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Abstract

Background—Iron therapy induces inflammation which could decrease iron absorption. 

Increased exposure of iron in the gut could also alter microbiome file. Providing antioxidants such 

as vitamin E with iron therapy has been associated with reduced oxidative potential.

Objective—Test the efficacy of adding vitamin E to therapeutic iron therapy on iron repletion, 

inflammation markers and gut microbiome in iron deficient infants and toddlers.

Design—This was a randomized, double-blind, control trial in which infants and toddlers 

(Denver, CO metro area) who were at risk of iron deficiency were screened. Eligible participants 

were randomized to receive iron therapy (6 mg/kg/d) plus placebo (n = 22) or iron (6 mg/kg/d) 

plus vitamin E (18 mg/d, n =14) for 8 weeks. Iron and inflammation status, and gut microbiome 

(16S sequencing) were analyzed in all participants before and after the treatment.

Results—After 8 weeks of treatment, average serum ferritin level returned to normal for both 

iron + placebo and iron + vitamin E groups at 33.3 ± 20.2 and 33.5 ± 21.5 ug/L, respectively. 

Serum vitamin E concentration increased in iron + vitamin E group. No change over time was 

observed regarding serum IL-4, TNF-α or fecal calprotectin. The relative abundance of the genus 

Roseburia (phylum Firmicutes), a butyrate producer, increased in the Fe + E group (Δ 1.3%, P < 

0.01). Also at the genus level, the genus Escherichia decreased by 1.2% on average among all 

participants (effect of time P = 0.01).
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Conclusion—Using a therapeutic iron dose of 6mg/kg/d is effective in treating iron deficiency 

during an 8-week period, without inducing persistent inflammatory response. Changes of the gut 

microbiome raised the possibility that antioxidant therapy in conjunction with therapeutic iron 

supplementation could potentially improve microbial community profiles in the intestinal tract.
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Introduction

Iron deficiency (ID) is the most common micronutrient deficiency in the world and 

negatively impacts health in several ways, including impaired growth, increased behavioral 

problems, and delayed mental and motor development. [1-3]. Despite the fortification of 

infant and toddler foods in the United States, a significant number of children still develop 

ID or iron deficiency anemia (IDA) [4]. The current recommended dosage to treat IDA 

ranges from 3 to 6 mg/kg/day in children (1). This wide range is higher than routine adult 

supplementation levels (typically ≤ 1 mg/kg/day) and reflects the challenge and imprecision 

of effective treatment for ID and IDA in children. Studies in adults have shown local 

(intestinal) and systemic inflammatory changes within days of iron therapy initiation [5]. 

Systemic inflammation can stimulate the production of hepcidin which blocks iron uptake 

from the enterocyte [6, 7]. Thus, attenuating iron-induced-inflammation may be beneficial in 

terms of increasing iron absorption.

Vitamin E is an essential nutrient that functions as an antioxidant and anti-inflammatory 

agent, and has been studied for many potentially beneficial facets of human health, including 

potential for protection against heart disease [8], accelerated aging mediated through DNA 

damage, and impaired immunity [9]. In adults, providing antioxidants along with oral iron 

therapy has been associated with reduced oxidative potential. Specifically, in one study, a 

palm oil extract containing approximately 7 mg of Vitamin E administered along with iron 

therapy was associated with reduced fecal oxidation susceptibility [10]. Alpha-tocopherol is 

the most studied form of Vitamin E and has been shown to reduce biomarkers of total body 

oxidative stress and inflammation [9, 11]. Because high dose iron therapy may trigger an 

inflammatory response that reduces iron absorption, our primary objective was to determine 

whether adding vitamin E could enhance the efficacy of therapeutic iron for infants and 

toddlers who have a dietary iron deficiency, potentially through reducing iron-induced 

inflammation. Our main hypothesis was that in the case of infants and toddlers with ID or 

IDA, 2 months of supplemental Vitamin E combined with therapeutic iron supplementation 

at 6 mg/kg/day would be more efficacious than the same dose of iron alone.

