bacteria used
here have been described elsewhere.’
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Blood was collected by puncture of the orbital
sinus using a glass pipette containing heparin. One
hundred microliters of blood was placed in an
EDTA-coated tube, maintained at 4°C, and used
fresh for hemoglobin measurements the same day.
The remaining blood sample was centrifuged two
times at 4°C (2000 x g for 10 min) and 150 pL
plasma was frozen at — 20°C until assayed.

After blood sampling, mice were euthanized
by cervical dislocation and the cecal content
and colon, duodenum, lung and liver samples
were recovered and immediately frozen until
analysis.

Determination of the transferrin saturation
coefficient and ferritin and hepcidin concentrations

Frozen plasma was used to determine ferritin
(ug/L), transferrin (g/L), and iron (pmol/L) con-
centrations with an AU480 chemistry analyzer
(Beckman Coulter/Olympus). The pourcentage
coefficient of transferrin saturation was calcu-
lated using the formula: (plasma iron pmol/L)/
(plasma transferrin (g/L) x 25). The concentra-
tion of hemoglobin (g/dL) was measured in
fresh blood using an automated hemoglobin
analyzer. The concentration of serum hepcidin
was measured by LC-MS/MS, as described in.”’
The threshold below which hepcidin could not
be measured was 2 ng/mL.

Determination of short chain fatty acid
concentrations

Concentrations of SCFAs in the cecal content
were determined after water-extraction (2 vol/
wt) and protein precipitation using 10% (vol/
vol) phosphotungstic acid (Sigma-Aldrich), as
previously described.”® The internal standard
2-ethylbutyrate (Sigma-Aldrich) was used for
quantification. Samples were analyzed in dupli-
cate. Data were collected and the peaks inte-
grated using OpenLab ChemStation C.01.06
software (Agilent, les Ulis, France). Data are
expressed as pumol/g feces.
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Figure 1. Protocol and systemic parameters for SPF mice. (a) Schematic view of the protocol. All animals were 3 to 4 weeks old at the
beginning of the protocol and received exactly the same diet except for iron content. Specific pathogen-free (SPF) female C3H/HeN mice
were fed a diet containing 65 mg/kg or <6 mg/kg iron for 15 (D15), 30 (D30), 45 (D45), or 60 days (D60). The number of mice used for each
time point is indicated in parentheses (n). Mice were euthanized to evaluate systemic, tissue, and cellular parameters. (b) Effects of an
iron-deficient diet on the weight and plasma or blood parameters of SPF mice. The weight of the mice, plasma transferrin saturation
coefficient, and ferritin (ug/L), hepcidin (ng/mL), and hemoglobin (g/dL) levels were measured on D15 (n=4), D30 (n=4), D45 (n=4),
and D60 (n =6) for both the iron™ and iron™ groups. p values <.05 (¥), < .005 (**), and < .0005 (***) indicate the significance of the
differences between groups with and without iron by two-way ANOVA with Sidak’s multiple comparison test.

16S rRNA analysis

Genomic DNA was obtained from fecal samples
at D1, thus 24 h after modification of the diet (n
=8, for each group), D30 (n =3, for each group),
and D60 (n=5, for each group) using the
QIAamp power fecal DNA kit (Zymo Research)
and the DNA quantity determined using
a TECAN Fluorometer (Qubit® dsDNA HS
Assay Kit, Molecular Probes).

The V3-V4 hypervariable region of the 16S
rRNA gene was amplified by PCR using the follow-
ing primers: a forward 43-nuclotide fusion primer
’CTT TCC CTA CAC GAC GCT CTT CCG ATC
TAC GGR AGG CAG CAG” consisting of the 28-
nt [llumina adapter (bold font) and the 14-nt broad
range bacterial primer 343F and a reverse 47-
nuclotide fusion *GGA GTT CAG ACG TGT
GCT CTT CCG ATC TTA CCA GGG TAT CTA



ATC CT® consisting of the 28-nt Illumina adapter
(bold font) and the 19-nt broad range bacterial
primer 784 R.

The PCR reactions were performed using 10 ng
DNA, 0.5uM primers, 0.2 mM dNTP, and 0.5U
of the DNA-free Taq-polymerase, MolTaq 16S
DNA Polymerase (Molzym). The amplifications
were carried out using the following profile: 1
cycle at 94°C for 60 s, followed by 30 cycles at
94°C for 60 s, 65°C for 60 s, 72°C for 60 s, and
finishing with a step at 72°C for 10 min. PCR
reactions were sent to the @Bridge platform
(INRAE, Jouy-en-Josas) for sequencing by
Ilumina Miseq technology. Single multiplexing
was performed using home-made 6-bp index
sequences, which were added to R784 during
a second PCR of 12 cycles using the forward
primer
(AATGATACGGCGACCACCGAGATTACACT-
CTTTCCCTACACGAC) and the reverse primer
(CAAGCAGAAGACGGCATACGAGAT-index-
GTGACTGGAGTTCAGACGTGT). The result-
ing PCR products were purified and loaded onto
an Illumina MiSeq cartridge according to the
manufacturer’s instructions. The quality of the
run was checked internally using PhiX and the
sequences then assigned to their sample using the
previously integrated index sequences. High-
quality filtered reads were further assembled and
processed using the FROGS pipeline (Find
Rapidly OTU with Galaxy Solution) to obtain
the OTUs and their respective taxonomic assign-
ment using Galaxy instance (https://migale.inra.
fr/galaxy).’® For each dataset, > 97% of the
paired-end sequences were assembled using at
least 10-bp overlap between the forward and
reverse sequences. The following successive steps
involved de-noising and clustering of the
sequences into OTUs using SWARM and chi-
mera removal using VSEARCh. Then, cluster
abundance was filtered at 0.005%. One
hundred percent of clusters were affiliated with
an OTU using the silval32 16§ reference database
and the RDP (Ribosomal Database Project) clas-
sifier taxonomic assignment procedure. The rich-
ness and composition of the bacterial community
were computed using the Phyloseq package (v
1.19.1) in RStudio software.** Within-sample
community o-diversity was assessed by the
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observed diversity (i.e., the sum of unique OTUs
per sample). Relative abundance at the phylum
taxonomic level and representative OTUs are
presented.

PCR quantification of primobiota

E. faecalis (strain X98), B. thetaiotaomicron (strain
L55), E. coli (strain CEC15), B. longum (strain L74)
were quantified by real-time quantitative PCR ana-
lyses targeting the 16S rRNA genes, as described by
Mayeur, et al..*!

Protein extraction for immunoblotting experiments

Total protein was prepared from frozen duodenum,
liver, and lung samples as previously described.**
Briefly, tissues were crushed twice using a Tissue
Lyser (Retsch) in lysis buffer (10 mM Tris, 20 mM
NaCl, 5 mM MgCl,, 1 mM EDTA) supplemented
with protease inhibitors (Roche) for 2 min. Then,
tissues were further incubated for 60 min at 4°C
with shaking in lysis buffer, centrifuged (20
min,10000 x g), and the supernatant recovered.
To obtain the microsomal fraction (duodenum,
liver, lung), tissues were crushed two times using
a Tissue Lyser (Retsch) in stock buffer (0.25M
sucrose, 0.03 M L-Histidine, pH =7.2, 100 pg/ml
PMSF, 0.002 M EDTA, and protease inhibitors)
for 2 min. The samples were then centrifuged 15
min at 6000 x g at 4°C to recover the post-nuclear
supernatant, which was then transferred into poly-
carbonate tubes (Beckman). The samples were then
centrifuged (80,000 x g, 45 min), the supernatant
removed, and the microsomal fraction (pellet)
resuspended in stock buffer. Total and microsomal
proteins were measured using the Lowry assay.

