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Oral iron administration in African children can increasée¢ risk for infections. However,
it remains unclear to what extent supplementary iron affestthe intestinal microbiome.
We here explored the impact of iron preparations on microblagrowth and metabolism
in the well-controlled TNO'sin vitro model of the large intestine (TIM-2). The model
was inoculated with a human microbiota, without supplemerdry iron, or with 50 or
250 mmol/L ferrous sulfate, 50 or 250mmol/L ferric citrate, or 50mmol/L hemin. High
resolution responses of the microbiota were examined by 163DNA pyrosequencing,
microarray analysis, and metagenomic sequencing. The mebmlome was assessed
by fatty acid quanti cation, gas chromatography-mass sped¢rometry (GC-MS), and
1H-NMR spectroscopy. Cultured intestinal epithelial Cac@ cells were used to assess
fecal water toxicity. Microbiome analysis showed, among diters, that supplementary iron
induced decreased levels ofBi dobacteriaceae and Lactobacillaceag while it caused
higher levels ofRoseburiaand Prevotella Metagenomic analyses showed an enrichment
of microbial motility-chemotaxis systems, while the metablome markedly changed from
a saccharolytic to a proteolytic pro le in response to ironBranched chain fatty acids and
ammonia levels increased signi cantly, in particular witfierrous sulfate. Importantly, the
metabolite-containing ef uent from iron-rich conditionsshowed increased cytotoxicity
to Caco-2 cells. Our explorations indicate that in the absete of host in uences, iron
induces a more hostile environment characterized by a reddion of microbes that are
generally bene cial, and increased levels of bacterial mabolites that can impair the
barrier function of a cultured intestinal epithelial monayer.

Keywords: in vitro fermentation, iron supplementation, gut microbiome, metabolome,
SCFA, BCFA
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INTRODUCTION composition and metabolismPayne et al., 2012; Venema and
van den Abbeele, 20).3
Iron deciency is the most prevalent nutritional disorder  Besides the intestinal microbiota composition, the baeferi
worldwide, mostly a ecting infants, young children, and wem  metabolic activity is also important for gut health. For exale
in developing countries. This de ciency has major healthindigestible food components can be metabolized into the
consequences such as poor pregnancy outcome, and impairghin Short Chain Fatty Acids (SCFAs) acetate, propionate and
physical and cognitive development of childred/iO and  putyrate. These, and especially butyrate, are bene cial fior g
UNICEF, 2004; Muthayya et al., 2Q1Several trials have shown health, for example by providing energy to colonocytes and by
that iron de ciency can be e ectively controlled by oral iron exerting anti-in ammatory e ects {/lacfarlane and Macfarlane,
administration ¢immermann and Hurrell, 2007 However, 2017. In contrast, protein fermentation can result in toxic
the uptake of iron from the intestines is in uenced by many or potentially toxic metabolites such as ammonia, Branched
factors and is usually Iimitedl—(urrell and Eg'l, 201D Iron Chain Fatty Acids (BCFAs) (elg_, isobutyrate and isovm’ra
supplementation therefore generally results in a largeivadtf  and phenolic compoundsMacfarlane and Macfarlane, 2012;
unabsorbed iron entering the colon, being potentially aklé  Nyangale et al., 20).2Although the mechanisms of action
for the gut microbiota. remain unknown so far, it has recently been shown that
Importantly, oral iron administration is known to increase jron can in uence bacterial metabolic activityDpstal et al.,
the incidence of diarrhea and has been associated withase® 2012a,b, 2014bThe in vivo levels of butyrate and propionate
gut in ammation (Gera and Sachdev, 2002; Zimmermann et alwere lower during luminal iron de ciency in rats, which
2010; Jaeggi et al., 2014t is therefore highly warranted to could be restored by iron repletiorDpstal et al., 2013aln
investigate the e ects of nutritional iron on the gut micrali&  vitro, butyrate and propionate production were most clearly
composition and metabolic activity. We previously showedmpaired during very low iron conditions, while converselget
that iron can enhance the growth and virulence of gutproduction of these SCFAs was not stimulated by high iron
bacterial pathogens in pure culture&ditman et al., 2012  conditions. The production of BCFAs as a result of protein
Furthermore, it was recently shown that iron forti cation fermentation was decreased under low iron conditions, bt i
caused a potentially more pathogenic gut microbiota pro le(i. contrast to the production of SCFAs, this proteolytic activit
increased relative abundance Bhterobacteriaceaéncluding  did increase under high iron conditionsDpstal et al., 2019b
pathogenicEscherichia coland a decrease of generally bene cialinterestingly, a recent study in rats showed that supplemgnta
Lactobacillaceaand/or Bi dobacteriacea)ein African children iron increased cecal SCFA levels not 0n|y when Compared to
and infants Zimmermann et al., 2010; Jaeggi et al., J0THis  an iron-de cient diet, but also when compared to a control
increase in the abundance of fe€alterobacteriaceamrrelated djet (Dostal et al., 2019b However, the latter rat study did
with an increase of fecal calprotectizifhmermann et al., not speci cally report on the production of BCFAs. Together,
2010, which is a marker of gut in ammation. Notably, the these studies suggest that iron supplementation may havehheal
reported e ect of oral iron administration on the gut microt®  promoting e ects via an increase in microbial SCFA production,
composition varies between studies. The most consistemjut potentially also deleterious e ects by increasing toxictgi
outcome of iron supplementation appears to be a decrease farmentation. Thus, the net e ects of iron preparations on gut
Lactobacillaceaand Bi dobacteriaceaeand an increase ifE.  mjcrobial metabolism remain inconclusive and need further
coli (Mevissen-Verhage et al., 1985; Balmer et al., 1989; Balmg{ploration with both a targeted and metabolomic approach.
and Wharton, 1991; Benoni et al., 1993; Tompkins et al., 200j3 the present study we explore the e ect of multiple iron
Lee et al., 2008; Zimmermann et al., 2010; Werner et al.,;201dources and doses; i.e., 50 or @BGol/L ferrous sulfate, 50
Dostal et al,2012a,b,2014b, Krebs et aI,2013,Jaegg29ﬂ.é, or 250mmol/L ferric Citrate, or 50mmol/L hemin, on the
Kortman et al., 201y The large variation in the e ects of ironon  composition and metabolic activity of a microbiota that is
the gut microbiota composition in humans and animals may beepresentative for then vivo human gut microbiota. To mimic
explained by di erences in experimental models, and host f&ctorthe human in vivo conditions, we use the well-suited and
such as iron status, intestinal immune function, dietarpit® highly controlled TNO's Intestinal Model 2 (TIM-2) for the

and the environmental setting. Importantlyn vitro models of human large intestine\jinekus et al., 1999; Maathuis et al.,
the colon allow the reproducible testing of the e ects of iron2009.

on the microbiota in isolation, by eliminating any in uenoaf

the host. On the other hand, the most important limitation is

the absence host feedback mechanisms that normally in uendgESULTS

microbiota composition and activitydekirov et al., 2010; Hooper . .

et al., 201p Also inoculum preparation from feces in uences 1N€ In uence of Iron on the Microbiota

the microbiota. It should be noted that colon models can neveComposition

establish intestinal conditions identical to those in thesh  The microbiota composition was analyzed by 16S rDNA
Therefore, inoculum preparation and inoculation in the modelsequencing, microarray (I-Chip), and metagenomic sequejci
will always result in a newly balanced microbiota. Althodlgese The main results are shown below, and are complemented
in vitro models have their limitations, they have also been showhy information on total bacteria and microbiota diversity
to closely mimic thein vivo situation in terms of microbial in Supplementary Data 2. With a microbial density of
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approximately 4 10° cells/g in the TIM-2 model, it closely while iron supplementation as ferrous sulfate (FeS) or ferric
re ects the densities found in the proximal colon #9101, citrate (FeC) resulted in a similar microbiota pro le, butahwas
whereas microbial densities in feces are generally about twdstinct from that of the endogenous iron (lowFe) and hemin

orders of magnitude higheiRayne et al., 20)2 (FeH) conditions p D 0.032;Figure 10). The main di erences
between the microbiome of the lowFe controls and the
Microbiome Analysis by 16S rDNA Sequencing conditions with mediumFe and highFe at 72 h are summarized