Iron is also an important nutrient for many pathogenic intestinal bacteria [12-14], and is 

often a growth rate-limiting nutrient. However, with high dosage and low absorption rate, 

iron supplementation could result in increased exposure of iron in the gut, and thereby alter 

the microbiome profile of the host. Randomized controlled trials have shown that iron 

fortification produces a more pathogenic gut microbiome profile in African children at risk 

for ID [15, 16], but no randomized trials of iron therapy and the effect on microbiome have 
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been reported in infants and toddlers from developed countries. From animal models, ID 

itself has also been suggested to change gut microbiome [17] towards a less-favorable 

profile. Thus, our secondary objective was to assess the impact of iron supplementation on 

gut microbiome composition in infants with ID or IDA recruited from the metro Denver, 

Colorado, area. We hypothesized that a course of high dose therapeutic iron supplementation 

would result in a microbiome profile with greater abundance of potential pathogens and that 

the addition of vitamin E would be associated with a more favorable microbiome profile.

Subjects and Methods

Subjects

The study protocol was approved by the Colorado Multiple Institutional Review Board. The 

legal guardian of the participating infant signed the informed consent before starting the 

study. Primarily breastfed older infants (≥ 9 months) and young toddlers were recruited from 

metro Denver area through clinical office referral and flyers mailed by the Colorado 

Department of Public Health, which has a database of information obtained when mother 

and newborn infants are being discharged from the delivery hospital, including whether 

infant was breastfeeding at discharge. Infants of both genders were studied with no 

limitations on race or ethnicity. Risk factors for iron deficiency include primarily 

predisposing dietary factors, such as breastfeeding; excessive cow milk intake, low intake of 

meats, or low intake of fortified foods 1; and overweight status. Inclusion criteria for 

screening for ID were: full-term, generally healthy infants born after 36 weeks' gestation at 

an appropriate weight for gestational age. Infants recruited for screening between 9-12 

months of age needed to be breastfed through at least the first nine months of life, as 

standard infant formulas are highly fortified with iron. Older toddlers recruited for screening 

between 12-24 months of age, needed to have estimated low dietary intake of iron based on 

diet history reviewed at time of screening (e.g., low meat intake, low iron-fortified food 

intake, excessive cow's milk intake). Exclusion criteria for screening were: current or recent 

(within the last 3 months) infant formula use; current or past therapeutic iron 

supplementation; any disease process that would influence absorption of either iron or 

Vitamin E, including gastrointestinal malabsorption; any inflammatory process 

(inflammatory bowel disease, cystic fibrosis, liver or kidney disease, cancer, HIV or any 

primary immune deficiency disorder); anemia unrelated to iron status (e.g. congenital 

hematologic disorders); disorders associated with chronic blood loss; inherited disorders of 

iron homeostasis (e.g. hemochromatosis); or bleeding or coagulation disorders.

Design

This was a double-blind, randomized controlled efficacy trial of iron therapy (6 mg/kg/day) 

with or without Vitamin E (18 mg/day), in infants and toddlers with ID or IDA between 9 to 

24 months of age. The supplementation was administered for 8 weeks. The primary outcome 

evaluated in this study was change in iron status, as represented by serum ferritin and other 

iron status biomarkers, including hemoglobin, iron saturation and serum transferrin receptor; 

biomarkers of intestinal and systemic inflammation status were also assessed. Secondary 

outcome was gut microbiome profile before and after the treatment. Serum and fecal 

samples were collected at baseline and at intervention completion. If a child was identified 
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as having risk factors for ID, met exclusion and inclusion criteria, and the legal guardian 

consented for this study, a blood sample was taken for screening of ID. If the results of the 

blood tests identified them as having ID (serum ferritin level < 15 ug/L) or IDA (hemoglobin 

< 11.5 g/dl, adjusted for Denver altitude) while C - reactive protein was < 3 mg/L, they were 

randomized to one of the two treatment regimens: iron + vitamin E (Fe + E) or iron + 

placebo (Fe + placebo). Three-day diet records were collected at baseline and post-

intervention from each participant and analyzed by the CTRC Nutrition Core using NDSR 

software for potential confounding factors such as dietary calcium, iron, vitamin E and 

phytic acid.