Immunoblotting experiments

Immunoblotting experiments were performed as
previously described.”® The experimental condi-
tions, antibody dilution, and quantity and treatment
of protein extracts are described in Supplemental
Data 1. Briefly, samples were separated by SDS-
PAGE and transferred onto nitrocellulose mem-
branes (Amersham Hybond) in Tris/glycine metha-
nol buffer. Non-specific binding sites were saturated
by incubation in 0.2 M Tris buffer (pH 7.5), 1.37 M
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NaCl (TBS) with 0.05% Tween 20 (TBST), and 5%
(w/v) nonfat milk powder (Régilait). Membranes
were incubated with all primary antibodies (listed
in Supplemental Data, Table S1) overnight at 4°C on
a rocking platform. Membranes were washed in
TBST and probed with peroxidase-conjugated sec-
ondary antibodies at specific dilutions in TBST + 5%
or 1% (w/v) nonfat milk powder (see Supplemental
Table S1) for 2 h at room temperature on a rocking
platform. Membranes were thoroughly washed and
chemiluminescence detected using the Pierce™
ECL2 Substrate kit, (Thermo Scientific). The chemi-
luminescence signals were detected using
a ChemiDoc XRS (Bio-Rad) and analyzed using
Image Lab software (Bio-Rad). Signal intensity is
expressed as arbitrary values.

Reverse transcription-quantitative PCR

Liver RNA was extracted using a mirVana'™ miRNA
isolation kit (Invitrogen/ThermoFisher) Vilnius,
Lithuania), as described in.*> RNA quality was deter-
mined using an RNA 6000 Nanoassay kit containing
chips and the RNA integrity number (RIN) calculated
using an Agilent 2100 Bioanalyzer. All tested RNA
samples had a RIN above 8.5. RNA concentration
A260/A280 and A260/A230 ratios were measured
using a Nanodrop 2000 spectrophotometer. RNA sam-
ples were stored at —80 * C until use. Primers for cyclo-
philin (forward->ATGGCACTGGCGGCAGGTCC?,
reverse-> TTGCCATTCCTGGACCCAAA®)  and
Hampl (forward->CCTATCTCCATCAACAGAT®,
reverse-S’TGCAACAGATACCACACTGy) were
used. Total RNA (3.5 pg) was converted to single-
stranded complementary DNA (cDNA) using a High-
Capacity cDNA  Reverse Transcription Kit
(Invitrogen/ThermoFisher Vilnius, Lithuania). Real-
time PCR was performed using ROX SYBR®™ Master
Mix (TAKYON, Eurogentec Belgium) and mRNA
levels were determined by the AACt method, with
normalization relative to cyclophilin.

Culture of the HT29 cell line for indirect assay to
evalute the effect of bacteria on Hif 2a

We used an indirect assay based on co-incubation
of HT-29 cells with microbial supernatants to
monitor the action of bacteria on Hif-2«a as
described in.*” HT-29 cells were placed in a low-

oxygen atmosphere (hypoxia) to boost the over-
expression of Hif-2a** and then co-incubated
with supernatants from one of the bacteria strains
used for primo-colonization of the GF mice. The
HT29 cell line was used from passages 72-73 and
were routinely grown in Dulbecco’s Modified Eagle
Medium (DMEM, 1X) with GlutaMAX™ (Gibco),
supplemented with 10% (v/v) fetal calf serum
(FCS) inactivated by incubation for 1h at 56°C
(Eurobio). Cells (1x10° per mL) were grown for
seven days in six-well tissue culture plates at 37°C
in a 10% CO2:90% air atmosphere. At day 7, plates
were incubated in DMEM 5% (v/v) heat-
inactivated FCS and put in an anaerobic chamber
containing a gas mix of 90% N,, 5% CO, and 5%
H,, without oxygen, for 6 h. An overnight anaero-
bic culture of B. thetaiotaomicron in LyBHi supple-
mented with 1mg/mL cellobiose, 1mg/mL
maltose, and 0.5 mg/ml L-cysteine (4x10°CFU/
mL) was centrifuged and 1 mL supernatant or
LyBHi without bacteria (as a negative control)
added for co-incubation in a final volume of 2 mL
DMEM for 6 h in an anaerobic chamber. Cells were
rinsed, scraped off, and immediately used for pro-
tein extraction following the protocol already
described.

Statistics

Nonparametric Mann-Whitney T-tests were used
for comparisons between the groups with and with-
out iron for D15, D30, D45, and D60. All data for
weight, blood parameters, and short chain fatty acids
were analyzed using 2-way ANOVA with Sidak’s
multiple comparison test. The «a-diversity was ana-
lyzed using T-tests. p values < .05 (indicated by *), <
.005 (indicated by **), < .0005 (indicated by***) were
considered statistically significant.

Results

Iron depletion over 60 days induces sequential and
organ-specific effects in SPF mice

We compared the effects of an iron-containing
(iron*) and iron-depleted (iron™) diet for 15
(D15), 30 (D30), 45 (D45), and 60 (D60) days on
mice harboring a conventional microbiota (SPF)
(Figure 1a). The mice of both groups showed



similar weight gain (Figure 1b). The saturation
coefficient of transferrin significantly and progres-
sively decreased from D15 with the iron™ diet.
Plasma ferritin levels significantly decreased in
the iron” group from D30. Plasma hepcidin was
below the threshold of detection for all iron~
groups, and we verified that the expression of the
hepatic Hamp1 gene (encoding hepcidin) was also
low in mice fed the iron-depleted diet
(Supplemental Data 2). Blood hemoglobin levels
were significantly lower for the iron™ group on
D60 than for the iron™ group. As previously
described”® in female mice with similar age and
comparable diet, it takes 60 days to induce iron
deficiency anemia. These results validate the effi-
ciency of the depletion of iron in the diet without
modifying the weight gain of the mice. We then
studied the effect of iron depletion on the tissues by
quantifying ferritin (Figure 2a and Supplemental
data 3) and Dmt1 (Figure 2b) protein levels in the
duodenum, liver, and lungs. The amount of ferritin
decreased in the duodenum and liver with the iron-
depleted diet, whereas it remained unchanged
(with some variability) in the lungs (Figure 2a).
Dmtl levels in the duodenum progressively
increased, with notable inter-individual heteroge-
neity, in the absence of iron. The induction of
Dmtl expression was detected in one mouse on
D15 and D30, in three mice on D45, and in all
mice on D60. The longer iron privation persisted,
the less inter-individual variation was observed in
the duodenum. Dmtl levels were less affected by
iron in the extra-gut tissues. In the liver, they
increased slightly by D45 and D60 in the iron™
conditions and remained unchanged in the lungs.

Overall, ferritin and Dmtl levels were inversely
and sequentially modified by iron privation, in agree-
ment with the previous observations.'>'” The mobi-
lization of intestinal and hepatic iron from ferritin
was rapid, whereas Dmtl levels increased late in the
duodenum of all mice (Figure 2a,b). In the lungs, the
amount of ferritin and Dmt1 remained constant up to
45 days of iron privation (Figure 2a,b).

Germ-free mice have low intestinal ferritin and are
poorly resistant to iron-deficient diet