We determined the microbiome composition by analyzing onin Figures 2A,B respectively. These analyses revealed that the
average 3445 bacterial 16S rDNA sequences per sample, obtaigederd_actobacillus, Bi dobacteriunandStreptococcuweere less

by pyrosequencing. Multivariate redundancy analysis (RDA@bundant in the mediumFe and highFe conditions compared
showed that the di erent iron levels resulted in a distinctmo to the lowFe controls and thaRoseburiaand Coprococcus,
overlapping microbiota compositionp( D 0.040;Figure 1A), and to a lesser extenBrevotellawere more abundant in the

FIGURE 1 | Multivariate redundancy analysis (RDA) of the micr  obiota composition.  The conditions were grouped at iron level: low (endogenouse n D 4),
medium (pooled 50FeS and 50FeC conditionsh D 8), high (pooled 250FeS and 250FeC conditionsy D 8) and hemin (50rmol/L hemin; n D 4). RDA was performed
using Canoco 5.0. Taxonomic composition at the genus level as used as response data, iron level as explanatory variabléme point and experiment as
supplementary variables. The variation explained by the dination axis is signi cantly higher than randomg( D 0.04; permutation test). Total variation explained was
33.3% (A,B). To study differences between iron sources, conditions wer grouped at iron source: low ( D 4), sulfate (pooled 50FeS and 250FeSh D 8), citrate
(pooled 50FeC and 250FeCn D 8), and hemin @ D 4). Taxonomic composition at the genus level was used as resptse data, iron source as explanatory variable,
time point, and experiment as supplementary variables. Theariation explained by the ordination axis is signi cantlyigher than random p D 0.032; permutation test).
Total variation explained was 32.5%C,D). Red symbols represent iron level or iron source classesght green samples the two replicate experiments and dark gren
symbols the two time points. Open symbols are the individusdamples. The colored lines are envelopes connecting sampeof the same iron level or iron source.
Length of arrows re ects signi cance. Classi ed sample diagrans in (A,C), Taxa—metadata biplots in(B,D).
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FIGURE 2 | Differences in gut microbial composition between the lowFe control and the medium and high Fe and conditions at 72 h. Nodes represent
taxa; edges link the different taxonomic levels. The fold ffierence is calculated as the 2log of the ratio of the relatvabundance in the lowFe 1§ D 2) and mediumFe
(n D 4) conditions (A) or in the lowFe and highFer{ D 4) conditions (B) (0, no difference between groups; 1, twice as abundant in meidimFe/highFe, etc.). In this
explorative analysis, the signi cance is expressed as thp-value of a Mann—WhitneyU-test. The node-size corresponds to the relative abundanceTaxa (that is,
nodes) were included in this visualization when the fold @&rence met a signi cance level ofp < 0.1, or when the taxon had a child (that is, more speci ¢ taxonomic
classi cation) meeting this criterion.! Phascolarctobacteriumwas not detected within the lowFe condition and has therefar an estimated 2log fold difference of 10.

mediumFe and highFe conditions. This is consistent with theDi erences between the mediumFe and highFe conditions and
outcome of the RDA, where these same taxa separated the lowdieerences between the lowFe and FeH conditions are shown in
from the mediumFe and highFe conditiond=igures 1B,D).  Supplementary Figure 5.
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Microbiome Analysis by I-Chip and Metagenomic Short Chain Fatty Acid and Branched Chain Fatty
Sequencing Acid levels
To support and validate the data from 16S rDNA sequencing, w&o study the e ect of iron on the production of the main SCFA
investigated the changes of taxa over time and the e ectof ir and BCFA, the cumulative amounts of these metabolites were
on certain species by using an I-Chip microarray platform ftet determined in the lumen and dialysate. Analysis showed that
analysis of the microbial community in the TIM-2 lumen at eyer there was no signi cant e ect of iron supplementation on acetat
time point (0, 24, 48, and 72h). Moreover, shotgun metagenomiproduction. However, propionate production was doubled in
sequencing allowed taxonomic analysis of the duplicate sampleighFe compared to lowFep (< 0.05) and propionate levels
of lowFe and 50FeS at 72 h, this was also used to support the 16&re also signi cantly higher in highFe compared to mediumFe
rDNA sequencing data. (p < 0.05). Butyrate production was similar in all conditions,
In both the I-Chip and metagenomic datase®sevotellavas but was lowest in FeH, which was di erent from mediumFe
markedly higher in all conditions with supplementary iron at (p < 0.05;Table 1). Iron source had no signi cant impact on
72h. I-Chip data furthermore showed th&revotellagenerally SCFA levels, except for a lower butyrate level in FeH compared t
increased in the conditions with iron with a small decreasd-eC (fable 1). Although the absolute valerate content was low
after 48 h, while its levels remained relatively low and Istab compared to the other SCFAs, it showed a signi cant increase
in the lowFe condition. Metagenomic analysis also showed thatnder 250FeS compared to lowkpeq 0.05). The valerate levelin
Prevotellalevels were higher in 50FeS compared to lowFe @50FeS was also signi cantly higher than in FeH and 50k (
72h (2log ratio: 7.07p D 0.006; Supplementary Figure 6).0.05 for both;Table 1). BCFA production was markedly increased
Next, 1-Chip analysis showed a gradual increasdRoseburia in FeS compared to lowFe and FeH, and also compared to FeC (all
in the 50FeS, 250FeS, and 50FeC conditions and metagenomie 0.05), which implies that ferrous sulfate stronger stimedht
analysis con rmed that speci calhRoseburia intestinalisvas protein fermentation compared to ferric citrate. Interegin,
more abundant at 72h in 50FeS compared to lowFe (2logon level (medium vs high) had no signi cant impact on BCFA
ratio: 2.01;p D 0.073; Supplementary Tables 1, 2). 16S rDNAevels Table 1).
sequencing showed that the sulfate-reducing bacteria (SRB)
member Desulfovibrionalegorder) was more abundant in the Ammonia Levels
conditions with iron at 72 h Figures 2A,B. This is consistent Ammonia, a toxic metabolite that originates from protein
with the metagenomic analysis, where the geDesulfovibrio breakdown, was determined in the lumen and dialysate of TIM-
(2log ratio: 3.08p D 0.042) and speci cally the speci& 2. Similar to BCFAs, the cumulative ammonia level was irszda
desulfurican§2log ratio: 3.66p D 0.043) and. piger(2log ratio:  in alliron conditions and most prominently in the ferrous $ate
1.33;p D 0.030) were more abundant in the 50FeS conditiorconditions. When iron levels were pooled, the ammonia lexasd w
compared to lowFe (Supplementary Table 2). Interestinghhigher in both mediumFe and highFe than in lowHe € 0.05;
although genusBacteroidesas a group was not signi cantly Table ). Interestingly, when the iron sources were pooled, only
more abundant in the iron groups, severBhacteroidespp. the ferrous sulfate pool showed a signi cantly higher amneoni
were signi cantly more abundant in 50FeS compared to lowFdgvel than lowFeg{ < 0.05), but the ferrous sulfate pool was not
including the opportunistic pathogeBacteroides fragili@log  signi cantly di erent from the ferric citrate pool Table 1).
ratio: 1.79;p D 0.029), which was also apparent from the I-
Chip analysis, mainly for the FeS conditions (SupplementaryH-NMR-Spectroscopy and Organic Acid Analysis
Tables 1, 2). IH-NMR spectroscopy and GC-MS organic acid analysis were
The metagenomic shotgun sequencing also detectegsed to explore the microbial metabolome in the dialyséite.
sequences from outside the bacterial domain, including\MR spectroscopy detected a total of 26 metabolites, of which
Archaea, Eukaryota, and a small minority of viral sequence®0 could be identi ed and quanti ed (Supplementary Table 3).
Archaea as a group were relatively more abundant in th&loreover, nine organic acid metabolites could be identi ed and
50FeS group than in the lowFe group at 72h (2log ratiorelatively quanti ed by GC-MS organic acid analysis. A main
4.90; p D 0.095). Specic Archaesa members that weree ect of iron supplementation was the sharp decrease of lactate
more abundant includedMethanosphaera2log ratio: 6.49; compared to the lowFe controp(< 0.05), which was detected
p D 0.001) Methanobrevibactd®log ratio: 7.27p D 0.091) and with both GC-MS and*H-NMR techniques Table 1). Another
Methanobacterig2log ratio: 7.24p D 0.093; Supplementary abundant metabolite that mainly derives from carbohydrate

Table 2). fermentation, was succinate. Compared to lowFe, succinate
. . content was higher in FeH and 50Fe@  0.05 for both).

