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SUMMARY

Iron is a central micronutrient needed by all living or-
ganisms. Competition for iron in the intestinal tract is
essential for the maintenance of indigenous microbi-
al populations and for host health. How symbiotic re-
lationships between hosts and native microbes
persist during times of iron limitation is unclear.
Here, we demonstrate that indigenous bacteria
possess an iron-dependent mechanism that inhibits
host iron transport and storage. Using a high-
throughput screen of microbial metabolites, we
found that gut microbiota produce metabolites that
suppress hypoxia-inducible factor 2a (HIF-2a) a
master transcription factor of intestinal iron absorp-
tion and increase the iron-storage protein ferritin, re-
sulting in decreased intestinal iron absorption by the
host. We identified 1,3-diaminopropane (DAP) and
reuterin as inhibitors of HIF-2a via inhibition of heter-
odimerization. DAP and reuterin effectively amelio-
rated systemic iron overload. This work provides
evidence of intestine-microbiota metabolic crosstalk
that is essential for systemic iron homeostasis.
Context and Significance

Iron is an element essential for almost all living organisms. Int
lead to globally important diseases such an anemia and iron o
population known as gut microbiota, which relies on the iron c
at the University of Michigan show that Lactobacillus bacteria
absorption by the host. Using relevant mouse models, the auth
deficiency anemia and iron overload can be therapeutically tar
metabolites.
INTRODUCTION

Most organisms require iron to survive. Because of its unique

redox chemistry, iron is critical for fundamental cellular biochem-

ical processes. As both deficiency and excess of iron have dele-

terious effects, physiological iron homeostasis is tightly regu-

lated. Mammalian iron acquisition is mediated by duodenal

enterocytes via an integrative systemic and local regulatory

system. Intestinal iron absorption is mainly regulated by hypox-

ia-inducible factor (HIF)-2a, an oxygen- and iron-regulated tran-

scriptional factor that directly targets the three key intestinal iron

transporters; divalent metal transporter 1 (DMT1), duodenal

cytochrome b (Dcytb), and ferroportin (FPN) (Shah et al., 2009;

Taylor et al., 2011). The importance of hypoxia signaling and

the essentiality of HIF-2a in iron homeostasis have been high-

lighted in several genetic and pathophysiologic mouse models

(Anderson et al., 2013; Das et al., 2015; Ramakrishnan et al.,

2015; Xue et al., 2012). Ferritin (FTN), the major protein for

cellular iron storage, acts as a source of bioavailable iron and

detoxifying agent under conditions of cellular iron deficiency

and excess, respectively (Harrison and Arosio, 1996). In addition,

duodenal FTN regulates iron efflux into the circulation (Vanoaica

et al., 2010). The hepatic hormone hepcidin, known as the mas-

ter regulator of iron homeostasis, regulates iron flux in peripheral

tissues by degrading FPN, the only known mammalian iron
erestingly, both iron deficiency and excess are harmful and
verload. The intestine hosts a diverse indigenous microbial
oming from the host’s diet for its survival. Here, researchers
can sense intestinal iron levels and attenuate intestinal iron
ors further show that mammalian iron disorders such as iron
geted by administering microbial species or regulating their
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Figure 1. Gut Microbiota Suppress Iron-Absorptive Genes and HIF-2a Expression

(A and B) Schematic of iron diet treatment (350-, 35-, and <5-ppm iron) in specific pathogen-free (SPF) and germ-free (GF) C57BL/6Jmice (A) and complete blood

count (CBC) (B).

(C) A general schematic of host intestinal iron regulation.

(D) Duodenal Dmt1 and Dcytb gene expression in SPF and GF mice on 350-, 35-, and <5-ppm iron diets.

(E and F) Schematic of conventionalization of GF gut (GF-conv) by SPF fecal suspension (E) and duodenal Dmt1 and Dcytb gene expression analysis of GF and

GF-conv mice (F). Dotted lines indicate the corresponding mean gene expression values from SPF mice.

(legend continued on next page)
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exporter. Recently, we showed that the hepcidin-FPN axis is

essential for intestinal HIF-2a activation and proper response

following an increase in iron demand (Schwartz et al., 2019).

The human intestine is host to a complex symbiotic microbial

community. The intestinal microbiota relies on host factors and

resources for survival and in turn is closely linked to human

health and disease (Lin and Zhang, 2017; Martin et al., 2018;

Pickard et al., 2017; Wang et al., 2011). Effective nutrient acqui-

sition in the competitive environment of the human gut is essen-

tial for persistence of indigenous microbes. The importance of

iron as a nutrient for microbial growth is well established and

underscored by the association of iron with the growth and viru-

lence of a wide range of pathogens (Constante et al., 2017;

Jaeggi et al., 2015). Microbiota have evolved efficient strategies

to acquire iron; however, it is not clear how they compete with

their hosts for limited iron during times of nutrient scarcity. More-

over, the role of the microbiota in intestinal iron absorption and

systemic iron homeostasis has not been studied.

In this study, we show that gut microbiota regulate systemic

iron homeostasis in the host in two ways: by repressing intestinal

iron absorptive pathways via the inhibition of basal HIF-2a func-

tion and by promoting cellular iron storage via the induction of

FTN expression. Our results indicate that the host iron-sensing

mechanism is intimately connected to and regulated by the gut

microbiome. Intestinal iron deficiency leads to positive selection

for a specific group of bacteria that produce metabolites that

suppress HIF-2a and induce FTN. We identify two gut microbial

metabolites, reuterin and 1,3-diaminopropane (DAP), which

effectively suppress intestinal HIF-2a activity both in vitro and

in vivo. Both of these metabolites prevent HIF-2a dimerization

with aryl hydrocarbon receptor nuclear translocator (ARNT)

and thus prevent tissue-iron accumulation in a mouse model of

iron overload.

RESULTS

Gut Microbiota Restrict Iron Absorption by Inhibiting
HIF-2a Expression
To understand the role of gutmicrobiota in host systemic iron ho-

meostasis, we assessed the hematological response of C57BL/

6J germ-free (GF) mice to dietary iron restriction. Three groups of

GF mice were fed different iron diets—enriched (350 ppm iron),

sufficient (35 ppm iron), or deficient (<5 ppm iron)—for 2 weeks

and then compared with wild-type C57BL/6J-specific path-

ogen-free (SPF) mice that were fed the same diets (Figure 1A).

Complete blood count (CBC) analyses demonstrated that SPF

mice that were fed the <5-ppm diet were more anemic than

GF mice that were fed the same diet (Figure 1B). Interestingly,

there was no difference in serum iron measurements between

the SPF and GF mice across the dietary groups (Figure S1A).

Compared with those in the respective SPF control mice, the

liver and spleen iron levels were significantly lower in the GF
(G) SPF mice fed with the standard chow diet (270-ppm iron) were depleted of mic

duodenal Dmt1 and Dcytb gene expression analysis.

(H) Wild-type (Hif2aF/F) and intestine-specific HIF-2a knockout (Hif2aDIE) mice w

lyses shown.

(I) immunohistochemical analysis of HIF-2a in SPF, GF, and GF-conv duodenum

All data are mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons t
mice that were fed the 350- or the 35-ppm diet but significantly

higher in the GFmice that were fed the <5-ppm diet (Figure S1A).

These results imply that indigenous gut microbial populations

are in competition with the host for iron, which becomes more

apparent in iron-limited conditions.

We analyzed hepatic hepcidin mRNA expression to investi-

gate the systemic response to iron deficiency in GF mice.

Hepcidin expression in the GF mice showed iron-dependent

downregulation similar to that in SPF mice (Figure S1B). More-

over, hepcidin expression in SPF mice that were given a

broad-spectrum antibiotic cocktail (Abx) in their drinking water

for 2 weeks was not significantly different than that in control

mice that did not receive antibiotics (Figure S1C). The duodenum

is the primary site for dietary iron absorption, and HIF-2a is the

master regulator of intestinal iron homeostasis. HIF-2a is essen-

tial for the regulation of the apical transporters DMT1 and Dcytb

aswell as that of FPN (Shah et al., 2009) (Figure 1C). In conditions

of high iron demand, mRNA expression of those transporters is

induced as part of a feedback mechanism (Shah et al., 2009;

Taylor et al., 2011). Dmt1 and Dcytb mRNA levels were induced

by dietary iron deficiency in SPF mice (Figure 1D). Furthermore,

Dmt1 and Dcytb expression levels were highly potentiated in

iron-deficient GF mice (Figure 1D). Dmt1 and Dcytb expression

levels in GF mice were also significantly higher in the basal iron

conditions (350- and 35-ppm diets) than in the respective SPF

cohorts (Figures S1D and S1E).

To confirm the role of the gut microbiota in the regulation of

Dmt1 and Dcytb expression, GF mice on the 350-ppm iron diet

were conventionalized with the gut microbiota from healthy

SPF mice on the same diet (GF-conv) given by a single oral

gavage of fecal suspension (Figure 1E). GF-conv mice exhibited

significantly lower CBC values than the GF cohort (Figure S1F).

The Dmt1 and Dcytb mRNA levels in the GF-conv mice were

also significantly lower than those in GF controls and were com-

parable to those in SPF mice (Figure 1F). To further confirm the

role of the gut microbiota in the expression of Dmt1 and Dcytb,

SPF mice on standard chow diet (containing 270-ppm iron)

were given Abx in drinking water for 2 weeks to deplete their

gut microbiota. The levels of Dmt1 and DcytbmRNA expression

were significantly higher in the Abx-treated mice than in control

mice that were not given Abx (Figure 1G). It is important

to note here that Abx treatment resulted in a lower induction

in Dmt1 and Dcytb mRNA expression than what is observed

in GF mice, most likely due to relatively very brief exposure

of Abx to the host gut. Iron deficiency only regulates iron-

related HIF-2a target genes and has no regulatory effect on

proinflammatory or angiogenic genes (Schwartz et al., 2019).