In an initial experiment, we replicated the protocol
used on the SPF mice on GF mice, using time points
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of 15, 30, 45, and 60 days. However, prolonged iron
depletion in GF mice for over 30 days resulted in
a reduction in weight gain (Supplemental Figure S4).
We thus limited our observations of the GF mice to 15
and 30 days to prevent confounding the effects of iron
depletion with those related to restricted growth
(Figure 3a). At D30, we inoculated the mice with
a mixture of primo-colonizing bacteria (+primo) to
establish whether iron depletion modifies gut fitness
through colonization by the microbiota (Figure 3a).
Mice inoculated with primo-colonizing bacteria were
studied not more than four days after the gavage
(D34) to avoid a prolonged protocol that was deleter-
ious for the growth of the GF mice (Supplemental
Figure S4). Mice in both the iron™ and iron™ groups
showed similar weight gain (Figure 3b). Transferrin
saturation and plasma ferritin and hepcidin protein
levels (as well as corresponding mRNA, Supplemental
Data 2) were significantly lower in GF mice receiving
the iron-depleted diet, whereas the content of iron in
the diet did not affect the level of hemoglobin
(Figure 3b). We did not observe any change in any
of these parameters after inoculation with the primo-
mix (GF+primo), except for plasma hepcidin levels,
which dropped by D34 in the iron" group (Figure 3b).
We plotted the data obtained from both the GF and
SPF mice on the same graph to facilitate their com-
parison (Figure 3c). Overall comparison between the
GF and SPF groups receiving the iron™ diet showed
the GF status to be associated with lower hemoglobin
and hepcidin levels on D30 (Figure 3c). GF mice
receiving the iron~ diet showed significantly lower
hemoglobin levels at D15 and D30 than SPF mice
(Figure 3c). We examined the effect of iron depletion
on ferritin levels in the duodenum, liver, and lungs of
GF and GF+primo mice. Ferritin levels decreased
over time in the duodenum and liver in GF mice
receiving the iron~ diet, whereas it remained stable
in the lungs (Figure 4a). Mice in the GF iron™ group
showed greater depletion of ferritin in the liver than in
the duodenum, suggesting that the hepatic stock of
iron was preferentially mobilized in this condition.
With an iron-containing diet (Figure 4b, upper
panels), ferritin levels in the duodenum in GF mice
were lower than those in that of SPF mice, showing
that GF mice had lower intestinal stores of iron but
similar hepatic stores. The privation of iron up to 30
days led to drastic mobilization of ferritin in the
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Figure 2. Effects of iron deprivation on tissue parameters of SPF mice. Protein levels were assessed by western-blot analysis on D15
(n=4), D30 (n=4), D45 (n=4), and D60 (n=6) for the duodenum, liver, and lungs of SPF mice in the iron* and iron™ groups.
A representative western blot is shown for each condition. B-actin was used as a loading control. a) Western blots (representative
membranes) and quantification (graphs) of ferritin in total protein extracts. All values were normalized relative to the mean
ferritin signal at D15 for mice fed the iron* diet. b) Western blots (representative membranes) and quantification of Dmt1 in
membrane protein extracts. As described by Yanatori et al., “*DMT1 appears on the western blot as 90-116 kDa smear. The arrow
indicates the upper band used for quantification of DMT1 in lung. All values were normalized relative to the mean of Dmt1 at
D15 for mice fed the iron* diet. P values < .05 (¥), < .005 (*¥), <.00001 (****) indicate the statistical difference between the iron™
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Figure 3. Protocol and parameters for GF mice. a) Schematic view of the protocol. Female germ-free (GF) C3H/HeN mice were fed
a diet containing 65 mg/kg iron or <6 mg/kg for 15 (D15) or 30 days (D30) because a longer period of iron privation led to weight loss
(Supplemental data 4). On day 30, GF mice were inoculated with a mix of four primo-colonizing bacteria (GF+primo) by oral gavage.
The primo-colonizing bacteria consisted of E. faecalis (strain X98), B. thetaiotaomicron (strain L55), E. coli (strain CEC15), and B. longum
(strain L74). Mice with the primo-mix were euthanized four days (D34) after inoculation. Mice were euthanized to evaluate the
systemic, tissue, and cellular parameters. The number of mice used for each time point are indicated in parentheses (n). b) Effects of an
iron-poor diet on the weight and plasma parameters of GF and GF+primo mice. The weight (g), transferrin saturation coefficient (%),
and ferritin (ug/L), hepcidin (ng/mL), and hemoglobin (g/dL) levels were determined on D15 (n =3 iron*,and n =3, iron”), D30 (n =3,
iron* and n =3, iron”), and D34 (n =2, iron* and n =3, iron") after the beginning of the intervention. P values < .05 (*), < .005 (*¥),
and <.0005 (***) indicate the statistical difference between the groups fed diets with and without iron by two-way ANOVA with
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duodenum and liver in GF mice, whereas the SPF
mice had greater stores (Figure 4b, lower panels).

Dietary iron and microbiota inhibit intestinal Dmt1

The iron-poor diet increased Dmt1 levels in the
duodenum of GF mice at D15 and D30
(Figure 5a). Comparison of the three groups
(Figure 5b) showed that Dmtl levels decreased
in the presence of the microbiota (compare the
SPF vs GF+primo vs GF groups). The reduction
in Dmtl levels was greater as a function of the
complexity of the microbiota and the length of
time it was present (compare the SPF vs GF
+primo groups). We assessed the involvement
of HIF-2a to examine the mechanisms respon-
sible for the decrease in Dmtl levels in the
presence of the microbiota (Figure 5c). Given
the low level of expression of HIF-2« in the
animals, we used an indirect assay based on
Hif-2a over-expressing HT-29 cells according
to established protocols.””** We cultured HT-
29 cells under hypoxic conditions (oxygen-)
with culture medium without (LyBhi) and with
bacteria (LyBhi+theta) (Figure 5c). The expres-
sion of Hif-2a was boosted when the HT-29
cells were maintained under anaerobic condi-
tions for 6h (Figure 5c, left panel). The
hypoxia-induced level of Hif-2a was repressed
when the cells were co-incubated with a culture
supernatant of B. thetaiotaomicron, one of the
bacteria of the primo-mix (Figure 5c, right
panel).

Iron privation led to reduced activity and diversity
of microbiota, but favored certain commensals

The iron content in the diet modified the fermenta-
tive activity of the cecal microbiota over time, as
measured by changes in the levels of major SCFAs
(Figure 6a) and less abundant branched SCFAs
(Figure 6b) in the cecum of SPF mice. The initial
15 days without iron led to significantly lower

production of acetate, propionate, and butyrate.
The differences in SCFA production between the
two groups were no longer observable by D30.
After iron privation for 45 and 60 days, less acetate
and butyrate were produced in the iron™ group,
whereas the propionate levels remained equivalent
in the two groups. Branched-SCFAs decreased to
almost under the level of detection in all iron-
depleted groups (Figure 6b). The microbiota f-
diversity, determined by the normalized UNIFRAC
index, evolved over time between D1, D30, and D60
(Figure 6c¢), with differences between the iron™ and
iron" groups becoming observable from D30. Iron
privation for 60 days significantly reduced the a-
diversity (Figure 6¢), with Pseudomonadota and
Bacillota, in particular, certain species of
Lactobacillales being favored at the expense of
Bacteroidota (Figure 6d). We examined whether
iron content in the body could modify the fitness
of commensals bacteria, by following the kinetics of
colonization one (D31), two (D32), and four days
(D34) after gavage of the four primo-colonizing
strains in the iron-poor and iron-rich conditions
(Figure 6e). At D31, the proportion of each bacterial
strain was E. coli > B. thetaiotaomicron = E. faecalis >
B. longum for both groups. Four days after gavage
(D34), the hierarchy between the strains was main-
tained, but the B. longum strain became 2 log more
abundant in the iron™ group (Figure 6e). At D34, the
levels of acetate, which was the only detectable SCFA
produced, were not significantly different between
the iron" (10.8 £ 0.4 mM, n=2) and iron™ (13.2+4
mM, n = 3) groups.