A commercial ferrous sulfate solution (Fer-In-Sol, 15 mg elemental Fe/mL; Mead Johnson, 

Inc, Evansville, IN) was prepared for the study by the research pharmacy at The Children's 

Hospital Colorado. The volume of the suspension was individualized by the pharmacy to the 

infant's weight, to maintain consistent iron dosing at 6 mg/kg/day. A commercial Vitamin E 

preparation (Aquasol E, 50 mg/ml; Hospira, Inc, Lake Forest, IL) was used for the study 

(FDA IND 111-123). The Vitamin E dose was 18 mg/day for all subjects randomized to the 

Vitamin E group. This dose represents 3 times the Recommended Dietary Allowance for 

12-36 months olds and is less than 10% of the Upper Limit (UL) of 200 mg/day for this age 

[18]. Thus, this dose given was considered safe for the participants. Additionally, much 

higher doses, e.g. 50 to > 500 mg/day, have been safely used in infants and children, but 

these have typically been in subjects with medical problems and/or potential for 

malabsorption [11]. The control group received an indistinguishable placebo preparation, 

which was compounded using purified water, polysorbate 80, sorbital, and propylene glycol.

The randomization code (excel generated queue, =rand() function) for subjects' 

supplementation assignment was maintained by the Children's Hospital of Colorado 

(CHCO) pharmacy department, staff of which had no direct subject contact. The pharmacy 

department also made the iron and vitamin E (or placebo) supplements so the research team 

and the participants could be blinded. Care givers of subjects and the research team 

members were both blinded to the intervention. After consent, enrollment and initiation of 

the study procedures, an 8-week supply of supplements was provided from the research 

pharmacy to the study personnel. Care givers and subjects travelled to the Clinical and 

Translational Research Center (CTRC) at CHCO for their initial intervention visit. At this 

visit, parents received the 8 week supply of supplements and were instructed when and how 

to administer the solutions. A calendar was provided to record daily supplement 

administration, comments about tolerance, and general health of infant. Supplement bottles 

were weighed at baseline, each home visit, and the end of the treatment period to monitor 

compliance.

Administration of the daily iron dose was recommended to be given in two divided doses 

(i.e. 3 mg/kg/dose × twice a day), to minimize side effects and to optimize absorption. If this 

regimen compromised compliance, however, care givers were allowed to give total dose at 

once. The Vitamin E (or placebo) was not expected to directly affect iron absorption in the 

gastrointestinal tract, and therefore was given at same time as the iron dose or at a different 

time during the day. Care givers were asked to record the timing of the dose administrations 

on the log provided.
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Compliance was monitored at home visits conducted by the study personnel, who weighed 

each supplement bottle every 2 weeks to evaluate the amount left in bottle compared to the 

amount expected. At the home visits, study personnel also guided parents through a health 

survey, addressed questions or concerns about treatment protocol, and reviewed tolerability 

of treatment. Phone surveys of health status and compliance were conducted every other 

week when a home visit was not scheduled.

Sample collections

Blood and stool samples were collected at the beginning and end of the treatment 

intervention. Blood sample was collected by the CTRC nurses at CHCO. Serum was 

obtained from the blood sample collected and stored at -80 degree C until analyzed. The 

following markers were analyzed by the CTRC Core Lab: ferritin, C-reactive protein 

(Immunoturbidimetric), soluble transferrin receptor (sTfR), transferrin saturation, total iron 

(colorimetric), iron binding capacity, serum vitamin E-alpha concentration (UPLC), IL-4 

(sandwich immunoassay), TNF-alpha (ELISA), and fecal calprotectin level (ELISA).

Each stool sample was collected from disposable diapers fitted with biodegradable liners, 

which effectively collected stool, but allow passage of urine [19]; two duplicate stool 

samples were placed in separate sterile fecal collection tubes (Sarstedt, Newton, MA) 

containing ethanol. The study coordinator assisted mothers with stool collections, using 

clinical grade gloves and sterile fecal swabs to avoid microbial contamination. Stool samples 

were stored at -80 degree C until analyzed.

