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ABSTRACT 

 Iron deficiency (ID) during infancy is harmful to health and development. Iron supplements such 

as iron drops and fortified infant formula prevent ID effectively but typically provide 10-20x more iron 

than breast milk and may have adverse health and development effects when provided to infants not at 

high risk for ID. Adverse effects on growth, gut microbiota development, trace mineral status, 

neurodevelopment, and risk of morbidity have been observed, but these effects have been poorly 

understood. These effects and the underlying mechanisms were investigated underlying utilizing a pre-

weanling rat supplementation model. In the first study, Sprague Dawley rat litters were randomly 

assigned to receive daily vehicle control (CON) supplementation, or 10 mg iron/kg body weight (BW) 

(representative of the typical daily iron intake from fortified formula) as either ferrous sulfate (FS) or 

ferrous bis-glycinate chelate (FC), a novel bioavailable form of iron. FS and FC groups had comparable 

liver iron, hemoglobin, and hematocit values that were higher than CON (p < 0.0001) at postnatal day 

(PD) 15 after 2 weeks of supplementation. BW gain was unaffected by group, but FS brains were heavier 

than FC brains (p < 0.05). In the second study, short- and long-term effects of routine iron levels on gut 

microbiota development were assessed. Iron supplementation induced over 10,000-fold loss of 

Lactobacillus commensal bacteria in the gut compared to CON. Gut microbiome composition and 

diversity depended on iron form: FS and FC gut microbiome communities were distant, and while iron 

reduced gut microbiota diversity, FC microbiomes were even less diverse than FS as compared to CON. 

Long-term effects of iron were revealed when an additional cohort of groups were supplemented with 

FS, FC, or CON up to weaning: adult gut microbiome compositions 6 weeks after weaning depicted a 

10,000-fold loss of Lactobacillus if they had received iron prior to weaning, and overall microbiome also 

which form was provided (FS or FC). The results of the first two studies concluded that iron provision 

prior to weaning elevates iron status beyond needs and adversely effects long-term microbiome 

composition. Additionally, it was concluded that microbiome and development effects depend on the 
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form of iron provided. A final FS dose response study sought to identify the role of the excess iron dose 

in adverse health and development outcomes and found that increasing daily iron supplementation to 

90 mg iron/kg BW further elevated liver iron loading, reduced pre-weanling rat weight gain and brain 

size, elevated inflammation, and altered levels of copper and zinc in the liver. The results of the final 

experiment suggest that mineral interactions and inflammatory signaling are implicated in adverse 

growth and development effects of excess iron. In summary, results from all three studies support that 

excess iron disrupts growth and development, and these effects depend upon iron form and dose. The 

findings provide novel evidence it is likely that the gut microbiota, inflammatory signaling, and mineral 

interactions may play important roles in the adverse outcomes of iron provision during infancy.  
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CHAPTER 1: The Adverse Effects of Iron Supplementation During Infancy  

1.1. Iron Deficiency and Iron Provision During Infancy 

Iron is a transition metal, one of the trace minerals essential for human life. Basic cellular 

reactions like energy production and DNA replication require iron. In mammals, iron also transports 

oxygen in the blood as hemoglobin. Insufficient iron intake to meet basic metabolic requirements leads 

to deficiency. Iron deficiency (ID) is the most common single nutrient deficiency and causes of 

approximately half of all anemia cases worldwide [1]. 

Infants are especially susceptible to ID and iron deficiency anemia (IDA)[2,3]. Infants suffering 

from ID may suffer adverse effects to long-term cognition and behavior because critical phases of brain 

development during infancy are adversely affected by ID. Once ID occurs in infants, evidence suggests 

that correcting iron status through dietary intervention prevents anemia, but does not correct 

disruptions to neurodevelopment [4,5]. Since the consequences of ID during infancy are harmful—and 

likely irreparable—sufficient iron intake is imperative for infants. 

Infants who consume exogenous iron have lower risk of developing ID, and populations with 

better access to supplements have lower prevalence of ID [2,6]. Iron supplements, whether iron drops, 

multi-nutrient packets (MNPs), fortified formula, or fortified complimentary foods, are effective at 

preventing or treating ID in most infants. Concern about the harms of ID in infants justifies routine use 

of iron supplements to prevent ID [7,8]. Based on the success of iron supplements for preventing ID and 

IDA, the WHO recommends that iron supplements are provided to infants in populations where anemia 

prevalence exceeds 40% [8]. The same rationale backs the American Academy of Pediatrics’ 

recommendations that exclusively breast-fed infants receive iron supplements beginning at 4 months, 

and that formula-fed infants receive iron-fortified formula [7].  
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The vast difference in iron intake—between the iron supplemented infant and the un-

supplemented infant receiving only breast milk—is important but generally under-recognized.  The 

Dietary Reference Intake (DRI) for iron for infants 0-6 months is 0.3 mg per day, based on the amount 

provided in breast milk [9]. For healthy infants born at term, liver iron stores in combination with the 

small amount provided in breast milk is sufficient to support healthy growth and development up to 6 

mo [10–12], but most iron-fortified formulas in the USA contain 40× more iron than breast milk [13]. 

Even after accounting for differences in bioavailability between breast milk iron and formula iron, 

formula still provides around 7× more absorbable iron than breast milk. Furthermore, the AAP 

recommends 1 mg iron/kg daily supplementation for all exclusively or primarily breast-fed infants [7]. 

Following these recommendations, an iron-supplemented 5 kg infant would receive 17× more iron than 

what is provided in breast milk. Routine iron supplementation practices provide large amounts of 

exogenous iron at an early age to ensure that ID is avoided, but the long-term health impact of such 

practices has not been fully investigated. The WHO and AAP recommendations may lower the risk of ID, 

but a growing body of evidence suggests that infants who are already at low risk of ID should not receive 

iron supplements due to risk of adverse effects to health and development [14–18]. 

Routine doses may be beneficial to ID infants, or for infants at risk of developing ID before 

complementary foods may be safely introduced, but for most iron-replete infants, routine doses of iron 

are excessive. Many infants in the USA and other countries are iron-replete, yet they are receiving 

exogenous iron at doses that far exceed their needs, which may have adverse, multifactorial health 

effects that have not been fully characterized [14,15]. The mechanisms underlying these effects must be 

investigated so that the risks of iron for infants can be fully identified; so that it is possible to predict 

infants that are most vulnerable to which adverse outcomes; and, ultimately, so that iron interventions 

during infancy are better informed to improve the efficacy and safety of these practices [19,20].  

1.2. Adverse Health & Development Effects of Iron 
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Iron provided to infants at routine levels has been shown to cause inflammation and gut 

microbiome dysbiosis [17,21–24], disrupt trace mineral status [14,25,26], lead to poorer cognitive 

development [16], and, heightened risk of morbidities [17,18]. It is likely that healthy infants with 

normal iron status at birth are susceptible to the negative effects of iron provision, but this is not fully 

understood. Adverse outcomes of controlled iron supplementation studies on infants are summarized 

below.  

1.2.1. Growth  

Controlled iron supplementation studies have shown that iron negatively impacts growth of 

iron-replete infants [26–28], but this effect has not been consistent in all studies [29,30]. A randomized 

placebo-controlled trial (RCT) reported reduced length-gain and head circumference-gain to 9 mo in 

Swedish infants who received iron from 4-9 mo [27]. A separate RCT in Indonesia found that iron 

provision reduced weight-for-age and length-for-age z-scores of iron-replete infants [26]. Another RCT in 

South-East Asia found that iron supplementation from 6 to 12 months reduced length-for-age, but only 

in infants who had a healthy birth weight at baseline [28]. However, a more recent RCT from our group 

did not find any effects on growth metrics for healthy, full term Swedish infants from 6 weeks to 6 

months [31]. A systematic review and meta-analysis of randomized controlled studies in children age 4-

23 months reported negative effects of iron on weight and length gain [29], while another systematic 

review and meta-analysis of studies in children age 6-23 months did not find an effect on growth [30]. 

Yet another comparable review and meta-analysis will investigate growth effects in iron-replete infants 

[32]. To date, there are insufficient studies on healthy, iron-replete infants to conclude the growth effect 

of iron supplementation in this group. Nevertheless, that iron is disruptive to growth in some cases 

demands further investigation into these effects. 

1.2.2. Trace Mineral Interactions 
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Sufficient intake of other trace minerals is essential for growth and lifelong health, but excess 

iron may disrupt absorption and metabolism of trace minerals. In a secondary analysis of a randomized, 

placebo-controlled trial, serum zinc decreased in infants after 6 months of iron supplementation, but 

only in infants that were iron-replete at baseline (6 months) [26]. However, a study in non-anemic 

Kenyan infants did not find an effect on serum zinc or zinc absorption with the addition of iron in 

micronutrient powder [33]. Copper-zinc superoxide (CuZnSOD) dismutase activity, a marker of copper 

status, was reduced in iron vs. placebo-supplemented infants at 9 months; however, no effect on serum 

copper was observed [25]. Insufficient research exists to ascertain that excess iron influences infant zinc 

and copper status, but similarities in biochemistry among iron, zinc, copper, and manganese may explain 

how excess iron intake compromises trace mineral metabolism. Negative effects of excess iron on zinc, 

copper, and manganese status in a pre-weanling rat study provides additional evidence of unfavorable 

mineral interactions [34]. 

1.2.3. Gut Microbiota 

A double-blind RCT of iron in micronutrient powder (MNP) in Kenyan infants found increased 

abundance of Clostridium and  Escherichia/Shigella — including increased pathogenic strains of E. coli — 

as well as elevated calprotectin, a measure of GI inflammation [24]. An additional robustly designed, 

double-blinded placebo controlled trial tested the effects of iron in MNP which was provided to 6-month 

old Kenyan infants for 3 months. In contrast to infants who received MNP without iron, infants who 

consumed MNP with iron had reduced abundance of commensal bacteria Bifidobacterium over time, 

while maintaining the abundance of Escherichia [22]. Another study from this group that was part of a 

large double-blind  RCT in Kenya concluded that the addition of galacto-oligosaccharides to the MNP 

with iron prevented its adverse effects on the microbiome. Despite the small sample size in this study, 

the results provide compelling evidence that iron adversely alters microbiome development by 

disruption colonization by commensal bacteria [21]. A separate analysis that was part of this RCT 
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followed gut microbiota changes and diarrhea outcomes in infants participating in the trial that had to 

be treated with antibiotics. Antibiotics were not as effective at suppressing the growth of 

enteropathogens or reducing diarrhea incidence in infants who were receiving MNP with iron, as 

compared to antibiotic-treated infants receiving MNP without iron [35]. These findings suggest that 

infants receiving iron supplements would be more susceptible to enteropathogens and have more 

diarrhea despite antibiotic treatment [35].Disruptions to gut microbiota development lead to adverse 

effects on infant health, including alterations to GI development, metabolic signaling, brain 

development, and immune system development [36,37]. Therefore, further studies are necessary to 

define how excess iron-induced alterations to gut microbiota development during infancy impact infant 

health and growth [14,17]. 

1.2.4. Neurodevelopment 

Iron provision may prevent disruptions to neurodevelopment from ID, but may also be harmful 

to neurodevelopment of iron-replete infants leading to long-term cognitive and behavioral deficits 

[38,39]. Few studies investigating neurodevelopment effects of iron measure infants’ iron status prior to 

intervention, let alone stratify results according to baseline iron status. Fewer studies have investigated 

cognitive and behavioral outcomes of supplementing iron-replete infants, and the findings of these 

studies are not consistent [16].  

A double-blind RCT in Chile was designed to test the effects of different levels of iron in infant 

formula (12 or 2.3 mg iron/L as FS) from 6-12 mo of age on iron status, growth, and neurodevelopment 

of infants who were born full-term and did not have IDA at 6 mo baseline. The study was well-powered, 

but the design was altered part of the way through recruitment. At the start of the study, all 6 mo old 

infants who had been receiving at least some formula (more than 250 mL/day) were randomized to 

either high-iron formula or cow’s milk with vitamins but no iron. Conversely, enrolled infants who had 
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been primarily breast-fed up to the start of the study (less than 250 mL of formula per day) were 

randomized to receive a multivitamin preparation with or without iron. High-iron formula and breast-

fed infants receiving multivitamins with formula were pooled into an iron supplemented group, and 

infants who received multivitamins without iron (whether in drops or cow’s milk) were pooled into the 

no-iron group. The results of the pooled analysis found that iron supplemented infants had improved 

iron status and improved metrics of behavioral and social development, indicating improved brain 

development with iron. It seems that ID may have been common at 6 mo in these infants despite 

exclusion of infants with anemia, and this may explain why brain development was improved with iron 

in this study. However, growth metrics were reduced with iron supplementation. Furthermore, the 

change in study design and the poor control of iron intake among groups muddles the interpretation of 

these results [40,41]. A follow-up study reported response to reward, language abilities, and motor 

function was scored higher in 10-year-olds who had received additional iron as infants. These findings 

suggest that for populations with high rates of ID at baseline, preventative iron supplementation may 

improve cognitive and behavior outcomes The authors found no difference in the prevalence of ID 

between iron and control groups at this age, but their analysis did not determine whether baseline iron 

status influenced behavioral outcomes of iron provision [42]. A separate follow-up of the same RCT 

found that baseline hemoglobin predicted the effect of iron intake from high-iron formula on 

development scores: infants with higher hemoglobin levels at baseline had poorer development scores 

at 10 years of age if they received high-iron formula, while infants with lower hemoglobin at baseline 

had improved development scores [38]. More recently, an additional follow-up from this group reported 

adverse cognitive and behavior effects in 16-year-olds who had received high-iron formula during 

infancy [39].  

Determining whether an optimum dose of iron exists that will support healthy brain 

development for most infants, regardless of their baseline iron status, will undoubtedly require robust, 
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well-powered studies. Unfortunately, few of these studies exist to date. A double-blind RCT of iron 

supplementation from 1 to 6 mo of age did not affect growth or serum zinc, nor serum copper levels of 

Canadian infants who were iron-replete at baseline, but increased Bayley’s scores, indicating improved 

brain development with iron. However, infants in this study were not exclusively breast-fed outside of 

their iron/placebo supplement, meaning that the intake of iron from iron-fortified formula intake was 

not controlled, and only reported based on parental records. Additionally, the sample size at the start of 

this study was relatively small and the dropout rate was high at 6 mo and the 12 mo follow-up [43]. 

Another double-blind RCT in Spain found that adding iron to cow’s milk improved the iron status of 

infants who were already iron-replete at baseline, but did not affect mental and psychomotor 

development metrics [44]. Infants in this study were iron replete at baseline. However, there was a 

small sample of infants in the control group: only 28 low dose iron group infants were included in the 

final analysis. Thus, future studies must be sufficiently powered to investigate long-term development 

effects of infant iron supplementation while tightly controlling for iron status and iron intake.  

A systematic review of iron supplementation in children aged 4-23 months performed a meta-

analysis of Bayley’s mental and psychomotor development scores from prior RCTs, and the effect of iron 

was not significant. The authors went on to find a beneficial effect of iron on Bayley scores when iron 

was provided to iron-deficient children, but there were an insufficient number of well-powered studies 

to conclude whether iron provision is beneficial or harmful to iron-replete infants [29]. An upcoming 

systematic review and meta-analysis may provide further insight on this matter [32]. Animal studies 

provide some compelling evidence that excess iron is harmful to brain development and leads to long-

term cognitive and psychomotor deficits; however, more human studies are necessary to confirm these 

effects [16]. Furthermore, additional animal studies are needed to investigate the short-term 

neurodevelopment effects of iron supplementation in healthy pre-weanling animals.  

1.2.5. Morbidity  
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Iron provision may increase the risk of diarrhea and respiratory infections [18,29]. A previous 

study from our group found that diarrhea frequency increased for infants in Sweden and Honduras who 

had normal Hb levels at baseline, while the opposite was true for infants who were anemic at baseline 

[27]. For many studies reporting no effect of iron supplementation on diarrhea frequency, results are 

not stratified according to baseline iron status (provided that baseline iron status was measured in the 

study) [45–50]. One recent study, described above, found that infants who were treated with antibiotics 

experienced greater frequency of diarrhea if they were also receiving MNP with iron, as compared to 

infants who were treated with antibiotics while receiving MNP without iron, as part of a larger double-

blinded RCT [35]. Increased iron availability in the gut may have increased the proliferation of diarrhea-

causing bacteria Clostridium difficile in infants receiving high-iron formula and iron drops [23]. In 

summary, current evidence suggests that baseline microbiota and iron status are important factors in 

predicting whether iron may increase morbidities in infants. 

1.3. Biological Mechanisms Underlying Adverse Effects of Iron 

Animal studies, particularly mammalian research models, provide valuable insight into the 

mechanisms behind the adverse effects of postnatal iron supplementation, including its effects on 

growth, mineral status, the gut microbiota, neurodevelopment, and morbidity. So far, research in 

animals implies several non-mutually exclusive mechanisms, described below, are likely involved in the 

adverse outcomes of iron.  

1.3.1. Direct Iron Toxicity 

1.3.1.1. Excess Iron Causes Oxidative Stress 

Iron is a pro-oxidative element, and iron overload in cells disrupts the oxidative balance by 

generating reactive oxygen species (ROS). Iron catalyzes the conversion of hydrogen peroxide into the 

highly oxidizing species hydroxyl radical. Iron overload thereby causes lipid, protein, and DNA oxidation, 
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which can ultimately result in, which can ultimately result in cell death. This type of cell death, termed 

ferroptosis, is implicated in many degenerative diseases [51,52]. Iron excess is prevented through the 

action of hepcidin, the iron regulatory hormone, which is expressed by liver hepatocytes in response to 

iron sensing [53]. Hepcidin reduces iron absorption and circulating iron levels by blocking iron export 

through ferroportin in the small intestine, in iron-storing hepatocytes, and in spleen reticuloendothelial 

macrophages [54,55]. Mutations to this pathway are the cause of hereditary hemochromatosis (HH), an 

iron overload disease. The pathology of HH clearly exhibits the harm of iron toxicity on biological 

systems. During HH, iron accumulates in the liver, the iron storage organ, but once extreme iron 

overload initiates liver fibrosis, then cirrhosis and loss of liver function [56,57], eventually leading to 

complications and death if untreated [56,57]. In HH patients, liver fibrosis is believed to result from iron-

induced oxidative stress [58].  

One double-blinded RCT tested varying levels of iron (either lactoferrin-bound iron or FS), as 

well as selenium and copper (trace minerals essential for antioxidant activity) in infant formula; a breast 

fed (BF) infant group was included as a control [59]. Infants receiving formula with 4 mg iron/L as 

lactoferrin and FS, or with 4 mg iron/L as FS, had similar plasma glutathione peroxidase activity 

compared to BF controls and greater activity than those receiving formula with 6.9 mg iron/L as FS. 

However, this may have been due to higher levels of selenium in the low-iron formulas, because 

selenium is a component glutathione peroxidase and required for its antioxidant activity. When the high 

iron formula group was compared to a low iron formula group with the same amounts of selenium and 

copper, there was no difference in glutathione peroxidase activity. Another RCT found that iron 

supplementation of infants reduced plasma copper-zinc superoxide dismutase (SOD) activity, which is an 

antioxidant marker as well as an indicator for copper status [25]. Few other studies in human infants 

have reported effects on oxidative stress markers. Animal studies provide some insight into the effects 
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of iron on long-term oxidative stress markers in the brain, but additional studies in infants are necessary 

to understand how oxidative stress might play a role in the adverse effects of iron supplementation. 

1.3.1.2. Infants Are More Susceptible to Iron Toxicity 

Infants may not have the same regulation of iron absorption that adults have in response to 

excess iron [11]. Infants tend to absorb excess iron, and this means they are more vulnerable to toxicity-

related injury. Iron absorption is not well-regulated during the first year of life in human infants 

compared to adults [10]; iron regulation develops similarly in animal models prior to weaning [60–62]. 

Infants under 9 months of age will absorb iron at the same rate regardless of iron status or iron dose, 

and the same is true for pre-weanling mice [60], rats [61,62], and piglets [63]. Animal studies show that 

intestinal ferroportin is hypo-responsive to hepcidin and permits elevated iron absorption during early 

development, despite sufficient liver iron levels [60–64]. Resistance to hepcidin may be a component of 

developmental iron regulation, a mechanism in place during infancy to prevent ID, but this has not been 

confirmed. Iron-toxicity injuries to developing organs like the liver would explain delays in growth and 

other adverse effects of iron supplementation [11,14]. Current research suggests that excess iron 

exposure in the neonatal brain is responsible for disruptions to neurodevelopment, but this has not 

been confirmed, nor have other mechanisms of iron toxicity-related growth delays been investigated 

[14,16].  

1.3.1.3. Iron Toxicity in the Brain 

The essential roles of iron in neurodevelopment may be highly relevant to understanding the 

effects of excess iron or iron toxicity on infant neurodevelopment. Iron is required not only for CNS 

proliferation and differentiation—which begins prenatally and continues postnatally—but also CNS-

specific pathways, including neurotransmitter synthesis and myelination [65]. Certain areas of the brain 

import more iron than other regions to support unique metabolic needs for development and 
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differentiation. For example, the adult hippocampus is heavily myelinated, and the infant hippocampus 

requires relatively large amounts of iron because myelin synthesis is iron-demanding and peaks at this 

age. Myelin sheaths in the CNS are formed by oligodendrocytes, which wrap their myelin around 

neuronal axons, surrounding and insulating them to reduce axon resistance and accelerate signaling 

speed. Oligodendrocytes and their precursors must import and store sufficient iron for myelination, 

which is why ID leads to insufficient myelination. This may explain how ID during infancy leads to long-

term cognitive and behavioral deficits; however myelination is only one of many iron-demanding 

processes that take place in the CNS during the first year of life [66]. This may also explain why the 

hippocampus is more likely to be affected by iron loading following excess iron exposure; brain regions 

that are programmed to import iron rapidly at this stage of life may permit excess iron loading, and this 

may lead to oxidative stress and damage to CNS cells and tissues.  

One animal study provided pre-weanling rats with excess iron increased total iron content in the 

cortex, hippocampus, substantia nigra, thalamus, deep cerebellum, and pons, but not in the striatum at 

PD 21. In contrast, supplying rats with iron after weaning elevated iron in the hippocampus and pons at 

PD 35, but not in other regions. Further, pre-weanling rats that were supplemented through weaning to 

PD 35 had elevated iron levels in the cortex, hippocampus, pons, and superficial cerebellum [67]. These 

results provide strong evidence that brain iron levels vary across brain regions following iron 

supplementation and are more affected by pre-weaning iron supplementation than post-weaning.  

A study in Sprague Dawley rats found that neonatal exposure to excess iron (through oral 

gavage of 120 mg iron/kg BW as carbonyl iron) did not affect the long-term measurements of oxidative 

stress of the cerebellum, nor was there any effect to substantia nigra iron content at PD 200. However, 

at PD 400, aging rats that had been exposed to excess iron as neonates had elevated substantia nigra 

MDA content (a marker for oxidative stress) and reduced glutathione content (a marker for antioxidant 

activity). These outcomes were associated with reduced dopamine neurotransmitter content in the 
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striatum, as well as alterations in motor behavior. The results suggest that neonatal exposure to excess 

iron may lead to long-term dysfunction of the nigrostriatal pathway, a brain circuit involved in 

controlling movement, as well as memory and response to reward [68], and may help to explain adverse 

effects to cognition and psychomotor behavior scores that were observed in human infants [38]. 

Another study investigated how the timing of excess iron exposure affected oxidative stress in various 

brain regions. Rats were treated with iron PD 5-7, PD 10-12, PD 19-21 (pre-weaning), or PD 30-32 (post-

weaning), and brain regions were assessed for oxidative stress at 3-5 mo of age (adulthood) [69]. All pre-

weanling iron treatments increased hippocampal MDA content, and all iron treatments increased 

superoxide content. All pre-weanling iron treatments increased superoxide dismutase in the adult 

cortex and the substantia nigra. Substantia nigra MDA increased with PD 12-14 and PD 19-21 iron 

exposure, and cortical MDA increased with PD 19-21 exposure. In contrast, striatal MDA and superoxide 

production decreased with pre-weanling iron treatments. Taken together, the results provide additional 

evidence not only that excess iron exposure affects long-term oxidative stress in the brain, but also that 

brain regions are differentially affected by excess iron: pre-weanling iron exposure causes oxidative 

stress in the hippocampus, cortex, and substantia nigra, but may reduce oxidative stress in the striatum. 