Discussion

The objective of this study was to compare the
effect of iron deficiency in GF and SPF mice to
evaluate over time the intricate and reciprocal
effects of dietary iron, the microbiota, and the
iron metabolism of the host. While acknowledging
the small sample size of some gnotobiotic groups,

Sidak’s multiple comparison test (the D34 group was excluded because n = 2). c) Compilation of the parameters obtained for GF and
SPF mice at D15 and D30 for the iron* and iron™ conditions. The line indicates the threshold of detection of serum hepcidin (2 ng/mL).
P values < .05 (*), < .005 (**), and < .0005 (***) indicate the statistical difference between the GF and SPF groups for each condition by

two-way ANOVA with Sidak’s multiple comparison test.
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Figure 4. Effect of iron privation on ferritin in GF and SPF mice. a) The amount of ferritin in the tissues of GF and GF+primo mice
was studied by western blotting on D15 (n=3), D30 (n=3), and D34 (n=2) for the iron* group and on D15 (n=3), D30 (n=3),
and D34 (n=3) for the iron™ group. Western blots and quantification of ferritin in total protein extracts from the duodenum,
liver, and lungs of GF and GF+primo mice. A representative western blot is shown for each condition. B-actin was used as
a loading control. All values are normalized relative to the mean of ferritin on D15 for mice fed the iron* diet. P values < .05 (*¥)
and <.0005 (***) indicate the statistical difference between the iron™ and iron™ groups for each time point by two-way ANOVA
with Sidak’s multiple comparison test. b) Duodenum and liver proteins from GF and SPF were loaded on the same gel to allow
the comparison of ferritin between groups over time (n =3 for GF and n=4 for all SPF groups). All values are normalized relative
to the mean of ferritin on D15 for SPF mice fed the iron™ diet (upper panel) and D15 for SPF mice fed the with iron™ diet (lower
panel). P values <.05 (*) and <.0001 (****) indicate the statistical difference between GF and SPF mice for each time point by 2
two-way ANOVA with Sidak’s multiple comparison test.
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Figure 5. Effect of iron privation and the microbiota on Dmt1 expression and Effect of B. thetaiotaomicron supernatant on Hif-2a
protein. a) Western blots and quantification of Dmt1 in duodenum membrane protein extracts on D15 (n=2), D30 (n=3), and
D34 (n=2) for mice in the iron* group and D15 (n=2), D30 (n=3), and D34 (n=3) for mice in the iron” group.
A representative western blot is shown for each condition. B-actin was used as a loading control. b) Western blot and
quantification of Dmt1 in duodenum membrane protein extracts from SPF D30 (n=2), GF+primo D34 (n=3), and GF D30 (n
=3) mice fed the iron™ diet. All values are normalized relative to the mean of Dmt1 on D30 for GF mice fed the iron™ diet.
p values < .05 (*) indicate the statistical difference between the GF and GF+primo groups by the nonparametric Mann-Whitney
T-test. c) Effect of B. thetaiotaomicron supernatants on Hif-2a protein levels in HT29 cells. HT29 cells were incubated 6 h in the
absence (-) or presence (+) of oxygen and then co-incubated with LyBhi or LyBhi mixed with an equal amount of a supernatant
of an over-night culture of B. thetaiotaomicron. A representative western blot of HIF-2a and B-actin proteins is shown.

we show that the microbiota and the host organism
form a dynamic duo that transitions from coopera-
tion to competition depending on the level of iron
in the diet.

The following findings confirm previously
reported  conclusions:***” a)  Microbiota-
mediated inhibition of host iron absorption via

the HIF2 pathway under iron depletion b)
Abundance of Lactobacillaceae under dietary
iron deficiency c¢) Host ferritin accumulation by
gut microbiota. Here, the long duration of iron
privation highlights the progressive and organ-
specific kinetics of adaptation (see results with
DMT1, microbiota activity, hepatic and intestinal
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Figure 6. Reciprocal effects of iron deprivation on microbiota. a) Acetate, proprionate, butyrate, and b) minor short chain fatty acids
were measured in the cecum of SPF mice at D15, D30, D45, and D60 from the iron™ and iron™ groups. The line indicates the threshold
of detection (under 0.4 umol/g). p values < .005 (**), < .0005 (***), and < .0001 (****) indicate the statistical difference between groups
fed diets with and without iron by two-way ANOVA with Sidak’s multiple comparison test. c) diversity index of the microbiota in SPF
mice receiving the two diets for 1, 30, and 60 days.Left panel: B-diversity by the normalized UNIFRAC index. Right panel: box plot
showing a-diversity using the Shannon index. p values < .005 (**) indicate the statistical difference between groups fed diets with and
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stores). We also show for the first time that an
iron-depleted body (due to an iron-poor diet)
affects the fitness of the gut and the dynamics
of the colonization process with a controlled mix
of microbes.

In SPF mice, 60 days of iron depletion resulted
in a drop in serum iron marker levels, poor SCFA
production, a less diverse microbiota, sub-
dominance of Bacillota, especially Lactobacillales,
and lower ferritin and higher Dmtl levels in the
duodenum and liver. These parameters all evolved
over the time of privation, consistent with previous
data describing the progressive adaption of the host
to cope with iron privation.46 In GF mice, we
observed that 1) an iron-depleted diet could not
be extended beyond 30 days without weight loss, 2)
as they aged they showed less blood hemoglobin
than SPF mice, even with a diet rich in iron
(Figure 3c), 3) the pool of duodenum ferritin was
low, possibly explaining the rapid mobilization of
their hepatic stores in situations of iron privation,
and 4) a strong induction of Dmt1 expression due
to iron restriction.

GF mice receiving the iron™ diet showed signifi-
cantly lower hemoglobin levels and this finding is
in contrast with previous report.>” This discre-
pancy may be related to different genetic back-
ground of mice (C3H/HeN versus C57BL/6]) and
to differences in initial hepatic and intestinal iron
stores in the mice at the beginning of the protocol.
In accordance with the results of the two previous
results,”*” in the presence of the microbiota, the
amount of intestinal ferritin increased when the
diet contained an adequate amount of iron, which
may aid resistance against iron privation. Our
results are also in accordance with historic observa-
tions showing increased iron retention in the body
in the presence of microbiota during conventiona-
lization of recipient GF rats.*” Given the various
roles of ferritin in metabolic disorders, inflamma-
tion, infection, and cancer, it is likely that micro-
biota-linked regulation of ferritin is determinant in
the intricate relationship between iron-microbiota-

ferritin and pathologies*® and may promote
immune tolerance.*’

In the situation of iron privation, Dmt1 produc-
tion was rapidly and massively induced in GF mice,
which have only small stores of endogenous iron.
In SPF mice, the induction of Dmtl production
occurred later in all mice and its amplitude was
smaller. The use of gnotobiotic mice (GF+primo
mix vs GF) confirmed that the presence of
microbes reduces Dmtl levels and illustrates com-
petition with the host in situations of iron scarcity,
as already suggested by previous observations.*>*’
We also observed a similar pattern of expression
for the protein DcytB, which is a membrane pro-
tein that reduces ferric iron to ferrous iron,
a preliminary step essential for its absorption by
the duodenal protein Dmtl (Supplemental Data 5).
Such microbiota linked-lowering of Dmtl levels
appears to be mainly driven by HIF-2« in particu-
lar in response to yet unidentified molecules pro-
duced by B. thetaiotaomicron (Figure 5). Thus, the
microbial-linked extinction of the transporter
Dmtl is at least partially sustained by the reduction
of HIF-2a, which is a major molecular actor that
governs its expression.’ 0

Our results show that the microbiota plays
a versatile role depending on the amount of avail-
able iron. Under conditions of sufficient iron, the
microbiota favors intestinal storage. On the other
hand, under conditions of iron deficiency, the
microbiota inhibits the expression of the luminal
intestinal DMT1 transporter, illustrating competi-
tion with the host. The fact that the microbiota
favors resistance against iron privation by helping
the host to store iron through higher amounts of
ferritin can be considered as cooperation between
commensals and the host. The gut microbiota also
plays a crucial role in improving the bioavailability
of iron for the host by enhancing the production of
SCFA.”' However, in the case of iron privation,
commensals induce a decrease in the levels of the
Hif-2a-dependent Dmtl transporter, reflecting
competition between the microbiota and host.

without iron by two-way ANOVA with Sidak’s multiple comparison test. d) Microbiota composition based on 16 S sequences from
fecal samples of mice from the iron™ and iron* groups at different time points. Left panel: phylum level. Right panel: different
operational taxonomic units expressed on D60 as a function of diet. €) At D30, GF mice were orally inoculated with a mixture (e)
containing 10® CFU of Enterococcus faecalis (strain X98), Bacteroides thetaiotaomicron (strain L55), Escherichia coli (strain CEC15), and
Bifidobacterium longum (strain L74). Each strain was equivalently represented in the inoculum. Quantification by real-time PCR of each
primo-colonizing strain one day (D31), two days (D32), and four days (D34) after inoculation for the iron* (n=2) and iron™ (n=2)

groups.