Microbiome analysis

Microbiome sequencing was conducted at the Microbiome Research Consortium at 

University of Colorado Denver. Total community genomic DNA was prepared from ∼50 mg 

of stool using the UltraClean Fecal DNA Isolation Kit (MoBio Inc, USA). Bacterial profiles 

were determined by broad-range amplification and sequence analysis of 16S rRNA genes 

following our previously described methods [20, 21]. In brief, amplicons were generated 

using primers that target approximately 300 base pairs of the V1V2 variable region of the 

16S rRNA gene. PCR products were normalized using a SequalPrep™ kit (Invitrogen, 

Carlsbad, CA), pooled, lyophilized, purified and concentrated using a DNA Clean and 

Concentrator Kit (Zymo, Irvine, CA). Pooled amplicons were quantified using Qubit 

Fluorometer 2.0 (Invitrogen, Carlsbad, CA). The pool was diluted to 4nM and denatured 

with 0.2 N NaOH at room temperature. The denatured DNA was diluted to 15pM and spiked 

with 25% of the Illumina PhiX control DNA prior to loading the sequencer. Illumina paired-

end sequencing was performed on the Miseq platform with versions v2.4 of the Miseq 

Control Software and of MiSeq Reporter, using a 600 cycle version 3 reagent kit.

Illumina Miseq paired-end reads were aligned to human reference genome Hg19 with 

bowtie2 and matching sequences discarded [22, 23]. As previously described, the remaining 

non-human paired-end sequences were sorted by sample via barcodes in the paired reads 

with a python script [21]. The sorted paired reads were assembled using phrap [24, 25]. Pairs 

that did not assemble were discarded. Assembled sequence ends were trimmed over a 

moving window of 5 nucleotides until average quality met or exceeded 20. Trimmed 
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sequences with more than 1 ambiguity or shorter than 200 nt were discarded. Potential 

chimeras identified with Uchime (usearch6.0.203_i86linux32) [26] using the Schloss [27] 

Silva reference sequences were removed from subsequent analyses. Assembled sequences 

were aligned and classified with SINA (1.2.11) [28] using the 418,497 bacterial sequences in 

Silva 115NR99[29] as reference configured to yield the Silva taxonomy. Operational 

taxonomic units (OTUs) were produced by clustering sequences with identical taxonomic 

assignments. This process generated 16,325,565 high-quality bacterial 16S rRNA sequences 

for 73 samples (median sample size: 225,011 sequences/sample; interquartile range: 202,159 

– 250,609). All samples had a Good's coverage index >99% at the rarefaction point of 

56,615 sequences. The software package Explicet (v2.10.5, www.explicet.org)[30] was used 

for display, analysis (rarefied values for median Good's coverage, p-values via Two-Part 

Analysis[31]), and figure generation of results.

Statistical analyses

Statistical analyses were performed using SAS (version 9.3; SAS Institute Inc, Cary, NC). 

Group data are presented as mean ± SD. Baseline parameters were compared using 

independent Student's t test between groups and parameters that were different at baseline 

were included in further analyses. Gender and age were tested as a categorical variable in the 

subsequent analysis and results remained unaffected. Repeated measures ANOVA (PROC 

GLM) were used to evaluate the main effects of time, group, and their interactions on the 

dependent variables. Independent Student's t test was used to compare values between 

groups as post hoc analysis. Equal variance was checked using Levene's test. Wilcoxon-

Mann-Whitney test was conducted when the sample data was not normally distributed. 

Power calculations were based on a standard deviation of 17 and a 15 ug/L difference of 

ferritin between the Fe and Fe + E groups, and 28 subjects per group would yield 91% 

power.

Relative abundances of OTU were calculated for each subject by dividing the sequence 

counts observed for each OTU by the total number of high-quality bacterial 16S rRNA 

sequences generated for the subject. OTU relative abundance provided a quantification of 

the microbiome and basis for further statistical analysis. Non-normally distributed was log 

transformed. The enteric microbiome was analyzed for differences in the abundances and/or 

prevalence of particular genera/phyla of interest for effects of time and group via repeated 

measure ANOVA, with post hoc t tests. P value < 0.02 was considered significant to account 

for multiple comparisons.