Furthermore, CNS oxidative stress in this study was associated with impaired recognition memory. The 

hippocampus is part of the brain circuitry that encodes learning and memory—including spatial mapping 

and social cognition—and was also the region most consistently affected by oxidative stress in this 

study. The results from this study [69] and recent studies from our group in piglets [63,70] suggest 

oxidative stress caused by iron loading in the hippocampus is a likely mechanism by which excess iron 

supplementation during infancy may lead to adverse long-term effects on cognitive function. 

1.3.2. Mineral Interactions 

A pre-weanling rat supplementation study from our group demonstrated that tissue levels of 

zinc, copper, and manganese were altered by excess iron supplementation [34]. In this study, the 
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highest iron supplementation group had elevated liver, kidney, brain, and intestine levels of zinc. 

Meanwhile, liver copper levels were reduced in the high iron group. Additionally small intestine 

manganese levels were increased. Intriguingly, prolonged supplementation with excess iron resulted in 

reduced manganese levels in the small intestine and spleen, reduced brain zinc and copper levels, and 

reduced spleen zinc and manganese, although liver zinc remained elevated. Few other studies have 

reported the effect of excess iron on trace mineral metabolism or storage. 

The transporters DMT1, ZIP8, and ZIP14 import divalent metals including iron, copper, zinc, and 

manganese [62,71–73], therefore it is possible that high levels of iron may out-compete other divalent 

metals for import, and this may explain alterations in availability of these minerals due to excess iron 

supplementation. Cellular iron loading upregulates trace metal binding and storage proteins copper-zinc 

SOD, manganese SOD, metallothioneins (MT), and ceruloplasmin (CP). MTs, CP, and copper-zinc or 

manganese SODs require these metals to function as ROS scavengers. Oxidative stress and iron loading 

both upregulate antioxidant, metal-binding proteins including MTs, SODs, and CP. Thus, excess iron may 

interrupt uptake of other trace minerals while increasing demand for these trace minerals to combat 

oxidative stress, possibly explaining how trace mineral status is compromised by excess iron. Since zinc 

and copper are needed for basic metabolism, growth, and resistance to infection, disrupting their 

availability to growing organs and tissues would disrupt development and health [9]. However, it 

remains to be investigated if mineral interactions in the context of excess iron are linked to the other 

adverse health and development effects of excess iron.  

1.3.3. Gut Microbiota & Gut Health 

1.3.3.1. Iron and Gastrointestinal Inflammation 

Low bioavailability of iron from most supplements means that the majority of iron—

approximately 90% of FS iron—ingested by infants remains in the gastrointestinal (GI) tract until it is 
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excreted [10]. Infancy is a critical period for symbiotic gut microbiota colonization and recent studies 

show that iron supplements alter the gut microbiota in ways that may be unfavorable to infant health 

[21–24]. Alterations to the gut microbiota may explain GI distress side effects, as well as several other 

adverse health and development outcomes of iron. The GI distress side effects of FS iron supplements 

are well-established. In a systematic review and meta-analysis of GI side effects of FS for adults, after 

pooling data from 43 studies, the authors estimated an 11% incidence rate for nausea, 12% for 

constipation, and 8% for diarrhea [74]. Another systematic review and meta-analysis estimated that 1 in 

3 adults who received FS supplementation experiences adverse effects [75]. It seems likely that infants 

would be affected similarly, but this has not been fully investigated. Enteropathogens may invade more 

easily during this age due to immature barrier function of the intestinal mucosa [76], leading to diarrhea 

or other infections, which are harmful to health and development [18,77]. Bacteria translocating across 

the mucosa would trigger pro-inflammatory signaling, perhaps leading to diarrhea, both of which are 

likely to hinder the nutrient absorption capacity of the GI tract [78]. Prolonged GI inflammation or 

diarrhea might therefore reduce an infant’s growth rate, suggesting GI effects are mechanistically 

related to adverse growth and development effects of excess iron. 

1.3.3.2. Iron and the Gut Microbiota 

An important aspect of development involves healthy colonization of the gut with commensal 

microbes, because the gut microbiota provide essential roles to their host’s health and development 

[37,79,80]. Besides maternal microbiota and birth method, the infant diet is the major determinant of 

gut colonization [80–83]. Breastfeeding and breast milk support healthy gut microbiota development by 

providing prebiotic oligosaccharides that preferentially craft the infant gut so that it is dominated by 

commensal Bifidobacterium infantis, which serves multiple health and development roles [84–87]. 

Bifidobacterium infantis has been shown to suppress the proliferation of pathogens and improve the 

integrity of the mucosal barrier, preventing inflammation and diarrhea [87]. Multiple studies have 
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shown that iron reduces the abundance of commensal bacteria (including Bifidobacterium infantis) and 

elevates pathogen-associated bacteria [17,22,35]. These alterations to the gut microbiota were 

associated with GI inflammation for Kenyan infants, but this result has not yet been confirmed in other 

studies [24]. Since commensal gut bacteria are so important for health and development, disrupting 

healthy colonization with commensals might explain some adverse outcomes of iron [21,36,37]. Iron-

replete infant gut microbiomes may be more adversely affected by iron, but only one study has 

investigated gut microbiota outcomes in healthy, iron-replete infants [23].  

Considering that infant gut microbiota development is so important for overall development 

and that increased iron levels in the gut may cause adverse GI side effects and gut microbiota dysbiosis, 

it seems likely that the gut microbiota is implicated in the adverse development effects of excess iron. 

Additional studies in animal models should characterize effects of excess iron on gut microbiota 

development and generate hypotheses about iron-induced alterations to the microbiota that may be 

causing adverse health and development outcomes.  

1.4. Rationale Statement 

The capacity of exogenous iron provision, at routine levels, to disrupt health and development 

of otherwise healthy infants who are iron-replete is unclear. Further, translationally optimized animal 

models are necessary to investigate the mechanisms behind adverse effects to infant health. Excess iron 

provision may delay growth, neurodevelopment, and increase susceptibility to disease and infection, 

and it is likely that iron toxicity, mineral interactions, and the gut microbiota are behind these outcomes.  

A pre-weanling rat supplementation model developed by our group was used to study excess 

iron supplementation outcomes and their underlying mechanisms. Effects of iron dose and form on 

growth, neurodevelopment, and the gut microbiota were investigated, with the goal of informing iron 

supplementation practices for infants.  
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CHAPTER 2: Postnatal Iron Supplementation with Ferrous Sulfate vs. Ferrous Bis-Glycinate Chelate: 

Effects on Iron Metabolism, Growth, and Central Nervous System Development in Sprague Dawley Rat 

Pups 

ABSTRACT 

Iron-fortified formulas and iron drops (both usually ferrous sulfate, FS) prevent early life iron deficiency, 

but may delay growth and adversely affect neurodevelopment by providing excess iron. We used a rat 

pup model to investigate iron status, growth, and development outcomes following daily iron 

supplementation (10 mg iron/kg body weight, representative of iron-fortified formula levels) with FS or 

an alternative, bioavailable form of iron, ferrous bis-glycinate chelate (FC). On postnatal day (PD) 2, sex-

matched rat litters (n = 3 litters, 10 pups each) were randomly assigned to receive FS, FC, or vehicle 

control until PD 14. On PD 15, we evaluated systemic iron regulation and CNS mineral interactions and 

we interrogated iron loading outcomes in the hippocampus, in search of mechanisms by which iron may 

influence neurodevelopment. Body iron stores were elevated substantially in iron-supplemented pups. 

All pups gained weight normally, but brain size on PD 15 was dependent on iron source. This may have 

been associated with reduced hippocampal oxidative stress but was not associated with CNS mineral 

interactions, iron regulation, or myelination, as these were unchanged with iron supplementation. 

Additional studies are warranted to investigate iron form effects on neurodevelopment so that iron 

recommendations can be optimized for all infants. 

2.1. INTRODUCTION 

Postnatal iron deficiency (ID) adversely affects both physical and cognitive development and 

should be prevented [1–5]. The American Academy of Pediatrics recommends infants receive iron 

through liquid supplements or fortified formula to prevent ID [6]. Iron-fortified formulas prevent 

postnatal ID effectively but provide, on average, 20 times the adequate intake (AI) for infants 0–6 



 23 

months of age [7,8]. Excess iron can also be harmful to infants, and recent studies report adverse effects 

of iron supplementation in infants who are not ID [9–14]. In response to rising concern regarding the 

efficacy of blanket iron supplementation in infants, pediatric nutrition researchers as well as expert 

committees have recommended reevaluation of iron recommendations and stressed the need for 

postnatal iron supplementation research to identify adverse outcomes and define their biological 

mechanisms [15–22]. 

Previous studies on infants have reported reduced growth and deleterious cognitive outcomes 

due to iron supplementation [9–14]. In a randomized controlled trial (RCT), iron-sufficient infants who 

had received standard iron formula (12.7 mg iron/L) had poorer cognitive outcomes at 10 and 16 years 

of age [10,11] compared to those who had received low-iron formula (2.3 mg iron/L). Comparable 

cognitive effects were observed in both rodents and pigs [23–26]. In these studies, several biological 

mechanisms may have contributed to the cognitive outcomes, including but not limited to iron under-

regulation, iron–mineral interactions, or CNS iron overload-induced oxidative stress. 

Iron can compete with other essential trace minerals for absorption and transport and iron 

loading causes oxidative stress in biological environments through generation of reactive oxygen species 

(ROS). Systemic and cellular regulators of iron homeostasis work to ensure that the diverse iron needs of 

all tissues are met and still prevent iron toxicity. In early development, however, iron homeostasis might 

not be as responsive to elevated body iron stores. Indeed, postnatal iron supplementation increases 

body iron stores even in iron-replete infants [8,27], and under-regulation of iron metabolism in early life 

is further supported by postnatal iron regulation studies in humans [28], rats [29,30], mice [31], and 

piglets [25]. It is possible that under-regulation of iron homeostasis would permit iron overload in the 

CNS with increased iron intake, and iron uptake in the CNS may also be under-regulated postnatally, as 

previously indicated in rats [30]. Dysregulation of iron metabolism and iron loading contribute to 

neurodegeneration by causing oxidative stress [32,33]. Removal of iron from the CNS through iron 
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chelation may even be a promising new therapy for those suffering cognitive effects of 

neurodegeneration [34]. Studies in rodents have concluded that neonatal iron exposure can promote 

neurodegenerative disease progression later in life, and this may be a result of neonatal CNS oxidative 

stress [19,24,26,35–37]. In neonatal pigs, increased iron supplementation led to iron loading in the 

hippocampus, the region that forms memories, as well as markers of lipid peroxidation (a form of 

oxidative stress), and impaired social behavior after weaning [25]. It was concluded that iron loading in 

the hippocampus might disrupt cognitive development directly through oxidative stress injury. Cognitive 

effects of iron supplementation have also been associated with reduced expression of myelin basic 

protein (MBP) in the hippocampus [38]. In summary, due to under-regulation of iron in early life, 

postnatal iron supplementation might lead to iron loading, and in the CNS, this could lead to oxidative 

stress and disrupt myelination, thereby explaining deficits in cognitive development. 

The existence of a causal link between early life CNS iron exposure and neurodegenerative 

disease can only be speculated, but this possibility only highlights the need to study the effects of 

postnatal iron supplementation [19]. Previous studies in animals have relied on a range of iron 

intervention designs, but none have closely modeled routine postnatal interventions nor have they 

accounted for differences in milk iron intake be- tween humans and model species [23,25,35,38,39]. 

Moreover, the vast majority all studies reporting adverse neurodevelopment effects of iron 

supplementation in humans have used ferrous sulfate (FS), whereas alternative chemical forms of iron 

have rarely been explored. Therefore, in addition to FS, we investigated the effects of ferrous bis-

glycinate (FC), an amino acid chelated form of iron, which due to its unique absorptive fate may be less 

likely to cause the adverse effects attributed to FS [40]. FC has been shown to be effective and safe for 

use in infants as a bioavailable source of iron [41]. Herein, we characterized FS and FC iron 

supplementation effects on growth, iron status, iron regulation, and neurodevelopment in healthy, 
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nursing rat litters, providing new insight into the activities of exogenous iron during one of the critical 

windows of development. 

2.2. MATERIALS & METHODS 

2.2.1. Animals 

The use of animal models is essential for advancing infant nutrition knowledge because a 

multitude of ethical and procedural limitations preclude this research in humans. Rats are often 

preferred for postnatal nutrition research because regular handling of pups is comparatively well-

tolerated [42,43]. The use of rats for studying outcomes of postnatal iron supplementation is also 

reinforced by evidence that mechanisms of iron homeostasis across stages of development are 

consistent between rats and humans [26–28]. 

Animal procedures for this study were approved by the University of California Davis 

Institutional Animal Care and Use Committee. Sprague Dawley rats between 8 and 10 weeks of age were 

obtained from Charles River Laboratories (Wilmington, MA, USA) and maintained on standard 18% 

protein rodent chow (200 mg Fe/kg diet; 2018, Teklad Diets, Madison, WI, USA) in clear polycarbonate 

hanging cages at constant temperature (22 ◦C) and humidity (63%) with standard 12 h light cycles; these 

conditions applied during habituation, breeding, and throughout the entire postnatal experimental 

period. Rats were habituated to the vivarium for one week prior to breeding. There were 11 nulliparous 

female breeders and 9 of them had litters, all of which were used for the experiment. Original litter sizes 

ranged between 10 to 15 pups. In order to normalize growth between litters, newborn pups born within 

the same 24 h period were randomly assigned to sex- matched litters of 10 pups. All litters nursed freely 

throughout the experiment, except for a brief period during daily supplementation. On postnatal day 

(PD) 2, litters were randomly assigned to supplementation groups (n = 3 litters, 10 pups each) to receive 

10% sucrose vehicle control (CON) or iron as either ferrous sulfate heptahydrate (Cat#215422-250G, 
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Sigma-Aldrich, St. Louis, MO, USA) or ferrous bis-glycinate chelate (Albion Minerals Ferrochel®, Balchem 

Inc., New Hampton, NY, USA). Littermates were assigned to the same treatment group to avoid 

coprophagic iron transfer across treatment groups, which would be highly confounding. 

Pups were weighed every other day beginning PD 2, and litter average body weight (BW) was 

used to calculate the supplement volume, which provided 10 mg Fe/kg BW· day. This experimental iron 

dose for postnatal supplementation was designed to represent the daily iron intake of an exclusively 

formula-fed infant, after adjusting for known differences in milk iron and iron absorption efficiency 

between humans and rats. References and calculations for iron dose determination are shown in Table 1 

and Equation (1) (below). Iron supplements were prepared in acid-washed glassware by dissolving FS or 

FC in sterile 10% w/v sucrose at 6 mg iron/mL. Supplementation was performed by hand-pipetting, at 

the same time each day from PD 2 through PD 14. To deliver calculated volume, a sterile pipette was 

placed gently on the roof of the mouth to stimulate natural suckling, and solution was dispensed slowly, 

allowing swallowing at intervals. On PD 15, pups were fasted for 6 h and euthanized by cardiac 

venipuncture under deep anesthesia (100 mg ketamine × 10 mg xylazine/kg BW). Hippocampi were 

dissected immediately from fresh brains and all hippocampi were dissected by the same researcher for 

consistency. 

Rat Pup Supplementation Dose = RM · (IF/HM) = [6.4-14] ≈ 10 mg iron/kg BW  (1) 

2.2.2. Blood Measurements 

Whole blood (n = 20 per group) was collected in EDTA tubes (Safe-T-Fill Capillary Blood 

Collection Systems, RAM Scientific, Nashville, TN), and blood measurements were performed on the day 

of collection. Hemoglobin was measured by the cyanmethemoglobin method using a commercially 

available kit (Cat#MAK115-1KT, Sigma-Aldrich, St. Louis, MO, USA). For hematocrit measurement, whole 
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blood (n = 20) was collected in heparinized capillary tubes (Fisher Scientific, Pittsburgh, PA, USA), 

centrifuged, and measured in a hematocrit reader. 

2.2.3. Tissue Iron, Zinc, Copper, and Manganese 

Tissues (liver, n = 12 per group; whole brains, n = 12 per group) were flash frozen at time of 

collection and stored at −20 ◦C. Sample weights were recorded prior to digestion in HNO3 (16 mol/L) at 

room temperature for 7 d. The HNO3 was evaporated at sub-boiling temperatures for 6–8 h [52], and 

remaining tissue ash was rehydrated with ultrapure water (Milli-Q®, Millipore Sigma, Burlington, MA, 

USA) for quantification of iron, zinc, copper, and manganese by atomic absorption spectrometry (Model 

Smith-Heifjie 4000, Thermo Jarrell Ash Corporation, Franklin, MA, USA). 

2.2.4. Histology 

At the time of collection, liver tissue (n = 6 per group) and whole brains (n = 6 per group) were 

immersion-fixed in 4% w/v PFA at 4 ◦C for 24 h. Tissues were then washed in 1× PBS three times, stored 

in 70% ethanol at 4 ◦C, and submitted to the UC Davis School of Veterinary Medicine Anatomic 

Pathology Laboratory for embedding by standard protocols. Tissue sections were stained for iron by 

Perls’ Prussian blue method with nuclear fast red counterstain. 

2.2.5. Real-Time PCR 

Tissue samples (liver, n = 7 per group; hippocampus, n = 7 per group) were stored in RNAlater® 

(Sigma-Aldrich, St.Louis, MO, USA) solution at time of collection, kept at 4 ◦C for 24 h, and then stored at 

−20 ◦C until extraction by the TRIzolTM protocol (InvitrogenTM, Carlsbad, CA, USA). RNA was reverse 

transcribed to cDNA using a High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 

(Cat#4374966, Applied BiosystemsTM, Foster City, CA, USA) as outlined by the manufacturer. RT-PCR 

reactions were performed using a CFX96 Real-Time PCR System (Cat#1725121, Bio-Rad, Hercules, CA, 
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USA) with iTaq Universal SYBR® Green Supermix to determine relative expression of target transcripts. 

The fold change in target gene expression was calculated and normalized to Actb expression using the 

2∆∆Ct method. Primer sequences for target and housekeeping genes are listed in Table 2. 

2.2.6. Western Blotting 

Tissues (duodenum, n = 4 per group; hippocampus, n = 6 per group) were flash frozen in liquid 

nitrogen immediately after collection and stored at −80 ◦C. Frozen tissue samples were homogenized by 

bead beating with 5 mm stainless steel beads (Qiagen, Valencia, CA, USA) in Pierce® RIPA Buffer 

(Cat#PI89900, Thermo Fisher ScientificTM, Waltham, MA, USA) with Roche cOmpleteTM protease 

inhibitor cocktail (Cat#NC0969110, Sigma- Aldrich, St. Louis, MO, USA) in a TissueLyser II (Qiagen, 

Valencia, CA, USA). Following quantification of tissue lysate protein by the Bradford assay, 30 ug protein 

samples diluted in Laemmli buffer were loaded onto 10% TGX Stain-FreeTM polyacrylamide gels (Bio- 

Rad, Hercules, CA, USA) and separated by electrophoresis under reducing conditions (5% 2-

mercaptoethanol). Protein was transferred to nitrocellulose membranes using a Trans-Blot Turbo 

Transfer System (Bio-Rad). Stain-FreeTM blot images were captured using a ChemiDoc MP (Bio-Rad, 

Hercules, CA, USA) and membranes were blocked with 5% non-fat milk (Sigma-Aldrich, St. Louis, MO, 

USA) in 0.1% Tween®20 PBS (PBST) buffer for 1 h. Blots were washed in PBST and resuspended in 

primary antibody solution for overnight incubation at 4 ◦C. Primary antibody solutions were prepared 

according to the following ratios: rabbit 1:1000 rabbit anti-4-HNE (Cat#ab46545; Abcam, Cambridge, 

MA, USA), 1:1000 rabbit anti-Slc40a1 (Cat#ab58695; Abcam, Cambridge, MA, USA), and 1:100 mouse 

anti-Fth1 (Cat#sc-376594; Santa Cruz Biotechnologies, Santa Cruz, CA, USA). Following overnight 

incubation blots were washed thoroughly with PBST and then treated with horseradish peroxidase-

conjugated secondary antibody (1:5000 anti-rabbit or anti- mouse, Sigma-Aldrich, St. Louis, MO, USA) in 

blocking solution. After a final wash in PBST, SuperSignalTM West Femto Maximum Sensitivity Substrate 

(Thermo Scientific, Fisher ScientificTM, Waltham, MA, USA) was used for chemiluminescent detection of 
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Slc40a1 and 4- HNE protein bands and ECL Plus Reagent (Thermo Scientific, Fisher ScientificTM, 

Waltham, MA, USA) was used for detection of Fth1. Blot images were captured on the ChemiDocTM MP 

(Bio-Rad, Hercules, CA, USA). Total adjusted band densities of target proteins were analyzed by Image 

Lab Software (Bio-Rad, Hercules, CA, USA) and normalized to total lane protein using Stain-FreeTM blot 

images [58–60]. 

2.2.7. Protein Carbonyl Content 

Protein carbonyl content was quantified in hippocampi (n = 6 per group) using an OxiSelectTM 

Protein Carbonyl ELISA kit (Cat#STA-310; Cell Biolabs, Inc., San Diego, CA, USA) according to the 

manufacturer’s instructions. 

2.2.8. Statistical Analysis 

Data were analyzed and plotted in GraphPad Prism (Version 8). A repeated-measures two-way 

ANOVA with Geisser–Greenhouse correction was used to test for treatment group effect on body weight 

across the supplementation period. Litters were analyzed as biological replicates, with respective pups 

as technical replicates when testing for effects on growth. Significant differences in gene and protein 

expression with treatment were detected with a one-way ANOVA with post hoc Tukey’s test. The 

Shapiro–Wilk test was used to check for normality, and Kruskal–Wallis tests were used with Dunn’s 

multiple comparison’s test to detect group differences in nonparametric data. Individual data points 

representing biological replicates are plotted with the mean ± SEM, except for growth data, where, for 

clarity purposes, only the mean ± SD was plotted. Significance was determined at p ≤ 0.05. 

2.3. RESULTS 

2.3.1. Iron Status 
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We provided daily ferrous sulfate (FS) or ferrous bis-glycinate chelate (FC) iron supplements to 

rat pups from postnatal day (PD) 2–14 to investigate outcomes of postnatal iron supplementation. 

Supplements were delivered based on 10 mg iron/kg body weight (BW), a dose we designed to 

represent the estimated routine iron intake of an infant fed exclusively iron-fortified infant formula 

(Table 1 and Equation (1)). We interrogated hemoglobin and hepatic iron pools to evaluate body iron 

stores at PD 15 following supplementation. Initially, we tested whether differences in liver iron, 

hemoglobin, and hematocrit may be due to sex. We did not detect any effects on these metrics due to 

sex, so this variable was dropped when testing for differences among iron supplementation groups. 

Hemoglobin and hematocrit were 15% higher in iron-supplemented pups (FS and FC) over CON (p < 

0.0001; Figure 1a,b). Substantial liver iron loading was also observed in all iron supplemented pups 

(Figure 1c,d). Liver iron concentration following FS or FC supplementation was around 100x CON liver 

iron levels (p < 0.0001; Figure 1a), and marked ferric iron deposition blue was clearly visible with Perls’ 

Prussion blue iron staining in both FS and FC liver sections while nearly undetectable in CON livers 

(Figure 1d). No differences in hemoglobin (p = 0.087; Figure 1a), hematocrit (p = 0.27; Figure 1b), or liver 

iron concentration (p = 0.93; Figure 1c) was found between FS vs. FC groups (p = 0.93), suggesting that 

both iron forms elevated boy iron levels similarly following daily supplementation.  