Thus, the effect of the microbiota on iron-related
metabolism is to detect and react to temporal
signals to sustain cooperation or competition with
the host depending on iron availability.

This is the first demonstration that the composi-
tion and activity of the intestinal microbiota dynami-
cally adapts to iron deficiency and that, conversely,
the ability of bacteria to colonize the gut is altered
when the body’s iron reserves are depleted. The
depletion of iron in the diet modified the activity,
diversity, and composition of the microbiota over
time. The massive reduction of SCFA synthesis at
15 days was less strong with longer iron depletion.
The fluctuation of microbiota that we observed over
time could explain the difficulty in observing clear
trends of the iron-related evolution of the microbiota
in compiling different studies. The pattern of changes
is linked to the initial microbiota, the duration of
treatment, and the form of iron used."' After 60
days of iron privation, the a-diversity and production
of acetate and butyrate were reduced, and Bacillota
became more dominant. Iron privation also had an
impact on the time course of colonization of
a mixture of bacterial strains. The inoculation of
a mixture of four strains showed progressive coloni-
zation of the recipient gut by the bacteria, with a 2 log
increase between D31 and D34 (Figure 6e). Among
these four strains, E.coli was the most abundant at
D31 and it remained the most abundant strain until
D34. The increasing number of bacteria and the pre-
dominance of Enterobacteriacea mimic the kinetics of
implantation of the microbiota described at birth.**>*
B. longum was the only strain that thrived in an iron-
depleted environment, as it was 2 log more abundant
at D34 in the iron™ group. All four strains were
cultivated in a culture medium containing iron before
inoculation. Thus, it is likely that the iron stores of the
bacteria were replenished and could be mobilized to
ensure their implantation. In our experimental set-
ting, we cannot exclude that the supremacy of
B. longum is linked to more efficient storing of iron.
However, the advantage of B. longum at D34 in the
iron-depleted environment (Figure 6e) is consistent
with observations made in Human cohorts, in which
the Bifidobacterium group is prevalent in anemic
individuals® and iron deficiency leads to
a reduction in butyrate-producing anaerobic
bacteria.>* Bifidobacterium strains are also genetically
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equipped to resist low-iron conditions.”>> The
installation of a simplified microbiota in recipient
GF mice is modulated by iron, with a selective advan-
tage for Bifidobacterium in iron-depleted conditions.

For many pathogens, virulence is linked to
their effectiveness in acquiring iron and main-
taining iron levels. Thus, iron overload is asso-
ciated with an increased risk of infection®® and
iron fortification can favor  pathogen
abundance.”” The host limits iron availability
to invading microbes as an efficient mechanism
of defense known as nutritional immunity.”®>’
In the case of beneficial microbes, certain pro-
biotic strains are involved in a positive effect on
iron absorption, although there is not yet clear
evidence in humans.®® P-hydroxyphenyl lactic
acid secreted by the probiotic microbe
L. fermentum reduces ferric iron to ferrous
iron, thus making it bioavailable to the host.®'
Probiotics may also help the host by competing
for iron sequestration with pathogens. The
Escherichia coli strain Nissle 1917 can reduce
Salmonella enterica serovar Typhimurium colo-
nization in mouse models of colitis and limits
chronic  persistent infection by  iron
acquisition.®® Thus, the interplay for iron meta-
bolism between microbes and the host is adjus-
table; commensals can act both as cooperative
partners and competitors, whereas pathogens are
more clearly competitors and probiotics directly
help the host by favoring iron bioavailability or
indirectly by competing with pathogens for iron.
The functional continuum between pathogens,
commensals, and probiotics leads to fine-tuned
host-iron-microbe crosstalk, ranging from com-
petition to cooperation in the gut.

We also show that lung iron stores are spared in
a low-iron diet, as if this organ were protected. Iron
storage, import, and export concern all organs,
which have specific iron requirements, but many
of these differences are still poorly documented for
extra-digestive epithelia, such as in the lungs.
Neither storage with ferritin nor levels of Dmtl
were affected by iron deficiency in the lung, either
in SPF or GF mice, suggesting that the lungs are
protected from iron deficiency (Figures 2 and 4).
Thus, when iron becomes limiting, the iron distri-
bution to tissues becomes prioritized, with the
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lungs being particularly well protected. In a murine
model in which hepcidin production is
impaired (Hepc KO mice), leading to iron over-
load, an increase in plasma iron levels, a drop in
Dmtl levels, and the accumulation of L-ferritin
were found in the lungs.® In the lungs of iron over-
loaded mice, iron is taken up by pulmonary cells
and further passed to macrophages of the alveoli,
where it is safely stored. We did not quantify iron
storage in alveolar macrophages during the iron-
depleted diet, but it is possible that they may pro-
vide iron and serve as a reservoir for rescue. As
observed in the iron-overload model, we provide
evidence of the resistance of the lungs to maintain
iron stores in the situation of an iron-depleted diet,
independently of the microbiota.

In conclusion, iron metabolism, storage, and
transport are mainly governed by the amount of
iron in the diet and the microbiota in the
splanchnic area but not the lungs. Reciprocally,
the amount of iron in the diet and iron stores in
the body dynamically modulate the composition
and activity of the microbiota and gut fitness.
With a diet containing an adequate amount of
iron, the presence of the microbiota increases
iron storage in the body and favors resistance
against privation. If the diet becomes iron defi-
cient, commensals affect the duodenum expres-
sion of the iron transporter Dmtl and thus
impair iron transport, mainly through the Hif-
2a signaling pathway.

Acknowledgments

This work benefited from the facilities and expertise of
@BRIDGe (Université Paris-Saclay, INRAE, AgroParisTech,
GABI, 78350 Jouy-en-Josas, France) for the 16S rRNA
sequencing. We thank Vinciane Saint-Criq for her advice
and critical reading of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the
work featured in this article.

ORCID

Claire Cherbuy (%) http://orcid.org/0000-0002-3088-4199
Gaél Nicolas () http://orcid.org/0000-0002-1671-8274
Christéle Humblot (%) http://orcid.org/0000-0002-9797-1625
Muriel Thomas (%) http://orcid.org/0000-0002-7608-3274

Author contributions

M-L.N, Y.S, and A.B: mouse protocols, samples processing,
cellular, protein and molecular analysis.

M-L.N: SCFA data acquisition; RT-PCR analysis.

T.L: blood data acquisition, iron-metabolism biomarker
analysis.

G.N: blood data acquisition, iron-metabolism biomarker ana-
lysis, correction and reviewing of the manuscript.

F.C-H: provision of the anti-Dmtl1 antibody, membrane pre-
paration protocol, correction, reviewing, and editing of the
manuscript.

A.B and C.C: PCR amplification of 16S rDNA and microbiota
data acquisition and treatment.

M-L.N, A.B, G.N, K.B, CH and M.T: conceptualization and
design of the study.

C.H, K.B, and M.T: thesis directors of Y.S.

M.T: writing, correction, reviewing, and editing of the
manuscript.

All authors have read and agreed to the published version of
the manuscript.

Data avaibility statement

The authors confirm that the data supporting the data sets are
available in the “DATA INRAE” repository platform accessi-
ble through doi.org/10.57745/8 ABKFG. The data and calcula-
tions deposited are all weight and iron parameters of mice,
qPCR screen shot for Hamp1 quantification, short chain fatty
acids, microbiota sequences, raw membranes of all westerns
blots.

References

1. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett
CM, Knight R, Gordon JI. The human microbiome
project. Nature. 2007;449(7164):804-10. doi:10.1038/
nature06244.

2. van de Guchte M, Blottiere HM, Dore J. Humans as
holobionts: implications for prevention and therapy.
Microbiome. 2018;6(1):81. doi:10.1186/s40168-018-
0466-8.

3. Human Microbiome Project C. Structure, function and
diversity of the healthy human microbiome. Nature.
2012;486:207-214.