Consistent with that, GF mice did not demonstrate an increase

in HIF-2a-dependent proinflammatory mediators (Tnfa, Cxcl1,

Ccl20, Il1b, and Steap4) in response to iron deficiency. More-

over, there was no significant difference in the expression of

HIF-2a-independent iron-related genes (transferrin receptor 1
robiota by a broad-spectrum antibiotic cocktail in the drinking water (Abx) and

ere treated with Abx, and duodenal Dmt1 and Dcytb gene expression ana-

. Intestine-specific VHL knockout (VhlDIE) was used as a positive control.

est (B), (D), and (H) or t test (F) and (G). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Microbial Metabolites Decrease HIF-2a Expression and Activity

(A and B) Schematic of duodenal metabolite extraction from wild-type SPF mice and HIF-2a expression assay in intestinal cell lines (A) and HIF-2a western

analysis of DFO or 1% O2-pretreated (4 h) HCT116 cells followed by treatment with duodenal extracts (Ext) for 16 h (B).

(C–E) Schematic of aqueous and organic extraction of duodenal and fecal metabolites from wild-type SPF mice and HIF-2a expression assay in intestinal cell

lines (C). HIF-2a western analysis (D and E) in DFO- or 1% O2-treated HCT116 cells or co-treated with organic extracts (Ext) for 16 h.

(F) HIF-2awestern analysis in DFO-treated HCT116 cells co-treated with Ext, heated (95�C) Ext (Ext(H)) (upper panel) or trypsin-digested Ext (Ext(T)) (lower panel)

from fecal organic extracts.

(G) HIF-2a western analysis in DFO-treated HCT116 cells or co-treated with organic (upper panel) and aqueous (lower panel) extracts from GF and GF-

conv feces.

(H) HIF response element (HRE)-based luciferase assay (HRE-Luc) in HCT116 cells transfected with empty vector (control) or HIF-2a, followed by treatment with

vehicle (DMSO) or fecal organic extracts from SPF (SPF-met) and GF (GF-met) mice (n = 3).

(legend continued on next page)
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(Tfr1), lipocalin2 (Lcn2), and hephastin (heph)) between GF mice

and SPFmice (Table S1). Interestingly, ankyrin repeat domain 37

(Ankrd37), a well-known but less-characterized HIF target, (Be-

nita et al., 2009) and Arnt, the heterodimeric partner of the HIF-

a subunit, were further induced in iron-deficient GF mice (Table

S1). In addition, the gut microbiota did not alter the expression

of iron-regulatory genes in peripheral tissues (Table S1). To

confirm the involvement of HIF-2a in the gut microbiota-medi-

ated regulation of intestinal iron transporters, mice with a disrup-

tion of HIF-2a specifically in intestinal epithelial cells (Hif2aDIE)

and their wild-type littermates (Hif2aF/F) were treated with Abx

for 2 weeks. Dmt1 and Dcytb expression was significantly

induced in the Hif2aF/F mice, but the effect was completely abol-

ished in the Hif2aDIE mice (Figure 1H). Immunohistochemical

analysis of GF duodenal epithelia revealed robust HIF-2a

expression, which was even higher than that observed in intes-

tine-specific VHL-deleted (VhlDIE) duodenum, a well-established

model of intestinal HIF overexpression (Taylor et al., 2011). Also,

the conventionalization of GF mice reduced HIF-2a expression

to levels observed in SPF mice (Figure 1I). Together, these re-

sults demonstrate that gut microbiota suppresses basal HIF-2a

expression and activity in the small intestine.

Microbial Metabolites Inhibit HIF-2a Expression and
Function
To explore the underlying mechanism of gut microbiota-medi-

ated inhibition of HIF-2a expression and function, human plurip-

otent stem cells (hPSCs) were used to generate human intestinal

organoids (HIOs) (Finkbeiner et al., 2015), and a non-pathogenic

commensal Escherichia coli strain was then microinjected into

theHIO lumen (FigureS2A) (Hill et al., 2017).Contrary to our in vivo

findings, we observed robust induction of HIF-2a expression in

HIOs injected with live bacteria but not in HIOs injected with

heat-inactivated bacteria (Figure S2B). Consistent with the

observed upregulation of the HIF-2a protein, the RNA expression

of the HIF-2a-target apical iron transporters DMT1 and DCYTB

was also robustly induced by live bacteria in HIOs (Figure S2C).

Expression analysis of inflammatory genes such as TNFa, IL1b,

IL8, CXCL1, CXCL2, and CCL20 suggests that there was gener-

alized induction of the HIF pathway in the HIOs (Figure S2D). This

is consistent with previous studies demonstrating the role of mi-

crobiota in the establishment of the luminal oxygen gradient

in vivo, suggesting a mechanism of intestinal HIF-2a repression

that is independent of oxygen levels (Albenberg et al., 2014).

The HIO-microbiota co-cultures are informative of bacterial

sensing pathways, but they are mostly devoid of hetero-cellular

metabolite communication, as many of the abundant microbial

metabolites are derived from the host diet (Shankar et al.,

2017; Wikoff et al., 2009). To investigate the possible role of mi-

crobial metabolites in HIF-2a regulation, crude extracts were iso-

lated from duodenal contents using methanol-H2O (80:20 v/v) as

described previously (Bennett et al., 2008) (Figure 2A) and used

to treat HCT116 human intestinal epithelial cells for 16 h, with or
(I) Metabolite screen for HIF-2a suppression based on HRE-Luc assay in HCT11

(J) HIF-2a western analysis in DFO-treated or co-treated with butyrate, propiona

All data are mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons t

Western analyses (B), (D), (E), (F), (G), and (J); images were analyzed by ImageJ

Statistical significance compared with DFO-only or 1% O2-only (B) and (E) treatm
without treatment with deferoxamine (DFO) (a well-known iron

chelator) or hypoxia (1% O2). DFO and hypoxia both induced

HIF-2a expression that was repressed by the duodenal metabo-

lite extracts (Figure 2B). These results suggest that the gut lumen

harbors small metabolites that are responsible for attenuation of

the HIF-2a response.

To explore the physicochemical properties of the gut extracts,

organic and aqueous phases were isolated from both duodenal

and cecal (feces) contents by methanol-chloroform-water

extraction (Figure 2C). Since it has already been shown (Fig-

ure 2B) that duodenal extracts possess the HIF-2a inhibitory

properties in iron-deficient or hypoxic conditions, we tested

the duodenal organic extracts in the presence of DFO and

observed that they inhibited HIF-2a induction in HCT116 cells

in a dose-dependent manner (Figure 2D). Similar results were

obtained from the fecal organic extracts (Figure 2E). The

duodenal and fecal aqueous extracts had significantly less

repressive activity than the organic extracts (Figures S2E and

S2F). Moreover, the fecal organic extracts had no effect on

DFO-induced HIF-1a expression in HCT116 cells (Figure S2G),

confirming the HIF-2a-specific effects of the gut luminal ex-

tracts. To rule out the presence of any small proteins or peptides,

fecal organic extracts were subjected to trypsin digestion or

heating at 95�C, neither of which abolished the HIF-2a-repres-

sive function of the extracts (Figure 2F). To investigate whether

theHIF-2a inhibitory compounds in the gut extracts aremicrobial

in origin, organic and aqueous phase extracts were isolated from

GF and GF-conv mice. Strikingly, only the organic extracts of the

GF-conv mice, but not that of the GF, downregulated the DFO-

mediated HIF-2a induction, confirming that the HIF-2a inhibitory

compounds are microbial in origin (Figure 2G).

To further confirm the role of gut microbiota in HIF-2a function,

Dmt1 promoter activity was analyzed by HIF response element

(HRE)-based luciferase (HRE-Luc) assay after transient HIF-2a

overexpression in HCT116 cells followed by treatment with fecal

extracts from SPF or GF mice (termed SPF metabolites and GF

metabolites, respectively). Consistent with the protein expres-

sion data, the SPF metabolites significantly inhibited HRE-Luc

activity, whereas the GF metabolites had no significant effect

(Figure 2H). In a similar experiment, HRE-Luc activity was used

to investigate the impact of gut microbiota on HIF-1a function.

There was no significant difference between SPF metabolites

and GF metabolites with regard to HIF-1a function (Figure S2H).

To identify compounds that might be responsible for the inhibi-

tion of HIF-2a activity and function, we generated a library of

the 66 most abundant gut microbial metabolites according to a

recent study (Matsumoto et al., 2012) (Table S2). These com-

pounds and live and heat-killed bacterial components were

screened on the basis of HRE-Luc activity assay in HCT116 cells.