2.3.2. Growth and Development 

Iron supplementation can delay growth when provided to iron-sufficient infants [12–14], and 

therefore we recorded BW every two days across this study to investigate the influence of 

supplementation on growth. Litter average BW increased steadily in all litters from postnatal day (PD) 2 

to PD 15 (Figure 2a) and all individual pup weights fell within normal growth curve percentiles for 

Sprague Dawley rats (individual values not plotted for clarity). Litter averages were analyzed as 

biological replicates when testing for treatment effects on BW. A repeated-measures two-way ANOVA 
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of litter average BW detected a significant effect of time (p < 0.0001) but not litter group (p = 0.18), 

suggesting that postnatal BW gain was not affected by iron. 

Organ weights were measured on PD 15 at time of collection to detect organ toxicity effects 

[61]. No effect of sex on liver or brain weight was detected at this age. Treatment influenced brain 

weight, but results of pairwise comparisons were affected when raw brain weight values were 

normalized to BW. Mean FS brain weight (raw weight in g) was greater than in the FC and CON groups (p 

< 0.05; Figure 2c). However, mean FS brain weight (% BW) was not different from CON, and FC brain 

weight (% BW) was significantly lower than both FS (p < 0.01) and CON (p < 0.05; Figure 2e). With or 

without normalization, FS brains were significantly heavier than FC brains. Liver weight, in contrast, was 

not different between groups (p = 0.10; Figure 2b), and this remained true when values were normalized 

to body weight (p = 0.99; Figure 2d). Overall, brain development was affected by iron supplement form 

and this effect does not appear to be related to iron status, since iron status was similar between the FS 

and FC groups (Figure 1a–d). 

2.3.3. Systemic Iron Homeostasis 

When iron stores become elevated in healthy individuals, the liver releases the iron regulator 

hepcidin to prevent iron overload [62,63]. Hepcidin reduces dietary iron uptake by blocking activity of 

the iron exporter ferroportin in enterocytes [62,64] and inherited disruptions to this pathway result in 

hemochromatosis (i.e., iron overload) [65–69]. We assessed liver hepcidin (Hamp) and duodenal 

ferroportin (Slc40a1) expression in rats at PD 15 to observe systemic iron homeostasis following daily 

postnatal iron supplementation, and to test for differences between FS and FC. Hamp was increased by 

at least 1000-fold in FS and FC pups (p < 0.0001; Figure 3a), but no difference was found between iron 

groups. We did not observe a treatment effect on duodenal Slc40a1 expression (p = 0.09; Figure 3b), in 

support of findings suggesting that iron absorption is under-regulated in early life [25,28,30,31]. It 
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appears that duodenal Slc40a1 trended toward increased expression with iron supplementation, but 

due to the small sample size (n = 4 per group), it is possible that our Slc40a1 analysis was underpowered 

to detect a significant change. Further, Iron homeostasis outcomes of iron supplementation may not 

depend upon iron form.  

2.3.4. Iron and Trace Minerals in the Central Nervous System 

 Next, we measured iron levels in the CNS at PD 15 to determine whether postnatal iron 

supplementation led to sustained brain iron loading, but in spite of increased overall iron status this was 

not the case. Indeed, no difference was found in whole brain iron concentrations among groups (p = 

0.91), suggesting that, in contrast to the liver, the CNS may be protected from iron loading following 

postnatal supplementation at physiological doses. 

 We suspected that iron supplementation might reduce availability of other trace mineral sin the 

CNS, as iron can disrupt the metabolism of other essential trace minerals through mineral-mineral 

interactions [15,20]. To test whether availability of these minerals was altered in the CNS following 

postnatal iron supplementation, zinc (Zn), copper (Cu), and manganese (Mn) concentrations were also 

quantified in whole brains. Congruent with brain iron results, brain zinc (p = 0.28), manganese (p = 0.84), 

and copper (p = 0.34) concentrations were unaffected by iron supplementation at this age.  

2.3.5. Iron Regulation in the Hippocampus 

 Iron must be tightly regulated in the CNS to sustain basic cellular functions, neurotransmitter 

synthesis, and myelination. The hippocampus—a CNS region known for its central role in learning and 

memory—is considered highly sensitive to changes in iron availability during early development and 

aging. Hippocampal iron deficiency (ID) can permanently disrupt cognitive development, while 

hippocampal iron overload is a key component in Alzheimer’s Disease pathophysiology. We assessed 
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iron loading and iron regulation in the hippocampus at PD 15 to observe whether the hippocampus had 

sustained iron loading following postnatal iron supplementation. Ferric iron deposits were undetectable 

in hippocampal sections (representative slides shown in Figure 4a), and no effect on hippocampal 

ferritin heavy chain protein (Fth1) expression was observed (p = 0.07; Figure 4c). This suggests iron 

loading did not occur in the hippocampus following iron supplementation, because iron is stored in 

ferritin and its components are upregulated in response to increased iron [70–72]. In addition to storing 

iron as Ft, the CNS can prevent iron overload during increased iron status by downregulating transferrin-

bound iron uptake by transferrin receptor (Tfr1) or by increasing iron export via Slc40a1; transferrin is 

also upregulated in the CNS to quench free iron molecules during cellular iron overload or oxidative 

stress [54,73,74]. We found no differences in Tfr1 (p = 0.42; Figure 4b) or Tf (p = 0.27; Figure 4d) mRNA 

expression among groups, nor did we observe changes in Slc40a1 protein (p = 0.24; Figure 4e). Taken 

together, these data do not ind1i0caofte18sustained iron loading had occurred in the hippocampus 

following postnatal iron supplementation.  

2.3.6 Oxidative Stress in the Hippocampus 

 Iron induces oxidative damage in the CNS, including the hippocampus, and this may cause 

neurodegeneration [32], so we reasoned that postnatal iron supplementation might elevate oxidative 

stress in the hippocampus even in the absence of sustained iron loading effects, as this may occur 

through transient increases in CNS iron undetected by our study design. Hippocampal oxidative stress 

was quantified by measuring 4-hydroxynonenal (4HNE), a known product of lipid peroxidation [75]. The 

quantity of 4HNE modified proteins, assessed by Western blot, did not differ among groups (p = 0.54; 

Figure 5a); however, a slight effect on protein carbonyl content, a stable byproduct of protein oxidation, 

was observed [76]. Less oxidized protein was detected in the hippocampus of FS pups compared to the 

other groups, suggesting reduced hippocampal oxidative stress in this group (p = 0.04; Figure 5b). 
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2.3.7. Myelination in the Hippocampus 

 Myelination occurs mainly during postnatal development in rats and synthesis of myelin peaks 

beginning PD14 until PD 34 [77]. Iron accumulation causes oxidative stress and cell death in 

oligodendrocytes, which myelinate neurons in the CNS [78]. In piglets, iron supplementation reduced 

hippocampal myelination gene expression [38]. We sought to determine if hippocampal myelination was 

impacted by daily postnatal iron supplementation in rats, so we measured expression of several major 

myelin genes in the hippocampus, including Mag, Mbp, and Plp (Figure 6). Myelin associated 

glycoportien (Mag) signals myelin and axonal formation, while myelin basic protein (Mbp) ad proteolipid 

protein (Plp) play major structural roles in myelination [79]. We found no difference in expression of 

Mag, Mbp, or Plp mRNA in the hippocampus at PD 15, suggesting that myelination was not impacted by 

either iron supplement  (p = 0.69; Figure 6).  

2.4. DISCUSSION 

Ferrous sulfate (FS) supplementation and formula fortification prevent postnatal iron deficiency 

(ID) [4,6], but may be harmful to iron-replete infants [15,18,20]. Excess iron intake through high-iron 

formula or iron drops can lead to growth delays, and adverse cognitive and behavioral outcomes [9–

11,19]. Infants may be especially susceptible to these adverse effects, because under-regulation of iron 

in early life permits excessive iron absorption and this may lead to iron loading in the developing central 

nervous system (CNS) [8,25,31]. Adverse neurodevelopment outcomes [23–25] and oxidative stress of 

the CNS [25,38] have been observed in animals supplemented with iron postnatally. Research on the 

effects of postnatal iron supplementation in healthy subjects is limited and existing animal studies have 

often not been designed to mimic routine iron administration. We developed a translationally-optimized 

iron supplementation experiment in rat pups (Table 1 and Equation (1)) to compare effects of ferrous 
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bis-glycinate chelate (FC) or ferrous sulfate (FS) on development, systemic iron regulation, CNS trace 

mineral content, and hippocampus-specific markers of iron regulation, oxidative stress, and myelination. 

First, we characterized iron status following supplementation with FS or FC. Hemoglobin, 

hematocrit, and liver iron content were all substantially increased in iron-supplemented pups at PD 15 

(Figure 1). Liver iron concentration is more sensitive and specific to excess body iron loading than blood 

indices for iron status. Excess body iron is taken up by the liver for storage, and in turn, the liver controls 

body iron homeostasis to prevent overload. Before being assigned to treatment groups on PD 2, litters 

were culled to age-matched litters of 10, a normal litter size for Sprague Dawley rats. Therefore, it can 

be assumed that CON pups received sufficient dietary iron via milk feeding and should not have required 

additional iron. Yet, we observed large effects on hemoglobin, hematocrit, and liver iron content when 

pups were supplemented with iron, and this is probably due to under-regulation of iron absorption 

(Figure 3). When liver iron increases, the liver makes hepcidin, the iron systemic iron regulator that 

downregulates intestinal iron absorption by blocking the iron exporter, ferroportin (Slc40a1) [20–22]. 

Infant iron absorption was previously reported to be unaffected by dose, mode of delivery, or infant iron 

status [27,80], and in previous experiments in rodents [29–31] and piglets [25] intestinal ferroportin was 

hypo-responsive to hepcidin following iron supplementation. One study investigating this early life 

phenomenon in rats concluded that hypo-responsiveness of ferroportin protein to hepcidin during 

suckling may be explained by elevated iron-regulatory element (IRE+) Slc40a1 transcripts, which allow 

for upregulation of Slc40a1 in response to elevated enterocyte iron levels [29]. That study demonstrated 

that weanling and adult rats mainly express an Slc40a1 transcript variant lacking IRE (IRE−) in the 

duodenum. Expression of IRE− Slc40a1 in weanling and adult rats allows enterocytes to avoid 

translational regulation by iron regulatory proteins (IRPs); enterocyte Slc40a1 protein is primarily 

controlled by hepcidin after weaning. However, in pre-weanling pups expressing higher levels of IRE+ 

Slc40a1 transcripts, translation of Slc40a1 is upregulated in response to iron; Slc40a1 remains elevated 
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even in the presence of elevated hepcidin levels. The authors concluded that elevated IRE+ Slc40a1 

during suckling may help to maximize the supply of iron during a critical period of increased iron 

demands [29]. In our study, liver iron concentrations in FS and FC pups were 100x control (CON) levels 

(Figure 1c), and liver hepcidin expression was 1000-fold CON expression, but we found no change in 

intestinal ferroportin protein (Figure 3). Indeed, there was a trend toward increased ferroportin 

expression (Figure 3b); however, our duodenal Western blot analysis may have been underpowered to 

detect a significant increase. Therefore, our results are consistent with previous findings that infants 

receiving iron through iron supplements or iron-fortified formula absorb iron unmitigatedly and may be 

at increased risk for iron overload. Both FS and FC supplementation comparably increased iron levels, 

hemoglobin, hematocrit (Figure 1), and similar liver Hamp expression and duodenal ferroportin protein 

expression was detected between FS and FC groups (Figure 3). Indeed, neither iron status nor iron 

homeostasis outcomes were affected by iron form; both forms elevated body iron stores to levels far 

beyond that of CON pups. 

Iron deficiency and iron toxicity are both harmful, and both inhibit growth and proliferation of 

cells [81]. A limited number of studies have investigated whether postnatal iron supplementation 

benefits long-term growth and development [18,82–84]. Iron supplementation of iron-sufficient infants 

might delay growth but this is not consistent [9,12,14,82,83,85]. We observed no effect of iron 

supplementation on litter weight gain (Figure 2a), suggesting that neither FS nor FC iron affects short-

term weight gain in early life when provided at routine levels. Similar findings have been reported in 

previous animals studies, which have used both lower and higher daily doses of FS: in pre-weanling 

pigs—where the same daily dose of FS was used (10 mg iron/kg BW) from PD2–21—weight gain was not 

affected, nor was weight gain affected with 50 mg iron/kg BW [25], and BW was not affected in pre-

weaning rats following supplementation with either 30 or 150 μg iron per day [30]. In these studies, 

increasing the dose of iron increased iron status but did not change growth. Thus, our results are 
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consistent with previous experiments in animals. We also analyzed liver and brain weights following iron 

supplementation in rats, because organ weight is often measured to detect neonatal toxicity in rodent 

models [61]. Liver size typically decreases with exposure to environmental toxins [86]. We observed no 

difference in liver weight following iron supplementation, indicating an absence of toxic effects in the 

liver (Figure 2b,d). Nevertheless, brain weight was affected depending on iron form (Figure 2c,e). Data 

are shown as brain weight and brain % BW because current research has not determined which is more 

meaningful in terms of postnatal neurodevelopment [61]. In both analyses (Figure 2c,e), FS brains were 

heavier than FC brains. Therefore, we conclude that brain weight effects following postnatal iron 

supplementation are dependent upon the form of iron. Additional studies with more specific indicators 

of neurodevelopment are needed to determine whether functional differences may arise related to 

brain weight or iron source. 

Previous studies have observed iron loading in the CNS following iron supplementation [25,30] 

and this may also alter availability of other trace metals through iron–mineral interactions [15,20]. We 

reasoned that differences in brain size between the iron forms might be explained by differences in iron 

loading or trace metal availability between FS and FC groups, but neither iron, zinc, copper, nor 

manganese levels were different between these groups in our study. Regarding the negative cognitive 

and behavioral outcomes that were observed in infants given iron-fortified formula, these results 

suggest dietary iron intake from iron-fortified formula is unlikely to have caused sustained brain iron 

loading or disruptions to zinc, copper, or manganese availability in the CNS. Furthermore, these findings 

do not support the hypothesis that long-term cognitive outcomes of postnatal iron supplementation are 

due to direct effects of iron loading or iron–mineral interactions in the CNS. Neither does it appear likely 

that sustained iron loading nor changes in iron regulation had occurred specifically in the hippocampus, 

as we had suspected it would (Figure 4). Postnatal CNS iron loading might happen transiently, or after 

exceptionally high oral doses are used as previously reported [25,30]. Considering that brain trace 
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minerals were not altered and considering that overall iron status was similar between FS and FC 

groups, it is unclear how FS brains became heavier than FC brains. These results provide novel evidence 

that iron form might influence neurodevelopment outcomes of iron supplementation. 

Iron loading causes oxidative stress in the brain and this appears to be a central mechanism in 

neurodegenerative pathologies [32,33]. Oxidative stress has also been observed in the CNS following 

neonatal iron exposure [87]. Iron loading initiates pro-oxidative reactions in cells and this can be toxic to 

the CNS [78,88,89]. Recently in piglets, iron supplementation at 50 mg iron/kg BW as FS from PD 2 to PD 

21 increased hippocampal lipid peroxidation compared to 10 mg iron/kg and control groups, but this 

was not statistically significant [25]. In the present experiment, we used 10 mg iron/kg BW. No change in 

hippocampal lipid peroxidation was observed, and only borderline less hippocampal protein oxidation 

was seen in the FS group, suggesting that neither iron treatment induced hippocampal oxidative stress 

(Figure 5). Protein oxidation was not different among the iron groups in the hippocampus, so we further 

conclude that differences in brain size cannot be explained by differences in oxidative stress outcomes 

between iron forms. Congruent to both these and the CNS mineral loading results, we also did not 

detect changes in myelination gene expression (Figure 6). 

There are inherent limitations to extending the findings of this study to all healthy, iron-

sufficient infants in spite of our optimization efforts. We believe that 10 mg iron/kg BW is representative 

of the iron intake of iron-fortified formula-fed infants, but dietary iron intake may vary widely in healthy 

infants. It is possible that many infants may be exposed to significantly more iron (e.g., preterm infants) 

or less iron (mixed-fed infants) than the average formula-fed infant. It is likely that significantly 

increasing or decreasing the dose used in our study would lead to different iron status and development 

outcomes. Future studies should define the dose–response relationship between postnatal iron intake, 

iron status, growth, and neurodevelopment at this stage of life. 
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In conclusion, specific development effects of postnatal iron supplementation at routine levels 

may not be clearly related to iron status effects and instead dependent upon indirect mechanisms 

related to iron form. The long-term functional consequences of these effects remain to be elucidated. 

The differential effects on brain growth between FS- and FC-supplemented pups provides evidence that 

iron impacts postnatal development in a form dependent manner. Additional studies in this area are 

warranted to optimize dose, timing, and form of iron for infants such that any negative health outcomes 

are identified and prevented without compromising risk for iron deficiency. 
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FIGURES 

 

Figure 1. Iron status on postnatal day (PD) 15 following daily ferrous sulfate (FS), ferrous bis-glycinate 
chelate (FC), or vehicle control (CON) supplementation in rats from PD 2–14. (a) Hemoglobin and (b) 
hematocrit were measured from fresh whole blood (n = 20/group). (c) Liver iron concentrations were 
quantified by atomic absorption spectrometry (n = 12/group). Values are plotted as means ± SEM. (d) 
Representative microscope images of liver sections stained with Perls’ Prussian blue for the detection of 
ferric iron deposits were captured using a 10× objective lens (n = 6/group). p-value summary: ****, p < 
0.0001. 
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Figure 2. Weight gain and organ development with daily postnatal FS or FC supplementation in rats. (a) 
Pup body weights (n = 3 litters/group, 10 pups each litter) were recorded across the supplementation 
period from postnatal day (PD) 2–15; litter averages were analyzed as biological replicates and plotted as 
mean ± SD. Group and time effects were assessed by repeated-measures two- way ANOVA with Geisser–
Greenhouse correction. (b) Liver and (c) brain weights were recorded at time of collection on PD 15 and 
normalized to body weight (d,e). Organ weight values are plotted as the means ± SEM. p-value summary: 
*, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 3. Changes in systemic iron regulation at PD 15. (a) Liver hepcidin (Hamp) mRNA expression was 
assessed by real-time PCR (n = 7–8/group). Values with the mean ± SEM are plotted as fold change relative 
to CON means. (b) Relative expression of the iron exporter protein, ferroportin (Slc40a1), was assessed in 
the proximal small intestine (n = 4/group). Adjusted Sllc40a1 band density was normalized to total protein 
with the Stain-FreeTM method, and values are plotted relative to CON expression (%) as means ± SEM. p-
value summary: ****, p < 0.0001. 
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Figure 4. Hippocampal iron loading and regulation on PD 15. (a) Representative microscope images of 
hippocampal sections stained with Perls’ Prussian blue stain for ferric iron detection, captured with 10x 
objective lens (n = 5–6/group). (b) Transferrin receptor (Tfr1) and (d) transferrin (Tf) mRNA expression in 
hippocampal tissue, shown as fold change relative to CON (n = 7/group). (c) Hippocampal expression of 
ferritin heavy chain (Fth1) subunit, and (e) iron exporter protein ferroportin (Slc40a1) expression were 
normalized to total protein using the Stain-Free™ method and plotted relative (%) to CON expression (n = 
6/group). Representative blots shown on the right with total protein. Values are shown as the means ± 
SEM. 
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Figure 5. Hippocampal oxidative stress at PD 15. (a) To detect lipid peroxidation effects, 4-hydroxynonenal 
(4HNE) modified proteins were quantified by Western blot (n = 6/group), normalized to total protein using 
the Stain-Free™ method, and values with the mean ± SEM are plotted relative to mean CON expression 
(%). A representative blot with Stain-Free™ total protein blot is shown to the right. (b) Protein carbonyl 
content, a marker of protein oxidation, was quantified in hippocampal tissue lysates by enzyme-linked 
immunosorbent assay (ELISA; n = 6/group). Values are plotted as the means ± SEM. p-value summary: *, 
p < 0.05. 

 

 

Figure 6. Hippocampal myelination gene expression at PD 15. Expression of major myelin components, 
(a) myelin-associated glycoprotein (Mag), (b) myelin basic protein (Mbp), and (c) myelin proteolipid 
protein (Plp) as assessed in hippocampal tissue by real-time PCR (n = 7/group). Values are plotted as fold 
change relative to CON as the means ± SEM. 
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TABLES 

Table 1. Suckling rat iron over-supplementation dose determination. 

Species Diet 
Feeding 
Volume 
(mL/day) 

Dietary 
Iron 
(mg/L) 

Daily Iron 
Intake1 
(mg/kg Body 
Weight) 

Iron 
Absorption  
(%) 

Adjusted Daily 
Iron Intake2 
(mg/ kg Body 
Weight) 

Human Breast 
milk 

600-800 
[6] 0.35 [32] 0.04-0.07 50 [21] HM = 0.02-

0.035 

Human 
Iron-
fortified 
formula 

600-800 
[6] 12 [7] 1.4 10 [22] HF = 0.14 

Rat Rat milk 4-10 [33] 5 [34] 1.6-2.0 100 [24] RM = 1.6-2.0 

Daily Iron Dose  =  RM • (HF/HM)  =  [6.4 – 14] mg Iron / kg Body Weight 
≈ 10 mg Iron / kg Body Weight 

1 Based on 5-7 kg infant; 10–30 g rat pup;  2 Adjusted for iron absorption 

 

 

Table 2. Real-time PCR primer sequences. 

Gene Primer Sequence1 Reference 

Actb F: GAAATCGTGCGTGACATTAAAGAG 
R: GCGGCAGTGGCCATCTC [36] 

Hamp F: GCTGCCTGTCTCCTGCTTCT 
R: CTGCAGAGCCGTAGTCTGTCTCGTC [23] 

Tf F: GCATCAGACTCCAGCATCAA 
R: CAGGACAGTCTGGTGCTTCA [37] 

TfR1 F: GAGTTCACTGACATCATCAA 
R: GCAATCCAGATGACTGAGAT [36] 

Mag F: TGTGTAGCTGAGAAGGAGTATGG 
R: ACAGTGCGATTCCAGAAGGATTAT [38] 

Mbp F: CTCTGGCAAGGACTCACACAC 
R: TCTGCTGAGGGACAGGCCTCTC [39] 

Plp F: GTGTTCTCCCATGGAATGCT 
R: TGAAGGTGAGCAGGGAAACT [40] 
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CHAPTER 3: Gut microbiome alterations following postnatal iron supplementation depend on iron 

form and persist into adulthood 

ABSTRACT 

he gut microbiota is implicated in the adverse developmental outcomes of postnatal iron supple-

mentation. To generate hypotheses on how changes to the gut microbiota by iron adversely affect 

development, and to determine whether the form of iron influences microbiota outcomes, we 

characterized gut microbiome and metabolome changes in Sprague-Dawley rat pups given oral 

supplements of ferrous sulfate (FS), ferrous bis-glycinate chelate (FC), or vehicle control (CON) on 

postnatal day (PD) 2–14. Iron supplementation reduced microbiome alpha-diversity (p < 0.0001) and 

altered short-chain fatty acids (SCFAs) and trimethylamine (TMA) in a form-dependent manner. To 

investigate the long-term effects of iron provision in early life, an additional cohort was supplemented 

with FS, FC, or CON until PD 21 and then weaned onto standard chow. At ~8 weeks of age, young adult 

(YA) rats that received FS exhibited more diverse microbiomes com-pared to CON (p < 0.05), whereas FC 

microbiomes were less diverse (p < 0.05). Iron provision resulted in 10,000-fold reduced abundance of 

Lactobacilli in pre-weanling and YA animals provided iron in early life (p < 0.0001). Our results suggest 

that in pre-weanling rats, supplemental iron form can generate differential effects on the gut microbiota 

and microbial metabolism that persist into adulthood. 