4. Lloyd-Price ], Abu-Ali G, Huttenhower C. The healthy
human microbiome. Genome Med. 2016;8(1):51.
doi:10.1186/513073-016-0307-y.


https://doi.org/10.1038/nature06244
https://doi.org/10.1038/nature06244
https://doi.org/10.1186/s40168-018-0466-8
https://doi.org/10.1186/s40168-018-0466-8
https://doi.org/10.1186/s13073-016-0307-y

10.

11.

12.

13.

14.

15.

16.

Giron M, Thomas M, Dardevet D, Chassard C, Savary-
Auzeloux I. Gut microbes and muscle function: can
probiotics make our muscles stronger? J Cachexia
Sarcopenia Muscle. 2022;13(3):1460-1476. doi:10.
1002/jcsm.12964.

Saint-Criq V, Lugo-Villarino G, Thomas M. Dysbiosis,
malnutrition and enhanced gut-lung axis contribute to
age-related respiratory diseases. Ageing Res Rev.
2021;66:101235. doi:10.1016/j.arr.2020.101235.

Anand N, Gorantla VR, Chidambaram SB. The role of
gut dysbiosis in the pathophysiology of neuropsychia-
tric disorders. Cells. 2022;12(1):54. doi:10.3390/
cells12010054.

Rothschild D, Weissbrod O, Barkan E, Kurilshikov A,
Korem T, Zeevi D, Costea PI, Godneva A, Kalka IN,
Bar N. et al. Environment dominates over host genetics
in shaping human gut microbiota. Nature. 2018;555
(7695):210-215. doi:10.1038/nature25973.

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY,
Keilbaugh SA, Bewtra M, Knights D, Walters WA,
Knight R. et al. Linking long-term dietary patterns
with gut microbial enterotypes. Science. 2011;334
(6052):105-108. doi:10.1126/science.1208344.

David LA, Maurice CF, Carmody RN, Gootenberg DB,
Button JE, Wolfe BE, Ling AV, Devlin AS, Varma Y,
Fischbach MA. et al. Diet rapidly and reproducibly
alters the human gut microbiome. Nature. 2014;505
(7484):559-563. doi:10.1038/nature12820.

Seyoum Y, Baye K, Humblot C. Iron homeostasis in
host and gut bacteria — a complex interrelationship. Gut
Microbes. 2021;13(1):1-19. doi:10.1080/19490976.
2021.1874855.

Huus KE, Hoang TT, Creus-Cuadros A, Cirstea M,
Vogt SL, Knuff-Janzen K, Sansonetti PJ, Vonaesch P,
Finlay BB. Cross-feeding between intestinal patho-
promotes  their  overgrowth  during
undernutrition. Nat Commun. 2021;12(1):6860.
doi:10.1038/s41467-021-27191-x.

Clasen SJ, Ley RE. Iron deficiency causes Wrinkles in
host-commensal relationships. Cell Metab. 2020;31
(1):8-10. do0i:10.1016/j.cmet.2019.12.003.

Cuisiniere T, Calve A, Fragoso G, Oliero M, Hajjar R,
Gonzalez E, Santos MM. Oral iron supplementation
after antibiotic exposure induces a deleterious recovery
of the gut microbiota. BMC Microbiol. 2021;21(1):259.
doi:10.1186/512866-021-02320-0.

Canonne-Hergaux F, Gruenheid S, Ponka P, Gros P.
Cellular and subcellular localization of the Nramp?2 iron
transporter in the intestinal brush border and regula-
tion by dietary iron. Blood. 1999;93(12):4406-4417.
doi:10.1182/blood.V93.12.4406.

Gunshin H, Fujiwara Y, Custodio AO, Direnzo C,
Robine S, Andrews NC. Slclla2 is required for intest-
inal iron absorption and erythropoiesis but dispensable
in placenta and liver. J Clin Invest. 2005;115
(5):1258-1266. doi:10.1172/]CI24356.

bionts

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

GUT MICROBES (&) 17

Galy B, Ferring-Appel D, Becker C, Gretz N, Grone HJ,
Schumann K, Hentze MW. Iron regulatory proteins con-
trol a mucosal block to intestinal iron absorption. Cell
Rep. 2013;3(3):844-857. doi:10.1016/j.celrep.2013.02.026.
Anderson SA, Nizzi CP, Chang YI, Deck KM,
Schmidt PJ, Galy B, Damnernsawad A, Broman AT,
Kendziorski C, Hentze MW. et al. The IRP1-HIF-2a
axis coordinates iron and oxygen sensing with erythro-
poiesis and iron absorption. Cell Metab. 2013;17
(2):282-290. doi:10.1016/j.cmet.2013.01.007.

Nicolas G, Bennoun M, Porteu A, Mativet S,
Beaumont C, Grandchamp B, Sirito M, Sawadogo M,
Kahn A, Vaulont S. Severe iron deficiency anemia in
transgenic mice expressing liver hepcidin. Proc Natl
Acad Sci USA. 2002;99(7):4596-4601. do0i:10.1073/
pnas.072632499.

Nicolas G, Viatte L, Bennoun M, Beaumont C, Kahn A,
Vaulont S. Hepcidin, a new iron regulatory peptide.
Blood Cells Mol Dis. 2002;29(3):327-335. doi:10.1006/
bemd.2002.0573.

Shah YM, Matsubara T, Ito S, Yim SH, Gonzalez FJ.
Intestinal hypoxia-inducible transcription factors are
essential for iron absorption following iron deficiency.
Cell Metab. 2009;9(2):152-164. doi:10.1016/j.cmet.
2008.12.012.

Cherbuy C, Honvo-Houeto E, Bruneau A,
Bridonneau C, Mayeur C, Duee PH, Langella P,
Thomas M. Microbiota matures colonic epithelium
through a coordinated induction of cell cycle-related
proteins in gnotobiotic rat. Am ] Physiol Gastrointest
Liver Physiol. 2010;299(2):G348-357. doi:10.1152/
ajpgi.00384.2009.

El Aidy S, Derrien M, Merrifield CA, Levenez F, Dore J,
Boekschoten MV, Dekker J, Holmes E, Zoetendal EG,
van Baarlen P. et al. Gut bacteria-host metabolic inter-
play during conventionalisation of the mouse germfree
colon. Isme J. 2013;7(4):743-755. doi:10.1038/isme;j.
2012.142.

Tomas J, Reygner J, Mayeur C, Ducroc R, Bouet S,
Bridonneau C, Cavin JB, Thomas M, Langella P,
Cherbuy C. Early colonizing Escherichia coli elicits
remodeling of rat colonic epithelium shifting toward
a new homeostatic state. Isme J. 2015;9(1):46-58.
doi:10.1038/isme;j.2014.111.

Wrzosek L, Miquel S, Noordine ML, Bouet S, Joncquel
Chevalier-Curt M, Robert V, Philippe C, Bridonneau C,
Cherbuy C, Robbe-Masselot C. et al. Bacteroides the-
taiotaomicron and Faecalibacterium prausnitzii influ-
ence the production of mucus glycans and the
development of goblet cells in the colonic epithelium
of a gnotobiotic model rodent. BMC Biol. 2013;11
(1):61. doi:10.1186/1741-7007-11-61.