The screen identified 12 compounds that significantly inhibited

HIF-2a. Further analysis revealed that 9 compounds were toxic

at doses at or below the range of physiological concentrations

in the gut lumen (Malo, 1994; Parsons and Shaw, 1983; Schott
6 cells.

te, and 1,3-diaminopropane (DAP) HCT116, HT29, and SW480 cells.

est (H) and (I).

software from three independent experiments, representative image shown.

ent group. *p < 0.05, ***p < 0.001.
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Figure 3. Microbial Metabolites Sustain

Intestinal- and Peripheral-Tissue Ferritin

(FTN) Expression

(A–E) FTN western analyses in (A) duodenum, liver,

and spleen of SPF versusGFmice fedwith the 350-,

35-, or <5-ppm iron diet and duodenumof control or

Abx-treated, (B) wild-type (Hif2aF/F) and intestine-

specific HIF-2a knockout (Hif2aDIE) mice, (C) wild-

type (Ncoa4+/+) and NCOA4 knockout (Ncoa4-/-)

mice, (D) wild-type (Tlr2,4+/+) and TLR2,4 double

knockout (Tlr2,4-/-) mice, and (E) wild-type

(Myd88+/+) and Myd88 knockout (Myd88-/-) mice.

(F) FTN western analysis of ferric ammonium cit-

rate (FAC) (10 mM) -pretreated HT29 cells followed

by dose-dependent treatment of fecal metabolites

from wild-type SPF mice.

(G) Schematic showing Abx treatment of wild-type

C57BL/6J mice followed by intraperitoneal (i.p.)

injection of fecal metabolites (Ext).

(H) FTN western blot analyses of duodenum, liver,

and spleen of control or Abx-treated mice fed with

the 350- and 35-ppm iron diets (left panel) and

Abx- or Abx plus Ext-treatedmice fedwith the 350-

ppm iron diet (right panel).

All data are mean ± SEM. Western analysis

(A–F) and (H), images were analyzed by ImageJ

software from three independent experiments,

representative image shown. Statistical signifi-

cance compared within the respective groups

(A–E) and (H) and FAC-only control (F). *p < 0.05.
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et al., 1983) (Figure 2I). Thus, we narrowed our search to three

metabolites: butyrate, propionate, and DAP. Further dose-

dependent analysis of these three compounds in HCT116,

HT29, and SW480 cells confirmed that the compounds inhibit

HIF-2a expression at the protein level (Figure 2J). The lowest

effective doses of butyrate, propionate, and DAP that inhibited

HIF-2a in vitro were 0.5 mM, 2.5 mM, and 5 mM, respectively

(Figure 2J). The minimal inhibitory concentration of butyrate ex-

ceeded what is observed in the duodenum, whereas that of pro-

pionate and DAP were within the physiological range (Figures

S3A and S3B). Butyrate and propionate are well-characterized

microbial metabolites present in mouse and human, but DAP

has not been assessed rigorously. We now show that DAP was

detected in both human and mouse guts in comparable concen-

trations (Figure S3B). Although DAP is detected in the GF mouse

gut (duodenum, y4 mM and colon, y10 mM), its concentration

increased by several-fold following conventionalization (>5-fold

in the duodenum, 25 mM and y10-fold in the colon,100 mM),

demonstrating a microbial contribution (Figure S3C). Analo-
6 Cell Metabolism 31, 1–16, January 7, 2020
gously, Abx treatment of wild-type mice

drastically decreased the DAP concentra-

tion (Figure S3D). Moreover, DAP treat-

ment at a dose range of 0–50 mM did not

show any obvious signs of toxicity and

did not significantly affect cell growth (Fig-

ure S3E). 1,2-diaminopropane (1,2-DAP),

which is not microbially derived, did not

alter HIF-2a expression (Figure S3F). Ace-

tate, an abundant gut microbial metabo-

lite, had only a marginal effect on HIF-2a
suppression at concentrations in the physiological range (Fig-

ures S3A and S3G). Lactic acid, a major metabolite produced

by Lactobacilli, had no effect on HIF-2a expression in intestinal

epithelial cell lines (Figure S3H). Moreover, DAP and propionate

did not inhibit HIF-1a, whereas butyrate increased HIF-1a pro-

tein expression, which is in agreement with the previous publica-

tions (Fachi et al., 2019; Kelly et al., 2015) (Figures S3I–S3K).

Together, our results demonstrate that endogenous bacterially

derived metabolites inhibit HIF-2awith a high level of specificity.

Microbial Metabolites Are Essential for FTN Expression
A third integral component in the regulation of intestinal iron

absorption and systemic iron homeostasis is the iron-storage

protein FTN. In a previous study, intestinal FTN disruption led

to an increase in iron absorption (Vanoaica et al., 2010). FTN

expression in the GF duodenum was significantly lower than

that in the SPF duodenum in basal iron conditions (350- and

35-ppm iron diets), whereas in the liver and spleen the effect

was more pronounced with the 35-ppm iron diet (Figure 3A).



Figure 4. DAP Suppresses HIF-2a Activity In Vivo via Blocking Heterodimerization

(A and B) Duodenal Dmt1 and Dcytb gene expression in C57BL/6 wild-type SPF mice (A) fed with 350- or <5 ppm iron diet and treated with 1,3-diaminopropane

(DAP) in drinking water (2 g/L) for 2 weeks or (B) treated with antibiotic cocktail (Abx) and/or DAP in drinking water for 2 weeks.

(C) HIF-2a western analysis of DFO-treated HCT116 and HEK293 cells followed by PT2385 treatment.

(D) Schematic of co-immunoprecipitation protocol for determination of the roles of DAP or PT2385 in the HIF-2a-ARNT interaction.

(E) Co-immunoprecipitation for ARNT and HIF-2a in HEK293T cells treated with DAP (50 mM) or PT2385 (10 mM); relative densitometric analysis of four inde-

pendent experiment shown on the right panel.

(F and G) Schematic (F) and (G) experimental representation of DAP- or PT-mediated HIF-2a-ARNT interaction by pG5GAL4 luciferase assay followed by pBIND-

HIF-2a and/or pACT-ARNT transfection of HEK293 cells (n = 3).

(H) Schematic showing the effect of PT2385 or PT2399 (PT) on the HIF-2a-ARNT interaction and the effect on the same following the mutation of PT2385- or

PT2399-binding sites on HIF-2a.

(legend continued on next page)

Cell Metabolism 31, 1–16, January 7, 2020 7

Please cite this article in press as: Das et al., Microbial Metabolite Signaling Is Required for Systemic Iron Homeostasis, Cell Metabolism (2019), https://
doi.org/10.1016/j.cmet.2019.10.005



Please cite this article in press as: Das et al., Microbial Metabolite Signaling Is Required for Systemic Iron Homeostasis, Cell Metabolism (2019), https://
doi.org/10.1016/j.cmet.2019.10.005
FTN expression in the duodenum, liver, and spleen was signifi-

cantly reduced in antibiotic-treated mice (Figure 3H, left panel).

Duodenal FTN expression rapidly returned to the basal level in

GF-conv mice (Figure S4A). There was no significant change in

FtnmRNA expression in the GF duodenum, which rules out tran-

scriptional regulation by gut microbiota (Figure S4B).

To explore further, we utilized amodel of gutmicrobiota deple-

tion by Abx treatment in several genetic mouse models. In intes-

tine-specific HIF-2a knockout (Hif2aDIE) mice, the Abx treatment

decreased duodenal FTN protein expression, confirming that the

regulation of FTN by gut microbiota is HIF-2a independent (Fig-

ure 3B). NCOA4 mediates lysosomal degradation of FTN by

a process known as ferritinophagy (Mancias et al., 2014).

NCOA4-deficient cells show increased FTN expression due to

a lack of FTN processing. Upon Abx treatment, theNcoa4�/� du-

odenum showed a rate of FTN decrease similar to that in wild-

type controls (Figure 3C). Similarly, Abx treatment decreased

FTN expression in both Tlr2,4�/� and Myd88�/� mice, ruling

out the involvement of major bacterial sensing pathways (Figures

3D and 3E).

We next investigated the effects of butyrate, propionate, and

DAP on FTN regulation. Those metabolites did not cause a

significant change in basal or iron (ferric ammonium citrate

(FAC))-induced FTN expression in intestinal epithelial cell lines

(Figures S4C and S4D). To explore the possibility that a novel

group of metabolites was involved, we utilized metabolites ex-

tracted from feces of healthy SPF mice. Interestingly, the crude

metabolites were able to induce FTN expression in iron-stimu-

lated intestinal epithelial cell lines in a dose-dependent manner

(Figure 3F). To investigate the systemic effects of the metabo-

lites, we introduced the metabolites into antibiotic-treated mice

by intraperitoneal (i.p.) injection (Figure 3G). FTN expression in

the duodenum, liver, and spleen increased in the mice that

were treatedwith themetabolites, suggesting that novel, uniden-

tified microbial metabolite(s) play a role in systemic FTN regula-

tion (Figure 3H, right panel).

DAP Suppresses Iron-Deficiency-Induced and
Antibiotic-Induced HIF-2a Activity by Blocking HIF-2a
Heterodimerization
Because DAP, butyrate, and propionate effectively inhibited HIF-

2a expression and activity in vitro, we next asked if those metab-

olites had any role in the suppression of HIF-2a activity in an

in vivo setting. Mice on the 350- or <5-ppm iron diet were given

DAP (2 g/L) (Salim et al., 2000) in drinking water for 2 weeks. The

expression of the HIF-2a-target apical iron transporters Dmt1

and Dcytb was robustly induced by iron deficiency, and DAP

administration significantly attenuated the response (Figure 4A).

In addition, antibiotic-induced HIF-2a expression and function

were also abrogated following the administration of DAP (Fig-

ure 4B). Similar experiments were performed to assess butyrate

and propionate, but those metabolites could not suppress HIF-

2a function in vivo (Figures S5A and S5B). Analysis of Hif2a
(I) HEK293 cells were transfected with wild-type or PT-binding site mutant HIF

performed (n = 3).