The In uence of Iron on the Microbial Remarkably, the succinate level was higher in 50FeC compared

Metabolome to 50FeS{{ < 0.05), but was almost absent in both high-iron

Iron is involved in many metabolic processes and is indeedonditions, with a large di erence between 50FeC and 250FeC
known to inuence gut bacterial metabolism, such as the(p < 0.01;Table J).

production of SCFAs. Iron-induced changes in the gut micedbi Part of a 'H-NMR spectrum is depicted inFigure 3
composition may also aect gut microbial metabolic activity. where lowFe and 250FeS are compaf¢ttNMR spectroscopy
Therefore, it is important to explore the e ects of supplementarythus conrms the increase in valerate as mentioned above.
iron on the gut microbial metabolome. This technique also revealed an almost equal decrease of
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FIGURE 3 | 500 MHz 1H-NMR spectra (regions 2.7-0.5 ppm and 8.5-8.0 ppm) of dialys  ate samples. 1H-NMR spectroscopy at pH 2.50 of the lowFe
condition (upper panel ) and 250FeS condition lpwer panel ) at 72h showed that the SCFAs butyrate and acetate were sinait in both conditions, while propionate
content was slightly higher in 250FeS. Lactate and ethanolidappeared in the iron condition, while valerate content sfwed the opposite effect (see alsoTable 1).
Peak assignments: butyrate (1, 6, and 8), propionate (2 and)9ethanol (3), lactate (4), alanine (5), acetate (7), forteg10), valerate (11, 13, and 15) isobutyrate (12)
and isovalerate (14)# increased in the condition with iron; *decreased in the conition with iron. Of both conditions one replicate is shown, \ich were representative
for their duplicate. Also, the results of the*H-NMR method correlate well with the results of both the GC-I8 organic acid analysis and the SCFA/BCFA GC-method.

approximately four-fold in formate content for all iron- pooled ferrous sulfate, the pooled ferric citrate, the pooled

supplemented conditions (250FeC not assessed) compared nfeediumFe and the pooled highFe conditions compared to

lowFe p < 0.001Table 1). Further, metabolite pro ling showed lowFe and FeH (alp < 0.05). Phenyllactate content was

a decrease in ethanol content in both ferrous sulfate comat  relatively variable within the biological duplicates, nekietess

compared to lowFe (botp < 0.01) and also when compared to it was exclusively below the detection limit in all ferrousfate

FeH and 50FeC (botph < 0.05;Table 1). replicates and also in 250FeEidure 4B). These data support a
Among the organic acids identi ed, most were aromaticpotential siderophore function of these metabolites in a loonri

amino acid or polyphenol-derived and they generally showed aenvironment.

increase upon iron supplementation. Phenylpropionate content

tended to be higher in both ferrous sulfate conditions, andcqyre|ations of Metabolite Levels with the

also in the ferric citrate conditions (not signi canEigure 4A). . .

Phenylacetate levels appeared to be higher 50FeS and 250M)§r0blome ) ) ) )

compared to lowFe, but it was not detected in 50FeC and 250FdE 1S conceivable that the changes in microbial metabolism

(Figure 4A). 4-Hydroxy-phenylpropionate content was mainly can re§ult from an altered mllcroblome composition. Howeyer,

increased in both ferrous sulfate conditions (not signinta m_|crob|al metabo_hsm may, In theory,_also respond to iron

Figure 4A). Although only in small amounts, 3-hydroxy- without a change in abundances of certain taxa. As a rstrafie

phenylpropionate was exclusively detected in 250FeS and wigs/ink changes in the microbiome composition to the marked
considered to be absent in all other conditions (data novshp ~ cNanges in microbial metabolism we aimed to correlate SCFA,
Although none of these e ects were statistically signi cahiey butyrate, propionate, acetate, BCFA and ammonia levels with

support our ndings that proteolytic activity is stimulated lipn the relative abundance of bacterial_taxa of the microbiorse a
supplementation. analyzed by 16S rDNA pyrosequencing.

Short Chain Fatty Acids
Siderophoric Metabolites Detected by Organic Acid Butyrate levels were positively correlated wiRloseburisand
Analysis Coprococcyswhich both are known for the production of
Other amino acid-derived metabolites were categorized asutyrate, and with Clostridiales, whi dobacteriumcorrelated
compounds with siderophore activity. 2-Hydroxy-isovalerat negatively Figures 5A-D). Propionate correlated witRrevotella
was only detected in substantial amounts in the dialysate aindDialister, and was inversely correlated wiltediococcusnd
lowFe and FeH Kigure 4B). 2-Hydroxy-isocaproate content Lactobacillaceae(Figures 5E-H. Acetate levels could be
showed a similar pattern and was signi cantly lower in thecorrelated to Bacteroidalesand were inversely correlated
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FIGURE 4 | Effect of iron on organic acid levels associated wit h proteolytic or polyphenol metabolism and on organic acids w ith siderophoric activity.
Concentrations (mearCrange) of phenylpropionate, 4-hydroxy-phenylpropionatand phenylacetate at 72 h are displayed relative to the lowFeondition which was set
at 100%. SWe note that phenylacetate levels included traces of glycelin one biological replicate of 50FeS, 250FeS, and FeH, buthich were negligible amounts
relative to the phenylacetate level¢A). Concentrations (mearCrange) of metabolites with siderophoric activity; 2-hydnoy-isovalerate, 2-hydroxy-isocaproate, and
phenyllactate at 72 h are displayed relative to the lowFe cafition which was set at 100%.3We note that phenyllactate levels included negligible tras of a unknown
metabolite in 1 biological replicate of 50FeC and FeH. Mean@ D 2; compared by Tukey's multiple comparisonpost-hoc test) of the same metabolite without a
common letter differ signi cantly p < 0.05) (B).

FIGURE 5 | Bacterial taxa that correlate with luminal acetate , butyrate, and propionate levels.  The relative abundance (fraction of the total 16S rDNA; e.g.
0.01 D 1%) of bacterial taxa in all samples at 24 and 72 m(D 24) (as determined by 16S rDNA pyrosequencing) was correlatedith luminal butyrate(A-D),
propionate (E—-H), and acetate (I-L) levels in the same samples. Best t lines with 95% con dence bails were generated by linear regression analysis. Spearman
r- and p-value are displayed for each graph. This gure shows the tax¢hat correlated best, additional taxa are shown in Supplemetary Figure 7.

to Desulfovibrionales Clostridiales and Enterobacteriaceae positively with Roseburiaand was inversely correlated with
(Figures 51-). The sum of luminal butyrate, propionate BidobacteriaceadSupplementary Figure 7). Spearman r and
and acetate levels in the lumen at 24 and at 72h correlatg@value of a Spearman rank test are depicted within the gures.
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Branched Chain Fatty Acids and Ammonia total of 43.2 million sequences (32.5%) were aligned to the
The level of the proteolytic metabolites ammonia and BCFAwuman gut microbial gene catalo@in et al., 201p allowing
could be correlated to the following taxd.achnospiraceae them to be functionally characterized in terms of the SEED
(among which wereRoseburieand Coprococclisvere strongly subsystems and KEGG orthology annotations An overview of
correlated with BCFA levels, and al®scillibacterClostridiales  the functional composition (SEED subsystems) of the lowFe and
Desulfovibrionalesand Enterobacteriaceamrrelated positively 50FeS conditions is shown in Supplementary Figure 9.

with BCFA levels. Conversel\Pediococcyd actobacillaceae, = The functions that were most strongly a ected by the iron
and Enterococcaceagere inversely correlated Figure 6). treatment were related to the “Motility and Chemotaxis” letel
Similar results were found for cumulative ammonia levels asubsystem, that was overrepresented in 50FeS compared te lowF
they strongly correlated withLachnospiraceaéamong which (2log ratio: 0.40p D 0.044). The more detailed annotations
were Roseburiaand Coprococcisand also withClostridiales provided by the SEED level-2 subsystems showed that this
Desulfovibrionales Oscillibacter Enterobacteriaceae,and could be attributed to the categories “Flagellar Motility'la@
Dialister Furthermore, cumulative ammonia levels wereratio: 0.80;p D 0.053), “Flagellum” (2log ratio: 0.6p; D
inversely correlated with Pediococcus Bacteroides and  0.054) and “Bacterial Chemotaxis” (2log ratio: 049 0.091;

Lactobacillaceg&upplementary Figures 8A—K). Supplementary Table 4). Moreover, this was also supported by
the many agellar and chemotaxis related KEGG orthologg tha

Metagenomic Analysis: Mapping the were signi cantly enriched in 50FeS (Supplementary Table 5).