Deschemin JC, Noordine ML, Remot A, Willemetz A,
Afif C, Canonne-Hergaux F, Langella P, Karim Z,
Vaulont S, Thomas M. et al. The microbiota shifts the
iron sensing of intestinal cells. Faseb ]. 2016;30
(1):252-261. doi:10.1096/1j.15-276840.


https://doi.org/10.1002/jcsm.12964
https://doi.org/10.1002/jcsm.12964
https://doi.org/10.1016/j.arr.2020.101235
https://doi.org/10.3390/cells12010054
https://doi.org/10.3390/cells12010054
https://doi.org/10.1038/nature25973
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/nature12820
https://doi.org/10.1080/19490976.2021.1874855
https://doi.org/10.1080/19490976.2021.1874855
https://doi.org/10.1038/s41467-021-27191-x
https://doi.org/10.1016/j.cmet.2019.12.003
https://doi.org/10.1186/s12866-021-02320-0
https://doi.org/10.1182/blood.V93.12.4406
https://doi.org/10.1172/JCI24356
https://doi.org/10.1016/j.celrep.2013.02.026
https://doi.org/10.1016/j.cmet.2013.01.007
https://doi.org/10.1073/pnas.072632499
https://doi.org/10.1073/pnas.072632499
https://doi.org/10.1006/bcmd.2002.0573
https://doi.org/10.1006/bcmd.2002.0573
https://doi.org/10.1016/j.cmet.2008.12.012
https://doi.org/10.1016/j.cmet.2008.12.012
https://doi.org/10.1152/ajpgi.00384.2009
https://doi.org/10.1152/ajpgi.00384.2009
https://doi.org/10.1038/ismej.2012.142
https://doi.org/10.1038/ismej.2012.142
https://doi.org/10.1038/ismej.2014.111
https://doi.org/10.1186/1741-7007-11-61
https://doi.org/10.1096/fj.15-276840

18 M.-L. NOORDINE ET AL.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Das NK, Schwartz AJ, Barthel G, Inohara N, Liu Q,
Sankar A, Hill DR, Ma X, Lamberg O, Schnizlein MK.
et al. Microbial metabolite signaling is required for
systemic iron homeostasis. Cell Metab. 2020;31
(1):115-130.e6. doi:10.1016/j.cmet.2019.10.005.

Ghio AJ. Disruption of iron homeostasis and lung
disease. Biochim Biophys Acta. 2009;1790(7):731-739.
doi:10.1016/j.bbagen.2008.11.004.

Marsland BJ, Trompette A, Gollwitzer ES. The gut-
lung axis in respiratory disease. Ann Am Thorac Soc.
2015;12 Suppl 2(Supplement 2):S150-156. doi:10.1513/
AnnalsATS.201503-133AW.

Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK,
Sprenger N, Ngom-Bru C, Blanchard C, Junt T,
Nicod LP, Harris NL. et al. Gut microbiota metabolism
of dietary fiber influences allergic airway disease and
hematopoiesis. Nat Med. 2014;20(2):159-166. doi:10.
1038/nm.3444.

Sencio V, Machelart A, Robil C, Benech N,
Hoffmann E, Galbert C, Deryuter L, Heumel S,
Hantute-Ghesquier A, Flourens A. et al. Alteration of
the gut microbiota following SARS-CoV-2 infection
correlates with disease severity in hamsters. Gut
Microbes. 2022;14(1):2018900. doi:10.1080/19490976.
2021.2018900.

Sencio V, Gallerand A, Gomes Machado M, Deruyter L,
Heumel S, Soulard D, Barthelemy J, Cuinat C,
Vieira AT, Barthelemy A. et al. Influenza virus infection
impairs the gut’s barrier properties and favors second-
ary enteric bacterial infection through reduced produc-
tion of short-chain fatty acids. Infect Immun. 2021;89
(9):€0073420. doi:10.1128/IA1.00734-20.

Machado MG, Sencio V, Trottein F, Biumler AJ. Short-
chain fatty acids as a potential treatment for infections:
a closer look at the lungs. Infect Immun. 2021;89(9):
€0018821. doi:10.1128/IA1.00188-21.

Giorgi G, D’Anna MC, Roque ME. Iron homeostasis
and its disruption in mouse lung in iron deficiency and
overload. Exp Physiol. 2015;100(10):1199-1216. doi:10.
1113/EP085166.

Tomas J, Wrzosek L, Bouznad N, Bouet S, Mayeur C,
Noordine ML, Honvo-Houeto E, Langella P,
Thomas M, Cherbuy C. Primocolonization is associated
with  colonic  epithelial maturation  during
conventionalization. Faseb J. 2013;27(2):645-655.
doi:10.1096/1j.12-216861.

Asperti M, Gryzik M, Brilli E, Castagna A, Corbella M,
Gottardo R, Girelli D, Tarantino G, Arosio P, Poli M.
Sucrosomial® iron supplementation in mice: effects on
blood parameters, hepcidin, and inflammation.
Nutrients. 2018;10(10):1349. d0i:10.3390/nu10101349.

Lefebvre T, Dessendier N, Houamel D, Ialy-Radio N,
Kannengiesser C, Manceau H, Beaumont C, Nicolas G,
Gouya L, Puy H. et al. LC-MS/MS method for
hepcidin-25 measurement in human and mouse
serum: clinical and research implications in iron

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

disorders. Clin Chem Lab Med.
(10):1557-1567. doi:10.1515/cclm-2014-1093.
Giron M, Thomas M, Jarzaguet M, Mayeur C,
Ferrere G, Noordine ML, Bornes S, Dardevet D,
Chassard C, Savary-Auzeloux I. Lacticaseibacillus
casei CNCM I-5663 supplementation maintained mus-
cle mass in a model of frail rodents. Front Nutr.
2022;9:928798. doi:10.3389/fnut.2022.928798.

Escudie F, Auer L, Bernard M, Mariadassou M,
Cauquil L, Vidal K, Maman S, Hernandez-Raquet G,
Combes S, Pascal G. et al. FROGS: Find, rapidly, OTUs
with galaxy solution. Bioinformatics. 2018;34
(8):1287-1294. doi:10.1093/bioinformatics/btx791.
McMurdie PJ, Holmes S. Phyloseq: a bioconductor
package for handling and analysis of high-throughput
phylogenetic sequence data. Pac Symp Biocomput.
2012; 235-246. doi:10.1142/8254.

Mayeur C, Gratadoux JJ, Bridonneau C, Chegdani F,
Larroque B, Kapel N, Corcos O, Thomas M, Joly F,
Sanz Y. Faecal D/L lactate ratio is a metabolic signature
of microbiota imbalance in patients with short bowel
syndrome. PLOS ONE. 2013;8(1):e54335. doi:10.1371/
journal.pone.0054335.

Deschemin JC, Vaulont S, Rouault T. Role of hepcidin
in the setting of hypoferremia during acute
inflammation. PLOS One. 2013;8(4):e61050. doi:10.
1371/journal.pone.0061050.

Escribano-Vazquez U, Beimfohr C, Bellet D,
Thomas M, Zimmermann K, Langella P,
Cherbuy C. Symbioflor2® Escherichia coli genotypes
enhance ileal and colonic gene expression associated
with mucosal defense in gnotobiotic mice.
Microorganisms. 2020;8(4):512. do0i:10.3390/microor
ganisms8040512.

Simmen S, Cosin-Roger ], Melhem H, Maliachovas N,
Maane M, Baebler K, Weder B, Maeyashiki C,
Spanaus K, Scharl M. et al. Iron prevents hypoxia-
associated inflammation through the regulation of
nuclear factor-xB in the intestinal epithelium. Cell
Mol Gastroenterol Hepatol. 2019;7(2):339-355. doi:10.
1016/j.jcmgh.2018.10.006.

Yanatori I, Kishi F. DMT1 and iron transport. Free
Radic Biol Med. 2019;133:55-63. do0i:10.1016/j.freerad
biomed.2018.07.020.

Silvestri L, Pettinato M, Furiosi V, Bavuso Volpe L,
Nai A, Pagani A. Managing the dual nature of iron to
preserve health. Int ] Mol Sci. 2023;24(4):3995. doi:10.
3390/ijms24043995.

Reddy BS, Pleasants JR, Wostmann BS. Effect of intest-
inal microflora on iron and zinc metabolism, and on
activities of metalloenzymes in rats. ] Nutr. 1972;102
(1):101-107. doi:10.1093/jn/102.1.101.

Kotla NK, Dutta P, Parimi S, Das NK. The role of
ferritin in health and disease: recent advances and
understandings. Metabolites. 2022;12(7):609. doi:10.
3390/metabo12070609.