All data are mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons te

analyzed by ImageJ software from three independent experiments, representativ

group. *p < 0.05, **p < 0.01, ***p < 0.001.
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mRNA expression in HCT116 cells treated with fecal metabolites

from GF, GF-conv, or SPF mice revealed no significant differ-

ence among the treatment groups (Figure S5C). Butyrate and

propionate increased Hif2a mRNA expression in HCT116 cells

while DAP treatment had no significant effect, demonstrating

that gut microbiota-mediated HIF-2a inhibition is independent

of mRNA changes. (Figure S5D).

The 50 UTR of HIF-2a harbors an iron response element (IRE),

rendering it amenable to iron-regulatory protein (IRP)-mediated

translational inhibition (Sanchez et al., 2007). To determine if

butyrate, propionate, or DAP inhibit HIF-2a via an IRE-depen-

dent mechanism, we performed a HIF-2a-IRE-based luciferase

assay in HCT116 cells. In contrast to their effects on HIF-2a pro-

tein expression, the metabolites strongly increased HIF-2a-IRE

activity, ruling out the possibility of an IRE-dependent mecha-

nism (Figure S5E). The PAS-B domain of HIF-2a contains a

hydrophobic cavity that resembles a ligand-binding pocket.

PT2385 selectively with high affinity binds to this cavity and

disrupts HIF-2a heterodimerization with ARNT (Wallace et al.,

2016). Consistent with the literature, the disruption of HIF-2a het-

erodimerization by PT2385 also decreased the HIF-2a protein

stability (Figure 4C) (Wallace et al., 2016). To determine if DAP

inhibits HIF-2aby amechanism similar to that of PT2385, we per-

formed co-immunoprecipitation assays to assess HIF-2a-ARNT

heterodimerization (Figure 4D). In agreement with the literature,

PT2385 completely abrogated the HIF-2a-ARNT interaction (Fig-

ure 4E) (Chen et al., 2016; Cho et al., 2016). DAP also significantly

inhibited the HIF-2a-ARNT interaction, although not to the extent

of PT2385 (Figure 4E). To further verify the effect of DAP on the

HIF-2a-ARNT interaction, we utilized a mammalian two-hybrid

system (Figure 4F). Consistent with the co-immunoprecipitation

results, DAP inhibited the HIF-2a-ARNT interaction in the

two-hybrid system (Figure 4G). It was recently reported that

treatment with allosteric PT inhibitors decreases clear-cell renal

carcinoma growth; however, long-term treatment led to resis-

tance via missense mutations (S304M and G323E) in the

ligand-binding cavity of HIF-2a (Chen et al., 2016; Cho et al.,

2016). We generated double mutants of mouse HIF-2a (S305M

and G324E; Figure 4H) and performed HRE-Luc assays to

assess the effect of the mutations on DAP-mediated HIF-2a inhi-

bition. Indeed, the mutations in the PT-binding sites completely

rescued the inhibition (Figure 4I). Together, these data suggest

that bacterial metabolites have the ability to act as endogenous

ligands for HIF-2a that suppress activity.

Limiting Iron Levels Lead to More Potent HIF-2a
Inhibition by Microbial Metabolites
To understand how the production of microbial metabolites is in-

tegrated with host iron sensing, we asked if dietary iron manipu-

lation could modulate the HIF-2a-suppressive function of

microbial metabolites. HCT116 cells were treated with fecal

metabolites extracted from mice that had received 350-, 35-,

or <5-ppm iron diets for 2 weeks (Figure 5A). The metabolites
-2a followed by DAP or PT treatment and HRE-based luciferase assay was

st (A), (B), and (E) and right panel (G) and (I). Western analyses (C), images were

e image shown. Statistical significance compared with the DFO-only treatment



Figure 5. Low-Iron Diet Potentiates HIF-2a Inhibition by Microbial Metabolites

(A and B) Schematic of fecal metabolite extraction from SPF mice fed with 350-, 35-, and <5-ppm iron diets for 2 weeks (A) and (B) HIF-2a western analysis in

HCT116 cells treated with or without DFO and metabolites (350-, 35-, or <5-ppm, respectively).

(C) DAP concentration in duodenum and feces from wild-type fed with 350- and <5-ppm iron diets for two weeks.

(D) Schematic of the experimental set up for bacterial community analysis.

(E) Principal-component analysis (PCA) of the fecal bacterial population from 16S rRNA sequencing data in mice fed with 350- and <5-ppm iron diets.

(F) 16S rRNA sequencing bacterial community analysis from duodenal content and feces.

(legend continued on next page)
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isolated from the iron-deficient feces (<5 ppm) caused the most

potent HIF-2a inhibition (Figure 5B). This suggests that iron defi-

ciency selectively favors the growth or production of microbes

and metabolites that exert relatively high levels of HIF-2a inhibi-

tion. However, there was no change in DAP concentration in

iron-deficient mice (Figure 5C). In addition, iron deficiency rather

decreased the gut concentration of butyrate and did not alter ac-

etate and propionate levels (Figure S6A).

Given the tendency of iron deficiency to lead to the production

of metabolites that inhibit HIF-2a and no change in DAP levels in

iron-deficient guts, we next focused on the identification of other

metabolites that can inhibit HIF-2a or are integrated with iron

sensing. We first assessed changes in microbial communities

due to luminal iron limitation (Figures 5D and 5E). Bacterial

community analysis by 16S rRNA-encoding gene amplicon

sequencing revealed Lactobacillales as the only bacterial genus

showing a robust increase in relative abundance in response to

iron limitation in both duodenal contents and feces (Figures 5F

and 5G). We have analyzed a total of five different Lactobacillus

species, and among them the relative abundance of both Lacto-

bacillus johnsonii and Lactobacillus reuteri were both signifi-

cantly increased in the duodenal contents and feces following

iron deficiency (Figures 5H, 5I, and S6B). Also, a human isolate

of L. reuteri showed increased abundance with increasing con-

centrations of DFO, whereas E. coli showed less abundance in

the same conditions (Figure S6C). We were able to detect Lacto-

bacilli and specifically L. reuteri in the duodenal aspirates from

healthy humans (Figures S6D and S6E). Together, these data

suggest that limiting the iron level favors the growth of a specific

bacterial population, which might be producing metabolite(s)

responsible for intestinal HIF-2a suppression.

Intestinal Reuterin Suppresses HIF-2a Activity via
Blocking Heterodimerization
3-hydroxypropionaldehyde (reuterin) is produced by L. reuteri,

and little is known about its role in gut physiology other than its

role as an antimicrobial compound (Schaefer et al., 2010) (Fig-

ure 6A). To produce reuterin, L. reuteri relies on a glycerol dehy-

dratase-dependent metabolism of glycerol, which is only seen

in bacteria (Chen and Chen, 2013). Reuterin is mostly undetected

in the GF gut and its concentration robustly increased following

conventionalization (Figure 6B). Analogously, Abx treatment dras-

tically brought down the intestinal reuterin concentrations (Fig-

ure S7A). Physiological reuterin levels range from 250 mM in the

proximal small intestine to greater than 1 mM in the colon (Fig-

ure 6C). Reuterin levels were robustly increased in mice that

received a <5-ppm iron diet for 2 weeks compared with those in

mice that received a 350-ppm iron diet (Figure 6C). Reuterin treat-

ment led to a dose-dependent decrease of HIF-2a (but not HIF-

1a) expression and activity in human intestinal epithelial cell lines

(Figures 6D, 6E, S7B, and S7C). Similar to DAP, reuterin signifi-

cantly disrupted the HIF-2a-ARNT interaction (Figure 6F). HRE-

Luc assay with the PT-binding mutant sites of HIF-2a showed a

complete reversal of reuterin-mediated inhibition (Figure 6G).
(G) Comparative analysis of the genus Lactobacillales by 97% sequence similari

(H and I) Comparative analysis of L. johnsonii and L. reuteri density by species-s

All data are mean ± SEM. t test for the corresponding panels (C), (G), (H), and (I)

independent experiments, representative image shown. Statistical significance c
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Treatment with Probiotics or Antibiotic Improved Iron-
Related Disorders in Mouse Models
Given the in vitro and in vivo findings with our two novel HIF-

2a-specific inhibitors, DAP and reuterin, we next asked whether

those inhibitors could play any therapeutic roles in iron-overload

disorders. The most common cause of iron-overload disorders is

dysregulation of the hepcidin-FPN axis. We developed a tempo-

ral model of iron overload in a tamoxifen-inducible hepatic hepci-

din knockout mouse model (HampDLiv) (Schwartz et al., 2019).