Metabolome to the Metagenome One subsystem of special interest in the context of this study

To deduce where the changes in microbial metabolism mayas “Iron Acquisition and Metabolism.” Although there was no
originate from, we correlated the relative abundance otérzai et di erence found of the level-1 subsystem, we found that th
taxa to metabolite levels, and moreover, we linked the nwigb  level-2 subsystem “Transport of Iron” was enriched in the&BF
levels to metabolic pathways identied in the metagenomecondition (2log ratio: 0.34p D 0.001; Supplementary Table
Furthermore, metagenomic analysis allowed us to exploret wh4), as may be expected for the condition with supplementary
other functions and hallmarks were over- or underrepresdie  'on.

the lowFe and 50FeS microbial communities. ) )
Saccharolytic and Proteolytic Related Subsystems

General Metagenomic Annotations With metagenome analysis we aimed to link the marked
To investigate the e ect of iron on the functional potential metabolic changes described above to the enrichment or
of the gut microbial community, we analyzed a total of 69.9depletion of SEED subsystems and KEGG orthologs to nd
and 59.8 million quality trimmed metagenomic sequencingout which mechanisms were possibly responsible for the
read pairs (average single end read length: 207 base paimsgtabolic changes. This is rather complex as many enzymatic
for the lowFe and 50FeS replicates at 72h, respectively. dystems can work in two directions and because the balance

FIGURE 6 | Bacterial taxa that correlate with BCFA levels. The relative abundance (fraction of the total 16S rDNA; e.g0.01 D 1%) of bacterial taxa in all samples
at 24 and 72 h (h D 24; as determined by 16S rDNA pyrosequencing) was correlated ith the sum of isobutyrate and isovalerate (collectively #ad BCFAS) levels in the
same samples.(A-E) Show positive correlations while(F-H) show inverse correlations. Best t lines with 95% con dence bands were generated by linear regression
analysis. Spearmanr-and p-value are displayed for each graph. This gure shows the tax¢hat correlated best, additional taxa are shown in Supplemetary Figure 8.
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in microbial production and utilization of metabolites isteh  also other phenylalanine derivatives like phenyllactate and
dicult to predict. This analysis nevertheless provided somephenylpropionic acid. Similarly, level-1 subsystem “Metabolism
clues which might explain part of the metabolic patternof Aromatic Compounds” showed an enrichment of the level-
as we observed in the lumen/dialysate. Metabolite analys® subsystem “Aromatic Amin Catabolism” (2log ratio: 0.55;
pointed at a shift from carbohydrate fermentation towardp D 0.088) which may have contributed to the higher levels of
protein fermentation upon iron supplementation. Subsystenphenyl derivatives in the 50FeS condition. In contrast, gatesm
data showed that the level-2 subsystem “Protein Degradfatio “Homogentisate Pathway of Aromatic Compound Degradation”
was enriched in 50FeS (2log ratio: 03® 0.008). This involved was mildly underrepresented in 50FeS (2log rati®.27;p D
enrichment of aminopeptidases (EC 3.4.11.x) (KEGG ortholog®.014; Supplementary Table 4).

Supplementary Table 5), which may be involved in exogenous

protein fermentation. Carbohydrate related subsystemst thaCytotoxicity of the Fecal Water

may support a decreased (_:arbohydraFe fermentation inCIUOI§ased on the metabolome data, the toxicity of the fecal weasr
level-2 subsystems “Fructooligosaccharides (FOS) andese increased with iron, especially in the ferrous sulfate caodsg.

Ut|||zat|qn” (”2Iog ratlo.: 0.20;p D 0.071) and “Beta-glucosde To con rm this, the cytotoxicity of the 50FeS dialysate toda
Metabolls_m (2log ratio: 0.64;p D 0.022), both of which were tight monolayer of intestinal epithelial Caco-2 cells was
reduced in 50FeS_ (Supplementary Table_ 4). The apparent S_h sessed. These cytotoxicity tests comprised multiple resdout
toward a proteolytic pro le was charagtenzed by an INCcrease 1; o | monitoring of the trans epithelial electrical resistafTEER)
ammonia, BCFA and aromatic metabolites. We attempted to "nlfcellular monolayer integrity), phenol red permeability (ctdr

these speci ¢ changes to the subsystems and KEGG orthologsﬁ';,}anolayer permeability), lactate dehydrogenase (LDH)amde

speci ed below. (cell cytotoxicity), and trypan blue staining (cell deatfjo

. exclude the e ect of iron itself on the cells, iron was removed
Ammonia related stjbsystemsl, o from all dialysates prior to the cytotoxicity analyses. Moriitg
_Level-l subsystem "Amino Amds and De_r|vat|ves shqwed th f TEER showed a deteriorating e ect of the dialysis liquids
its level-2 subsystems “Lysine Degradation” (2log rati0:25; before exchange in TIM-2) and dialysates (after exchange:
pD 0'045) was underreprgsented ir? S0Fes, Wh”e “TrprOph ampled at 72 h) in the TIM-2 system when compared to a'
Synthesis” and *Cysteine Biosynthesis” were enrichedy(@ito: standard maintaining bu er. Remarkably, the 50FeS dialyaate

\?\;gjlijptyp?ica(l)lf?esa;rt]g d%ggpaseD q gfr?jfr,\tsrec?fp:frfxilzi)é LTtsir?Zh showed a larger relative TEER decrease compared to the
. ’ lowFe dialysate at 72 Higure 7A). The slopes as analyzed b
contrast, “Glutamate Dehydrogenase” (2log ratid.28;p D y S ) P y y

; . N . ] linear regression were signi cantly di erenjpp(D 0.002). Also
822(15) anr:j_ hGIutamlne_ S_lyrtnhetases _(2Iog ratld()j.36,p Dd tnote that the lowFe conditions before and after exchange in
o ), whic may assimiiate ammonll‘a, Were unaerrepre _en,,‘?he TIM-2 system show similar results. Phenol red permeability
in 50FeS. Additionally, subsystem “Ammonia Assimilation Clgfn rmed these ndings as the permeability of the Caco-2

was underrepresented in 50':,85 (2log rat?o: Ammonia relate onolayer was shown to be increased after exposure to 50FeS
subsystems 0.24;D 0.037) which could t with the increase of dialysate at 72h compared to lowFe dialysate at 7@ hQY

ammoniain this cc_)ndition (Sl_JppIementary Table 4). Annotatio 0.008) Figure 7B). The decrease in epithelial integrity may be
ofthe metagenomic sequencing reads to KEGG orthologs SllhoW‘Eaused by a loss of junction proteins and/or direct toxicity t

thr?.t ?]ltr?geT Xa.?r?.n gene$\l|(1;A| an(le|ffB were eprlcsi1ed Iln 50Fet, the cells. Analysis of LDH release and trypan blue stainingtpoi
which also ts with increased levels of ammonia (Supplemen Alat increased cell cytotoxicity and cell deaghn O 0.081 and

Table 5). p D 0.067 respectively; Supplementary Figure 10), but initial loss

. . fj i i | h .
Branched Chain Fatty Acid-related subsystems of junction proteins may also add to the e ect

Level-1 subsystem “Amino Acids and Derivatives” showed

that its level-2 subsystem “Ketoisovalerate Oxidoredse&tavas DISCUSSION

enriched in 50FeS (2log ratio: 0.45,D 0.050; Supplementary

Table 4). This ferredoxin-type enzyme is involved in theTo nd solutions for the unwanted side e ects of oral iron
degradation of valine, leucine and isoleucine degradatibich ~ administration, such as diarrhea and increased gut in antiorg
can result in the production of BCFAs. Annotation of the it is important to investigate the e ects of iron on the gut
sequences to KEGG orthologs also showed that ketoisot@leranicrobiota composition and metabolic activity. Although ses
oxidoreductase (EC 1.2.7.7) was enriched in the 50FeStammdi studies have reported on the e ects of iron on gut microbiota

compared to lowFe (Supplementary Table 5). composition, the e ects of iron on gut microbial metabolism
and its functional potential has remained largely unexplored.
Aromatic compounds related subsystems We hypothesize that supplementary iron adversely a ects gut