3.1. INTRODUCTION 

Iron deficiency (ID)—which affects approximately 10–40% of infants worldwide—can irreversibly 

disrupt neurodevelopment [1–4]. Iron supplements and iron-fortified foods are widely used during 

infancy to prevent ID [5,6]; however, iron provision is not without risks [7–9]. Iron provision can have 

adverse effects in infants, including inflammation [10], growth delay [7,11–13], long-term cognitive 
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deficits [14–16], and morbidities [11,17–19]. The mechanisms underlying these adverse effects are not 

fully known [8,9,20]. 

Recent evidence suggests that iron alters development of the gut microbiota in in- fants [8,19]. 

The developing microbiota confers an array of health benefits for the infant, such as improved intestinal 

barrier function and nutrient absorption, as well as infection re- sistance [21–25]. The development of 

the microbiota is influenced by the infant’s diet [26,27]. Iron salts, such as ferrous sulfate (FS), are 

commonly used in supplements and infant for- mula, despite relatively low bioavailability—only 10% of 

FS iron is absorbed by infants [28]. Unabsorbed iron in the gut may exert effects on the microbiota 

[10,19,29–31]. Postnatal iron administration has been shown to suppress typical populations comprising 

the commensal bacteria and promote pathogen-associated bacteria, which may consequently 

potentiate adverse development outcomes [10,29–32]. 

The microbiota can influence their host by producing metabolites that guide nutrient absorption 

[33], infection resistance [34], and immune regulation [35,36], as well as brain development [37] and 

behavior [38]. There are few studies on the impact of iron on the metabolism of intestinal microbiota. 

Furthermore, existing microbiome studies in infants have used different iron forms that may exert 

differential effects on the microbiota [19]. 

In the present study, we developed an iron supplementation model in pre-weanling rats to 

mimic the effects of routine iron administration in healthy, term infants [39]. Rat pups received either FS 

or ferrous bis-glycinate chelate (Ferrochel®; FC), a novel, bioavailable form of iron [40]. Herein, we show 

that both forms of iron—FS and FC—caused intestinal iron loading and altered the gut microbiome and 

metabolites in a form-dependent manner. 

3.2. MATERIALS & METHODS 

3.2.1. Animal Experiments 
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The University of California Institutional Animal Care and Use Committee approved all animal 

experiments. The postnatal rat iron supplementation model methods have been described in detail 

previously [39], including rationale for iron dosage. Sprague- Dawley rat litters (n = 3 litters per group, 

culled to 10 pups per litter) were kept with dams and allowed to nurse ad libitum, except for during a 

brief daily supplementation period. Daily supplementation occurred during PD 2–14 according to 

random treatment group assignment to vehicle control (CON, 10% sucrose) or 10 mg iron/kg body 

weight (BW) as ferrous sulfate (FS) or ferrous bis-glycinate chelate (Ferrochel®, FC). To determine 

whether postnatal iron supplementation induced lasting changes to the rat microbiome, additional 

litters (n = 4 litters per group, culled to 10 pups per litter on PD 2) were randomly assigned to FS, FC, or 

CON groups on PD 2. These litters received daily supplements from PD 2–20 and were weaned on PD 21. 

All weanling rats were housed with 1–4 littermates and received standard chow (200 mg iron/kg diet as 

ferrous sulfate; 2018, Teklad Diets, Madison, WI, USA) ad libitum for approximately 6 weeks. 

For necropsy of pre-weanling rats, tissues, cecal content, and blood were collected from 4–6 h-

fasted animals on postnatal day (PD) 15. For necropsy of adult rats, blood, tissue, and cecal content 

samples were collected and body, brain, and liver weight were recorded following 4–6 h fasting, on PD 

58 ± 4. This age group is referred to as the young adult (YA) group. 

3.2.2. Iron Analysis and Hemoglobin 

Distal small intestine iron concentration was determined by nitric acid wet-ashing and atomic 

absorption spectrometry (n = 7/group), as previously described [39]. Liver (n = 8–10/group) and spleen 

(n = 11–12/group) iron concentrations were also measured in YA rats using this method. For histological 

evaluation, fresh tissue was perfused with 1× PBS and immersion-fixed in 4% w/v paraformaldehyde 

(PFA) for 24 h at 4 ◦C, washed in three changes of 1× PBS, and stored in 70% ethanol at 4 ◦C. Fixed issues 

were embedded in paraffin, sectioned, and stained with Perls’ Prussian blue for iron detection (n = 
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6/group, 3 litters/group) at the UC Davis School of Veterinary Medicine Anatomic Pathology Laboratory. 

Hemoglobin was measured in fresh, whole blood collected from YA rats using a kit (Cat#MAK115-1KT, 

Sigma-Aldrich, St. Louis, MO, USA). 

3.2.3. Distal Small Intestine Morphology 

Following PFA-fixation and paraffin embedding, as described above, two 1 cm distal sections of 

intestine from each pup (n = 6/group, 3 litters/group) were stained with H&E by UC Davis School of 

Veterinary Medicine Anatomic Pathology Laboratory for morphological evaluation. Microscope images 

(20× objective lens) were analyzed using ImageJ software (v1.51; [41]) to quantify villus height and crypt 

depth. All images were obtained in a blinded fashion. Data represent means of 20 villi and 20 

neighboring crypts for each biological replicate. 

3.2.4. Distal Small Intestine Gene Expression 

Approximately 1 cm distal intestine was collected during necropsy, perfused with 1× PBS, and 

stored in RNAlater® (Thermo Fisher Scientific TM, Waltham, MA, USA) for 24 h at room temperature, and 

then at −20 ◦C until RNA extraction. RNA was extracted from intestine using TRIzol (Invitrogen TM, 

Carlsbad, CA, USA) according to the manufacturer’s instructions. RNA was reverse transcribed using the 

High-Capacity cDNA Archive Kit (Applied Biosystems TM, Cat#4374966, Applied Biosystems TM, Foster City, 

CA, USA), according to the manufacturer’s instructions. Real-Time quantitative PCR was performed using 

a Bio-Rad CFX96 Real-Time machine with iTaq Universal SYBR Green Supermix (Cat#1725121, Bio-Rad, 

Hercules, CA, USA). Fold-change in mRNA gene expression was calculated using the 2∆∆Ct, with Actb 

serving as the housekeeping gene. Primer sequences are listed in Table S1. Intron-spanning primers 

were designed using MacVector v18.0.1 (74) software (MacVector Inc., Apex, NC, USA). 

3.2.5. Cecal DNA & Metabolite Extraction 
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Cecal content was collected in sterile tubes and flash frozen in liquid nitrogen and stored at −80 

◦C. DNA and metabolites were extracted from the same samples, under the same thaw cycle. All 

surfaces and equipment used during extraction were cleaned with 70% ethanol and decontaminated 

with DNA Away (Cat#2123628, Thermo Fisher Scientific TM, Waltham, MA, USA). Cecal content was 

thawed on ice, weighed, and homogenized in 1.5 mL of sterile, ice cold 1× PBS. Samples rested on ice at 

intervals during homogenization. Following homogenization, samples were pelleted by centrifugation at 

14k rcf. DNA was extracted from the pellet, and metabolites were isolated from the supernatant. Each 

sample of supernatant was filtered through a 0.22 um syringe and then loaded onto a pre-washed 3 kDa 

Amicon Ultra Centrifugal Filter Unit (Cat# UFC500396, Millipore Sigma, Burlington, MA, USA) to remove 

contaminants prior to storage at −80 ◦C. DNA was extracted from the sample pellet using the DNeasy 

PowerLyzer PowerSoil Kit (QIAGEN, Hilden, Germany) according to manufacturer’s instructions, with the 

following modifications: sample pellets were vortexed with beads and bead solution and incubated for 

10 min at 65 ◦C, followed by 10 min at 95 ◦C prior to bead beating for 2 min at 6.5 m/s to ensure 

complete lysis of bacterial cells. Extracted DNA was stored at −80 ◦C. 

3.2.6. 16s rRNA Library Construction, Sequencing, and Processing 

Barcoded primers with Illumina sequencing adapters (Table S1) were combined with GoTaq® 

Master Mix for PCR (Promega Corporation, Madison, WI, USA) to amplify the variable region 4 (V4) of 

the prokaryotic 16S rRNA gene in the cecal DNA samples (primer sequences in Table S1). Libraries were 

constructed from PCR products that had been pre-checked for quality on an agarose gel with SYBR TM 

Safe (Thermo Fisher Scientific TM, Waltham, MA, USA) and purified using a kit (QIAGEN, Hilden, 

Germany). Libraries were sequenced with an Illumina MiSeq platform at the DNA Technologies and 

Expression Analysis Core Laboratory at UC Davis. 



 55 

A total of 17 million paired-end Illumina reads passed initial filtering with an overall Q30 of 

>80%. Reads were imported into QIIME 2, v2020.2 [42] and demultiplexed using the emp-paired plugin 

[43,44]. Demultiplexed reads were filtered and denoised with the DADA2 plugin to identify unique 16S 

amplicon sequence variants (ASVs) [45]. To optimize read quality, forward and reverse sequences were 

trimmed to 240 bp and 200 bp, respectively, and reads were filtered to allow a maximum of two 

expected errors. In the PD 15 age group (n = 27–29 per treatment group), a total of 3.3 million reads 

passed quality filtering and were merged, and 1111 ASVs were identified; in the YA age group (n = 22–23 

per treatment), 4.0 million reads passed quality filtering and were merged, and 1889 ASV’s were 

identified. Features (ASV’s) and their representative sequences were applied to the phylogeny align-to-

tree-mafft-fasttree pipeline to construct a phylogenetic tree. Rarefaction plotting and computation of 

alpha-diversity indices were performed using the alpha-rarefaction plugin. ASV’s were assigned to 

taxonomy using the feature-classifier plugin [46] with a Bayes classifier that was pretrained on a Silva 

138 V4 reference database [47–50]. Finally, the ASV table, representative sequence table, and 

constructed phylogenetic tree were imported into R (v4.1.0) using the qiime2R package for beta 

diversity, relative abundance, and statistical analysis, described in further detail below. 

3.2.7. NMR Metabolomics  

Cecal filtrate was mixed with EDTA/K2HPO4 buffer (pH 8.07) such that the final concentrations 

were 2 mM/10 mM, respectively. To this cecal mixture (CM), an internal standard (IS) containing 5 mM 

3-trimethylsilyl-1-propanesulfonic acid-d6 (DSS-d6), in 99% deuterium oxide (D2O) and 0.2% sodium 

azide (NaN3) (Chenomx; AB, Canada) was added in a 1:10 IS:CM ratio. Sample pH was adjusted to 

between 6.95 and 7.10 using HCl or NaOH, and samples were then placed into 3 mm NMR tubes and 

maintained at 4 ◦C prior to acquisition. NMR spectra were recorded on a 600 MHz AVANCE system 

(Bruker, Billerica, MA, USA) equipped with a SampleJet using the noesypr1D pulse sequence at 25 ◦C, as 
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described in [51]. The corresponding spectra were analyzed using Chenomx NMRSuite Professional v.8.5 

[52], and output as concentrations. 

3.2.8. Statistical Analysis 

Statistical analysis and plotting were performed using GraphPad Prism (v8), and R (v4.1.0) with 

the following core packages: ggplot2 (v3.3.3), phyloseq (v1.36.0), microbiome (v1.14.0), qiime2R 

(v0.99.6), car (v3.0-10), dunn.test (v1.3.5), pairwiseAdonis (v0.0.1), and DESeq2 (v1.32.0). p-values < 

0.05 were considered significant. 

Differences in iron concentration were detected among treatments with Kruskal– Wallis and 

Dunn’s tests. Differences in hemoglobin, intestinal morphology, and gene expression among treatment 

groups were detected with one-way ANOVA and Tukey’s tests. Differences in body, brain, and liver 

weight among groups in male and female YA rats were also detected with one-way ANOVA and Tukey’s 

tests. 

For the 16S rRNA amplicon sequencing library analysis, a total of 153 samples were sequenced 

from both age groups of the original 162 (90 pups and 72 YA rats) planned for collection. Two CON cecal 

samples were not collected during necropsy in error, and four samples (three from FS and one from FC) 

yielded poor quality DNA due to a small cecal sample size, leaving 84 pup samples to be sequenced (n = 

27–29/group, 3 litters/group). Three YA rats were not sequenced: one CON was not collected at 

necropsy in error, and one each from FS and FC were lost in error during DNA extraction, leaving 69 YA 

samples to be sequenced (n = 23/group, 3 litters each group). Following sequencing, four additional 

samples were excluded from microbiome analyses due to zero reads following filtering and denoising. 

These samples were from YA rats in the FC group, and for unknown reasons produced only poor-quality 

reads during sequencing that were then filtered out. 
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Alpha-diversity was assessed by rarefying at depths from 1–10,000 sequences. Three different 

metrics of alpha-diversity were estimated at each sampling depth: Faith’s Phylogenetic Diversity Index, 

Shannon’s H Index, and richness (amplicon sequence variant, ASV, count). For each alpha-diversity 

metric, sample values were calculated by taking the mean of 10 iterations at that sampling depth. 

Significant differences in each alpha-diversity metric due to treatment and among treatment groups 

were detected at each depth by Kruskal–Wallis test, and Dunn’s post-hoc test, respectively. Beta-

diversity was assessed by log-transforming ASV counts and by using principal coordinate analyses 

(PCoA’s) to evaluate three beta-diversity metrics per age group: Weighted UniFrac, Unweighted UniFrac, 

and Bray–Curtis. In each age group and for each beta-diversity metric, PERMANOVA’s were used detect 

the effects of treatment, sex, litter, and variable interactions on community heterogeneity. For each 

PERMANOVA, 10,000 randomizations were performed to test for significance. For differential phylum 

and genus abundance, ASV counts were aggregated to Phylum or Genus level, respectively, and pseudo-

counts of 1 were added to all ASV’s to remove 0 values. Differential abundance due to treatment was 

assessed at both taxonomic ranks for both ages using DESeq2 [53,54]. Pairwise results were extracted 

and plotted as log2[Fold-Change], and FDR-adjusted p-values < 0.05 were considered to be a significantly 

different change between groups. 

One cecal metabolite extract sample belonging to the pup CON group was removed due to 

excess zeros and lack of confidence in quantification using Chenomx (see metabolite methods above). 

Metabolite concentrations were converted to nmol/g wet weight by multiplying the concentration by 

the volume of buffer each was extracted into and dividing by the wet weight of the cecal content before 

extraction. Sex and litter effects were assessed separately using the multivariate approach of PCoA 

followed by PLS-DA; both methods demonstrated uninfluential overlap within the metabolome. 

Metabolites were analyzed using Kruskal-Wallis followed by Dunn’s multiple comparison test in Prism 

GraphPad v 6.0c. 
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3.3. RESULTS 

3.3.1. Effects of Postnatal Iron Supplementation on the Distal Small Intestine in Pups 

3.3.1.1. Distal Small Intestine Iron Loading 

Iron concentration was measured in the distal small intestine of ferrous sulfate (FS) iron, 

ferrous bis-glycinate chelate (FC) iron, and vehicle-control supplemented (CON) pups, where 

tissue darkening was observed in samples collected from iron-supplemented pups (Figure 1B; 

top row). Both FS and FC treatments increased tissue iron concentration in the distal small 

intestine (p < 0.01; Figure 1A), an effect independent of iron form (p = 0.26). Perls’ Prussian blue 

staining for iron in fixed distal small intestine sections confirmed mucosal iron loading (Figure 

1B; middle and bottom rows). 

3.3.1.2. Distal Small Intestine Morphology   

Previous studies have reported cytotoxic effects of iron loading in the gastrointestinal 

mucosa leading to tissue necrosis and atrophy of intestinal villi [55,56]. Despite marked iron 

loading in the distal small intestine with iron treatment, no alterations were observed in villus 

height, crypt depth, or villus height/crypt depth ratio (Figure S1). 

3.3.1.3. Distal Small Intestine Gene Expression 

In adult animals, interleukin 22 (Il22) is constitutively expressed by intestinal immune 

cells and regulates the mucosal barrier and intestinal inflammation. Pro-inflammatory signaling 

upregulates Il22, which then signals epithelial cell survival and proliferation to promote mucosal 

barrier integrity [57]. Il22 also promotes intestinal antimicrobial activity. Anti-microbial genes 

Lcn2, Reg3g, and Lyz are modulated by Il22 signaling [58–61]. A decrease in II22 mRNA 

expression in the distal small intestine was found for both iron treatment groups (p < 0.01; 
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Figure 1C). No differences in expression of Lcn2, Lyz, or Reg3g were found among treatment 

groups. 

Ferroptosis is an iron-dependent form of cell death that may be initiated in iron-loaded 

cells [62]. It is currently unclear if iron loading alone can increase ferroptotic activity in the 

various cells comprising the small intestine [63]. Gpx4 expression was elevated in the FS group 

but not in the FC group compared to CON (p < 0.01; Figure 1D). Increased Gpx4 expression in FS-

treated samples is suggestive of an antioxidant, anti-ferroptotic response. Gpx4 enzymatic 

activity mitigates damage by lipid peroxidation and is suppressed during ferroptosis [64]. No 

effect of treatment was observed in Nox4 or p22-phox, genes involved in NADPH oxidase, 

suggesting ferroptosis was not induced due to iron loading [62,65]. 

3.3.2. Effect of FS vs. FC on Cecal Microbiome in Pups 

3.3.2.1. Cecal Microbiome Diversity 

Iron supplementation reduced alpha diversity at all sampling depths >1 in all metrics (p 

< 0.0001; Figures 2 and S2); this effect was greater in the FC group (FC vs CON, p < 0.001; FC vs. 

FS, p < 0.05). Faith’s Phylogenetic Diversity (FPD, Figure 2A) and ASV count (species richness, 

Figure S2) diversity were lower in the FS group compared to CON (p < 0.01); but Shannon’s H 

Index, an alpha-diversity metric that assesses both richness and evenness, was similar between 

FS and CON (Figure S2). 

Cecal bacterial community dissimilarity (beta-diversity) effects were observed due to 

treatment and litter, but no effect of sex on beta-diversity was observed across metrics. There 

were effects of treatment on Bray Curtis and unweighted UniFrac distances (Figure S2; p < 

0.0001) as well as treatment:litter interaction (p < 0.0001). Effects of treatment:sex and 

treatment:sex:litter interactions on unweighted UniFrac distance were also found (p <0.01). 
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Pairwise analysis of Bray Curtis and unweighted UniFrac results revealed separation of iron 

treatment groups from CON (p < 0.01) and separation between iron groups (p < 0.01). No effect 

of treatment was found on weighted UniFrac distance (Figure 2B; p = 0.08). These and the 

alpha-diversity results indicate that the overall gut microbiome community was altered by iron 

treatment while specific effects depended upon litter (i.e., baseline microbiome). The 

microbiome shifts observed with this early iron treatment support that exogenous iron may be 

disruptive to early microbiome colonization. P-values from alpha- and beta-diversity analyses in 

pups are listed in Table S2.  

3.3.2.2. Cecal Microbiome Differential Abundance 

In general, relative phyla abundance was comparable to what has been reported 

previously at this developmental stage [66]. Dominant phyla included Proteobacteria and 

Firmicutes, as well as Bacteroidetes, Actinobacteria, and Verrucomicrobia (Figure 2C). Relative 

abundance of bacterial phyla was altered with iron supplementation according to iron form 

(Figure 2C-D, Figure S3). In FC-treated pups we found a 100-fold lower abundance of 

Bacteroidetes (p < 0.0001) and lower Firmicutes (p < 0.05) compared to CON; Verrucomicrobia 

were over 6-fold elevated (p < 0.001). Relative abundances of Bacteroidetes, Firmicutes, and 

Verrucomicrobia were similar between FS and CON. Conversely, Tenericutes abundance was 

elevated with FS treatment compared to CON (p < 0.0001) while it was similar between FC and 

CON.  

Loss of Bacteroidetes and Firmicutes with FC treatment suggest potential adverse 

effects on health with this form of iron. A high-fat diet or high-fat, high-sugar diet in mice can 

lower Bacteroidetes abundance and this is associated with metabolic dysfunction. Similarly, low 

fiber intake also results in decreased Bacteroidetes abundance in mice. The lower abundance of 
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Firmicutes in FC is unlikely to be beneficial to the host, as Firmicutes generate SCFA and other 

metabolites that may be beneficial to the host [67]. Statistical results of phylum differential 

abundance in pups are listed in Table S3. 

We identified 73 differentially abundant genera among CON, FS, and FC pups (Figures 3 

and S3). Iron-treated pups had a 10,000-fold lower abundance of Lactobacilli compared to CON 

pups (p < 0.0001); this effect was the largest we observed in all the 73 differentially abundant 

genera. Bifidobacteria were also less abundant in iron-treated pups (p < 0.05), as were 

Turcibacter (p < 0.0001), while Ruminococcus 2 relative abundance was elevated (p < 0.0001). 

Bacteroides were Parabacteroides were 100-fold less abundant (p < 0.0001) in FC compared to 

CON, but these were uninfluenced by FS treatment. No changes in Escherichia-Shigella 

abundance was observed among treatment groups. Abundance of Clostridium sensu stricto 1 

was increased in FS compared to CON (p < 0.0001) but was comparable between CON and FC.  

Lactobacillus and Bifidobacterium are considered beneficial, so their reduced abun-

dance with iron treatment could imply adverse health and development effects [19,21,67]. 

These results also imply that FC changes are potentially less adverse than FS-induced 

microbiome changes, since Bacteroides is reduced with FC and Clostridium is increased with FS. 

Bacteroides are associated with metabolic dysfunction and Clostridium are associated with more 

pathogenic activity [67]. Statistical results of genus differential abundance in pups are listed in 

Table S4. 

3.3.3. Effects of FS or FC on Cecal Metabolites in Pups  

A total of 25 metabolites were identified and quantified from rat pup cecal extracts. 

These metabolites included short-chain fatty acids (SCFA): acetate, butyrate, propionate, 

valerate, and isovalerate; amino acids: alanine, arginine, glutamate, glycine, isoleucine, leucine, 
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methionine, proline, and valine; organic acids: 2-oxoglutarate, 3-hydroxybutyrate, 4-

aminobutyrate, 5-aminopentanoate, formate, lactate, pyruvate, succinate; as well as methanol, 

trimethylamine (TMA), and sialic acid (Figures 4 & S4). Metabolites that differed between the 

groups were: acetate (p = 0.0002), butyrate (p = 0.002), propionate (p = 0.03), isovalerate (p = 

0.03)), succinate (p = 0.01), and TMA (p = 0.003). Interestingly, differences in metabolite 

concentrations were largely due to FS treatment, including acetate (higher in FS, p = 0.0001), 

butyrate (higher in FS, p = 0.002), propionate (higher in FS, p = 0.04), isovalerate (higher in FS, p 

= 0.02) and succinate (lower in FS, p = 0.01)). Only two metabolite concentrations differed 

between CON and FC treatment groups: acetate (higher in FC, p = 0.03), and TMA (higher in FC, 

p = 0.003) (Figure 4). Comparison of the concentrations of the remaining 19 metabolites is 

shown in Figure S4. 

3.3.4. Long-term Effects of FS vs. FC in Young Adult Rats 

3.3.4.1. Body, Brain, & Liver Weight, and Iron Status 

We measured body, liver, and brain weight in YA rats (n = 22-23/group). We also 

measured hemoglobin, liver iron concentration, and spleen iron to assess iron status. Male and 

female results were separated, then tested for treatment effects. Iron treatment did not affect 

these parameters (Table S5).  

3.3.4.2. Cecal Microbiome Diversity 

Postnatal supplementation with both iron forms modified alpha-diversity in YA rats with 

all metrics at all sampling depths > 1 (p < 0.0001; Figures 5A, S4A,C). Direction of effect 

depended on iron form; FS increased diversity compared to CON (p < 0.05), while FC decreased 

diversity (p < 0.05). 
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3.3.4.3. Cecal Microbiome Composition 

In YA rats, we observed an effect of treatment on bacterial community dissimilarity with 

all three metrics (p < 0.01; Figures 5B, S4B,D). Effects of treatment:litter interaction on Bray-

Curtis and unweighted UniFrac distances were also observed (p < 0.0001; Figures S5B,D). 