The knockout mice showed rapid tissue accumulation of iron

as early as 4 weeks following tamoxifen treatment (Figure 7A)

(Schwartz et al., 2019). We provided the DAP or L. reuteri

probiotic suspension (as source of reuterin) in drinking water to

HampDLiv mice for 2 weeks prior to and for 2 more weeks

following tamoxifen injection. Sufficient L. reuteri growth during

the probiotic treatment was confirmed by bacteria-specific

PCR using fecal DNA, showing that the size of the Lactobacilli

population increased by about 25-fold (Figure S7D). Treatment

with the L. reuteri probiotic resulted in robust production of reu-

terin in the intestine (Figure S7E). Quantitative iron assays re-

vealed that the DAP treatment caused significant decreases in

iron levels in the liver, pancreas, and heart in HampDLiv mice

compared with the levels in DAP-treated wild-type controls

(Hampfl/fl), whereas L. reuteri probiotic treatment caused signifi-

cant decreases in the pancreas and heart but not in the liver

(Figure 7B). We previously showed that temporal disruption of

hepatic hepcidin activates intestinal HIF-2a (Schwartz et al.,

2019). Western analysis showed a robust increase in the levels

of HIF-2a-dependent intestinal iron transporters (DMT1, Dcytb,

and FPN) in vehicle-treated HampDLiv mice compared with those

in wild-type control mice. That response was abrogated in

HampDLiv mice that were treated with the DAP or L. reuteri

probiotic (Figure 7C). In contrast, activation of HIF-2a would

lead to an increase in intestinal iron absorption and treat anemic

disorders. Reuterin and DAP levels are observed in the small in-

testine and can be significantly decreased by Abx intervention

to inhibit commensals and/or HIF-2a-suppressive metabolites

may improve anemia. To determine if antibiotics would provide

any benefit in anemicmousemodels, rifaximin was assessed. Ri-

faximin is a gut-specific antibiotic due to its poor absorption

when taken orally (Ma et al., 2007). Rifaximin did not activate

HIF-2a or chelate iron in cell lines (Figures S7F and S7G). Rfx

treatment decreased both L. johnsonii and L. reuteri (Figure S7H)

and increased the expression of iron-absorptive genes in mouse

models of iron-deficient anemia (Figure 7D). Although hematocrit

and hemoglobin values did not improve following 2 weeks of

Rfx treatment, therewas significant increase inmean corpuscular

hemoglobin (MCH) and mean corpuscular hemoglobin concen-

trations (MCHC), indicating an increase in RBC hemoglobiniza-

tion. Increase in MCH is a reliable and early indicator of improve-

ment of iron deficiency, a significant change usually occurswithin

a week’s intervention (Goddard et al., 2011) (Figures 7E and S7I).

Overall, our results show that microbiome-based therapeutics

can be used to successfully treat iron-related disorders.
ty (OTU97) values in duodenal content and feces.

pecific PCR from (H) duodenal content and (I) feces.

. Western analyses (B), images were analyzed by ImageJ software from three

ompared with the DFO-only treatment group. *p < 0.05, **p < 0.01.



Figure 6. Reuterin Suppresses HIF-2a Activity via Blocking Heterodimerization

(A) Chemical structures of butyrate, propionate, DAP, and reuterin.

(B) Intestinal reuterin concentrations in GF and GF-conv mice.

(C) Mean physiological concentration of reuterin in the human duodenum andmouse intestine (left panel) and intestinal reuterin concentration in mice fed with the

350- or <5-ppm iron diet (right panel).

(D) HIF-2a western analysis in DFO-treated HCT116, HT29, and SW480 cells or co-treated with reuterin.

(E) HRE-based luciferase assay in HCT116 cells transfected with empty vector (control) or HIF-2a, followed by dose-dependent treatment of reuterin (n = 3).

(F) Modified two-hybrid assays in HEK293 cells transfected with pBIND-HIF-2a and pACT-ARNT and treated with reuterin or PT2385 (PT) (n = 3).

(legend continued on next page)
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DISCUSSION

In this study, we showed that gut microbial metabolites regulate

host systemic iron homeostasis by suppressing intestinal HIF-2a

activity and upregulating FTN expression. We identified two HIF-

2a inhibitory microbial metabolites that effectively prevent

tissue-iron accumulation in a mouse model of systemic iron

overload. This is the first investigation that offers mechanistic

insight into the crosstalk between the host and indigenous

microbiota with regard to systemic iron homeostasis.

GF mice exhibited significant resistance to anemia following

dietary iron restriction. Although this finding can be explained

from the perspective of host-microbe competition, there was

no significant difference in the hepcidin response between GF

and control livers. This suggests that gut microbiota regulate

host iron metabolism via a hepcidin-independent mechanism.

Dietary iron deficiency in GF mice led to an unprecedented in-

duction of HIF-2a-target intestinal iron transporters, which was

reproducible in an Abx-induced microbiota-depletion model.

Consistent with those results, introduction of gut microbiota to

GF mice was sufficient to restore basal levels of the intestinal

iron transporters. While our in vitro organoidmodel failed to repli-

cate the HIF-2a-suppressive effect of the gut bacteria, we

inquired whether that finding might be attributable to a microbial

function that is intimately associated with host systemic homeo-

stasis. Recently, there has been renewed interest in elucidating

the novel roles of microbial metabolites in host intestinal homeo-

stasis. Of note, previous reports described the role of butyrate

(themost abundant SCFAmetabolite in the gut) in gut homeosta-

sis by stabilization of HIF-1a (Fachi et al., 2019; Kelly et al., 2015).

Gut extracts from only GF-conv (but not GF) mice were found to

have HIF-2a inhibitory properties, highlighting the essential role

of microbiota in such regulation. Using a high-throughput assay

of HIF-2a activity to screen a library of highly abundant gut

microbial metabolites, we identified several candidate HIF-2a in-

hibitors. Among them, DAP suppressed intestinal HIF-2a activity

in at least two well-established mouse models of HIF-2a induc-

tion; dietary iron deficiency and antibiotic-induced microbiota

depletion. DAP, a polyamine, is produced in the gut by several

bacterial species (Chae et al., 2015). DAP is also known to be

synthesized in the gut independent of microbiota (Matsumoto

et al., 2017). Conventionalization of GF mice and Abx treatment

reciprocally caused highly significant changes, strongly indi-

cating that microbiota is the major contributor of intestinal DAP

levels. Although DAP is reported to have iron-scavenging prop-

erties, its relationship with intestinal iron availability has never

been studied (Burrell et al., 2012). However, DAP was not shown

to be integrated in host iron sensing. Bacterial community anal-

ysis revealed a robust increase in the intestinal abundance of the

genus Lactobacillales during dietary iron deficiency. At the

species level, L. johnsonii and L. reuteri populations (bacterial

density relative to the total bacteria) were significantly induced

by iron deficiency. It is important to note that while the relative

Lactobacillales abundance and relative density of Lactobacilli
(G) HRE-based luciferase assay in HEK293 cells transfectedwith wild-type or the P

All data aremean ± SEM. t test (B) and (C) or one-way ANOVAwith Tukey’smultiple

by ImageJ software from three independent experiments, representative image

*p < 0.05, **p < 0.01, ***p < 0.001.
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species were increased by iron deficiency, their absolute den-

sities in the corresponding gut lumen were not determined.

Also, the gut concentration of reuterin, a product of L. reuteri,

increased robustly during iron deficiency. Similar to DAP,

reuterin was found to have HIF-2a inhibitory properties. Both

metabolites required the ligand-binding pocket of HIF-2a for

inhibition. The role of the hydrophobic cavity on HIF-2a was

hitherto unknown and therefore was termed a pseudo-ligand-

binding pocket. Our data suggest that selective bacterial metab-

olites are endogenous ligands that attenuate HIF-2a activity. It is

important to note here that the gut extracts contain innumerable

amounts of metabolites, many of their identities and functions

are yet to be determined. So, the physiological HIF-2a inhibition

following treatment with these pan-metabolite extracts is a col-

lective and concerted effect, not necessarily only exerted by

the metabolites identified in this work.

In agreement with previous reports, we could successfully

detect L. reuteri in the human duodenum. Also, both DAP and

reuterin were detected in the human duodenum at similar levels

to that of mice. Given the finding that gut levels of reuterin and

DAP can be effectively controlled by microbial presence (GF-

conventionalization or Abx treatment), it strongly indicates that

microbiota is the major source of these metabolites in the gut.

It is important to note here that some of these metabolites

(e.g., DAP) are also derived from dietary or environmental sour-

ces. In this work, we demonstrate that (1) a relevant bacterial

population is present in both mouse and human guts, (2) their

presence is necessary and sufficient for suppressing intestinal

HIF-2a function, (3) the metabolites are also present in both

mice and humans, (4) the duodenal concentrations of themetab-

olites are directly regulatable by gut bacterial colonization, and

(5) the duodenal concentration of reuterin is regulated by iron

availability therein. However, we have not specifically pinpointed

whether the metabolites detected in the duodenum are pro-

duced locally or originate more distally, e.g., from the cecum

and colon. Given the vastly higher density of bacteria in the

cecum and colon, it is possible that the relevant metabolites

are absorbed into the portal circulation there and redistributed

to the proximal GI tract.

Our results clearly demonstrate that oral supplementation of

DAP and reuterin results in a decrease in iron accumulation in

mouse models of hemochromatosis, making this the first study

to report the discovery of microbially derived metabolites with

clinical relevance to iron-related disorders. Moreover, our results

demonstrate an alternative or complementary mechanism by

which gut bacteria compete for iron in addition to the known

siderophoric acquisition systems. Currently the association be-

tween iron and bacterial reuterin and DAP pathways is unclear;

however, DAP is reported to be a siderophore precursor for

several bacteria, and several DAP pathway genes lie in close

proximity to siderophore production operons (Burrell et al.,

2012; Lynch et al., 2001).

The role of bacteria in FTN regulation was shown previously

(Deschemin et al., 2016; Siegert et al., 2015). Consistent with
T-binding sitemutant of HIF-2a and treated with reuterin or PT2385 (PT) (n = 3).

comparisons test (E), (F), and (G).Western analyses (D), imageswere analyzed

shown. Statistical significance compared with the DFO-only treatment group.



Figure 7. DAP and Reuterin Prevent Systemic Iron Accumulation and Antibiotics Improve Anemia in Mouse Models

(A) Schematic showing time line of DAP or L. reuteri probiotic treatment in tamoxifen-mediated temporal disruption of hepcidin (HampDLiv).