Level-1 subsystem “Amino Acids and Derivatives” showed thamicrobiota composition, and that it may increase microbial
its level-2 subsystem “Aromatic Amino Acid Interconversso protein fermentation and production of SCFAs. It is the rst
with Aryl Acids” was enriched in 50FeS (2log ratio: 0.B6D  exploration that reports on the e ect of multiple iron sources
0.040). This ferredoxin-type system converts aromatic aminand doses on the microbiome composition, metagenome, and
acids to aryl acids, among which is phenylacetate and possittlyat included pro ling of the e ects of these iron interventis

Frontiers in Microbiology | www.frontiersin.org 10 January 2016 | Volume 6 | Article 1481



Kortman et al. Iron-induced Gut Microbial Metabolome Toxicity

FIGURE 7 | Toxicity of the microbial metabolome for an intestinal monolayer. Effect of dialysis liquids (before exchange in TIM-2; not caaining microbial
metabolites) and dialysates (after exchange in TIM-2; at 72 lof the lowFe condition and 50FeS condition on the integritgnd permeability of a Caco-2 monolayer.
Epithelial integrity is displayed as relative transepithal electrical resistance (TEER) which was regularly reded during 7 h incubation. HBSS was used as a standard
maintaining buffer which should keep the TEER at a constantigh level. The decrease in epithelial integrity of the 50Fefialysate was signi cantly faster compared to
the lowFe dialysate as analyzed by linear regression. We rethat iron was removed from the dialysis liquids and dialyses prior to applying them to the epithelial
monolayers(A). Epithelial permeability as determined by the ux of phenoled from the apical side to the basolateral side, analyzed byraunpairedt-test (B).

*p < 0.01 n D 3 for the dialysis liquids before exchange in TIM-2 and D 6 for the dialysates after exchange; at 72 h in TIM-2.

on the microbial metabolome in both an explorative and taeget from an individual volunteer (in SHIME; Simulator of the

manner. Human Intestinal Microbial Ecosystem; anothier vitro colon
model) showed a similar metabolic activity of the microbiata i
Preparation of the Microbiota and its both setups \(an den Abbeele et al., 2013Therefore, we are

General Characteristics in the TIM-2 Model convinced that a single pooled inoculum as applied herailD(
1, TIM-2 run in duplicate), is ajusti ed and cost-e cient stratgy

The present study was done in anvitro model for the human . . .

to pro le the e ects of a dietary substance on gut microbiota
colon. It has been observed that models such as TIM-2 can ” ST
e ectively maintain a stable gut microbiota similar to therdws composition and activity in ain vitro system.
fromwhom it was prepared, and that also mimics its functiotyali .
(Kovatcheva-Datchary et al., 2009; Rajilic-Stojanovid. e2@10; Supplementary Iron Induces a Shift Toward
Maathuis et al., 20)2Notably, the studies in TIM-2 include a & Less Favorable Microbiota Composition
control setup operated in parallel with the test experiments tAAs expected, iron had a marked eect on microbiome
ensure that the changes observed originate from the treatsne composition. Our data indicate that the high iron doses had
itself. A standardized inoculum that is derived from a pool ofan additional e ect compared to the medium iron doses.
subjects is generally used in this system, but the use oéreithinterestingly, the ferrous sulfate and ferric citrate cdiwhs
a pool of donors or a single donor remains debatable amongad a very similar e ect on the gut microbiota composition.
experts Kovatcheva-Datchary et al.,, 2009; Rajilic-Stojanovi€omparison of the relative abundance of single bacteriah tax
et al., 2010; Maathuis et al., 201% is questioned whether between groups showed that the most apparent di erences were
a pooled inoculum is representative for the abundance anthe lower relative abundance 8treptococcus, Lactobacillasd
the variety of bacterial species, and their interactionsthie Bi dobacteriumwith supplementary iron, which is roughly in
human colon. Consequently, the use of an individual or a mdixe line with previous studies for at least the latter two taiXaitman
inoculum is believed to lead to a degree of variation amongt al., 201}t Notably, Bi dobacterium and Lactobacillusare
experiments. Nevertheless, pooling was done with the purpoggenerally considered bene cial members of the gut micradiot
of working with a standardized microbiota that can be used fo Interestingly, in our model several other members of the
multiple di erent experiments, and a more diverse populationlactic acid bacteria group (to whiclactobacillusbelongs),
of bacteria that is more representative microbiota for theoleh i.e., Streptococcus, Pediococarg] Enterococcuslso showed
population. In a recent study in TIM-2, we demonstrated thata decreased relative abundance in response to iron. We did
the use of a pool of microbiota foin vitro studies does not however not observe an increasednterobacteriaceae closely
result in a bacterial community with an aberrant pro le and related taxa, which was frequently observed in forrirerivo
metabolic activity compared to that normally obtained fromstudies [levissen-Verhage et al., 1985; Balmer et al., 1989;
single donors Aguirre et al., 201¢ Notably, it was previously Benoni et al., 1993; Lee et al.,, 2008; Zimmermann et al.,
reported that the eect of arabinoxylan and inulin on an 2010; Jaeggi et al., 2017 his could suggest that an increase
inoculum prepared from pooled fecal samples (in TIM-2) andin Enterobacteriaceatepends on host in ammatory responses
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which they can exploit to their own bene t\Winter et al., Our present study shows for the rst time that the microbial
2013. Another explanation that we cannot exclude, is that themetabolites that are produced under iron-supplemented (5pFeS
speci ¢ composition of the here used adult fecal microbiota oftonditions are indeed harmful to an vitro monolayer of human
Dutch volunteers, which is di erent from the above mentioned intestinal epithelial cells. This was not evident from prexo
infant or animal microbiota in previous studies, might infiib studies, but which may be explained by a di erent design and the
overgrowth of this taxon. Instead, we found increased Eveluse of di erent gut-model and cell-systemSdstal et al., 2012b,
of the generaRoseburia, Coprococcus, Oscillibacter, Prevotelta)143.

and DesulfovibrioWe also report that the relative abundance

of certainBacteroidespecies was increased with S0FeS. Amongypplementary Iron Induces an Enrichment

these wa®. fragilis an opportunistic and potent pathogen, but of Certain Virulence-Associated Pathways

that is also important in shaping our immune systefgxer, Increased iron availability has been associated with arease
2007). Finally, it appeared from our study that Archaea tend. Y

to increase with ferrous sulfate, witMethanosphaerdeing in virulence of bacterial pathogenBi(llen et al., 2005; Kortman

_— ; . et al.,, 201p. This inspired us to look into the abundance of
the most signi cant taxon. Archaea could be involved in the . : .
: . . . . virulence associated subsystems in our metagenome datgelil
pathogenesis of intestinal diseases, but it was also propose . .
. . . enable microbes to swim and swarm over surfaces and can be
that their presence is a sign of a healthy gut, because the - . o -
. . . ) involved in adhesion to epithelial cells, which make them an
can thrive on health promoting bacterial metabolites such

i important virulence factor [(loens and Vanderleyden, 1996
as SCFAs and formatelgrell et al., 2011; Matarazzo et al"Intriguingly, our results show that the level-1 subsystdiotility