Pairwise analysis of treatment groups revealed separation of iron-treated groups from CON, and 

separation between iron groups (p < 0.05), indicating that postnatal iron supplementation and 

iron form affected YA cecal bacterial community composition. These and the alpha-diversity 

results indicate differential effects on the overall microbiome community with FS vs. FC iron 

treatment in early life. Indeed, FS and FC-treated microbiomes appeared more distinct from 

each other than from CON. This suggests different forms of iron used for supplementation in 

early life may initiate divergent adult gut microbiome phenotypes. P-values from alpha- and 

beta-diversity analyses in YA rats are listed in Table S6.  

3.3.4.4. Cecal Microbiome Differential Abundance 

A lower abundance (~10-fold) of Proteobacteria was found in YA rats that were treated 

with FS and FC (p < 0.0001; Figure 5D). Consistent with the results in pups, FC-treated YA rats 

had less Bacteroidetes than CON (p < 0.0001) and elevated Verrucomicrobia (p < 0.01); however, 

parallel changes did not occur in FS-treated rats. In YA rats, but not pups, Patescibacteria (p < 

0.05) and Cyanobacteria (p <0.01) increased in abundance in FC compared to CON, and 

Actinobacteria was decreased (p < 0.0001), while these were unchanged in the FS group. 

Unidentified organisms (p < 0.01) were decreased with FS compared to CON but were 

unaffected by FC. As in pups, the reduced abundance of Bacteroidetes due to FC treatment in 

early life may suggest adverse effects to health and metabolism [67]. However, the reduced 

Proteobacteria abundance with iron treatment may have beneficial effects, since this phylum 
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contains many pathogenic gram-negative bacteria and elevated abundance may cause dysbiosis 

[68]. Statistical results of phylum differential abundance in YA rats are listed in Table S7. 

We identified 95 differentially abundant genera among YA rat treatment groups (Figure 

6 & S6). Consistent with results in pups, iron-treated rats had more than 10,000-fold lower 

abundance of Lactobacillus compared to CON rats (p < 0.0001); the largest effect observed in all 

the 95 differentially abundant genera in YA rats. Turicibacter abundance was 1,000-fold lower in 

iron-treated rats (p < 0.0001). In iron-treated YA rats but not in pups, abundance of Escherichia-

Shigella was around 10-fold lower than CON (p < 0.0001), and this effect was similar between FS 

and FC. Also consistent with pups: Bifidobacterium abundance in FC rats was over 100-fold 

lower than CON (p < 0.0001), although it was similar between FS and CON; Bacteroides 

abundance was over 100-fold lower in FC rats compared to CON (p < 0.0001) and was 

comparable between FS and CON. The reduction of Escherichia-Shigella bacteria with early life 

iron treatment is suggestive of beneficial effects but the reduction of Lactobacillus is 

inconsistent with that notion. Reduced Bacteroides with FC treatment may be beneficial, but 

reduced Bifidobacterium is un likely to be beneficial to health [67]. Statistical results of genus 

differential abundance in YA rats are listed in Table S8. 

3.4. DISCUSSION 

Current research suggests that supplemental iron causes unfavorable changes to the infant gut 

microbiota [8,19], which may explain how iron can adversely affect infant health [11,17,69], growth 

[11,12], and development [14,15,70–72]. Few studies have examined the effects of iron on the 

microbiota of healthy, term infants, despite evidence that iron- replete infants may experience more 

adverse effects of exogenous iron [11,12,14,17,69,73]. It has been unclear if iron effects on the 

microbiota persist beyond weaning, or whether the iron form influences such outcomes. We gave pre-
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weanling Sprague-Dawley rats either FS or FC iron (10 mg iron/kg body weight per day; representative of 

formula iron intake), or a vehicle control (CON) to model the outcomes of iron supplementation in 

healthy infants [39]. Iron treatment altered the pre-weanling microbiome and its associated 

metabolites, and long-term microbiome effects in adult animals were also observed. Micro- biome 

alterations depended upon the form of iron—FS or FC. These findings will generate hypotheses 

regarding how iron can disrupt health and development in infants. 

A recent systematic review concluded that iron supplementation can cause diarrhea in infants—

the authors indicated this phenotype may be a direct effect of iron toxicity on host cells or alternatively 

due to deleterious alterations in the microbiota [18]. To our knowledge, we are the first to report 

outcomes of iron supplementation in early life on distal small intestine morphology (Figure S1) and 

ferroptosis (Figure 1D), where iron was provided at physiologically appropriate levels. We did not 

observe signs of intestinal necrosis or mucosal atrophy in iron-treated pups, despite marked iron loading 

(Figure 1A,B). This iron loading, combined with the absence of mucosal atrophy, may suggest that the 

distal small intestine exhibits additional resistance to iron excess. Because we did not report on diarrhea 

or intestinal iron absorption activity, more experiments are required to understand the role of distal 

small intestine iron loading on the health and morbidity outcomes of iron supplementation. Our results 

suggest that, in specific pathogen free rats, iron supplementation at physiological levels does not induce 

direct cytotoxic effects on the intestine. It is therefore likely that alterations in the gut microbiota may 

be mediating adverse gastrointestinal outcomes of iron. Future work may assess how baseline 

microbiome and pathogen burden impact the risk of diarrhea following iron supplementation. 

In our study (Figure 2), iron supplementation was found to alter the pre-weanling gut 

microbiome, including significant heterogeneity of the microbiome communities (beta-diversity) and 

significantly lower species richness (alpha-diversity). Additionally, microbiome effects were found in 

adult rats that received iron from PD 2 up to weaning (Figure 5), despite adherence to normal rat chow 
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for ~six weeks prior to sample collection—a timeframe spanning the sexual maturation of the animal. 

Adult animals treated with FC prior to weaning had microbiomes that were distinct from FS-treated 

animals. Our results confirm previous reports that iron supplementation alters the gut microbiota 

[10,30,31,74]. The findings in adult animals suggest lasting effects of early-life iron supplementation; 

however, a longitudinal study is necessary to determine the influence of age and weaning on the 

persistence of microbiome alterations from early-life iron provision. The changes in bacterial abundance 

at the phylum and genus levels at both ages imply potential adverse effects to health [67]. The 

differential effects of FS and FC on gut bacterial abundance align with recent evidence that the form of 

iron is relevant when considering health outcomes of iron provision [75,76]. 

The gut microbiota can be easily disturbed in early life before the community stabilizes into an 

adult-like composition, at around 2–3 years of age [22,24,77]. Breastfeeding provides key probiotics and 

prebiotics for the developing gut, and a growing number of studies suggest long-term health disparities 

caused by formula-feeding may be attributed to the disruption of early gut microbiota [21,23,78,79]. 

The typical infant formula provides approximately twenty-fold more iron than breast milk [80]. Early 

introduction of formula or weaning foods—often fortified with FS iron—disrupts the natural temporal 

development of the gut microbiota, which has negative implications for infant health and development 

[23,77,78]. Host-microbe interactions between humans (or other mammals) and milk-associated 

microbes Bifidobacterium or Lactobacillus typically protect health and guide development [27,81–83]. 

Bifidobacteria predominate in the breast-fed infant gut, gradually subsiding as gut communities become 

more diverse upon introduction of complementary foods [21,22,27,77]. Lactobacilli predominance in 

nursing rat pups is thought to be symbiotic and supported by rat milk [82,84,85], and much like 

Bifidobacteria in humans, relative abundance is reduced at weaning [84]. Although various effects of 

iron provision were observed, the greatest effect was a reduction of Lactobacilli in both pre- weanling 

and YA rats (Figures 3 and 6). Moreover, we also observed lower Bifidobacterium and enriched 
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Ruminococcus genera due to iron. These results reflect previous microbiome outcomes in controlled 

iron studies [10,29,31,74], as well as the effects of formula on the gut microbiota [51,79]. It remains 

plausible that iron supplementation causes adverse health effects in infants by precluding symbiotic, 

milk-associated microbes in the developing gut. Considering the difference in iron content between 

iron-fortified formula [80] and human [84,86] or rat milk [87] and the similar effects of iron and iron-

fortified formula on the microbiome [19,79], future studies should define the role of iron in formula-

induced changes in the gut microbiota. 

Various constituents of foodstuffs in the gut lumen are metabolized by the microbiota, forming 

a complex metabolic network that contributes to the metabolism of the host. Microbial-derived 

metabolites are essential for proper development of immunity and cognitive functions, as well as for 

healthy metabolic function [34,37,88,89]. In agreement with the changes to microbial taxa and with 

previous iron-metabolite studies [90], we found that iron increased cecal concentrations of acetate, 

butyrate, and propionate (Figure 4)—all three of these SCFAs have important roles in host-microbe 

interactions. Microbial-derived butyrate, produced by Clostridia, is essential for Treg cell differentiation 

in the colon and protects against colitis [88]. Butyrate and propionate derived from soluble fiber 

improve metabolic function in a gut-brain communication loop [89]. Conversely, microbial acetate 

elevated in the context of a high-fat diet promotes metabolic syndrome by activating the 

parasympathetic nervous system to stimulate ghrelin and insulin secretion [38]. However, acetate 

produced by Bifidobacteria protected mice from enterotoxic E. coli [34]. Our results that oral iron 

increases SCFA production indicate several possible host-microbe crosstalk mechanisms by which iron 

supplementation affects development. 

It is crucial to note that cecal metabolites following iron supplementation depended on iron 

form. Although both iron forms increased cecal acetate, only FS increased butyrate, propionate, and 

isovalerate (a branched SCFA), and only FC increased TMA, a metabolite that is associated with 
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cardiovascular health. These differences reflect delineating alterations in microbial taxonomy between 

iron treatments. Compared to CON, the relative abundance of the butyrate-producer Ruminococcus was 

higher in the FS group, consistent with the elevation of butyrate in the FC group. Conversely, other 

producers of SCFAs (e.g., Akkermansia) were higher after FC treatment, which generated acetate, not 

butyrate or propionate. Moreover, levels of Firmicutes, known producers of TMA [91,92], were lower, 

but TMA was elevated in the FC group compared to CON. Iron serves as a cofactor for numerous 

metabolic reactions in both humans and microorganisms. Therefore, these metabolite differences may 

be reflective of both microbial and host metabolic function, as modulated via iron availability. 

It is unclear how FC and FS exert differential effects, but it is possible that these iron forms are 

absorbed and metabolized by bacteria with different efficiencies. Consistent with our study, differences 

in microbiome composition were found previously between FS and FC iron groups; luminal iron levels 

were elevated but comparable between iron groups, challenging the idea that microbiome differences 

between forms arose from differences in iron availability [76]. In our study, differential effects of FS and 

FC on alpha-diversity were found in YA rats. A recent study in adult mice found that microbiome 

Shannon diversity effects differed according to iron form—FS or Sucrosomial® iron—but observed that 

species richness increased similarly. A reduction in Lactobacillaceae was observed only in Sucrosomial® 

iron-treated mice [75]. 

Exactly how iron supplementation alters the gut microbiota is also unclear. Previous 

experiments have shown that oral iron increases iron availability in the gastrointestinal lumen, and this 

may have direct or indirect effects on the gut microbiota. Certain bacteria, such as Lactobacillus, do not 

require iron, and this provides a competitive advantage in low-iron environments, while others, such as 

E. coli, gain an ecological niche in high-iron conditions [93,94]. The aforementioned study also reported 

that increasing dietary iron in adult mice increased luminal iron, shifted microbial communities and 

metabolism, and reduced the abundance of Lactobacillus [76]. Likewise, our data support the idea that 
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Lactobacillus, which does not require iron for growth, is sensitive to exogenous iron in the pre-weanling 

gut. 

Iron may affect the gut microbial community indirectly by affecting distal small intestine gene 

expression: Il22, a major regulator of mucosal immunity [57], was suppressed in iron-treated intestine 

(Figure 1C). To our knowledge, no studies have measured intestinal Il22 regulation in nursing rats 

treated with oral iron. It is possible that distal intestine iron loading may have altered the microbiota by 

causing a shift in mucosal immunity and antimicrobial activity [57,60]. Another possibility is that the 

change in Il22 expression was mediated by microbes, suggesting that iron affects host immunity by 

altering the gut microbiota. Lactobacillus bacteria upregulate Il22 in the intestine [35,36,95]; therefore, 

iron may cause lower intestinal Il22 expression by reducing the abundance of Lactobacilli in the distal 

intestine. In the small intestine, Il22 expression increases rapidly with weaning and is relatively low 

during the pre-weaning period compared to adult expression [96]. The functional impact of iron 

suppressing Il22 expression in the intestine during this developmental period remains unclear. 

Our pre-weanling rat supplementation model has several strengths that increase relevance to 

human infant nutrition. Our dose is well within the physiological range and was specifically designed to 

represent the average iron intake from iron formula in a healthy, term infant [39]. Similar to human 

infants [28], iron absorption in rat pups is unregulated during early infancy [97], but it becomes 

regulated in late infancy. Further, the mechanisms regulating iron absorption during early life are similar 

in humans and in rat pups [98]. The rat litters were culled to control for growth and separated by 

treatment to avoid coprophagic iron/microbiota transfer. We used a moderate sample size of outbred 

rats—at least three litters for each treatment, allowing for assessment of litter and sex variables. There 

are also several strengths inherent to our microbiome assessment methods compared to previous 

studies in this area. We identified amplicon sequence variants as opposed to operational taxonomic 

units, allowing for more precise and reproducible identification of microbes [99]. Additionally, while 
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several prior studies measured differential abundance based on hand-selected taxa, we characterized all 

differentially abundant taxa associated with iron treatment. A key limitation of our study is that we did 

not perform longitudinal measurements of the microbiome, which will be necessary to confirm 

microbiome changes in adulthood that are contributable to iron supplementation in early life. 

3.5. CONCLUSIONS 

Our results support prior work demonstrating that postnatal iron supplementation alters gut 

microbiota development. Our study demonstrates that microbiome changes due to iron 

supplementation in pre-weanling rats depend on the form of supplemental iron, and shows that iron 

supplementation in early life results in long-term alterations in the microbiome of adult rats. The 

functional consequences of these gut microbiome changes remain to be elucidated. 
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FIGURES 

 
Figure 1. Postnatal iron supplementation with ferrous sulfate (FS) or ferrous bis-glycinate (Ferrochel ®; FC) 
leads to iron loading in the distal intestine and altered intestinal gene expression in pre-weanling rats. (A) 
Iron concentration in distal small intestine tissue (n = 7/group, 2 litters/group) collected from rat pups at 
PD 15 following 13 days of daily iron supplementation with FS or FC, or vehicle control (CON), assessed by 
atomic absorption spectrometry. Biological replicates are shown as individual data points with mean ± 
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SEM. Differences in iron concentration among groups were detected with a Kruskal–Wallis test and Wilcox 
pairwise test. (B) Top row: distal small intestine samples exhibiting darkening effect of iron 
supplementation. Middle and bottom row: 10× (scale = 500 µm) and 20× (scale = 200 µm) objective 
microscope images of distal small intestine sections stained for iron with Perls’ Prussian blue staining 
(representative samples; n = 6/group, 3 litters/group). (C) mRNA expression of genes involved in 
regulation of mucosal immunity, quantified by real-time PCR (n = 5–8/group, 2 litters/group). (D) mRNA 
expression of genes involved in regulation of ferroptosis, an iron overload-dependent form of cell death. 
Gene expression values are shown as mean fold-change ± SEM. mRNA expression was normalized to Actb, 
and differences were detected among groups by one-way ANOVA and Tukey’s multiple comparisons. p-
value summary: *, p < 0.05; **, p < 0.01. 
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Figure 2. Alterations in the cecal microbiome depend on iron form. (A) Alpha-diversity rarefaction plot 
depicting Faith’s Phylogenetic Diversity (FPD) Index by treatment group and sampling depth, shown as 
mean ± SEM (n = 20–29/(group × sampling depth), 3 litters/group). Iron treatments decreased FPD; this 
was true for all sampling depths >1, with the largest effect upon FC treatment (p < 0.05). (B) Principal 
coordinate axes 1 and 2 from Principal Coordinate Analysis (PCoA) of Weighted UniFrac distances in pups 
(n = 27–29/group, 3 litters/group) following FS or FC supplementation; no separation due to treatment 
group detected (p = 0.08). (C) Relative abundance of phyla (%) by treatment group; each column 
represents an individual pup (n = 25–26/group, 3 litters/group). (D) Differential phyla abundance, 
represented as log2[Fold Change] from CON for each iron treatment group (n = 27–29/group, 3 
litters/group); phyla are ordered by magnitude of change and bars are labeled with color according to iron 
treatment group. Repeated Kruskal–Wallis tests with Dunn’s multiple comparisons were used to test for 
differences in FPD among groups at each sampling depth. A PERMANOVA test was applied to detect 
microbiome compositional dissimilarity among treatment groups, using a nested model; litter was nested 
within treatment. Additional alpha- and beta-diversity metrics from this age group are included in Figure 
S2, and p-values for diversity analyses in pups are listed in Table S2. Differential abundance of phyla was 
assessed with DESeq2, and FDR-adjusted p-values <0.05 from pairwise comparisons were considered 
significant. p-values from the pairwise phyla differential abundance results are provided in Table S3. p-
value summary: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 3. Differentially abundant genera due to iron form (n = 27–29/group, 3 litters/group). Differentially 
abundant genera are represented as log2[Fold Change] from CON for each iron group. Genera are ordered 
by magnitude of change. Differential abundance was assessed with DESeq2, and FDR-adjusted p-values < 
0.05 were considered significant. All significant results are shown in the plot, and their adjusted p-values 
are listed in Table S4. 
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Figure 4. Cecal metabolite differences due to iron form. Metabolites were analyzed by Kruskal–Wallis with 
Dunn’s multiple comparisons. All metabolites shown are significant by Kruskal–Wallis. Median, and 
interquartile range of concentrations are indicated (n = 27–29/group, 3 litters/group). p-value summary: 
*, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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Figure 5. Cecal microbiome effects in young adult (YA) rats supplemented with FS or FC during the pre-
weaning period. (A) Alpha-diversity rarefaction plot depicting Faith’s Phylogenetic Diversity (FPD) Index 
by treatment group and sampling depth, shown as mean ± SEM (n = 12–23/(group × sampling depth), 4 
litters/group). Postnatal FS treatment increased YA rat cecal microbiome FPD, while FC decreased FPD 
compared to CON across all sampling depths >1 (p < 0.05). (B) Principal Coordinate Analysis (PCoA) of 
Weighted UniFrac distances in YA rats (n = 19–23/group, 4 litters/group), depicting separation due to 
treatment group (p < 0.01) (C) Relative abundance of phyla (%) by treatment group; each column 
represents an individual animal (n = 19–23/group, 4 litters/group). (D) Differential phyla abundance, 
represented as log2[Fold Change] from CON for each iron group (n = 19–23/group, 4 litters/group); phyla 
are ordered by magnitude of change and bars are labeled with color according to iron group. Repeated 
Kruskal–Wallis tests with Dunn’s multiple comparisons were used to test for differences in FPD among 
groups at each sampling depth. Weighted UniFrac PCoA results were applied to a PERMANOVA test. 
Additional alpha- and beta-diversity metrics for YA rats are included in Figure S2. p-values for YA diversity 
analyses are listed in Table S6. Differential abundance of phyla was assessed with DESeq2, and FDR-
adjusted p-values <0.05 from pairwise comparisons were considered significant. p-values from the 
pairwise phyla differential abundance results are provided in Table S6. p-value summary: *, p < 0.05; **, 
p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 6. Differentially abundant genera in young adult (YA) rats due to iron form (n = 19–23/group, 4 
litters/group). Differentially abundant genera are represented as log2[Fold Change] from CON for each 
iron group. Genera are ordered by magnitude of change. Differential abundance was assessed with 
DESeq2, and FDR-adjusted p-values < 0.05 were considered significant. All significant comparison results 
are shown in the plot, and their adjusted p-values are listed in Table S8. 
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SUPPLEMENTARY FIGURES & TABLES 

 

Supplementary Figure 1. Ileal morphology following FS or FC supplementation at PD 15. Ileal 
morphology was assessed in fixed, H&E-stained sections (n = 6/group, 3 litters/group). Mean A) villus 
height and B) crypt depth were calculated from 10 technical replicate measurements per 
sample/biological replicate. C) A ratio of villus height/crypt depth is also included. 
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Supplementary Figure 2. Additional alpha-diversity & beta-diversity measures at PD 15. A) Alpha-diversity 
rarefaction plot depicting Shannon diversity by treatment group and sampling depth (n = 20-29/(group x 
sampling depth), n = 3 litters/group). Shannon index was decreased in both FS and FC groups compared 
to the CON at all sampling depths > 1.  B) Principal coordinate analysis of Bray-Curtis distances, labeled by 
treatment group: all groups were dissimilar from each other by PERMANOVA (n = 27-29/group, 3 
litters/group). C) Alpha-diversity rarefaction plot depicting Amplicon Sequence Variant (ASV) count (i.e., 
richness) by treatment group and sampling depth (n = 20-29/(group x sampling depth), n = 3 litters/group). 
ASV count decreased in both iron groups compared to the CON at all sampling depths > 1. D) Principal 
coordinate analysis of unweighted UniFrac distances, labeled by treatment group: all groups were 
dissimilar from each other by PERMANOVA (n = 27-29/group, 3 litters/group). Repeated Kruskal-Wallis 
tests with Dunn’s multiple comparisons were used to test for differences in Shannon and ASV count 
among groups at each sampling depth. A PERMANOVA test was applied to detect microbiome 
compositional dissimilarity among treatment groups, using a nested model, with litter nested within 
treatment factor to account for litter effects. 
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Supplementary Figure 3. Differential abundance of cecal bacteria at the phylum (left) and genus level 
(right) in FC vs. FS treated pups at PD 15. All genera plotted are significantly different between iron groups. 
Differential abundance was determined using DESeq2 and FDR-adjusted p-values < 0.05 from pairwise 
group comparisons were considered significant. P-values are listed in Tables S3-4. 
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Supplementary Figure 4. Cecal metabolites detected in pups that were not affected by iron treatment or 
iron form. Metabolites were analyzed by Kruskal-Wallis followed by Dunn’s multiple comparison testing. 
All metabolites shown are significant by Kruskal-Wallis. Median and interquartile range of concentrations 
are indicated (n = 27-29/group, 3 litters/group). 
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Supplementary Figure 5. Additional alpha-diversity & beta-diversity measures in YA rats. A) 
Alpha-diversity rarefaction plot depicting Shannon diversity by treatment group and sampling 
depth (n = 12-23/(group x sampling depth), 4 litters/group). Shannon index was increased in the 
FS group and decreased in the FC group compared to the CON at all sampling depths > 1. B) 
Principal coordinate analysis of Bray-Curtis distances, labeled by treatment group: all groups were 
dissimilar from each other by PERMANOVA (n = 19-23/group, 4 litters/group). C) Alpha-diversity 
rarefaction plot depicting Amplicon Sequence Variant (ASV) count (i.e., richness) by treatment 
group and sampling depth (n = 12-23/(group x sampling depth), 4 litters/group). ASV count was 
increased in the FS group and decreased in the FC group compared to the CON at all sampling 
depths > 1. D) Principal coordinate analysis of unweighted UniFrac distances, labeled by 
treatment group: all groups were dissimilar from each other by PERMANOVA (n = 19-23/group, 
4 litters/group). Repeated Kruskal-Wallis tests with Dunn’s multiple comparisons were used to 
test for differences in Shannon and ASV count among groups at each sampling depth. A 
PERMANOVA test was applied to detect microbiome compositional dissimilarity among treatment 
groups, using a nested model, with litter nested within treatment factor to account for litter effects.  
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Supplementary Figure 6. Differential abundance of cecal bacteria at the phylum (left) and genus level 
(right) in YA rats postnatally supplemented with FC vs. FS. All genera plotted are significantly different 
between iron groups. Differential abundance was determined using DESeq2 and FDR-adjusted p-values < 
0.05 from pairwise group comparisons were considered significant. P-values are listed in Tables S7-8. 
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Supplementary Table 1. Primer sequences for real-time PCR and 16s rRNA library construction. 