(B) Serum and tissue (liver, pancreas, and heart) iron analyses.

(C) Duodenal DMT1, Dcytb, and FPN western analyses in DAP- or L. reuteri-probiotic-treated Hampfl/fl and HampDLivmice. Wild-type SPFmice were fed with the

350- or <5-ppm iron diet for 1 week followed by the 350-ppm, <5-ppm, or rifaximin (Rfx) (20 mg/kg/day)-blended <5-ppm diet for another 2 weeks.

(D and E) Duodenal Dmt1 and Dcytb gene expression (D) and CBC (Hb, MCH, and MCHC) analysis (E).

(legend continued on next page)
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those reports, our results show that native bacteria are essential

in the regulation of local intestinal FTN. In addition, our results

demonstrate that intestinal microbiota also play a role in periph-

eral-tissue FTN regulation. LPS, via activation of NFkB, is a

known regulator of Ftn transcription in macrophages (Siegert

et al., 2015). Our present results demonstrate a novel mecha-

nism of FTN regulation, as there was no difference in Ftn

mRNA levels between GF or Abx-treated and control mice.

Moreover, host bacterial sensing pathways were not involved

in FTN regulation by indigenous microbes. Our results show

that a subset of metabolites other thanHIF-2a suppressors regu-

late host iron-storage function by a novel yet unidentified mech-

anism. Bacterial metabolite-induced FTN expression provides

an additional mechanism by which host iron absorption is

decreased, leading to increased levels of luminal iron for resident

bacteria. It is possible, however, that the systemic FTN response

mediated by gut microbial metabolites reflects a mechanism to

sequester iron from pathogens. Further studies are ongoing to

identify FTN-regulatory metabolites and determine their physio-

logical relevance.

There are no cures for hemochromatosis, and current mainte-

nance therapies provide a benefit by decreasing tissue-iron

accumulation. The two mainstay therapies for hemochromatosis

are iron chelators such as DFO and routine phlebotomy, but

those therapies are slowactingwithmany off-target effects, lead-

ing to low patient adherence (Adams and Barton, 2007). Our re-

sults provide evidence that probiotics may be effective as a

stand-alone or adjuvant therapy. Moreover, iron-deficiency ane-

mia is a global health crisis affecting more than a billion people

(Lopez et al., 2016). Oral iron supplementation is an effective

treatment, but this approach is risky and can even be fatal, espe-

cially in third-world countrieswere infections are endemic (Jonker

and Boele van Hensbroek, 2014). Antibiotics have been shown to

be effective in improving anemia; however, the improvement was

thought to bemainly due to a decrease in bacterial infections (Gif-

ford et al., 2012, 2015). We clearly demonstrate that antibiotics

may have additional beneficial effects outside of pathogen con-

trol, specifically by increasing intestinal iron absorption.

In summary, our results demonstrate a previously undescribed

mechanism of metabolic crosstalk between microbiota and the

host intestinal epithelium that regulates intestinal and systemic

iron homeostasis. We provide in vivo evidence that probiotics

may play a beneficial role in diseases of iron overload, whereas

antibiotics may be effective in iron deficiency

Limitations of Study
Our data have utilized a mouse model and assessed the role of

themicrobiota in host nutrient absorption. The data demonstrate

that DAP and reuterin are functional metabolites that modulate

host iron absorption. These metabolites are also present in hu-

man duodenum. However, we have not demonstrated that

DAP and reuterin can inhibit HIF-2a activity in the context of a hu-
(F) Schematic showing the integration of HIF-2a inhibitory and FTN stimulatory role

2a inhibitory metabolites disrupt the HIF-2a-ARNT interaction followed by its

transporters, a different subset of metabolites upregulates FTN expression. Both

All data are mean ± SEM. One-way ANOVA with Tukey’s multiple comparisons

software from three independent experiments, representative images are shown

0.05, **p < 0.01, ***p < 0.001.
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man microbiome. Similar to this limitation, we show that

L. johnsonii and L. reuteri respond to changes in luminal iron,

these changes have not been assessed in iron-deficient or

anemic patients. Additionally, as noted above, we have not iden-

tified the exact anatomical source of the gut microbial metabo-

lites. They could be produced more distally and by several

different microbial species. It is not possible currently to deter-

mine if local or distal sources are responsible for the changes

observed in the duodenum. Lastly, mousemodels of iron-related

disorders do not completely recapitulate the extent of the

anemic or iron-overload phenotype observed in humans, further

pre-clinical studies are needed to determine if microbial-based

therapies could have efficacy in patients.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HIF-1a Abcam Cat# 179483; RRID:AB_2732807; 1:1000

HIF-2a Bethyl Laboratories Cat# A700-003; RRID:AB_2631884; 1:1000

FTH1 Cell Signaling Technology Cat# 3998; RRID:AB_1903974; 1:1000

FPN Alpha Diagnostics International Cat# MTP11-A; RRID:AB_1619475; 1:1000

DMT1 Alpha Diagnostics International Cat# NRAMP21-A; RRID:AB_1620356; 1:1000

DCYTB Alpha Diagnostics International Cat# DCYTB11-A; RRID:AB_1614641; 1:1000

ARNT Santa Cruz Biotechnology Cat# sc-8076; RRID:AB_2059435; 1:1000

GAPDH Santa Cruz Biotechnology Cat# sc-25778; RRID:AB_10167668; 1:1000

Actin Proteintech Cat# 60008-1-Ig; RRID:AB_2289225; 1:1000

Rabbit IgG HRP-linked Cell Signaling Technology Cat# 7074; RRID:AB_2099233; 1:2000

Mouse IgG HRP-linked Cell Signaling Technology Cat# 7076; RRID:AB_330924; 1:2000

Goat IgG HRP-linked ThermoFisher Cat# PA1-28664; RRID:AB_10990162; 1:1000

Rabbit IgG Alexa Fluor 594 ThermoFisher Cat# A-11037; RRID:AB_2534095; 1:500

Chemicals

Deferoxamine Sigma D9533

Ferric ammonium citrate Sigma F5879

Ferrozine Sigma-Aldrich 160601

Iron Standard Solution Acros Organics 19605–1000

Mercaptoacetic acid Acros Organics AC125430100

Matrigel BD Biosciences 354234

Noggin R&D Systems 6057-NG

Rspondin1 R&D Systems 4645-RS

Epidermal growth factor R&D Systems 236-EG

MTT reagent Alfa Aesar L11939

PT2385 MedChemExpress HY12867

Ampicillin Sigma-Aldrich A9393

Neomycin Sigma-Aldrich N1876

Gentamicin Sigma-Aldrich G1914

Penicillin G Sigma-Aldrich P7794

Metronidazole Sigma-Aldrich M1547

Vancomycin Cayman Chemical 15327

Rifaximin Cayman Chemical 16131

Trizol ThermoFisher 15596018

Methanol Fisher Scientific A412-500

Chloroform Fisher Scientific BP1145–1

HaltTM Protease Inhibitor Cocktail ThermoFisher 78429

SYBR green qPCR master mix RadiantTM QS2001

ProlongTM Gold Antifade Mountant with DAPI ThermoFisher P36931

GFP-Trap magnetic beads Chromotek gtma-10

Polyethylenimine (PEI) Polysciences Inc. 23966

DMEM ThermoFisher 11995065

Microbial Metabolites Please see Table S2 Please see Table S2

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

For the complete list of primers Please see Table S3 N/A

Bacterial Strains

Escherichia coli strain ECOR2 Hill et al., 2017 ATCC35321

Lactobacillus reuteri strain

MM4-1A

Hill et al., 2017 PTA5475, ATCC

L. reuteri probiotic BioGaia DSM 17938

L. reuteri for reuterin production Montiel, 2014 L. reuteri P579

Recombinant DNA

Oxygen Stable pCDNA3-HIF-1a Yatrik Shah Laboratory

(Shah et al., 2009)

N/A

Oxygen Stable pCDNA3-HIF-2a Shah et al., 2009 N/A

HIF-2a-IRE Luc Sanchez et al., 2007 N/A

pGL3-DMT1 Luc (HRE-Luc) Shah et al., 2009 N/A

pBIND-HIF-2a This manuscript N/A

pACT-ARNT This manuscript N/A

pCDNA3HIF-2aG324E+S305M This manuscript N/A

Critical Commercial Assays

CheckMate� Mammalian Two-Hybrid System Promega E2440

Luciferase Assay Promega E1500

MiSeq Reagent Kit v2 (500-Cycles) Illumina 20038613.

Cartridge# MS3983770-500V2

DNeasy Blood and Tissue Kit Qiagen 69504

SuperScriptTM III First-Strand Synthesis System ThermoFisher 18080051

Software and Algorithms

Prism GraphPad Version 7.0 N/A

ImageJ https://imagej.nih.gov/ij/ N/A

Bacterial community analysis Mothur Wiki N/A

Deposited Data

16S rRNA gene sequencing reads NCBI BioProject ID PRJNA576605

Experimental Models: Cell Lines

HCT116 ATCC N/A

SW480 ATCC N/A

HT29 ATCC N/A

HEK293 ATCC N/A

Experimental Models: Mouse Strains

C56Bl/6J The Jackson Laboratory N/A

C56Bl/6J, Germ Free The Jackson Laboratory N/A

NCOA4-/- This manuscript N/A

Hif2aDIE:VilCre;Hif2aF/F Shah et al., 2009 N/A

VhlDIE: VilCre;VhlF/F Shah et al., 2009 N/A

HampDLiv:AlbCreERT2; HampF/F Schwartz et al., 2019 N/A

Tlr2/4-/- Eigenbrod et al., 2008 N/A

Myd88-/- Eigenbrod et al., 2008 N/A

Other

Standard Chow PMI Nutrition Int’l LABDIET 5001

350 ppm iron Chow Dyets Inc. 115180

35 ppm iron Chow Dyets Inc. 115270

<5 ppm iron Chow Dyets Inc. 115072
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LEAD CONTACT AND MATERIALS AVAILABILITY

A new construct was generated in this study : mouse HIF-2a mutant of two PT2399 binding sites (pCDNA3-HIF-2aG324E+S305M).