Results

Iron status

Figure 1 is the flow chart of subject recruitment. Forty-four subjects consented and 37 

completed the study between April 2011 and December 2013: 22 were in the iron + placebo 

group (Fe group) and 15 were in the iron + vitamin E group (Fe + E group). Follow-up 

contact was lost for 5 participants and an additional 2 dropped out (one did not accept taste 

of the iron supplement; one moved out of state). There were no serious adverse events 

reported. Baseline characteristics are presented in Table 1. No differences in age, iron status 
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or inflammation status were observed between groups at baseline and all participants were 

iron deficient with a serum ferritin level of 11 ± 3 ug/L. Dietary intakes of iron, calcium, 

vitamin E or phytic acid were comparable between groups at baseline and post intervention 

(Supplementary table 1).

Overall, over 80% subjects from the iron + placebo (87%) and iron +vitamin E (83%) 

groups consumed more than 80% of the supplements. After 8 weeks of iron 

supplementation, average serum ferritin level returned to normal without differences 

between groups (Table 1). Two subjects from the Fe group remained iron deficient after the 

treatment (serum ferritin at 9.5 and 9.1 ug/L at the end), despite good reported compliance in 

consuming the supplement. Iron binding capacity and soluble transferrin receptor 

concentration significantly decreased over time (Table 1). A significant group-by-time 

interaction was observed for iron saturation, which increased in Fe + E only (Table 1).

Inflammation markers

Serum vitamin E-alpha concentration at baseline was comparable between groups: 9.8 ± 2.6 

and 10.6 ± 2.8 ug/ml for the Fe and Fe + E groups, respectively. As expected, vitamin E-

alpha concentration did not change in the Fe group (Δ -0.29 ± 2.77 ug/ml), and increased in 

the Fe + E group (Δ 1.31 ± 6.08 ug/ml, group-by-time interaction P < 0.01). There were no 

adverse events reported or safety concerns raised by parents regarding vitamin E intake. 

Fecal calprotectin concentration was comparable between groups at baseline (Fe group: 49 

± 44 ug/g; Fe + E: 50 ± 58 ug/g). After intervention, calprotectin concentrations were 53 

± 44 and 46 ± 58 ug/g for Fe and Fe + E groups, respectively, which represented a borderline 

significant group-by-time interaction (P = 0.1). Serum IL-4 concentration did not change 

over time in the Fe group (0.025 ± 0.015 to 0.025 ± 0.016 pg/ml) or Fe + E group (0.025 

± 0.013 to 0.026 ± 0.013 pg/ml). A similar pattern was observed for serum TNF-α 
concentration over time in the Fe group (13.2 ± 4.9 to 13.0 ± 4.8 pg/ml) and Fe + E group 

(14.2 ± 3.3 to 12.0 ± 4.0 pg/ml).

Gut microbiome

Pairs of stool samples collected at baseline and study completion were available from 32 

subjects (Fe n=18; Fe + E n=14), all of which were successfully profiled for bacterial 

diversity using broad-range 16S rRNA sequencing. Good's coverage indices exceeded 99% 

for all samples, indicating that each sequence dataset adequately represented the biodiversity 

in the sample from which it was derived. Microbial alpha-diversity increased over time with 

no difference between groups (data not shown). Changes in the microbiome between 

treatment groups and time-points were assessed at the phylum, family and genus levels.

The Fe and Fe + E groups exhibited significantly different changes in microbiome 

composition over time. These differences were most evident in the highly abundant phyla 

Bacteroidetes and Firmicutes (Figure 2). With vitamin E added to iron supplementation, the 

relative abundance of Bacteroidetes decreased by 10% while the Firmicutes increased by 

11% on average. These phylum-level effects were driven primarily by changes in the 

families Bacteroidaceae (phylum Bacteroidetes), which decreased in abundance, and 

Lachnospiraceae (phylum Firmicutes) which increased in abundance in the Fe +E group, 
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relative to the Fe group. Furthermore, the relative abundance of the genus Roseburia, a 

butyrate producing member of the phylum Firmicutes [32], increased in the Fe + E group (Δ 

1.3%, P < 0.01). Finally the genus Escherichia, which includes both commensal and 

pathogenic strains of Escherichia coli as well as pathogenic Shigella spp., decreased by 

1.2% on average among all participants (Figure 3, effect of time P = 0.01).