Gene Primer Sequence 
Actb Forward1 5’-GAAATCGTGCGTGACATTAAAGAG -3 
Actb Reverse1 5’-GCGGCAGTGGCCATCTC-3’ 
Il-22 Forward 5’- ATGCTCTGCCCATCAACTC -3’ 
Il-22 Reverse 5’- GCAGAACATCTTCAAGGGTG - 3’ 
Lcn2 Forward 5'-CAGAAAGAAAGACAAAGCCG-3' 
Lcn2 Reverse 5'-TGGCAAACTGGTCGTAGTC-3' 
Lyz Forward 5ʹ-AGGAATGGGATGTCTGGCTAC-3ʹ 
Lyz Reverse 5ʹ-GGTATCCCACAGGCGTTCTT-3ʹ 
Reg3g Forward 5'-ATGCCAAGGAAGATGTGCCCAC-3'  
Reg3g Reverse 5'-AATCAAGGAGGACACAAAGG-3' 
Gpx4 Forward2 5`-CAGCAAGATCTGTGTAAATGGGG- 3` 
Gpx4 Reverse2 5`-CTTGGTGAAGTTCCATTTGATGG- 3` 
Nox4 Forward3 5ʹ-GTGAACGCCCTGAACTTCTC-3ʹ 
Nox4 Reverse3 5ʹ-TTCTGGGATCCTCATTCTGG-3ʹ  
p22phox Forward3 5ʹ-TGTTGCAGGAGTGCTCATCTGTCT-3ʹ 
p22phox Reverse3 5ʹ-AGGACAGCCCGGACGTAGTAATTT-3ʹ 

16s rRNA V4 
Forward# 

5’-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTN
NNNNNNN*GTGTGCCAGCMGCCGCGGTAA-3’ 

16s rRNA V4 
Reverse# 

5’-
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGA
TCTCCGGACTACHVGGGTWTCTAAT-3’ 

#Full primer sequence with Illumina adaptor sequencing primer, barcode (forward only), linker, and PCR primer; 
*8-Nucleotide Barcode 

1 Li, Y.; Yu, P.; Chang, S.-Y.; Wu, Q.; Yu, P.; Xie, C.; Wu, W.; Zhao, B.; Gao, G.; Chang, Y.-Z. Hypobaric Hypoxia 
Regulates Brain Iron Homeostasis in Rats. J. Cell. Biochem. 2017, 118, 1596–1605. 
https://doi.org/10.1002/jcb.25822. 

2 Sukhanova, I.A.; Sebentsova, E.A.; Khukhareva, D.D.; Manchenko, D.M.; Glazova, N.Y.; Vishnyakova, P.A.; 
Inozemtzeva, L.S.; Dolotov, O.V.; Vyokikh, M.Y.; Levitskaya, N.G. Gender-Dependent Changes in Physical 
Development, BDNF Content and GSH Redox System in a Model of Acute Neonatal Hypoxia in Rats, Behavioural 
Brain Research, 2018, 350, 87-98. https://doi.org/10.1016/j.bbr.2018.05.008. 

3 Cavdar, Z.; Oktan, M.A.; Ural, C.; Calisir, M.; Kocak, A.; Heybeli, C.; Yildiz, S.; Arici A.; Ellidokuz, H.; Celik, A.; Yilmaz, 
O.; Sarioglu, S.; Cavdar, C. Renoprotective Effects of Alpha Lipoic Acid on Iron Overload-Induced Kidney Injury in 
Rats by Suppressing NADPH Oxidase 4 and p38 MAPK Signaling. Biol Trace Elem Res 193, 483–493 (2020). 
https://doi.org/10.1007/s12011-019-01733-3. 
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Supplementary Table 2. P-values from diversity statistical analyses at PD 15.  

1Faith’s Phylogenetic Diversity. 2Kruskal-Wallis test for treatment effect. 3Dunn’s pairwise group comparisons. 
4Shannon’s Diversity. 5Amplicon Sequence Variant count (richness). 6Permutational analysis of variance 
(PERMANOVA) 

Alpha-Diversity Metric 
(Sampling Depth) P-Value 

Faith’s PD1 Treatment2 FS vs. CON3 FC vs. CON3 FC vs. FS3 

(1) 0.1108 0.0347 0.0346 0.4871 
(1112) <0.0001 0.0013 <0.0001 0.0075 
(2223) <0.0001 0.0028 <0.0001 0.0058 
(3334) <0.0001 0.0011 <0.0001 0.0059 
(4445) <0.0001 <0.0001 <0.0001 0.0078 
(5556) <0.0001 0.0006 <0.0001 0.0126 
(6667) <0.0001 0.0007 <0.0001 0.0123 
(7778) <0.0001 0.0006 <0.0001 0.0144 
(8889) <0.0001 0.0005 <0.0001 0.0169 

(10,000) <0.0001 0.0011 <0.0001 0.0104 
Shannon4 Treatment2 FS vs. CON3 FC vs. CON3 FC vs. FS3 

(1) NA 

(1112) <0.0001 0.0507 <0.0001 0.0001 
(2223) <0.0001 0.0966 <0.0001 <0.0001 
(3334) <0.0001 0.0741 <0.0001 0.0001 
(4445) <0.0001 0.0782 <0.0001 0.0001 
(5556) <0.0001 0.0762 <0.0001 0.0001 
(6667) <0.0001 0.0741 <0.0001 0.0001 
(7778) <0.0001 0.0670 <0.0001 0.0001 
(8889) <0.0001 0.0672 <0.0001 0.0001 

(10,000) <0.0001 0.0702 <0.0001 0.0001 
ASVs5 Treatment2 FS vs. CON3 FC vs. CON3 FC vs. FS3 

(1) NA 
(1112) <0.0001 0.0036 <0.0001 0.0041 
(2223) <0.0001 0.0049 <0.0001 0.0038 
(3334) <0.0001 0.0013 <0.0001 0.0056 
(4445) <0.0001 0.0012 <0.0001 0.0084 
(5556) <0.0001 0.0012 <0.0001 0.0118 
(6667) <0.0001 0.0012 <0.0001 0.0133 
(7778) <0.0001 0.0013 <0.0001 0.0128 
(8889) <0.0001 0.0010 <0.0001 0.0150 

(10,000) <0.0001 0.0021 <0.0001 0.0109 

 P-Value6 

Beta-Diversity Metric Treatment Sex Treatment: 
Litter 

Treatment: 
Sex 

Treatment: 
Sex:Litter 

Weighted UniFrac 0.0806 0.9027 0.4188 0.4792 0.1542 
Unweighted UniFrac <0.0001 0.1910 <0.0001 0.0094 <0.0001 

Bray-Curtis <0.0001 0.1643 <0.0001 0.0631 0.0762 
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Supplementary Table 3. Phylum differential abundance group comparisons at PD15. 

Phylum Comparison baseMean log2FoldChange padj 
Actinobacteria FS_vs_CON 703.827659 0.28597037 0.58918018 
Bacteroidetes FS_vs_CON 2635.15429 -0.6223581 0.34548905 
Cyanobacteria FS_vs_CON 1.71118619 0.45257065 0.33812189 
Deferribacteres FS_vs_CON 1.79451952 0.81560873 0.13738362 
Firmicutes FS_vs_CON 8568.86702 -0.2698228 0.5888096 
Patescibacteria FS_vs_CON 1.71118619 0.45257065 0.33812189 
Proteobacteria FS_vs_CON 20396.4905 -0.4459152 0.33812189 
Tenericutes FS_vs_CON 2.81411863 2.49124336 2.44E-06 
Verrucomicrobia FS_vs_CON 1195.09706 1.41225889 0.11346409 
Unknown FS_vs_CON 1.73555216 0.48361737 0.33812189 
Actinobacteria FC_vs_CON 703.827659 -0.4331528 0.45001362 
Bacteroidetes FC_vs_CON 2635.15429 -6.1216826 1.58E-26 
Cyanobacteria FC_vs_CON 1.71118619 0.53769121 0.22095926 
Deferribacteres FC_vs_CON 1.79451952 0.54169409 0.23724916 
Firmicutes FC_vs_CON 8568.86702 -1.123884 0.02578339 
Patescibacteria FC_vs_CON 1.71118619 0.53769121 0.22095926 
Proteobacteria FC_vs_CON 20396.4905 0.24616001 0.5060345 
Tenericutes FC_vs_CON 2.81411863 0.76021629 0.22095926 
Verrucomicrobia FC_vs_CON 1195.09706 2.47551078 0.00023836 
Unknown FC_vs_CON 1.73555216 0.66777386 0.22095926 
Actinobacteria FC_vs_FS 703.827659 -0.7191231 0.28484582 
Bacteroidetes FC_vs_FS 2635.15429 -5.4993245 3.85E-21 
Cyanobacteria FC_vs_FS 1.71118619 0.08512055 0.81817107 
Deferribacteres FC_vs_FS 1.79451952 -0.2739146 0.69203079 
Firmicutes FC_vs_FS 8568.86702 -0.8540612 0.14984137 
Patescibacteria FC_vs_FS 1.71118619 0.08512055 0.81817107 
Proteobacteria FC_vs_FS 20396.4905 0.69207522 0.15996684 
Tenericutes FC_vs_FS 2.81411863 -1.7310271 0.00105402 
Verrucomicrobia FC_vs_FS 1195.09706 1.06325189 0.16710452 
Unknown FC_vs_FS 1.73555216 0.18415649 0.79143125 
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Supplementary Table 4. Genus differential abundance group comparisons at PD15. 

Genus Comparison baseMean log2FoldChange padj 
Lactobacillus FC_vs_CON 943.343916 -11.2054027 5.91E-53 
Lactobacillus FS_vs_CON 943.343916 -11.23517868 4.23E-51 
Corynebacterium 1 FC_vs_CON 31.0486927 -6.257605456 4.13E-36 
Corynebacterium 1 FS_vs_CON 31.0486927 -6.147020256 3.04E-34 
Alistipes FC_vs_CON 87.7495671 -7.351784331 3.77E-29 
Roseburia FC_vs_CON 843.041103 -6.810033651 3.77E-29 
Ruminiclostridium 9 FC_vs_CON 137.932944 -7.068756355 4.41E-29 
Roseburia FC_vs_FS 843.041103 -6.918374768 4.81E-29 
Ruminiclostridium 9 FC_vs_FS 137.932944 -7.145837222 7.57E-29 
Lachnoclostridium FC_vs_CON 129.069791 -6.763864109 5.03E-28 
uncultured Barnesiella sp. FC_vs_CON 209.180772 -8.26164139 8.59E-28 
Bacteroides FC_vs_CON 691.280665 -6.90262688 2.49E-27 
uncultured bacterium FC_vs_CON 194.772508 -6.487304064 2.92E-26 
Butyrivibrio FC_vs_CON 28.5753277 -6.129347333 4.94E-26 
Lachnoclostridium FC_vs_FS 129.069791 -6.489045554 4.26E-25 
Prevotellaceae UCG−001 FC_vs_CON 21.1685806 -5.41264579 4.84E-25 
GCA−900066575 FC_vs_FS 53.9507492 -6.202951435 7.53E-25 
Butyrivibrio FS_vs_CON 28.5753277 -6.160081634 1.15E-24 
uncultured Barnesiella sp. FC_vs_FS 209.180772 -7.806397155 2.58E-24 
GCA-900066575 FC_vs_CON 53.9507492 -5.997231736 4.64E-24 
A2 FC_vs_CON 20.1290152 -5.585794341 1.14E-22 
Parabacteroides FC_vs_FS 2137.90368 -6.018782706 3.01E-21 
Blautia FC_vs_CON 1069.40878 -6.560698938 3.17E-21 
Enterococcus FS_vs_CON 16.4559886 -5.283282694 2.00E-20 
Parabacteroides FC_vs_CON 2137.90368 -5.676176076 1.07E-19 
uncultured FC_vs_CON 394.333165 -5.389424988 1.07E-19 
Blautia FC_vs_FS 1069.40878 -6.32235754 4.15E-19 
Bifidobacterium FC_vs_CON 37.1723205 -6.093653026 1.18E-18 
Ruminococcaceae UCG−004 FC_vs_FS 74.2474539 -5.956391187 1.52E-18 
Dorea FC_vs_FS 20.2595329 -5.400013303 2.36E-18 
Ruminococcaceae UCG−004 FC_vs_CON 74.2474539 -5.779379862 4.00E-18 
Ruminiclostridium 5 FC_vs_CON 88.7515121 -4.804650556 4.94E-18 
Bacteroides FC_vs_FS 691.280665 -5.575954943 9.17E-18 
Ruminococcus 2 FS_vs_CON 321.495762 6.504726938 9.99E-18 
A2 FS_vs_CON 20.1290152 -4.769059001 1.82E-17 
Alistipes FS_vs_CON 87.7495671 -5.391805283 4.24E-17 
uncultured FC_vs_FS 394.333165 -5.047944312 6.71E-17 
Ruminococcaceae NK4A214 
group 

FC_vs_FS 27.6491415 -5.153268129 5.71E-16 

Lachnospiraceae FCS020 group FC_vs_FS 21.8107195 -4.577687561 6.76E-16 
Prevotellaceae NK3B31 group FC_vs_CON 5.99282075 -3.713898082 7.36E-16 
Lachnospiraceae FCS020 group FC_vs_CON 21.8107195 -4.388253466 4.44E-15 
Enterococcus FC_vs_CON 16.4559886 -3.976861459 6.37E-15 
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Lachnospiraceae UCG−001 FC_vs_CON 6.94437535 -3.909293473 2.04E-14 
Prevotellaceae NK3B31 group FS_vs_CON 5.99282075 -3.602050531 2.20E-14 
Acetatifactor FC_vs_FS 14.0277087 -4.818296549 2.77E-14 
Butyricicoccus FC_vs_FS 11.4562801 -4.418002071 5.03E-14 
Ruminococcaceae NK4A214 
group 

FC_vs_CON 27.6491415 -4.726550258 5.15E-14 

Tyzzerella 4 FC_vs_FS 16.0396134 -4.892159519 1.02E-12 
Lachnospiraceae UCG−006 FC_vs_FS 10.5895424 -3.990325886 1.78E-12 
[Eubacterium] xylanophilum 
group 

FC_vs_CON 10.361042 -3.72527298 4.28E-12 

[Eubacterium] xylanophilum 
group 

FC_vs_FS 10.361042 -3.638566341 3.06E-11 

uncultured bacterium FC_vs_FS 194.772508 -4.152684958 3.93E-11 
Lachnospiraceae UCG−004 FC_vs_FS 7.67180536 -3.789248869 4.70E-11 
Bifidobacterium FC_vs_FS 37.1723205 -4.636273134 5.75E-11 
Lachnospiraceae UCG−001 FS_vs_CON 6.94437535 -3.253299492 1.57E-10 
Ruminiclostridium 6 FS_vs_CON 4.11142561 3.329217364 1.98E-10 
Eisenbergiella FC_vs_CON 7.9919944 -3.657999786 3.22E-10 
Prevotellaceae UCG−001 FC_vs_FS 21.1685806 -3.369521952 5.56E-10 
Marvinbryantia FC_vs_CON 20.4290374 -3.698506609 5.58E-10 
uncultured FC_vs_CON 228.601474 -3.684153644 8.09E-10 
Streptococcus FS_vs_CON 91.7217949 -3.881505602 1.14E-09 
Lachnospiraceae UCG−006 FC_vs_CON 10.5895424 -3.38531779 1.82E-09 
Dubosiella FC_vs_CON 22.0619511 3.102949782 2.06E-09 
Ruminiclostridium 6 FC_vs_FS 4.11142561 -2.912986946 6.11E-09 
uncultured Bacteroidales 
bacterium 

FC_vs_CON 10.861042 -3.723859161 8.01E-09 

uncultured Bacteroidales 
bacterium 

FC_vs_FS 10.861042 -3.765574934 9.37E-09 

uncultured FC_vs_FS 228.601474 -3.498998978 9.80E-09 
Harryflintia FS_vs_CON 7.34161842 2.959963163 1.06E-08 
Marvinbryantia FS_vs_CON 20.4290374 -3.439243111 3.24E-08 
Ruminiclostridium 5 FC_vs_FS 88.7515121 -3.119114705 5.66E-08 
Ruminococcus 2 FC_vs_CON 321.495762 4.021804891 7.05E-08 
Dorea FC_vs_CON 20.2595329 -3.218620782 2.62E-07 
Christensenellaceae R−7 group FC_vs_FS 18.8476462 2.841349044 4.49E-07 
Tyzzerella 4 FC_vs_CON 16.0396134 -3.413027173 7.57E-07 
Allobaculum FC_vs_FS 54.1839724 3.531318175 1.27E-06 
Butyricicoccus FC_vs_CON 11.4562801 -2.869376308 1.41E-06 
Unknown FC_vs_CON 647.718827 -2.593479496 2.52E-06 
Turicibacter FC_vs_CON 2.3501702 -1.991442032 2.99E-06 
Coriobacteriaceae UCG−002 FC_vs_CON 2.87419557 -1.952481966 4.57E-06 
Eisenbergiella FC_vs_FS 7.9919944 -2.764685863 5.08E-06 
Coriobacteriaceae UCG−002 FS_vs_CON 2.87419557 -2.089148552 5.62E-06 
Dubosiella FC_vs_FS 22.0619511 2.37203578 8.21E-06 
Turicibacter FS_vs_CON 2.3501702 -2.023357946 9.02E-06 
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Acetatifactor FC_vs_CON 14.0277087 -2.82985385 1.13E-05 
Yaniella FC_vs_CON 2.28961344 -1.931604844 1.29E-05 
uncultured FS_vs_CON 136.226542 2.689102713 2.86E-05 
Clostridium sensu stricto 1 FS_vs_CON 18.4608341 2.151358294 3.20E-05 
Yaniella FS_vs_CON 2.28961344 -1.963424876 3.35E-05 
Brachybacterium FC_vs_CON 2.15866106 -1.800938653 3.41E-05 
Prevotellaceae UCG−001 FS_vs_CON 21.1685806 -2.043123838 3.75E-05 
Facklamia FS_vs_CON 5.7376221 -2.182870448 3.75E-05 
Brevibacterium FC_vs_CON 2.07664137 -1.713778527 4.29E-05 
Ruminococcus 1 FC_vs_CON 152.19556 -2.72874267 4.34E-05 
Tyzzerella FS_vs_CON 39.6871385 2.827082801 5.00E-05 
Family XIII AD3011 group FC_vs_CON 16.92786 -2.443606159 6.16E-05 
Staphylococcus FS_vs_CON 46.7319341 -2.231779102 6.81E-05 
Lachnospiraceae UCG−004 FC_vs_CON 7.67180536 -2.3397509 6.81E-05 
Brachybacterium FS_vs_CON 2.15866106 -1.832838099 6.86E-05 
Brevibacterium FS_vs_CON 2.07664137 -1.745791046 8.33E-05 
Ruminococcus 1 FS_vs_CON 152.19556 -2.735077752 0.00010062 
Streptococcus FC_vs_CON 91.7217949 -2.368257518 0.00013857 
Harryflintia FC_vs_FS 7.34161842 -1.883044116 0.00018459 
Lachnospiraceae NK4A136 
group 

FC_vs_FS 621.161071 -2.092981218 0.00018814 

Lachnospiraceae NK4A136 
group 

FC_vs_CON 621.161071 -2.022065327 0.00019567 

Dorea FS_vs_CON 20.2595329 2.181392521 0.00028742 
uncultured bacterium FS_vs_CON 194.772508 -2.334619105 0.00037237 
Candidatus Soleaferrea FS_vs_CON 2.6256069 -1.812704475 0.00037237 
uncultured Clostridia bacterium FS_vs_CON 3.66684088 1.709144878 0.00079489 
Family XIII AD3011 group FC_vs_FS 16.92786 -2.11119267 0.00105365 
Tyzzerella FC_vs_CON 39.6871385 2.19266492 0.00111933 
uncultured organism FC_vs_FS 10.6022059 -2.199746717 0.00117072 
Papillibacter FS_vs_CON 4.69457407 1.655723721 0.00125534 
Facklamia FC_vs_CON 5.7376221 -1.602317825 0.0012586 
Jeotgalicoccus FS_vs_CON 76.1024512 -1.875900782 0.0013859 
Acetatifactor FS_vs_CON 14.0277087 1.988442699 0.00147479 
Ruminococcus 2 FC_vs_FS 321.495762 -2.482922047 0.00175737 
Allobaculum FC_vs_CON 54.1839724 2.28574523 0.00176994 
Unknown FC_vs_FS 647.718827 -1.818557436 0.001928 
Papillibacter FC_vs_CON 4.69457407 1.515567825 0.00197424 
Defluviitaleaceae UCG−011 FS_vs_CON 86.9538377 1.868385301 0.00210218 
GCA−900066225 FC_vs_CON 7.71173761 -1.508080678 0.00271297 
Aerococcus FC_vs_FS 7.04821059 -1.432843032 0.0038711 
Parasutterella FC_vs_CON 1.67056582 -1.164849302 0.00528682 
UBA1819 FS_vs_CON 8.90396681 1.588243399 0.0057122 
Ruminiclostridium 5 FS_vs_CON 88.7515121 -1.685535851 0.00615359 
Christensenellaceae R−7 group FS_vs_CON 18.8476462 -1.673736317 0.00623561 
GCA-900066225 FS_vs_CON 7.71173761 -1.465727826 0.00623561 
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Parasutterella FS_vs_CON 1.67056582 -1.197023886 0.00708011 
Butyricicoccus FS_vs_CON 11.4562801 1.548625762 0.00742389 
Defluviitaleaceae UCG−011 FC_vs_CON 86.9538377 1.553513294 0.00788842 
Alistipes FC_vs_FS 87.7495671 -1.959979049 0.00847069 
Akkermansia FC_vs_CON 1419.64758 1.829097439 0.01062134 
Jeotgalicoccus FC_vs_CON 76.1024512 -1.438837176 0.01091676 
uncultured FC_vs_CON 150.057441 -1.260348868 0.01091676 
Staphylococcus FC_vs_CON 46.7319341 -1.388924621 0.01098959 
Lachnospiraceae UCG−004 FS_vs_CON 7.67180536 1.449497969 0.01122382 
uncultured FC_vs_FS 136.226542 -1.583467282 0.01796532 
Clostridium sensu stricto 1 FC_vs_FS 18.4608341 -1.24537557 0.01976096 
UBA1819 FC_vs_FS 8.90396681 -1.350481228 0.01976096 
Ruminococcaceae UCG−009 FS_vs_CON 8.99034759 1.466312698 0.0198437 
[Ruminococcus] gauvreauii 
group 

FC_vs_CON 1.42236223 1.003701849 0.02096697 

uncultured FS_vs_CON 150.057441 -1.212349475 0.02299362 
Flavonifractor FS_vs_CON 1.43247059 1.047356077 0.02299362 
Ruminococcaceae UCG−009 FC_vs_FS 8.99034759 -1.416327663 0.02428004 
Streptococcus FC_vs_FS 91.7217949 1.513248084 0.02970451 
Candidatus Soleaferrea FC_vs_FS 2.6256069 1.204416941 0.02970451 
uncultured bacterium FS_vs_CON 10.2376826 -1.382450735 0.0319048 
Haemophilus FC_vs_FS 5.0336956 -1.267429579 0.03330842 
uncultured FS_vs_CON 1.48303661 0.939428653 0.03348201 
Adlercreutzia FC_vs_CON 1.52770868 -0.905571756 0.03473611 
Anaeroplasma FS_vs_CON 1.56786663 0.985016645 0.03713742 
uncultured organism FC_vs_CON 10.6022059 -1.420277571 0.03801911 
Faecalibaculum FS_vs_CON 43.5243414 1.457861125 0.03859935 
Tyzzerella 4 FS_vs_CON 16.0396134 1.479132346 0.0387226 
Adlercreutzia FS_vs_CON 1.52770868 -0.937801356 0.03926375 
uncultured Clostridia bacterium FC_vs_FS 3.66684088 -1.071782397 0.03968369 
Christensenellaceae R−7 group FC_vs_CON 18.8476462 1.167612727 0.04421831 
Bifidobacterium FS_vs_CON 37.1723205 -1.457379892 0.0481069 
Aerococcus FS_vs_CON 7.04821059 1.013597058 0.0481069 
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Supplementary Table 5. Iron status and weight of YA rats following daily postnatal iron supplementation 
with FS or FC. 