And a new mouse line generated in this study : NCOA4-/- . Further information and requests for resources and reagents should be

directed to and will be fulfilled by the Lead Contact, Yatrik Shah (shahy@umich.edu). All unique/stable reagents generated in this

study are available from the Lead Contact with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All mice used in this study were on a C57BL/6J background. Both male and female mice were used throughout and littermates were

randomly assigned to experimental groups. The GF mice were housed in a temperature-controlled (21±1.1�C), barrier facility using

individual Isocages� (Tecniplast) in the University of Michigan Germ-FreeMouse Core. All other mice were housed in a temperature-

controlled (21±1.1�C), specific-pathogen free (SPF) facility on a 12 h light/dark cycle and fed ad libitum with standard chow diet

containing 270 ppm iron. For iron studies, mice were fed with iron enriched (350 ppm iron), iron sufficient (35 ppm iron) or low-iron

(<5 ppm iron) chow for the 1-2 weeks. There was no significant gender differences with regards to their iron status as reported

previously (Schwartz et al., 2019). NCOA4-/- mice were generated by the University of Michigan Transgenic Core using

CRISPR-cas9 mediated targeting of exon 3 (guide RNA: 5’-AGAGGTGTGGCTCAATGAAC-3’). Intestine-specific HIF-2a knockout

(Hif2aDIE:VilCre;Hif2aF/F), intestine-specific VHL knockout (VhlDIE: VilCre;VhlF/F), liver-specific tamoxifen-inducible hepcidin knockout

(HampDLiv:AlbCreERT2; HampF/F), Tlr2/4-/- and Myd88-/- mice were described previously (Eigenbrod et al., 2008; Schwartz et al.,

2019; Shah et al., 2009). All animal studies were carried out in accordance with Association for Assessment and Accreditation of

Laboratory Animal Care International guidelines and approved by the University Committee on the Use and Care of Animals at

the University of Michigan.

Human Subjects
For detection of lactobacillus in the upper gastrointestinal tract of humans, duodenal aspirates were collected from 17 healthy sub-

jects from a previously reported study group (Koenigsknecht et al., 2017). Physiological concentrations of 1,3 DAP and reuterin were

determined from 10 subjects from the same group. The study is a part of clinical trial NCT02806869 and was approved by the insti-

tutional review boards at the University of Michigan (IRBMED, protocol number HUM00085066) and the Department of Health and

Human Services, Food andDrug Administration (Research Involving Human Subjects Committee/RIHSC, protocol number14-029D).

The study was carried out in accordance with the protocol and applicable local regulatory requirements. All subjects (both male and

female, age 18-55 years) provided written informed consents and participated after completion of a physical examination and review

of their previous medical history.

METHOD DETAILS

Cell Culture and Proliferation Assays
Human intestinal cell lines HCT116, HT29 and SW480, and human embryonic kidney cells HEK293T were used. All cells were main-

tained in complete DMEMmedium (supplemented with 10% fetal bovine serum and 1% antibiotic/antimycotic agent) at 37�C in 5%

CO2 and 21% O2. For hypoxic experiments, cells were maintained in 1% O2 in an enclosed humidified chamber by replacing the

atmospheric air with a gas mixture comprising of 1% O2, 5% CO2 and 95% N2. Growth assays were performed using MTT reagent

(Thiazolyl Blue Tetrazolium Bromide). Briefly, cells were plated down and 24-hours following plating a Day 0 reading was taken. Cells

were incubated for 45 minutes with MTT solution (5X concentrate stock: 5 mg/ml, in 1XPBS, pH 7.4). Media and MTT solution were

then carefully aspirated followed by solubilization with dimethyl sulfoxide. Absorbance was read at 570nm. Following the Day 0 read,

the cells were treated with different doses of DAP doses and readings were taken after 24-hours.

HIO Culture and Microinjection with Bacteria
Differentiated human intestinal organoid (HIO)s were generated from human pluripotent stem cell (hPSC)s, maintained and used for

microinjection with commensal bacterial culture as described previously (Hill et al., 2017). HIOs were maintained in media containing

EGF, Noggin, and R-spondin (ENRmedia) in 60 ml Matrigel (8 mg/ml) without antibiotics prior to microinjection experiments. For hyp-

oxia experiments, HIOs were put in a hydrated and sealed chamber filled with 1% O2, 5% CO2, and balance N2 and maintained at

37�C for 16 hours. HIOmicroinjection with PBS, live- or heat killed E. coliwere performed under microscopic guidance with the aid of

thin wall glass capillaries (TW100F-4, World Precision Instruments) after shaping them with a P-30 micropipette puller (Sutter Instru-

ments). After the microinjection, the HIO culture media was carefully aspirated and the wells were rinsed with sterile PBS and main-

tained in ENR media containing penicillin and streptomycin to remove any bacteria.

Bacterial Strains
For HIO colonization and bacterial growth analysis, E. coli strain ECOR2 (ATCC 35321; Originally isolated from healthy adult

stool sample, gift of Dr. Seth Walk, Montana State University) and L. reuteri strain MM4-1A (PTA5475, ATCC; Originally isolated
Cell Metabolism 31, 1–16.e1–e6, January 7, 2020 e3
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from human breast milk, gift of Dr. Robert Britton, Baylor College of Medicine) were used as described previously (Hill et al., 2017).

The bacteria were cultured in Luria broth (LB) media at 37�C under atmospheric oxygen concentration.

Antibiotics Treatment
Antibiotics treatment (Abx) was performed as described previously (Ramakrishnan et al., 2019). Briefly, animals were given water

containing antibiotic cocktail (Ampicillin 1 g/L, neomycin 1 g/L, gentamycin 500 mg/L; penicillin 100U/L) in the drinking water, ad li-

bitum. In addition, oral gavage of vancomycin (1 mg/mL) and metronidazole (0.5 mg/mL) was given on alternate days for 1-2 weeks.

Rifaximin was blended with <5-ppm iron diet and administered at 20 mg/kg body weight/day as described previously (Ma

et al., 2007).

Metabolite Supplementation
Sodium salts of butyrate and propionate were given in drinking water at 150mM and 100mM concentrations, respectively (Smith

et al., 2013). 1,3 Diaminopropane was given in drinking water at a concentration of 2g/L (Salim et al., 2000). For reuterin supplemen-

tation ofmouse gut, L. reuteri probiotic tablets containing L. reuteriDSM17938 probiotic strain (100million CFU per tablet) was added

in drinking water (1 tablet per 200 ml).

Hematological and Iron Analysis
CBC (complete blood count) analysis was performed by the Unit for Laboratory Animal Medicine Pathology Core at The University of

Michigan. Serum and tissue nonheme iron was quantified as described previously (Anderson et al., 2013). Briefly, serum and homog-

enized tissues were processed in a 1M HCl and 10% (wt/ vol) trichloroacetic acid solution and heated for 1 h at 95�C. The samples

were spun at 13,000 rpm, room temperature for 20 minutes, then the supernatant was incubated with an iron assay reagent ((1:1,

1mM ferrozine : 3M Sodium Acetate, pH 5.5) plus 1% mercaptoacetic acid) at 1:1 ratio until the color turns into purple. Iron quanti-

tation was done at 562 nm and compared with iron standard solution (1 mg/ml Fe in 2% HNO3).

Real-Time Quantitative PCR
1 mg of total RNA extracted using Trizol reagent from mouse tissues (duodenal epithelial scrapes, liver and spleen), human intestinal

cell lines and human intestinal organoid (HIO)s were reverse transcribed to cDNA using SuperScriptTM III First-Strand Synthesis Sys-

tem (Invitrogen). Quantitative PCR (qPCR) reactions were set up in three technical replicates for each sample by combining equal

concentration of cDNA, gene-specific forward and reverse primers, with SYBR green master mix, and run in QuantStudio 5 Real-

Time PCR System (Applied BioSystems). The fold-change of the genes were calculated using the DDCt method using b-actin as

the housekeeping gene. The primers are listed in Table S3.

DNA Extraction from Feces and Bacteria-Specific PCR

DNA frommouse feces was extracted by using DNeasy Blood and Tissue Kit. 0.5–1.0 ng of DNAwas used for bacteria-specific PCR,

relative abundance was determined after normalization with the readings from the value from PCR by pan-bacteria primers. The

primers are listed in Table S3.