Discussion

Iron deficiency is very common in older infants or toddlers who have been primarily 

breastfed and/or have limited intake of iron-rich foods or have other risk factors [19]. In the 

current study, 44 out of 144 (31%) infants and toddlers who completed the screening were 

iron deficient. Using the upper end of the recommended range of therapeutic iron therapy (6 

mg/kg/d) for 2 months was effective in treating ID in these infants and toddlers based on the 

return of average serum ferritin concentration to normal levels after treatment. Although the 

intervention is considered relatively aggressive in terms of iron dosage, it did not induce a 

detectable inflammatory response in the subjects based on the serum concentration of IL-4 

and TNF-α, and fecal calprotectin. This is in contrast to one small study in adults, which 

showed an inflammation response to iron therapy [5], when iron supplements (120 mg/d) 

were given to 3 adults for only 7 days. Serum IL-4 and hepcidin concentrations increased 

within 24 hours of iron supplementation and remained elevated for 5 days during the 7 day 

treatment period, suggesting the iron-induced-inflammation may be an acute response [5]. 

Our current study only assessed IL-4 concentration before and after the 8-week intervention 

and IL-4 concentration might have returned to normal before the post-intervention 

assessment if an acute inflammatory response occurred. There is also a possibility that it 

could be due to the small sample size.

In the current study, serum ferritin and most other biomarker responses were 

indistinguishable between groups after treatment, with the exception of percent saturation, 

which had a significantly greater change in the Fe + E group. Overall, the results suggest 

that addition of vitamin E to therapeutic iron supplementation did not further improve the 

efficacy of iron supplement. However, because there was no detectable change in 

inflammatory status among the subjects in the Fe group, it is unclear whether vitamin E 

would have any impact on iron-induced inflammation if it existed in this setting. The amount 

of vitamin E consumed was 18 mg/d, which was 3 times the RDA for vitamin E in 12-36 

month olds [33]. The high dose of vitamin E caused only a modest increase in serum vitamin 

E concentration over time in the Fe +E group, which was still within the normal range for 

serum vitamin E. This was somewhat surprising, since none of the subjects had evidence of 

malabsorption.

The findings from animal and human studies support an effect of iron exposure toward an 

unfavorable enteric microbiome profile, an effect that may differ according to iron status. 

Recent studies have evaluated the association between iron supplementation and gut 

microbiome composition, in both animal and human models. In one animal study [17], 

weaning rats were fed iron-deficient diet for 24 days and iron storage was repleted for 13 

days. A control group of rats with normal iron status was studied at the same time. 

Compared with the iron-sufficient rats, iron depletion significantly altered the abundance of 
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dominant species with a large and significant reduction of the Roseburia spp./E. rectale 
group. After iron repletion, bacterial communities were partially restored [17]. In another 

study [34], iron depletion at weaning significantly lowered microbial diversity, which was 

partially corrected by iron repletion. Both of the animal studies induced relatively severe 

iron depletion. This was consistent with our observed change in diversity with iron repletion 

in both groups. However, the effect of time on diversity cannot be excluded because there 

was no control group without iron therapy.

To our knowledge, no human studies have reported the relation between iron supplements 

and changes in gut microbiome with vitamin E. The effects of iron fortification have been 

examined in children. In one study [15], 6-12 y old Ivorian children received iron-fortified 

biscuits (20 mg/d) or a placebo for 6 months. Enterobacteria increased while lactobacilli 

decreased in the iron group after 6 months of treatment. The iron group also exhibited an 

increase in fecal calprotectin concentration. In a recently published trial [35] conducted by 

the same group among 6-month old Kenyan infants, micronutrient powder containing iron 

(12.5 mg/d) was given to infants for 4 months. Results showed that iron supplementation 

increased the abundance of potentially pathogenic bacteria belonging to the genus 

Escherichia (i.e., E. coli and Shigella spp.), although we note that commensal strains of E. 
coli commonly colonize the human gut [36-41]. Inflammation status was also increased with 

iron fortification, reflected by increased fecal calprotectin concentration. The authors 

concluded from both studies that iron fortification produces a more pathogenic gut 

microbiome profile with elevated inflammation status in African infants and children. 