2013. and Chemotaxis” was enriched in the 50FeS condition. Level-
2 subsystems not only showed that agella related subsystems
Supplementary Iron Induces a Metabolic were enriched in 50FeS, but also bacterial chemotaxis. Thous, i
Shift Toward a Proteolytic and More Toxic could provide motile and chemotactic enteric pathogens with
Pro le a competitive advantage over other members of the microbiota

i . - . nder iron-rich conditions.
The microbiome composition moved slightly toward a Iessu der iron-rich conditions

favorable prole, but the most prominent e ect under iron- . .
fich conditions was the change of the microbial metabolomd>0SSible Explanations for the Iron-Induced
from a saccharolytic to a proteolytic pro le. Lactate and farm  Shift in Microbial Metabolism
levels were much lower in all conditions with supplementaryOur metabolome data represent a steady state situation that
iron compared to lowFe, also ethanol levels were decreasid ais the result of both metabolite production and consumption.
succinate levels were decreased in the highFe conditidresel Cross-feeding of microbial metabolites is anticipated toehav
metabolites are primarily derived from carbohydrate, anekle a large in uence on the metabolome compositiohy@angale
of lactate and formate being the highest in the lowFe conditi et al., 2012; Rajilic-Stojanovic, 2)1Based on our 16S rDNA
are consistent with previous ndings of anvitro study of Dostal pyrosequencing and metagenomic data, and literature we can
et al. under extremely low iron condition®¢stal et al., 2019b  however provide speci c leads for the explanation of the iron-
Despite the apparent decrease in saccharolytic activity wath ir induced changes in gut microbial metabolic activity. Firsab,
in our model, the production of the mainly carbohydrate dexiy many metabolic pathways rely on the action of iron-dependent
SCFAs was not decreased, probably due to the fact that theymzymes (ferredoxin-type enzymes with iron-sulfur clusters
can also be produced from proteiii@cfarlane and Macfarlane, for instance in the Wood-Ljungdahl pathway, and may thus
20129. More speci cally, acetate and butyrate levels did note in uenced by iron supplementationRagsdale and Pierce,
di er signi cantly compared to lowFe, but propionate levels wer 2008; Hood and Skaar, 2018econdly, redox balance needs to
higher in the highFe conditions. This is partially in line with be maintained and microbial fermentation is regulated bisth
previousin vivo and in vitro ndings of Dostal et al., although balance [{lacfarlane and Macfarlane, 200% can be envisaged
their data from di erent models were not always consistent athat supplementary iron has a large impact on the redox balance
this point (Dostal et al., 2012a,b, 20)4b as this transition metal is able to function as an electron
In our model, the increased proteolytic activity under iron- donor and electron acceptor. Importantly, also the availgbili
rich conditions was evident by the increased levels of amimon of carbohydrates has a large impact on the type of metabolites
(a toxic metabolite), BCFAs and valerate, which are all pnote that will ultimately be produced. Interestingly, when su cié
fermentation-related metabolite$ihith and Macfarlane, 1997; carbohydrate is presentthere is a decreased need to degéatmx
Hughes et al., 2008; Hoyles and Wallace, 2010; Macfarlane asuccinate to produce propionate, as has been observed for
Macfarlane, 2012; Nery et al.,, 2012; Nyangale et al.,)2012ertain Bacteroidespp. (Macfarlane and Macfarlane, 2003
The iron-induced switch toward a more proteolytic pro le is This ts with our ndings that levels of succinate decreased
further supported by the tendency that aromatic metabolitesvhile propionate levels increased in the high-iron condison
were increased. Importantly, it is well known that proteinindicating that carbohydrate sources were depleted earthén
fermentation in general results in the formation of a putretfee  iron-rich conditions. Early depletion of carbohydrate soesdy
and toxic environment Klacfarlane and Macfarlane, 2012;the gut microbiota in the conditions with supplementary iron
Nyangale et al., 20).2 may also clarify the increase in proteolytic activity. Fenttmore,
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it may explain the low levels of lactate in the iron-supplemente Oscillibacter, Clostridialegnd Desulfovibrionaless they all
conditions, but this might also be attributed to the lower positively correlated with BCFA and ammonia levels. Thus,
abundance of lactic acid bacteriain the same conditionsrém  Lachnospiracearot only correlated with butyrate levels, but
induced increase in protein fermentation has previously atsrb also strongly correlated with the BCFA and ammonia levels in
observed in anothein vitro colon model Dostal et al., 2019b  our study, which has not been described before. Enrichment o
This iron-induced shift toward a proteolytic pro le has nowde depletion of certain genetic characteristics in the metageio
con rmed and studied in more detail. Carbohydrate substisat data also provided clues about the microbial pathways inblve
could have been limiting in the iron-supplemented conditionsthe iron-induced changes in gut microbial metabolism. The mos
in the in in vitro models. It needs to be investigated whetherobvious ndings involved the protein- and amino acid related
carbohydrate sources become depleted early indeed, anti@rhet subsystems, such as “Protein Degradation,” “Ketoisoatder
this can also happen in tha vivo situation. Oxidoreductase,” “Aromatic Amino Acid Interconversionstiw
Although, the iron sources ferrous sulfate and ferric déra Aryl Acids,” and “Aromatic Amin Catabolism” which were
diered in their counter-anion and initial valence state of enriched in the 50FeS condition compared to the lowFe
the iron, they appeared not to cause marked dierences ircondition. Itis interesting to note that the enzyme ketoiatarate
microbiome composition. However, dierential results were oxidoreductase needs iron as a cofactor, and is not only ptese
observed on gut microbial activity and it appeared that than bacteria, but also in ArchaeaHgider et al., 1996 This
metabolic prole of the ferric citrate conditions was lessmay indicate that also Archaea contributed to the iron-iced
proteolytic compared to the ferrous sulfate conditions. Weproduction of BCFAs.
however did not compare thim vitro cytotoxicity of the ferric
citrate conditions with the ferrous sulfate conditionsohganic  Supplementary Iron Decreases the
anions such as sulfate can aect microbial fermentation af\bundance of Siderophoric Metabolites
these anions can function as an electron sia¢farlane and Another intriguing aspect of our ndings concerned the
Macfarlane, 2003 Although the contribution of sulfate in the identi cation of the bacterial metabolites 2-hydroxy-isdeweate
condition with ferrous sulfate was relatively small compghte and 2-hydroxy-isocaproate that have siderophoric activity
the amount of sulfate already present in the SIEM and dialysifDrechsel et al., 1993The lowFe and hemin (an iron source
liquid (2.5-12.3% of the amount of sulfate present as magnesi that requires a di erent bacterial uptake mechanigindrews
sulfate), the additional sulfate may have in uenced midedb et al., 200Bconditions had a lower total iron content compared
metabolism. The citrate in the ferric citrate condition rhighave  to the mediumFe and highFe conditions. Indeed, levels of the
formed an alternative carbon source, but the contributioh o iron-binding acids were relatively high in the lowFe and hiem
citrate to the amount of carbon sources already present & alsonditions, while they were low or absent in the medium and
relatively small. Notwithstanding their biochemical diemces, high-iron conditions. This ts with the idea that bacterianty
both ferrous sulfate and ferric citrate caused a shift talvar produce siderophores when readily available iron is scarae. W
proteolytic pro le. cannot be sure that these low a nity siderophoric metabolites
Correlations of metabolite levels with the relative abumti  indeed acted as siderophores, but as the levels of these titoma
of bacterial taxa do not provide a causal relationship but magmino acid-derived siderophores oppose the trend of the other
provide some indication which taxa are responsible for thearomatic amino acid-derived metabolites levels, our result
di erences observed. It is interesting to see tHatevotella suggest that limitation of iron may have triggered the protioie
whose growth was stimulated with iron, was positively catted ~ of these acids for at least a subset of the gut microbiota.
with propionate levelsPrevotellamay drive the conversion
of succinate to propionateNyangale et al., 20),2especially CONCLUDING REMARKS
when carbon sources are limiting (as discussed above). From
literature it is well-known thaRoseburiand Coprococcu®oth  In conclusion, this study shows that the provision of iron
belong to thelLachnospiraceaéamily) and Faecalibacterium (provided as ferrous sulfate or as ferric citrate) to ianvitro
are producers of butyratel puis and Flint, 200 Indeed we human gut microbiota resulted in (i) a lower relative abunda
found a strong positive correlation &oseburiand Coprococcus of bacteria that are generally considered bene cial, (i) an
with butyrate levels, but butyrate levels do not correlaithw increase in toxic metabolites that impair the barrier fuocti
Faecalibacteriunso far, very little is known about gut microbiota of cultured intestinal epithelial cells, (iii) and an increaise
members that convert amino acids to BCFA. Suspected membdracterial virulence-associated pathways. Thus, suppleni@mtat
are Clostridium spp. and Atopobium but only Clostridium  of these forms of iron creates a more hostile environment in
coccoideblas previously been correlated with fecal BCFA levelthe absence of host in uences and under the conditions teste
(Thompson-Chagoyan et al.,, 2011; Rajilic-Stojanovic, Y013The combination of these three e ects could increase the risk
Two groups of bacteria that are generally associated witfor enteric infectionsln vivo, the host immune status and the
proteolytic activity areBacteroideand Clostridium(Cummings  composition of the gut microbiota will largely determine whet
and Englyst, 1987; Nyangale et al., 20%hd although iron or not an intestinal infection will become apparent. Our data
may theoretically have induced their metabolic activitiyeit — also indicate that iron limitation increases the productiom
abundance did not signi cantly change in our system. Camadigd bacterial metabolites with iron-binding features. If andvh
taxa that were identi ed in this study aréachnospiraceae these metabolites act as siderophores and mediate bagdterial
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uptake under these conditions remains to be determined. On® be recorded. This makes the model well suited to study
future challenge that remains, is to pinpoint metabolic chesig both microbial composition and metabolic activityM{nekus