Males 

 CON FS FC P-Value 

Hb (mg/L) 17.7 ± 1.4 17.4 ± 2.7 17.9 ± 0.8 0.8635 

Fe (ppm)     

Liver 75.5 ± 14.7 76.9 ± 14.9 92.0 ± 14.7 0.1005 

Spleen 166.7 ± 32.8 186.5 ± 50.8 171.6 ± 23.6 0.5303 

Weight (g)     

Body 297.8 ± 29.46 303.3 ± 15.8 310.9 ± 15.0 0.3342 

Liver 11.70 ± 0.95 12.47 ± 0.62 11.59 ± 1.4 0.1139 

Brain 1.87 ± 0.11  1.89 ± 0.11 1.94 ± 0.09 0.1823 

Females 

 CON FS FC P-Value 

Hb (mg/L) 18.1 ± 1.9 17.1 ± 4.3 17.0 ± 1.5 0.6475 

Fe (ppm)     

Liver 172.8 ± 36.1 144.2 ± 29.9 169.5 ± 25.9 0.1536 

Spleen 284.4 ± 74.7 251.6 ± 105.5 258.9 ± 38.03 0.9567 

Weight (g)     

Body 188.8 ± 15.0 194.2 ± 13.0 200.9 ± 12.3 0.0939 

Liver 6.91 ± 0.47 7.44 ± 0.92 7.32 ± 0.83 0.1951 

Brain 1.80 ± 0.06  1.78 ± 0.07 1.79 ± 0.06 0.5674 
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Supplementary Table 6. P-values from diversity statistical analyses in YA rats. 

1Faith’s Phylogenetic Diversity. 2Kruskal-Wallis test for treatment effect. 3Dunn’s pairwise group 
comparisons. 4Shannon’s Diversity. 5Amplicon Sequence Variant count (richness). 6Permutational 
analysis of variance (PERMANOVA). 

Alpha-Diversity Metric 
(Sampling Depth) P-Value 

Faith’s PD1 Treatment2 FS vs. CON3 FC vs. CON3 FC vs. FS3 

(1) 0.6783 0.1953 0.4034   0.2814 
(1112) <0.0001 0.0129 0.0022 <0.0001 
(2223) <0.0001 0.0103 0.0039 <0.0001 
(3334) <0.0001 0.0078 0.0047 <0.0001 
(4445) <0.0001 0.0016 0.0052 <0.0001 
(5556) <0.0001 0.0019 0.0052 <0.0001 
(6667) <0.0001 0.0018 0.0053 <0.0001 
(7778) <0.0001 0.0006 <0.0001 0.0144 
(8889) <0.0001 0.0011 0.0090 <0.0001 

(10,000) <0.0001 0.0015 0.0086 <0.0001 
Shannon4 Treatment2 FS vs. CON3 FC vs. CON3 FC vs. FS3 

(1) NA 
(1112) <0.0001 0.0005 0.0115 <0.0001 
(2223) <0.0001 0.0007 0.0143 <0.0001 
(3334) <0.0001 0.0009 0.0117 <0.0001 
(4445) <0.0001 0.0004 0.0150 <0.0001 
(5556) <0.0001 0.0004 0.0152 <0.0001 
(6667) <0.0001 0.0004 0.0150 <0.0001 
(7778) <0.0001 0.0004 0.0168 <0.0001 
(8889) <0.0001 0.0004 0.0184 <0.0001 

(10,000) <0.0001 0.0005 0.0176 <0.0001 
ASVs5 Treatment2 FS vs. CON3 FC vs. CON3 FC vs. FS3 

(1) NA 
(1112) <0.0001 0.0009 0.0139 <0.0001 
(2223) <0.0001 0.0006 0.0236 <0.0001 
(3334) <0.0001 0.0010 0.0189 <0.0001 
(4445) <0.0001 0.0003 0.0180 <0.0001 
(5556) <0.0001 0.0003 0.0173 0.0001 
(6667) <0.0001 0.0003 0.0166 <0.0001 
(7778) <0.0001 0.0003 0.0169 <0.0001 
(8889) <0.0001 0.0002 0.0278 <0.0001 

(10,000) <0.0001 0.0002 0.0267 <0.0001 

 P-Value6 

Beta-Diversity Metric Treatment Sex Treatment: 
Litter 

Treatment: 
Sex 

Treatment: 
Sex:Litter 

Weighted UniFrac 0.0034 0.9558 0.4016 0.6150 0.8102 
Unweighted UniFrac <0.0001 0.1021 <0.0001 0.2973 0.2322 

Bray-Curtis <0.0001 0.0644 <0.0001 0.2727 0.0244 
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Supplementary Table 7. Young adult rat Phylum differential abundance supplementation group 
comparisons. 

Phylum Comparison baseMean log2FoldChange padj 
Actinobacteria FS_vs_CON 521.634916 -0.0076584 0.98918101 
Bacteroidetes FS_vs_CON 1092.95573 0.46734273 0.56773788 
Cyanobacteria FS_vs_CON 4.77673283 0.6021831 0.4807081 
Deferribacteres FS_vs_CON 52.9791407 -0.8085905 0.21032867 
Firmicutes FS_vs_CON 37104.3337 -0.2605321 0.52908704 
Patescibacteria FS_vs_CON 3.82646994 -1.1051869 0.21032867 
Proteobacteria FS_vs_CON 262.734388 -3.9526979 3.10E-14 
Tenericutes FS_vs_CON 52.8866125 0.04124699 0.98918101 
Verrucomicrobia FS_vs_CON 394.528763 0.05637982 0.98918101 
Unknown FS_vs_CON 4.39389495 -2.2072996 0.00199727 
Actinobacteria FC_vs_CON 521.634916 -3.185122 4.10E-07 
Bacteroidetes FC_vs_CON 1092.95573 -5.3154188 7.81E-18 
Cyanobacteria FC_vs_CON 4.77673283 1.95798226 0.00101018 
Deferribacteres FC_vs_CON 52.9791407 0.8934887 0.08971613 
Firmicutes FC_vs_CON 37104.3337 0.06089323 0.82395484 
Patescibacteria FC_vs_CON 3.82646994 1.51685881 0.02208081 
Proteobacteria FC_vs_CON 262.734388 -3.6236625 7.58E-11 
Tenericutes FC_vs_CON 52.8866125 -1.6483561 0.00101018 
Verrucomicrobia FC_vs_CON 394.528763 1.74684294 0.00126733 
Unknown FC_vs_CON 4.39389495 0.22675945 0.81159844 
Actinobacteria FC_vs_FS 521.634916 -3.1774636 4.97E-07 
Bacteroidetes FC_vs_FS 1092.95573 -5.7827616 2.16E-21 
Cyanobacteria FC_vs_FS 4.77673283 1.35579916 0.01203638 
Deferribacteres FC_vs_FS 52.9791407 1.70207924 0.00092951 
Firmicutes FC_vs_FS 37104.3337 0.32142529 0.26169019 
Patescibacteria FC_vs_FS 3.82646994 2.6220457 8.07E-05 
Proteobacteria FC_vs_FS 262.734388 0.32903538 0.53824442 
Tenericutes FC_vs_FS 52.8866125 -1.6896031 0.00064748 
Verrucomicrobia FC_vs_FS 394.528763 1.69046312 0.00142814 
Unknown FC_vs_FS 4.39389495 2.43405904 0.00064748 

 

 

 

 

 



 99 

Supplementary Table 8. Young adult rat Genus differential abundance supplementation group 
comparisons. 

Genus Comparison baseMean log2FoldChange padj 
Lactobacillus FS_vs_CON 2483.7457 -13.03162978 1.91E-55 
Lactobacillus FC_vs_CON 2483.7457 -11.9770344 1.54E-41 
Turicibacter FS_vs_CON 148.167448 -8.983425394 8.14E-35 
Turicibacter FC_vs_CON 148.167448 -7.923251714 4.69E-24 
uncultured bacterium FC_vs_FS 818.083013 -7.521156478 3.29E-30 
Ruminiclostridium 9 FC_vs_FS 218.961501 -6.922327075 8.82E-28 
uncultured bacterium FC_vs_CON 818.083013 -6.905999698 3.38E-25 
Enterorhabdus FC_vs_FS 99.8269249 -6.887098457 2.36E-26 
[Eubacterium] ruminantium 
group 

FC_vs_FS 89.6268716 -6.603413348 2.39E-11 

Bacteroides FC_vs_FS 229.64174 -6.44506143 2.32E-23 
A2 FC_vs_FS 101.391184 -6.333072906 1.13E-21 
GCA−900066575 FC_vs_FS 255.51557 -6.327545592 2.63E-22 
Butyricicoccus FC_vs_FS 89.1224262 -6.318895306 1.13E-21 
Lachnospiraceae UCG−001 FC_vs_FS 1380.3985 -6.134109613 9.48E-17 
Lachnospiraceae FCS020 
group 

FC_vs_FS 175.855168 -6.111987018 3.26E-22 

Prevotellaceae NK3B31 group FC_vs_FS 88.9237736 -6.074822995 1.13E-21 
Dorea FC_vs_FS 59.3152826 -6.06387171 1.16E-22 
[Eubacterium] xylanophilum 
group 

FC_vs_FS 1503.59081 -6.043506036 5.61E-23 

Butyricicoccus FC_vs_CON 89.1224262 -6.033874434 4.99E-19 
Lachnospiraceae UCG−001 FC_vs_CON 1380.3985 -6.005018324 1.88E-15 
Lachnoclostridium FC_vs_FS 941.055958 -5.825335273 2.94E-20 
Parabacteroides FC_vs_FS 136.702842 -5.817975789 2.47E-24 
Acetatifactor FC_vs_FS 105.120581 -5.8052612 2.07E-19 
Prevotellaceae UCG−001 FC_vs_FS 249.412684 -5.799364282 2.91E-20 
Acetitomaculum FC_vs_FS 144.340698 -5.62015411 7.83E-21 
[Eubacterium] ventriosum 
group 

FC_vs_FS 52.2457487 -5.585730775 5.07E-17 

Ruminiclostridium 9 FC_vs_CON 218.961501 -5.533820778 1.01E-17 
Roseburia FC_vs_FS 2396.83108 -5.499657081 1.04E-18 
Bacteroides FC_vs_CON 229.64174 -5.493030086 7.97E-17 
Lachnospiraceae UCG−006 FC_vs_FS 412.586107 -5.489149124 3.55E-18 
Anaerostipes FC_vs_FS 294.274519 -5.474644475 2.28E-10 
Ruminococcaceae NK4A214 
group 

FC_vs_FS 35.1980214 -5.459692383 3.63E-21 

Enterorhabdus FC_vs_CON 99.8269249 -5.454920188 1.24E-16 
[Eubacterium] ruminantium 
group 

FC_vs_CON 89.6268716 -5.378929193 1.15E-07 

uncultured Barnesiella sp. FC_vs_CON 226.242545 -5.227605556 1.17E-07 
[Eubacterium] ventriosum 
group 

FC_vs_CON 52.2457487 -5.197475841 2.29E-14 
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Acetitomaculum FC_vs_CON 144.340698 -5.176374216 4.56E-17 
Roseburia FC_vs_CON 2396.83108 -5.143050954 8.04E-16 
uncultured bacterium FC_vs_FS 29.5323043 -5.075861289 9.21E-16 
A2 FC_vs_CON 101.391184 -4.982591621 1.92E-13 
uncultured Barnesiella sp. FC_vs_FS 226.242545 -4.918731916 4.09E-07 
Dorea FC_vs_CON 59.3152826 -4.90685174 7.49E-15 
Bifidobacterium FC_vs_CON 654.431753 -4.904175571 6.06E-11 
Blautia FC_vs_FS 390.195135 -4.898503227 4.64E-14 
Bifidobacterium FC_vs_FS 654.431753 -4.880602147 3.71E-11 
Lachnospiraceae FCS020 
group 

FC_vs_CON 175.855168 -4.856665745 4.62E-14 

Blautia FC_vs_CON 390.195135 -4.797562981 4.20E-13 
[Eubacterium] xylanophilum 
group 

FC_vs_CON 1503.59081 -4.702148123 4.62E-14 

Prevotellaceae UCG−001 FC_vs_CON 249.412684 -4.61914502 7.45E-13 
Lachnospiraceae NK4B4 
group 

FC_vs_FS 19.9719551 -4.618470482 2.00E-09 

Coriobacteriaceae UCG−002 FC_vs_FS 102.389941 -4.615111992 1.02E-10 
GCA−900066575 FC_vs_CON 255.51557 -4.573171101 5.80E-12 
Prevotellaceae NK3B31 group FC_vs_CON 88.9237736 -4.552936459 2.50E-12 
Alistipes FC_vs_FS 24.4990952 -4.544697067 5.36E-12 
Lachnoclostridium FC_vs_CON 941.055958 -4.530249463 2.51E-12 
uncultured FC_vs_FS 228.108237 -4.498742077 2.82E-13 
Ruminococcaceae UCG−004 FC_vs_FS 15.0495545 -4.487837851 2.05E-11 
Adlercreutzia FC_vs_FS 18.9445377 -4.220372348 1.93E-09 
Anaerostipes FC_vs_CON 294.274519 -4.197554403 2.57E-06 
Lachnospiraceae UCG−006 FC_vs_CON 412.586107 -4.172077506 1.25E-10 
Parabacteroides FC_vs_CON 136.702842 -4.133868635 1.14E-12 
Lachnospiraceae UCG−004 FC_vs_FS 13.1743277 -4.048776446 6.79E-10 
Alistipes FC_vs_CON 24.4990952 -4.005588127 2.58E-09 
Acetatifactor FC_vs_CON 105.120581 -3.925544886 3.50E-09 
Escherichia−Shigella FS_vs_CON 196.323115 -3.910953104 6.08E-11 
uncultured Bacteroidales 
bacterium 

FC_vs_CON 16.9449094 -3.869405751 1.52E-07 

Tyzzerella 4 FS_vs_CON 4.8313218 -3.857112228 5.90E-11 
uncultured FC_vs_FS 1970.97886 -3.855610183 8.22E-11 
uncultured bacterium FC_vs_CON 29.5323043 -3.798875465 5.11E-09 
Ruminococcaceae NK4A214 
group 

FC_vs_CON 35.1980214 -3.770428401 2.37E-10 

Escherichia−Shigella FC_vs_CON 196.323115 -3.767309695 8.53E-10 
Intestinimonas FC_vs_FS 13.9657251 -3.766726351 5.00E-08 
Parasutterella FC_vs_FS 15.6970085 -3.687651541 2.45E-06 
uncultured Bacteroidales 
bacterium 

FC_vs_FS 16.9449094 -3.60834736 7.08E-07 

Parasutterella FC_vs_CON 15.6970085 -3.536437014 1.02E-05 
Adlercreutzia FC_vs_CON 18.9445377 -3.501672362 1.32E-06 
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Coriobacteriaceae UCG−002 FC_vs_CON 102.389941 -3.266877947 1.02E-05 
Tyzzerella 3 FC_vs_FS 52.7342782 -3.21496406 1.12E-06 
GCA-900066225 FC_vs_CON 13.1496662 -3.159769794 2.95E-08 
uncultured bacterium FC_vs_CON 8.28627775 -3.133161259 7.27E-06 
Intestinimonas FC_vs_CON 13.9657251 -3.070547053 1.62E-05 
Ruminococcaceae UCG−009 FC_vs_FS 27.3004252 -3.046940479 1.07E-06 
Staphylococcus FS_vs_CON 3.90070357 -2.973515836 1.92E-07 
Enterococcus FS_vs_CON 5.68524503 -2.876835461 5.98E-06 
uncultured FC_vs_CON 228.108237 -2.804476839 1.21E-05 
Tyzzerella 4 FC_vs_CON 4.8313218 -2.776601587 7.91E-06 
Tyzzerella 3 FC_vs_CON 52.7342782 -2.775846732 4.39E-05 
Unknown FC_vs_FS 4288.50063 -2.730573335 2.19E-07 
Lachnospiraceae NK4B4 
group 

FC_vs_CON 19.9719551 -2.698180066 0.00097877 

uncultured Firmicutes 
bacterium 

FC_vs_FS 5.80591515 -2.682566894 2.77E-05 

uncultured FC_vs_CON 1970.97886 -2.626968519 1.94E-05 
[Eubacterium] fissicatena 
group 

FS_vs_CON 5.11710993 -2.62402099 3.07E-05 

Acinetobacter FS_vs_CON 2.51676391 -2.599637331 5.58E-06 
Coprococcus 2 FS_vs_CON 2.27840207 -2.481723318 3.07E-05 
Clostridiales bacterium 
enrichment culture clone 
06−1235251−67 

FC_vs_FS 6.87410323 -2.446598154 2.77E-05 

Anaerotruncus FC_vs_CON 28.0065901 -2.053291983 0.01017686 
uncultured Lachnospiraceae 
bacterium 

FC_vs_CON 4.81583123 -2.036730851 0.00315994 

Lachnospiraceae UCG−004 FC_vs_CON 13.1743277 -2.036251602 0.00451245 
uncultured bacterium FC_vs_FS 8.28627775 -2.035791734 0.00468675 
GCA−900066225 FS_vs_CON 13.1496662 -1.961953158 0.00038257 
uncultured Mollicutes 
bacterium 

FC_vs_FS 4.62196605 -1.929490726 0.00846291 

uncultured rumen bacterium FC_vs_FS 3.79758732 -1.856757316 0.00523879 
Unknown FC_vs_CON 4288.50063 -1.822956469 0.00097877 
uncultured FC_vs_FS 3.8856885 -1.794060745 6.59E-05 
Phocea FS_vs_CON 1.80222932 -1.731540442 0.00189098 
uncultured Lachnospiraceae 
bacterium 

FC_vs_FS 4.81583123 -1.635921521 0.01855382 

Ruminococcaceae UCG−009 FC_vs_CON 27.3004252 -1.63159425 0.01714721 
Acinetobacter FC_vs_CON 2.51676391 -1.517621202 0.01309167 
uncultured bacterium FS_vs_CON 1.78925779 -1.481726819 0.01287161 
Coprococcus 2 FC_vs_CON 2.27840207 -1.400436422 0.03022422 
Ruminiclostridium 5 FC_vs_FS 271.524596 -1.310604025 0.00729618 
GCA−900066225 FC_vs_FS 13.1496662 -1.197816636 0.04814768 
Streptococcus FS_vs_CON 1.84340814 -1.183844324 0.02908293 
uncultured FC_vs_FS 2.41233768 -1.142820552 0.0290884 
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Ruminococcaceae UCG−014 FC_vs_FS 674.18926 -1.126082222 0.03741428 
uncultured FC_vs_FS 4.60712959 0.980960401 0.03741428 
Anaerofustis FC_vs_FS 1.44894849 1.102563912 0.04285036 
Bacillus FC_vs_FS 1.39188411 1.105422455 0.03946832 
Candidatus Saccharimonas FC_vs_FS 1.35583732 1.107274449 0.03765589 
Anaerofilum FC_vs_FS 1.34804059 1.107450254 0.03765589 
Dietzia FC_vs_FS 1.30816026 1.108240165 0.03741428 
Clostridium sensu stricto 18 FC_vs_FS 1.30816026 1.108240165 0.03741428 
uncultured organism FC_vs_FS 1.30816026 1.108240165 0.03741428 
[Ruminococcus] gauvreauii 
group 

FC_vs_FS 1.30816026 1.108240165 0.03741428 

Lachnoclostridium 5 FC_vs_FS 1.30816026 1.108240165 0.03741428 
Lachnospiraceae NC2004 
group 

FC_vs_FS 1.30816026 1.108240165 0.03741428 

Moryella FC_vs_FS 1.30816026 1.108240165 0.03741428 
Sellimonas FC_vs_FS 1.30816026 1.108240165 0.03741428 
Candidatus Soleaferrea FC_vs_FS 1.30816026 1.108240165 0.03741428 
Haemophilus FC_vs_FS 1.30816026 1.108240165 0.03741428 
Defluviitaleaceae UCG−011 FC_vs_FS 25.9337856 1.121021492 0.02225898 
uncultured rumen bacterium FC_vs_CON 1.46654416 1.126332484 0.03283721 
Ruminococcaceae UCG−005 FC_vs_FS 245.305711 1.154586719 0.03741428 
Ruminococcus 1 FC_vs_CON 1421.96818 1.170878701 0.04506375 
Oscillibacter FC_vs_CON 591.22098 1.176264449 0.03405798 
uncultured bacterium FS_vs_CON 2.72067845 1.183692057 0.04990854 
Tyzzerella FC_vs_CON 87.3770525 1.244725504 0.02395119 
uncultured FS_vs_CON 2.41233768 1.245642067 0.01587785 
uncultured bacterium FS_vs_CON 29.5323043 1.276985824 0.04990854 
unidentified rumen bacterium 
RF32 

FC_vs_FS 2.98292233 1.318179504 0.00478197 

Defluviitaleaceae UCG−011 FC_vs_CON 25.9337856 1.324107749 0.00750157 
uncultured FC_vs_CON 4.60712959 1.372995516 0.0052082 
Hydrogenoanaerobacterium FC_vs_FS 1.38027696 1.373524469 0.00712283 
Facklamia FC_vs_FS 1.71257229 1.383734529 0.00527655 
Ruminiclostridium 9 FS_vs_CON 218.961501 1.388506297 0.04990854 
Ruminococcaceae UCG−009 FS_vs_CON 27.3004252 1.415346229 0.04990854 
Enterorhabdus FS_vs_CON 99.8269249 1.432178269 0.02900559 
Family XIII AD3011 group FC_vs_FS 9.75065878 1.43810261 0.00844407 
Rothia FS_vs_CON 10.1242213 1.446722049 0.00814556 
Fournierella FS_vs_CON 10.8224695 1.451646592 0.04824195 
Family XIII AD3011 group FC_vs_CON 9.75065878 1.453160392 0.0101334 
uncultured FC_vs_FS 1.41146118 1.483150942 0.00318402 
uncultured Firmicutes 
bacterium 

FS_vs_CON 5.80591515 1.512693325 0.0196532 

Prevotellaceae NK3B31 group FS_vs_CON 88.9237736 1.521886536 0.02669235 
[Eubacterium] nodatum 
group 

FC_vs_FS 40.2564595 1.572278329 0.00070517 
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uncultured rumen bacterium FC_vs_FS 1.46654416 1.638420354 0.00075047 
Parabacteroides FS_vs_CON 136.702842 1.684107154 0.0064322 
Ruminococcaceae NK4A214 
group 

FS_vs_CON 35.1980214 1.689263982 0.00153038 

uncultured FS_vs_CON 228.108237 1.694265238 0.01781735 
Rothia FC_vs_CON 10.1242213 1.737132396 0.00061171 
GCA−900066575 FS_vs_CON 255.51557 1.75437449 0.01781735 
[Eubacterium] 
coprostanoligenes group 

FC_vs_FS 566.387421 1.793344316 0.0033409 

Ruminiclostridium 1 FC_vs_CON 4.17427591 1.874776632 0.00033156 
unidentified rumen bacterium 
RF32 

FC_vs_CON 2.98292233 1.878159876 0.00017847 

Acetatifactor FS_vs_CON 105.120581 1.879716314 0.00769312 
Lachnospiraceae NK4B4 
group 

FS_vs_CON 19.9719551 1.920290416 0.01788363 

Caldicoprobacter FC_vs_CON 3.93015968 1.923971143 0.00046188 
Brevibacterium FC_vs_CON 1.89614918 1.931591296 8.63E-05 
Papillibacter FC_vs_CON 4.79006649 1.976294183 0.00108651 
Faecalibaculum FC_vs_FS 353.034549 1.984640813 0.01738563 
Lachnospiraceae UCG−004 FS_vs_CON 13.1743277 2.012524844 0.00157282 
uncultured organism FC_vs_CON 2.19470567 2.102292434 4.39E-05 
Corynebacterium 1 FC_vs_FS 6.08686737 2.351108445 0.00011202 
Enterococcus FC_vs_FS 5.68524503 2.397013259 0.00017567 
Brevibacterium FC_vs_FS 1.89614918 2.427562279 2.89E-07 
Yaniella FC_vs_CON 2.40554171 2.448047862 7.76E-06 
[Eubacterium] fissicatena 
group 

FC_vs_FS 5.11710993 2.468846855 7.07E-05 

Ruminococcus 2 FC_vs_CON 318.955147 2.479216544 0.00797728 
Caldicoprobacter FC_vs_FS 3.93015968 2.501776208 2.44E-06 
Ruminiclostridium 1 FC_vs_FS 4.17427591 2.597630494 3.40E-07 
uncultured organism FC_vs_FS 2.19470567 2.649339441 1.21E-07 
uncultured FS_vs_CON 3.8856885 2.664411264 4.25E-09 
Staphylococcus FC_vs_FS 3.90070357 2.68159796 3.36E-06 
Brachybacterium FC_vs_CON 2.76649668 2.715679448 1.06E-06 
Papillibacter FC_vs_FS 4.79006649 2.838054631 1.39E-06 
Yaniella FC_vs_FS 2.40554171 2.921531599 3.16E-08 
Brachybacterium FC_vs_FS 2.76649668 3.184846508 3.02E-09 
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CHAPTER 4: Mineral interactions and inflammatory signaling are implicated growth wasting following 

excess oral iron supplementation in pre-weanling rats  

ABSTRACT 

Iron supplements are supplied widely to infants despite low rates of iron deficiency in many populations 

and there are growing concerns regarding adverse health and development effects of excess iron 

provision. Adverse effects of iron on infant growth and development are poorly understood but may be 

related to direct iron toxicity in developing organs. Another possibility is that iron overload alters 

inflammatory signaling and trace mineral metabolism, but these mechanisms have not been fully 

investigated. To characterize effects of excess iron doses on development, iron status, trace mineral 

status, and inflammatory signaling, Lewis rat litters were culled to 8 pups (4 males and 4 females) and 

randomly assigned to daily supplementation groups to receive either vehicle control (CON; 10% w/v 

sucrose solution) or ferrous sulfate (FS) iron at one of the following doses: 10, 30, or 90 mg iron/kg body 

weight—FS-10,  FS-30, and FS-90, respectively—from postnatal day (PD) 2 through 9. FS-90 litters, but 

not FS-30 or FS-10, failed to thrive compared to CON litters and had smaller brains on PD 10. Among the 

groups FS-90 liver iron levels were highest, as were liver injury scores, and white blood cell counts. 