Fortification did not improve the iron status of the older children [15] but was efficacious in 

improving status in the Kenyan infants [35]. A trial of older Denver breastfed infants found 

differences in the microbiome among infants randomized to iron fortified cereal compared to 

those randomized to meats and a significantly lower iron intake. The meat group tended to 

have greater microbial diversity and more butyrate producers compared to the iron fortified 

cereal groups [19].

In the current study, iron supplementation did not create a more pathogenic microbial profile 

among the study participants: there was no increase of Escherichia abundance or decrease of 

Lactobacillus spp. after the treatment. On the contrary, after 8 weeks of iron 

supplementation, the abundances of Escherichia spp., whether commensal or pathogens, 

decreased in both groups. In addition, the Fe + E group benefited from the addition of 

vitamin E, showing an increase in Roseburia abundance over time. Roseburia spp. are 

butyrate producers and a previous study in a rat model demonstrated that iron repletion led 

to increases in both Roseburia abundance and cecal butyrate concentration [17]. Because 

butyrate stimulates colonic blood flow, is a preferred substrate for colonocytes, and 

promotes gut mucosal barrier function the increased abundances of Roseburia in the Fe + E 

group may improve colonic function. Additional research will be required to test this 

hypothesis [42, 43].

The different findings between our current study and previous ones [15, 35] could be due to 

a number of factors. For example, the current study was conducted in the U.S., while 

previous studies were conducted in Africa with high prevalence of malaria and systemic 

inflammation. The current study was also shorter compared with previous interventions. In 
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addition, the iron supplement dosage was relatively higher in the current study than the 

previous ones. Findings from the current study suggest that correction of iron deficiency in 

U.S. infants and toddlers reduced the abundance of putative pathogens and that in addition 

of vitamin E to therapeutic iron supplement could potentially beneficially alter the gut 

microbiome in infants and toddlers with iron deficiency, and undergoing iron repletion.

Although the sample size was below the recruitment goal, the non-significance of ferritin 

concentration between groups (22.9 ± 20.1 vs. 22.2 ± 20.8) is unlikely due to a lack of 

power. Nonetheless, this is the first study to our knowledge that tested the effects of 

supplementing iron therapy with the antioxidant, anti-inflammatory vitamin E on iron 

repletion efficacy, inflammation and gut microbiome in iron deficient U.S. infants and 

toddlers. Future randomized control trials are needed in a less-developed environment where 

children are more prone to infection and gut inflammation, to test the potential benefit of 

adding an antioxidant to iron supplementation strategies. Oxidative stress might be altered 

by the addition of vitamin E [44], and this should be assessed in future studies. Another 

limitation of the current study is that the time and frequency of vitamin E administration 

during the intervention was not recorded, which would be helpful to provide clinical utility, 

as presumably medication administration at different intervals might have different 

implications on gut microflora.

In conclusion, findings from the current study suggest that among iron deficient U.S. infants 

and toddlers, using a therapeutic iron dose of 6 mg/kg/day is effective in treating ID during 

an 8-week period, without inducing persistent inflammatory response. In addition, difference 

in the gut microbiome associated with the addition of vitamin E to the iron therapy raises the 

possibility that concurrent antioxidant intake might offer a potentially beneficial adjunctive 

component to iron supplementation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is Known/What is New

What is Known

1. Iron fortification may cause inflammation.

2. Iron-induced inflammation could potentially inhibit iron absorption.

3. Unabsorbed iron may unfavorably alter gut microbiome.

4. Vitamin E, as an antioxidant, could potentially reduce iron-induced 

inflammation.

What is New

1. Adding vitamin E to iron therapy may potentially create a more 

favorable gut microbiome profile by promoting the growth of butyrate-

producing microbes.
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Figure 1. Subject recruitment
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Figure 2. Changes of relative abundance between groups at phylum level
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Figure 3. Changes of relative abundance between groups at family and genus levels
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