to particular microbes, for which we provide novel leads in thest al., 1999; Venema et al., 200 short, the tightly computer
present study. To generate better insight in the e ects of irorcontrolled model consisted of glass units with a exible wall
on the actual microbial metabolism and to be able to pinpointinside through which peristaltic movements were achieved
these metabolic properties to certain taxa, a metatransarifto regularly. This way the lumen was mixed and transported
approach is needed. This may be complemented with e.g., a L&wough the system. Temperature was set atG3and the pH

MS, HPLC, and/or NMR spectroscopy metabolomics approacht 5.8 (simulating the pH in the proximal colon), controlled
to identify and quantify additional microbial volatile angbn-  with a pH sensor in combination with secretion of sodium
volatile metabolitesNyangale et al., 20).2Together this will hydroxide. A dialysis system consisting of semipermeable hollow
help us in identifying microbial taxa that are responsible fo bers was running through the lumen. A ow of dialysis
the adverse e ects in response to supplementary iron, antiquid through the dialysis system constantly removed watet a
consequently, in developing an iron preparation that is highlyfermentation products. Therefore, physiological concermreg
available to humans, but has little to no adverse e ects on thef small molecules, such as electrolytes, were retained and
gut microbiota composition and metabolism. To reduce theaccumulation of microbial metabolites was prevented. A carista
risk for unwanted side e ects this is an important challengevolume of the luminal content was maintained by water
that remains in combating anemia in underdeveloped infectio absorption controlled by a level sensor. The system was kept

endemic regions. anaerobic by ushing with gaseous nitrogen. This resultethe
growth of a highly active and dense microbiota, previouslyaho
to be comparable to that found in the human proximal colon

MATERIALS AND METHODS (Minekus et al., 1999; Venema et al., 2000; Kovatcheva-Dgtcha
etal., 2009

Origin of the Microbiota

The microbiota for the TIM-2 experiments consisted of an e&tiv Standard lleal Ef ux Medium (SIEM) and
fecal microbiota of 6 Dutch adult volunteers [mafeD 3, ageD Dialysis Liquid Composition

32.7 (21-39); femalex D 3, ageD 33.3 (28-41)]. The healthy g4 jieal e ux medium (SIEM) was slightly modi ed for

individuals were non-smokers and had not used antibiotics . . . .
rebiotics, probiotics or laxatives 3 months prior to the ddpat experiments in TIM-2 compared to the medium which was
P ' described byGibson et al. (1988)mainly concerning a higher

Fecal samples were collected, kept in an anaerobic environmen . .
P P concentration of carbohydrates, pepton, casein and Tween 80

nd were pr ickl mixing and hom nization in; .
and were p.oceed.ed quickly 0 g and ho oge atio Minekus et al., 1999; Van Nuenen et al., 20@r the purpose
an anaerobic cabinet. Mixed stools were used in a fed bat . .

of our experiments we removed the standard iron sources

fermentor simulating the “cecum” conditions as described b .
Maathuis et al. (2012)Briey, 670 ml medium without the (0.009 g_/L FeSP7H,0 and 0'.02 g hemin g/L) from the SIEM
I . . . . . formulation to produce a non-iron supplemented lowFe control.
addition of iron and hemin was inoculated with 80 g of mixed L . .
Notably, it still contained low amounts of endogenous iron

stools and incubated for 44h at 3Z and under anaerobic . . . )
o . . - sources that come with the other ingredients. SIEM contadine
conditions by a gaseous nitrogen ux, with fed-batch aduafitiof ) . .
. - . . .. _the following components (g/L): 9.0 pectin, 9.0 xylan, 9.0
1250 ml medium over time. The composition of the microbiota . . . I
after this batch fermentation was similar to the microbiotaarabmogalaman’ 9.0 amylopectin, 43.7 casein, 74.6
Tween 80, 43.7 bactopepton, 0.7 ox-bile, 4. HHK0O,4.3H20,

composition just after mixing the individual fecal samplestéda
not shown). Glycerol (10% nal concentration) was addedte t 8.4g_NaCI, 0.7g MgSrH:0, (.)'89. Ca_QLZHZO’ an_d_O.Sg
cysteine.HCI, plus 1.5ml of a vitamin mixture containing (per

resulting fed-batch culture, that was aliquoted and snagz€n in litre): 1 mg menadione, 2 mg D-biotin, 0.5 mg vitamin B12, 16 m

liquid nitrogen and stored at 80 C before inoculation in TIM-2. pantothenate, 5mg nicotinamide, 5mg p-aminobenzoic acid,

It has also previously been shown that these standardizeglsam and 4mg thiamine. The pH was adjusted to 5.8. Low iron

are similar in composition and activity of a fresh fecal Sampl%lialysis liquid contained (per litre): 2.5 gKPO, 3H,0, 4.54

(Minekus e.t al., _1999, Venema et al., 2000; Kovatcheva-DgtcheNaCL 0.5 g MgS@7H,0, 0.45g CaGl2H,0, 0.05g bile, and
etal., 2009; Aguirre et al., 2015 - ) . ] .
0.4 g cysteine.HCI, plus 1 ml of a vitamin mixture as mentioned
. . above. The pH was adjusted to 5.8. All medium components
Dynamlc In vitro Model of the Large were provided by Tritium Microbiology (Eindhoven, The
Intestine (TIM-2) Netherlands). SIEM did not require pre-digestion. For the
TNO's in vitro model of the proximal large intestine (TIM-2) experiments the iron sources as described below were added to
accurately simulates the average physical and dynamictiongli  the SIEM and dialysis liquid.
in the human proximal colon and has been described in detalil
before (Vinekus et al., 1999; Maathuis et al., 2009; Rehmal IM-2 Experiments and Test Conditions
et al.,, 201p TIM-2 is characterized by a physiological waterExperiments were carried out as described befaveethuis
content and constant removal of metabolites via a dialysist al., 201p At the start of each experiment, the model
system, simulating host uptake, maintaining physiologieakls was inoculated with approximately 30 mL of the standardized
of these metabolites, and allowing metabolite productiorekics microbiota (that was used for each experiment, in duplicate)
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and 80 mL of dialysate. The microbiota was allowed to adaged during the 3-day experimental period with 60 mL/day and
to the model conditions for 16 h. Then a 3-day experimentakontained the iron source and concentration correspondiag t
period was started. Interventions with iron were as followsthe applied conditionskigure 8 shows the experimental scheme
(i) no additional iron (lowFe), (ii) 50rvmol/L ferrous sulfate and summarizes the analyses there were done on the various
(50FeS), (iii) 25@mol/L ferrous sulfate (250FeS), (iv) Bthol/L  samples.
ferric citrate (50FeC), (v) 250mol/L ferric citrate (250FeC),
and (vi) 50mmol/L hemin (FeH). The experiments with addition SCFA/BCFA Quanti cation in Lumen and
of fe_rrous sulfate and_femc C|tre_1te were d_eS|gned to m'm'CDialysate Samples
oral iron supplementation in medium and high amounts, and
a!so to.mvestlgate Wh.ether. these di e.r.em ron sources hangin at 12,000g and a mixture of formic acid (20%),
di erential e ects on microbial composition and metabolism. . N

S . methanol and 2-ethyl butyric acid (internal standard, 2 mg/
Although hemin will not be used as an oral iron supplement, we
. o " o L in methanol) was added to the clear supernatant. And.5
included this iron source as an additional condition to iistigate