Western Blotting and Co-immunoprecipitation
Whole-cell and membrane lysate preparations were described previously (Anderson et al., 2013). Whole-cell lysates were prepared

from tissue or cell lines by RIPA buffer. Briefly, Cell or tissue homogenates were incubated in RIPA buffer for 15–20 minutes on ice

followed by centrifugation at 13,000 rpm for 15 minutes at 4�C. Supernatants were transferred to a new tube and mixed with

53 Laemmli buffer and boiled for 5 min. Membrane lysate was prepared by dounce homogenization of scraped duodenal epithelia

followed by passaging the samples through a 27-gauge needle 7-10 times in lysis buffer (5mM Tris pH 8.0, 2mM EDTA, 250mM of

sucrose and protease inhibitor). The nuclei were pelleted at 1,000 3 g for 10 minutes, and the supernatant was centrifuged at

45,0003 g for 45 minutes using OptimaTM TLX Ultracentrifuge (Beckman). The resulting membrane pellet was resuspended in stor-

age buffer (75mM Tris pH 8.0, 12.5mMMgCl2, 5mM EDTA and protease inhibitor). Membrane extracts were mixed with 2X Laemmli

buffer and incubated at 42�C for 5 min. Co-immunoprecipitation experimental procedure was performed with GFP-Trap magnetic

beads and is summarized in Figure 4D. Lysates containing 30-40 mg of protein per well were separated by SDS-PAGE, transferred

onto nitrocellulose membranes, and immunoblotted overnight at 4�C with antibodies against HIF-2a, HIF-1a, FTH1, FPN, DMT1,

DCYTB, ARNT, Actin and GAPDH. All the primary antibodies were used at a dilution of 1:1000. HRP-conjugated secondary anti-

bodies used were: anti-rabbit anti-mouse and anti-goat at dilution of 1: 2000, and immunoblots were developed using chemidoc

touch imaging system (ChemiDoc, BioRad).

Immunostaining
OCT-embedded frozen tissues were sectioned (6 mm) and fixed with PBS-buffered formalin for 15 min and permeabilized for 10 min

using 0.05% Triton X-100. Sections were blocked in 5% (vol/vol) normal goat serum in TBST for 30 min at room temperature and

probed with polyclonal rabbit anti–HIF-2a antibody (1: 100) overnight at 4�C. The samples were then incubated with rabbit IgG Alexa

Fluor 594 (1: 500) for 1 hour in dark at room temperature, followed by mounting and counterstaining by ProlongTM Gold Antifade

Mountant with DAPI.
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Luciferase Assay
Cells were seeded into a 24-well plate at a cell density of 5 3 104 cells per well. The luciferase constructs for HIF response element

(HRE) and HIF-2a IRE were previously described (Sanchez et al., 2007; Shah et al., 2009). The luciferase constructs were co-trans-

fected with oxygen stable HIF-2a, HIF-1a or empty vector (EV) into cells with polyethylenimine. To screen the most abundant gut

microbial metabolites for HIF-2a inhibition, a DMT1 promoter luciferase construct harboring HIF response elements (HRE) (hereafter

referred to as HRE-Luc) was performed in HCT116 cells. We narrowed our search to metabolites that generated statistically signif-

icant (p < 0.05) inhibition of HRE-Luc activity by 0.3-fold or greater. To investigate the role of indicated metabolites in HIF-2a-ARNT

interaction, pG5 luciferase vector was co-transfected with pBIND- HIF-2a and pACT-ARNT into cells using the protocol described in

CheckMate� Mammalian Two-Hybrid System (Promega). To identify the mechanism how indicated metabolites influenced HIF-

2a-ARNT interaction, two PT2399 binding sites in themouseHIF-2awasmutated to generatemHIF-2aG324E+S305MandHRE lucif-

erase assay was performed. Cells were lysed in reporter lysis buffer, and firefly luciferase activity was measured using SynergyTM

2 Multi-Mode Microplate Reader (BioTek) and normalized to b-galactosidase (b-gal) activity 48 hours after transfection.

Metabolite Extraction
Metabolites from mouse duodenal contents and feces were extracted by two methods. First, crude metabolites were extracted by

80% methanol [methanol: water (80:20; v/v)] extraction as described previously (Bennett et al., 2008). Briefly, pre-weighed freshly

collected sample were homogenized in 3-5 ml of dry ice-cold 80% methanol and incubated in dry ice for 10 minutes followed by

centrifugation at 4,000 rpm for 10 minutes at 4�C. Supernatant was passed through a 70-mm cell strainer to get rid of the debris

and centrifuged again at 13,000 rpm for 10 minutes at 4�C. Supernatant was then transferred to a new sample tube and subjected

to Speedvac (Eppendorf Vacufuge) to obtain a metabolite pellet. Second, for physicochemical characterization, metabolites were

extracted in organic and aqueous phases using methanol-chloroform-water extraction method as described previously (Sridharan

et al., 2014). Briefly, 3-5 ml of dry ice-cold methanol/chloroform (2:1, v/v) was added to a sample tube containing a pre-weighed

freshly collected sample. After homogenization on ice, the sample tube was centrifuged at 13,000 rpm for 10 min at 4�C . The super-

natant was then transferred to a new sample tube through a (70-mm) cell strainer. In a dry ice-cold sample tube, 0.6 ml of ice-cold

water was added to 1.5 ml of supernatant, the sample tube was vortexed vigorously for 30 seconds and centrifuged at

13,000 rpm for 10 min at 4�C to obtain phase separation. The upper and lower phases were separately collected into fresh sample

tubes without disturbing the interface, followed by Speedvac procedure. The metabolite pellets were suspended in DMSO and corn

oil (5 mg/100 ml) for in vitro experiments and in vivo intraperitoneal injections, respectively.

16S RRNA Gene Sequencing and Bacterial Community Analysis
Bacterial sequencing analysis was done as described previously at the Microbial Systems Molecular Biology Lab, a part of the Uni-

versity of Michigan Host Microbiome Initiative (Ramakrishnan et al., 2019). Briefly, the V4 region of the 16S rRNA gene was amplified

from the mouse duodenal contents or feces using the Dual-indexing sequencing strategy. Sequencing was done on the Illumina

MiSeq platform, using aMiSeq Reagent Kit V2 500 cycles, according to the manufacturer’s instructions with modifications. Bacterial

community analysis was done based on Mothur wiki.

Gas Chromatography-Mass Spectrometry Analysis of Metabolites
Extraction and Derivatization Method for DAP

10mg of sample wasmixed with 150 mL of 6% TCA solution (containing 10 mg/mL 2,3-13C2 Alanine), homogenized at 6500 rmp, 25 s,

with 1.0 mm diameter beads added and then centrifuged at 20,000 RCF for 10 min at 4�C, the supernatant liquor was collected in

glass vial and mixed with 300 mL 50mM Sodium hydroxide solution and 300 mL propanol/pyridine (v:v=3:2). 100 mL of propylchlor-

oformate subsequently was added on ice following a vortex for 1 min. The samples were derivatized in an incubator at 35�C for

30min. The derivatized samples were extractedwith 75 mL of hexane twice, then a total of 150 mL of extracts was obtained and stored

at 4�C for GC-MS analysis.

Extraction and Derivatization Method for Reuterin

10 mg of sample was mixed with 5 mL of 1 mM 2,2,4,4 - D4 citric acid and 500 mL of cold 80%methanol, homogenized at 6500 rmp,

25 s, with 1.0 mm diameter beads added. 200 mL each of cold water and chloroform are added and homogenized again followed by

centrifuging at 20,000 RCF for 10min at 4�C, the supernatant liquor was collected and transferred into 1.8mL glass vial and dry down

in vacuum speeder. The dried sample was mixed with each 50 mL pyridine and MSTFA followed by a vortex for 5 min, the samples

were derivatized in -20�C refrigerator overnight. Glass vial containing sample was sonicated for 30min and then centrifuged at 20,000

RCF for 10 min at 4�C, supernatant liquor was collected and stored at 4�C for GC-MS analysis.

GC-MS Method

For DAP, a headspace sampler was utilized, for reuterin a standard GC/MS sampling was performed. A HP5 ms (5%Phenylmethyl-

polysiloxane) capillary GC column (30m x 250 mm i.d. 0.25 mmfilm thickness, Agilent Technologies) was employed with helium as the

carrier gas at a constant flow rate of 1mL/min. The initial column oven temperature was 70�C for 2min and then increased to 230�Cat

a rate of 20�C/min. The temperatures of the front inlet, transfer line and mass source were set at 250�C, 280�C, and 230�C, respec-
tively. The total run time was 20 min and the mass spectral data was collected in full scan mode with a mass range 30-400 m/z.
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injection volume is 1 mL. 2,2,4,4 - D4 citric acid and reuterin were quantified by peak areas of extracted m/z 276 (Ghassempour et al.,

2004) and m/z 219 (Talarico and Dobrogosz, 1989), respectively as described previously. Analysis of intestinal SCFAs was done as

described previously (Cai et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Main in vitro experiments were validated bymultiple cell lines. Each cell line experiment was performedwith duplicate or triplicates for

each condition and repeated at least three times to ensure reproducibility. Blinding was performed whenever deemed to be appro-

priate and applicable. Sample description and identification was unavailable to the core personnel during data plotting and analyses.

No sample or data was excluded from the study for statistical purposes. Statistical details of all experiments can be found in the figure

legends. The sample numbers are mentioned in the figures and denote biological replicates unless otherwise noted. Results are ex-

pressed as themean ± SEM. Significance between 2 groups was tested using a 2-tailed, unpaired t test. Significance amongmultiple

groups was tested using a one-way ANOVA followed by Tukey’s post hoc test. GraphPad Prism 7.0 was used to conduct the sta-

tistical analyses. Statistical significance is described in the figure legends as: * p < 0.05, ** p < 0.01, *** p < 0.001.

DATA AND CODE AVAILABILITY

The accession number for the 16S rRNA gene sequencing data of duodenal and fecal microbiota from mice fed with different iron

diets reported in this paper is NCBI BioProject: PRJNA576605.
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