2015553


https://doi.org/10.1016/j.cmet.2019.10.005
https://doi.org/10.1016/j.bbagen.2008.11.004
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1513/AnnalsATS.201503-133AW
https://doi.org/10.1038/nm.3444
https://doi.org/10.1038/nm.3444
https://doi.org/10.1080/19490976.2021.2018900
https://doi.org/10.1080/19490976.2021.2018900
https://doi.org/10.1128/IAI.00734-20
https://doi.org/10.1128/IAI.00188-21
https://doi.org/10.1113/EP085166
https://doi.org/10.1113/EP085166
https://doi.org/10.1096/fj.12-216861
https://doi.org/10.3390/nu10101349
https://doi.org/10.1515/cclm-2014-1093
https://doi.org/10.3389/fnut.2022.928798
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1142/8254
https://doi.org/10.1371/journal.pone.0054335
https://doi.org/10.1371/journal.pone.0054335
https://doi.org/10.1371/journal.pone.0061050
https://doi.org/10.1371/journal.pone.0061050
https://doi.org/10.3390/microorganisms8040512
https://doi.org/10.3390/microorganisms8040512
https://doi.org/10.1016/j.jcmgh.2018.10.006
https://doi.org/10.1016/j.jcmgh.2018.10.006
https://doi.org/10.1016/j.freeradbiomed.2018.07.020
https://doi.org/10.1016/j.freeradbiomed.2018.07.020
https://doi.org/10.3390/ijms24043995
https://doi.org/10.3390/ijms24043995
https://doi.org/10.1093/jn/102.1.101
https://doi.org/10.3390/metabo12070609
https://doi.org/10.3390/metabo12070609

49.

50.

51.

52.

53.

54.

55.

Zhu L, Li G, Liang Z, Qi T, Deng K, Yu J, Peng Y,
Zheng ], Song Y, Chang X. Microbiota-assisted iron
uptake promotes immune tolerance in the intestine.
Nat Commun. 2023;14(1):2790. doi:10.1038/s41467-
023-38444-2.

Schwartz AJ, Das NK, Ramakrishnan SK, Jain C,
Jurkovic MT, Wu J, Nemeth E, Lakhal-Littleton S,
Colacino JA, Shah YM. Hepatic hepcidin/intestinal
HIF-2a axis maintains iron absorption during iron
deficiency and overload. J Clin Invest. 2019;129
(1):336-348. doi:10.1172/JCI122359.

Dostal A, Baumgartner ], Riesen N, Chassard C,
Smuts CM, Zimmermann MB, Lacroix C. Effects of
iron supplementation on dominant bacterial groups in
the gut, faecal SCFA and gut inflammation:
a randomised, placebo-controlled intervention trial in
South African children. Br ] Nutr. 2014;112(4):547-556.
doi:10.1017/S0007114514001160.

Yatsunenko T, Rey FE, Manary M], Trehan I,
Dominguez-Bello MG, Contreras M, Magris M,
Hidalgo G, Baldassano RN, Anokhin AP. et al. Human
gut microbiome viewed across age and geography. Nature.
2012;486(7402):222-227. doi:10.1038/nature11053.
Vazquez-Gutierrez P, Lacroix C, Jaeggi T, Zeder C,
Zimmerman MB, Chassard C. Bifidobacteria strains
isolated from stools of iron deficient infants can effi-
ciently sequester iron. BMC Microbiol. 2015;15(1):3.
doi:10.1186/512866-014-0334-z.

Dostal A, Lacroix C, Bircher L, Pham VT, Follador R,
Zimmermann MB, Chassard C, Huffnagle GB. Iron
modulates butyrate production by a child gut micro-
biota in vitro. mBio. 2015;6(6):e01453-01415. doi:10.
1128/mBio.01453-15.

Vazquez-Gutierrez P, Stevens M]J, Gehrig P, Barkow-
Oesterreicher S, Lacroix C, Chassard C. The extracellular
proteome of two Bifidobacterium species reveals different
adaptation strategies to low iron conditions. BMC
Genomics. 2017;18(1):41. doi:10.1186/s12864-016-3472-x.

56.

57.

58.

59.

60.

61.

62.

63.

GUT MICROBES (&) 19

Parrow NL, Fleming RE, Minnick MF, Maurelli AT.
Sequestration and scavenging of iron in infection.
Infect Immun. 2013;81(10):3503-3514. doi:10.1128/
IAI.00602-13.

Jaeggi T, Kortman GA, Moretti D, Chassard C,
Holding P, Dostal A, Boekhorst J, Timmerman HM,
Swinkels DW, Tjalsma H. et al. Iron fortification
adversely affects the gut microbiome, increases patho-
gen abundance and induces intestinal inflammation in
Kenyan infants. Gut. 2015;64(5):731-742. doi:10.1136/
gutjnl-2014-307720.

Cassat JE, Skaar EP. Iron in infection and immunity.
Cell Host Microbe. 2013;13(5):509-519. doi:10.1016/j.
chom.2013.04.010.

Nairz M, Weiss G. Iron in infection and immunity. Mol
Aspects Med. 2020;75:100864. doi:10.1016/j.mam.2020.
100864.

Zakrzewska Z, Zawartka A, Schab M, Martyniak A,
Skoczen S, Tomasik PJ, Wedrychowicz A. Prebiotics,
probiotics, and postbiotics in the prevention and treat-
ment of anemia. Microorganisms. 2022;10(7):1330.
doi:10.3390/microorganisms10071330.

Gonzalez A, Galvez N, Martin J, Reyes F, Perez-
Victoria I, Dominguez-Vera JM. Identification of the
key excreted molecule by Lactobacillus fermentum
related to host iron absorption. Food Chem.
2017;228:374-380. d0i:10.1016/j.foodchem.2017.02.008
Deriu E, Liu JZ, Pezeshki M, Edwards RA, Ochoa R]J,
Contreras H, Libby SJ, Fang FC, Raffatellu M. Probiotic
bacteria reduce salmonella typhimurium intestinal
colonization by competing for iron. Cell Host
Microbe. 2013;14(1):26-37. doi:10.1016/j.chom.2013.
06.007.

Deschemin JC, Mathieu JRR, Zumerle S,
Peyssonnaux C, Vaulont S. Pulmonary iron homeosta-
sis in Hepcidin knockout mice. Front Physiol.
2017;8:804. doi:10.3389/fphys.2017.00804.


https://doi.org/10.1038/s41467-023-38444-2
https://doi.org/10.1038/s41467-023-38444-2
https://doi.org/10.1172/JCI122359
https://doi.org/10.1017/S0007114514001160
https://doi.org/10.1038/nature11053
https://doi.org/10.1186/s12866-014-0334-z
https://doi.org/10.1128/mBio.01453-15
https://doi.org/10.1128/mBio.01453-15
https://doi.org/10.1186/s12864-016-3472-x
https://doi.org/10.1128/IAI.00602-13
https://doi.org/10.1128/IAI.00602-13
https://doi.org/10.1136/gutjnl-2014-307720
https://doi.org/10.1136/gutjnl-2014-307720
https://doi.org/10.1016/j.chom.2013.04.010
https://doi.org/10.1016/j.chom.2013.04.010
https://doi.org/10.1016/j.mam.2020.100864
https://doi.org/10.1016/j.mam.2020.100864
https://doi.org/10.3390/microorganisms10071330
https://doi.org/10.1016/j.foodchem.2017.02.008
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.3389/fphys.2017.00804

	Abstract
	Introduction
	Materials and methods
	Animals and experimental design
	Determination of the transferrin saturation coefficient and ferritin and hepcidin concentrations
	Determination of short chain fatty acid concentrations
	16S rRNA analysis
	PCR quantification of primobiota
	Protein extraction for immunoblotting experiments
	Immunoblotting experiments
	Reverse transcription-quantitative PCR
	Culture of the HT29 cell line for indirect assay to evalute the effect of bacteria on Hif 2α
	Statistics

	Results
	Iron depletion over 60 days induces sequential and organ-specific effects in SPF mice
	Germ-free mice have low intestinal ferritin and are poorly resistant to iron-deficient diet
	Dietary iron and microbiota inhibit intestinal Dmt1
	Iron privation led to reduced activity and diversity of microbiota, but favored certain commensals

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Author contributions
	Data avaibility statement
	References