. . ) sample was injected on a GC-column (Stabilwax-DA, length
how the gut microbiota responds to an iron source that that P ) ( ’ 9

requires a di erent uptake mechanism. Iron was added to th 15m, ID 0.53mm, Im thickness 0.1 mm; Varian Chrompack,
q P ) “he Netherlands) in a Chrompack CP9001 gas chromatograph

lumen att D O, 24, and 48h and was also provided in the . 4 N )
. S - using an automatic sampler (Chrompack liquid sampler CP9050;

constant ow of dialysis liquid to prevent loss of iron fromé¢h . . .
Varian Chrompack). Speci cally, concentrations of acetate,

lumen. While the lowFe condition can be regarded as mildly ropionate, butyrate, valerate, isovalerate, and isobteynare
iron-de cient, the mediumFe and highFe can be best desdribeP 2P : ’ ’ ' e

as iron-supplemented conditions. The e ective iron content ofdetermmed Waathuis etal., 2009

the TIM-2 lumen during our experiments, compared ito situ . . . .

iron content of human feces, is shown in Supplementary Dat&MMOonNia Quanti cation in Lumen and

1. Samples were taken from the lumen and from the dialysat®ialysate Samples

starting after the adaptation period (set as time point 0) and aSamplest( D 0, 24, 48, and 72h) were centrifuged for 5min
8, 24, 32, 48, 56, and 72h after starting the iron interventio at 12,000 g. Ammonia in the supernatant was determined based
These were used to determine microbiota composition, lesels on the Berthelot reaction, in which ammonia rst reacts with
iron, SCFA, BCFA, ammonia, and to pro le the metabolome byalkaline phenol and then with sodium hypochlorite to form
IH-NMR spectroscopy and GC-MS organic acid analysis. Afteindophenol blue. The absorbance of the indophenol blue is
24 and 48h, a total lumen sample of 25 mL was removed frordirectly proportional to the original ammonia concentratiamd

the system to simulate passage of material from the proximas measured at 660 nm. The measurement was automated on a
to the distal colon. This way a physiological colonic transitCobas Mira Plus autoanalyzer (Roche, Almere, The Nether)ands
time of 48h was mimicked. In each experiment, SIEM wasnd was performed by Bio-aNAlytiX (Mook, the Netherlands).

Samplest( D 0, 24, 48, and 72h) were centrifuged for

FIGURE 8 | Scheme of the experimental setup and overview of sampl e analysis. Experimental setup and work ow of the TIM-2 experiments, and d@able that
shows what type of analyses were performed on which samples.
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Concentrations in the samples were determined via comparisoof organic acids was done by calculation of peak areas and

with a series of standard solutions with known concentratio comparison with an internal standard (4-phenylbutyric acid).

(Maathuis et al., 2009 Relative concentrations were expressed relative to the lowFe
condition which was set at 100%.

1H-NMR Spectroscopy of Dialysate
Samples Analysis of Gut Microbial Composition,

Dialysate samples of lowFe, 50FeS, 250FeS, FeH and 50Fe€@nctions, and Metabolome Toxicity

72 h were measured with 1D and 2D COSY NMR spectroscop¥ull descriptions of the methods used to determine luminahiro
250FeC was not analyzed because of expected interferencecoftent, microbiome composition, gut microbial functionsica
large amounts of H in the citrate. A small volume @) of fecal water toxicity, are available in the online Supplemgnta
20.2 mM trimethylsilyl-2,2,3,3-tetradeutero-propionidé¢TSP, Materials and Methods.

sodium salt; Aldrich) in DO was added to 70801 of the sample,

providing a chemical shift reference (0.00 ppm) and a deuteriunStatistics and Data Presentation

lock signal. To aid the identi cation of metabolites, the pH Statistical Analysis of Total Bacteria qPCR Data,
was adjusted to 2.50 and 7.00 using concentrated HCI. Finallyjetabolic Data, and Cell Cytotoxicity Data

650m of the sample was placed in a 5mm NMR tube (Wilmadyp-2 experiments were performed in duplicate (D 2)
Royal Imperial; Wilmad LabGlass, USAH-NMR spectra were  which is a small sample size, but we have previously shown that
obtained on a Bruker Avance | 500 spectrometer, operating ahe variations in the system are small because of the fa¢t tha
11.7 T, with a Broad Band Inverse (BBI) probehead equippeg standardized microbiota is used and because the system is
with a actively shielded z-gradient coil. 1B4 spectra were computer controlled {Yenema et al., 2000Total bacteria were
acquired as 256 transients in 64K data points with a spectr%lompared between time points by a pairedest and among
width of 10080Hz. The sample temperature was 298K; thge single iron conditions by a Two-way-ANOVA with repeated
H>0 resonance was presaturated by single-frequency irradiati jeasures and Bonferrongsost-hodest. The e ects of iron on
during a relaxation delay of 4 s; a pulse width off¥ was  the metabolome were compared among the single conditiorts, bu
used (corresponded to a 9Gxcitation pulse). Shimming of 5i5g as pooled data (when appropriate); mediumFengBol/L
the sample was performed automatically using the Topshinferrous sulfate and S®mol/L ferric citrate;n D 4) and highFe
shim program (Bruker). The resonance line widths for TSP a”%SOmnol/Lferrous sulfate and 25@mol/L ferric citraten D 4).
all metabolites weret 1 Hz. Phase and baseline were correcteghata from the hemin condition, a di erent type of iron source,
manually. All spectra were scaled to TSP and metabolite anglas never pooled with another condition. When two doses of
TSP resonances were tted semi-automatically with a Latiemt  {he same iron source were pooled this is indicated as FeS (both
line shape. Metabolite concentrations in the samples (pPH 2.5br1ous sulfate conditionsy D 4) and FeC (both ferric citrate
were calculated to the known concentration of the TSP stethda conditions:n D 4). Metabolite levels, presented as mean
(singlet, 9 protons) and expressed as mmol/l. Resonances WeHhge, were compared by Tukey's multiple comparigmost-
assigned by comparison the measured data with our modejoctest. Cytotoxicity of dialysates to Caco-2 monolayers was
compound database containing relevant compounds (U. Engelkgysted at least in triplicate and results were expressed as mea
unpublished results) and the commercial available met&oli ¢ sp. The course of TEER was compared by linear regression
database from Bruker (bbiorefcode-2-0-0).In the 2D COSYynajysis of the slope. Means of phenol red permeability, LDH-
spectra, the spectral widths in the F1 and F2 domains wefg|ease and trypan blue staining data were compared by an
6002Hz. A total of 4K data points were collected in t2, 128§npajredt-test. In case of unequal variances (as assessed by F-
tl increments with 16 transients per increment were Usedest) an unpaired-test with Welch's correction was carried out.
and the relaxation delay was set to 2s. Before the Fouri(nalysis was performed using GraphPad Prism version 5.03 for
transformation, a sine-bell function was applied in both timeindows, GraphPad Software, San Diego California UBA.
domains. During the relaxation delay, the water resonancgaiues< 0.05 were considered statistically signi cant aRd
was pre-saturated. values< 0.10 were considered as an important trend throughout
the paper.

Organic Acid Analysis of Dialysate by . _ .
GC-MS Analysis of 16S rDNA Sequencing Data, Microarray

Organic acids were analyzed using standard techniques.yBri (I-Chip) D‘T"t"’_" and Metag(_anomlc_; Sequenc_lng Data

to 0.5mL of dialysate sample (72h) 2.5mL SETH bu erFuII d_escnptlons are available in the online supplementary
[0.25 mol/L sucrose; 2 mmol/L (K)EDTA; 10 mmol/L Tris; 3.0* materials and methods.

U heparin (pH 7.4)] was added. The mixture was acidi ed to pH2

with concentrated HCI (10%), after which the organic acidsave DATA ACCESS

extracted by ethylacetate twice, derivatized with trinyéstyl

(TMS), and analyzed on an Agilent 7890A gas chromatograpfihe sequencing datasets accompanying this study are deailab
(GC), coupled to a ame ionization detector (FID) and an in the European Nucleotide Archive with the study accession
Agilent 5975C inert XL MSD mass spectrometer. Quanti cationnumber [ENA: PRJEB6542].
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