Compared to CON, circulating MCP-1 was increased in FS-90 pups. and liver zinc and copper levels. The 

growth wasting outcomes of excess FS provision in pre-weanling rats may be related to liver injury, 

inflammation, and altered trace mineral metabolism.  

4.1. INTRODUCTION 

Iron deficiency (ID) is a common micronutrient deficiency that causes around half of all anemia 

cases worldwide [1]. Infants are particularly at risk for ID, which can disrupt cognitive development and 

heighten the risk for infection, in addition to causing anemia [2–4]. The American Academy of Pediatrics 

recommends supplemental iron (SI) for all infants to prevent ID [5]. Unfortunately, SI can also be 
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harmful if provided beyond physiological requirements [6–10]. A growing number of studies report 

adverse effects of SI in iron-replete infants [11–15], but the mechanisms of iron toxicity at this 

developmental stage are not well understood. Experts in this area including the 2020 Dietary Guidelines 

Advisory Committee agree that improving the efficacy of SI provision in infants necessitates that future 

research investigate the mechanisms underlying adverse health and development effects of SI [6,7,16–

18]. 

The effects of excess SI on early growth and neurodevelopment are unclear. Some studies 

indicate the provision of SI delays growth in iron replete infants. Overall growth delays including in the 

central nervous system might explain cognitive delays, however, some studies do not show an effect of 

SI on the growth of iron replete infants [8,11,12,19–22]. The inconsistent growth outcomes are likely 

related to variation in the form or dose of SI provided in the study, or in the baseline iron status of the 

study subjects. Iron toxicity may disrupt organ development, but this mechanism has not been fully 

investigated. Iron may also alter the metabolism of other essential trace minerals. In previous studies, 

providing SI to infants has negatively affected zinc or copper status [12,23–25]. If excess iron is 

disruptive to essential trace mineral availability, this may also explain the delays in growth and 

development.  

Ferrous sulfate (FS) is an inexpensive form of SI found in most infant iron drops and infant 

formulas [26]. Excess FS can have adverse effects on growth and cognitive development [11,13,27–29], 

but the relationship between FS dose and infant development is unclear [30]. Using an iron 

supplementation model in pre-weanling rats, we investigated health and development effects of FS. 

Brain size at postnatal day (PD) 15 increased with daily FS supplementation at 10 mg iron/kg body 

weight per day, but brain iron stores were not impacted by FS at this dose. This physiological dose was 

designed to represent the daily iron intake of an infant fed exclusively iron-fortified formula compared 

to vehicle control [31]. Presently, we report the effects of excess FS dosing on pre-weanling rat health 
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and development. Excess FS at 90 mg iron/kg body weight caused growth wasting, inflammation, and 

reduced brain size. Our results indicate that excess FS disrupts postnatal growth and neurodevelopment, 

and these outcomes may be related to liver iron loading, systemic inflammation, and mineral 

interactions.  

4.2. METHODS 

4.2.1. Animal Experiments 

Animal experiments were approved by the University of California Davis Institutional Animal 

Care and Use Committee. Adult male and female Lewis rats (Charles River Laboratories, Wilmington, 

MA, USA), were housed under standard conditions for the duration of the study: in clear polycarbonate 

hanging cages at constant temperature (22°C) and humidity (63%) with standard 12 h light cycles, and 

ad libitum access to 18% protein rodent chow (200 mg Fe/kg diet; 2018, Teklad Diets, Madison, WI, 

USA). Only nulliparous females—8-10 weeks old—were used for breeding experimental litters. On 

postnatal day (PD) 2 litters were culled to sex-matched litters of 8 pups to control for growth, cross-

fostering from litters born within 24 h of each other, as necessary. Litters were assigned randomly to 

either vehicle control supplementation (CON; 10% w/v sucrose; n= 3 litters/group, 24 pups/group), or 

one of three FS iron doses (n=3 litters/group, 24 pups/group): 10 mg iron/kg body weight (FS-10), 30 mg 

iron/kg body weight (FS-30), or 90 mg iron/kg body weight (FS-90). Iron was provided as ferrous sulfate 

heptahydrate (Cat#215422-250G, Sigma-Aldrich, St. Louis, MO, USA) dissolved in 10% (w/v) sucrose in 

varying concentrations. The lowest dose (10 mg iron/kg) is representative of daily iron intake from 

formula [31]. The 30 and 90 mg doses provide excess iron, but at sub-toxic levels for adult rats [32]. Oral 

iron was administered once daily PD 2-9, in the afternoon by hand-pipetting, and body weight (BW) was 

recorded on PD 2, 4, 6, 8, and 10 (study end; day of necropsy). Supplement volume was calculated 

according to body weight and ranged from 8-60 µl. 
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4.2.2. Necropsy and Hematology 

On PD 10, litters were separated from dams and fasted for 4-6 h. Pups were weighed and 

euthanized by decapitation under deep anesthesia (100 mg ketamine × 10 mg xylazine/kg BW). Whole 

blood was collected from the head cavity into EDTA-treated tubes (Greiner Bio-One, Monroe, NC, USA) 

and held at 4°C. Whole brains were removed, weighed, and four brain regions were promptly dissected: 

prefrontal cortex (PFC), striatum (ST), hippocampus (HP), and cerebellum (CE). All brains were dissected 

by the same researcher for consistency. 

Complete blood counts (CBC; n = 3-4/group, 2 litters/group) were completed by the UC Davis 

School of Veterinary Medicine Clinical Pathology Laboratory within 24 h of blood collection.  

4.2.3. Non-heme Iron 

Non-heme iron concentrations (n = 14-18/group, 3 litters/group for each tissue) in the liver, 

kidney, spleen, and the four brain regions were determined by the bathophenanthroline method [33].  

4.2.4. Histopathology 

Fresh livers (n = 6/group, 3 litters/group) were immersion-fixed in 4% (w/v) paraformaldehyde 

(PFA) for 24 h at 4°C, then washed in three changes of 1x PBS and stored in 70% ethanol at 4°C. Fixed 

livers were embedded in paraffin using standard protocols. The UC Davis School Of Veterinary Medicine 

Anatomic Pathology Laboratory completed sectioning and staining. Liver sections were stained with 

Perls’ Prussian Blue with nuclear fast red counterstain for iron detection, as well as Masson’s Trichrome 

stain for evaluation of liver injury and inflammation.  

Masson’s Trichrome-stained liver slides were scored for injury and inflammation in a blinded 

fashion using a NAFLD scoring system for rodents [34]. A veterinary pathologist at the UC Davis School of 

Veterinary Medicine Comparative Pathology Laboratory assessed and scored steatosis (micro- or macro-

vesicular), inflammation, fibrosis, and necrosis. Scores for steatosis, fibrosis, and necrosis were assigned 
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as follows: 0, parameter absent; 1, <10% affected area; 2, 10-25% affected area; 3, 26-50% affected 

area; 4, >50% affected area. Distribution of steatosis, fibrosis, and necrosis were classified as random, 

centrilobular, midzonal, periportal, or diffuse (all zones equally affected). Inflammation was scored 

according to number of inflammatory foci/field as follows: 0, parameter absent; 1, minimal, scattered, 

rare (<1 per 20x field); 2, mild (<2 per 20x field); 3, moderate (2 - 4 per 20x field); 4, severe (>4 per 20x 

field). Presence or absence of degeneration, hypertrophy, and oval cell/biliary hyperplasia was also 

noted.  

4.2.5. Liver Gene Expression 

The TRIzol method (Invitrogen™, Carlsbad, CA, USA) was applied to extract RNA from liver 

tissue. Tissues had been collected into RNAlater ® (Thermo Fisher Scientific™, Waltham, MA, USA), 

incubated for an initial 24 h at 4°C, and then stored at -20°C until RNA extraction. A kit was used to 

reverse transcribe total RNA to cDNA (High-Capacity cDNA Archive Kit, Cat#4374966, Applied 

Biosystems™, Foster City, CA, USA), which was subsequently stored in EB buffer at 4°C. Real-time PCR 

reactions were performed using iTaq Universal SYBR Green Supermix (Cat#1725121, Bio-Rad, Hercules, 

CA, USA), a Bio-Rad CFX96 Real-Time machine, and the following primer sets: Actb forward, 3’-

GAAATCGTGCGTGACATTAAAGAG-5’; Actb reverse, 3’- GCGGCAGTGGCCATCTC -5’ [35]; Hamp forward 3’- 

GCTGCCTGTCTCCTGCTTCT-5’; Hamp reverse 3’-CTGCAGAGCCGTAGTCTGTCTCGTC-5’ [36]. Hepcidin 

(Hamp) gene expression was calculated relative to the CON group using the 2-∆∆Ct method, with Actb 

serving as the housekeeping gene (n = 13-18/group, 3 litters/group). 

4.2.6. Serum Chemokine/Cytokine Array 

Fresh whole blood was incubated in sterile tubes at room temperature for 30 min, and then 

centrifuged at 300 rcf for 15 min to isolate serum. Sera were diluted 1:1 in 1x PBS and shipped on dry ice 

to Eve Technologies Corporation (Calgary, AB Canada). Array services were used (Cat#RD27) for 

quantifying 27 total chemokines and cytokines (n = 10/group, 3 litters/group): CCL11, EGF, CX3CL1, 
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IFNγ,IL-1ɑ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), IL-13, IL-17A, IL-18, IP-10, CXCL1, TNFɑ, G-CSF, 

GM-CSF, CCL2, Leptin, CXCL5, CCL3, CXCL2, CCL5, and VEGF. 

4.2.7. Zinc and Copper 

Zinc and copper concentrations (n = 9-18/group, 3 litters/group for each tissue) were 

determined in liver, kidney, spleen, and brain regions—PFC, ST, HP, and CE—by atomic absorption 

spectrometry using methods described previously [31].  

4.2.8. Statistical Analysis 

Statistical analysis and plotting were performed with GraphPad Prism (v9.3.1). The study was 

designed to consider the variation between litters, as well as within litters, while testing for differences 

among groups. When testing for differences in weight gain among groups, pup body weights were 

averaged by litter and litters were treated as biological replicates. A two-way repeated measure ANOVA 

was applied to test for effects of time and supplementation group on litter weight gain and post-hoc 

Tukey’s test detected differences between groups. Samples for all other outcomes besides weight gain 

were taken randomly from multiple litters in the same group to capture litter variation. The sample size 

of pups and number of litters represented in each of the outcomes are listed in the corresponding 

methods above. All datasets were checked for normality using the Shapiro Wilks test. Kruskal-Wallis and 

Dunn’s tests were used for finding overall group effects and differences between groups, respectively, in 

non-parametric data. p < 0.05 determined significance.  

4.3. RESULTS 

4.3.1. Excess FS Disrupts Growth 

Average pup BW increased over time in all litters but was negatively impacted by FS-90 

supplementation (Figure 1A). The BW of pups in FS-10 and FS-30 groups were similar to CON. However, 
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in the FS-90 group BW was 10% lower than CON on PD 4 (p < 0.05), and 17% lower on PD 10 (p < 0.001). 

Additionally, FS-90 brains weighed 10% less than CON and FS-10 brains at PD 10 (Figure 1B, p < 0.001).  

Body weight at PD 10 was lower only in FS-90 males compared to FS-10 and FS-30 males and no 

difference was found in female body weights at this age (Figure S1A-B). Similarly, brain weight of FS-90 

males was lower than CON and FS-10 males, while no significant effects were found to female brain 

weight (Figure S1C-D).  

4.3.2. Hepatic Iron Loading from FS Dosing 

To identify tissues impacted by iron loading following excess iron supplementation in pre-

weanling rats, non-heme iron levels were quantified in liver, kidney, spleen, and four brain regions 

including the prefrontal cortex (PFC), striatum (ST), hippocampus (HP), and cerebellum (CE). Liver iron 

concentration increased in response to FS (p < 0.0001; Figure 2a). Relative to CON, liver iron increased 

800% in the FS-10 group, 900% in the FS-30 group, and 1,100% in the FS-90 group. In spleen tissue, iron 

levels were unchanged in the FS-10 group but increased 180% in FS-30 and FS-90 relative to CON (p < 

0.05). Iron levels in kidney and all four brain regions were unchanged with any iron dose. Iron deposition 

was undetectable at 40x objective in CON liver sections stained for iron (Figure 2d) but could be 

visualized under low magnification (10x objective) in FS-group livers. Hepatic iron concentration was 

inversely correlated to BW (p = 0.0001; Figure 2b), but not brain weight (p = 0.09; Figure 2c). These 

results suggest a negative relationship between liver iron stores and growth when excess FS is provided.  

 

Liver hepcidin mRNA expression (Hamp) was induced in all FS groups, with the highest 

expression 50-fold over CON in FS-90 liver tissue (p < 0.0001). Liver non-heme iron was significantly 

correlated to hepcidin expression (Figure 2e-f). Thus, liver iron stores and hepcidin expression both 

responded to oral iron dosing in pre-weanling rats.  
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4.3.3. Hematological Effects of Excess FS 

Hemoglobin, hematocrit, red blood cell (RBC) count, mean corpuscular volume (MCH), and 

mean cell hemoglobin concentration (MCHC) were unaffected by iron dose (CBC results shown in Table 

1). However, MCH was altered by iron dose (p < 0.0001) and was elevated with FS-30 compared to FS-

10. Although there was an overall effect of dose on RBC distribution width (RDW) (p = 0.008), the 

comparison between the FS-30 and FS-90 groups and CON was not significant  (0.08 > p > 0.05).  

Corrected WBC count was elevated in FS-90 compared to CON group (p < 0.05). Iron dose 

influenced neutrophil count significantly but the comparison in neutrophil count between FS-90 and 

CON was not significant (0.08 > p > 0.05). No effect of FS was observed on monocyte or lymphocyte 

counts. 

4.3.4. Liver Histopathology  

Liver injury and inflammation (n = 6/group) was assessed by a pathologist blinded to the 

treatment groups and results are depicted in Figure 3. Inflammation was either mild or minimal, and the 

highest scores were assigned to CON and FS-30 groups. Randomly distributed microvesicular steatosis 

was observed in all groups, but the FS-90 group received the highest steatosis scores. Periportal fibrosis 

was present in all groups, but FS-90 also received the highest fibrosis scores. Random necrosis was 

present in at least a few animals in each group; however, the highest necrosis score was assigned to an 

FS-30 liver sample. Degeneration and oval cell/biliary hyperplasia were present in all groups. 

Hypertrophy was not detected in the FS-90 group, although it was detected frequently in CON livers 

(present in 4/6 samples). It is unclear why liver hypertrophy occurred in the CON group. 

4.3.5. Chemokine and Cytokine Response 

Serum levels of eotaxin (CCL11), epidermal growth factor (EGF), interleukins (1ɑ, 1β, 2, 4, 5, 6, 

10, 12 (p70), 13, 17A, & 18), C-X-C motif chemokine 10 (CXCL10), growth-related alpha-protein (CXCL1), 

tumor necrosis factor (TNF-ɑ), G-CSF (Granulocyte colony-stimulating factor), C-C motif chemokine 3 
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(CCL3), and C-C motif chemokine 5 (CCL5) were unaffected by iron dose (Table 2). However, levels of the 

following proteins were affected by iron dose: fractalkine (CX3CL1), interferon gamma (IFNγ), GM-CSF 

(Granulocyte-macrophage stimulating factor), C-C motif chemokine 2 (CCL2), leptin, C-X-C motif 

chemokine 5 (CXCL5), CXCL2 (C-X-C motif chemokine 2), and vascular endothelial growth factor (VEGF).  

Fractalkine (CX3CL1), a chemokine expressed mainly by the central nervous system that plays an 

important role in early brain development [37], was reduced in FS-30 and FS-90 sera compared to CON 

(p = 0.0018). Mean interferon gamma (IFNγ) levels in FS-90 sera were lower than CON but this difference 

not significant (0.08 > p > 0.05). GM-CSF (Granulocyte-macrophage stimulating factor) and C-C motif 

chemokine 2 (CCL2), a pro-inflammatory chemokine, were elevated in FS-90 compared to FS-10 only (p < 

0.05); differences observed between FS-90 and CON or FS-30 group means were not significant. Leptin is 

a hunger-suppressing hormone that is upregulated by inflammation [38]; leptin levels were elevated in 

FS-30 group compared to FS-10 (p < 0.05), but there were no significant differences between other 

doses. CXCL5 attracts and activates neutrophils [39] and was reduced in FS-90 sera compared to CON (p 

< 0.05). Levels of CXCL2 (C-X-C motif chemokine 2) and vascular endothelial growth factor (VEGF) were 

lower in FS-30 sera compared to CON (p < 0.05), but there were no differences among the other dose 

groups. 

4.3.6. Alterations to Liver Zinc and Copper  

Zinc and copper concentrations were quantified in liver, spleen, kidney, PFC, ST, HP, and CE 

(Figure 4). Only liver zinc and copper concentrations were altered by iron dose; zinc and copper were 

unaffected by iron in all other tissues. Liver zinc increased with all iron doses (p < 0.01), whereas liver 

copper decreased only with FS-90, the highest iron dose, compared to CON (p < 0.0001). Indeed, in the 

FS-90 livers, zinc concentration was 2-fold that of CON, and copper concentration was one-third that of 

CON. 

4.4. DISCUSSION 
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Iron, the trace mineral, is essential for growth and metabolism, but excess intake of iron is toxic. 

Although beneficial to many infants, supplemental iron (SI) provided to iron-replete infants can be 

detrimental to growth and cognitive development. Iron may disrupt growth by injuring developing tissue 

through iron overload-related toxicity. Another possibility is that excess iron interrupts the metabolism 

and transport of other trace minerals that are essential for normal growth. To investigate mechanisms 

of growth disruption, pre-weanling Lewis rat litters were supplemented from postnatal day (PD) 2 to 10 

with excess FS iron doses (10, 30, or 90 mg iron/kg BW) or vehicle control (CON), and growth, tissue iron 

loading, systemic inflammation, and trace mineral status outcomes were assessed. Pups in the FS-90 

group failed to thrive compared to CON; however, FS-30 and FS-10 pups gained weight similarly to CON. 

The liver was by far the most impacted by iron loading in all FS groups, and the greatest liver iron levels 

were measured in the FS-90 group. Delay in weight gain and lower brain weights in the FS-90 group may 

have been associated with liver damage, inflammatory signaling, and altered trace mineral metabolism. 

Finally, brain weight effects in the FS-90 group did not relate to liver or brain iron levels—suggesting 

that adverse long-term cognitive-behavioral effects of excess iron may not be related to early brain iron 

exposure, as previously suspected. 

Studies from our group and others show that intestinal iron absorption is elevated during the 

pre-weanling developmental stage [28,36,40,41], and this makes them more susceptible to iron toxicity. 

The LD50 for ferrous sulfate in adult rats is estimated to be 780-1100 mg iron/kg BW [42,43]. Excess 

dosing reduced body weight in surviving adult rats [43]. In comparison, few studies have reported the 

pre-weanling growth response to excess iron dosing. Considering the elevated absorption in pre-

weanling animals, it seems likely that they would be more susceptible to iron toxicity. We report that 90 

mg iron/kg BW as FS is sufficient to disrupt growth in Lewis rat pups (Figure 1). Our finding that 10 mg 

iron/kg BW does not impact weight gain in pre-weanling rats is consistent with our previous study [31]. 

Other studies in pre-weanling rats did not observe effects on weight gain with 30 or 150 ug per day as 
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FS, nor with up to 30 mg iron/kg BW as ferrous succinate [40,44,45]. In Holstein calves, weight gain was 

reduced for those receiving formula fortified with 5000 µg iron/g formula as FS, but not with 2000, 

1000, 500, or 100 µg iron/g formula [46]. Another study supplied up to 50 mg iron/kg BW daily as FS to 

pre-weanling piglets, but weight gain up to weaning was unaffected [28]. Similarly, weight gain was 

unaffected in piglets that received 8 or 24 mg iron per day as ferric citrate [47]. In our study, brain 

weight was reduced in the FS-90 group, but not in the other iron groups. Other studies have not 

measured brain weight following excess iron exposure in pre-weanling animals. In one previous study 

from our group, FS-10 treatment increased brain weight in pre-weanling rats supplemented up to PD 14 

[31]. These results reflect the conclusions of previous experiments in pre-weanling animals, that growth 

and brain development outcomes of iron supplementation depend on the iron dose. Additionally, the 

dose that disrupts normal pre-weanling rat growth may be substantially lower than the toxic doses 

reported for adult rats. Additional experiments would help to define growth and mortality cutoffs for FS 

at this age. 

Whether or not iron absorption is elevated in pre-weanling animals, excess intake might lead to 

toxic iron loading in developing organs. In our FS dosing experiment, the liver was most affected by iron 

loading. Spleen and kidney iron levels increased moderately in the FS-30 and FS-90 groups, while iron 

levels in the brain were similar in all groups. With consideration to the reduced brain weight effects in 

the FS-90 group, it remains plausible that excess FS disrupts brain development without changing iron 

levels in major regions of the brain. With the exception of the liver, body iron homeostasis prevents iron 

loading in most organs. Hepatocytes store excess body iron and produce hepcidin, a hormone that 

protects against iron overload by suppressing intestinal iron absorption and reducing iron levels in 

circulation [48]. Current liver iron loading results, as well as a previous iron radioisotope tracing 

experiment from our group [40], are evidence that hepatocyte iron regulation is intact, and that the liver 
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takes up most of the excess body iron stores. It remains probable that growth and development 

outcomes in the FS-90 group are related to excess liver iron loading.  

Damage to the liver due to iron loading during early development might explain the growth 

wasting effects. The highest scores of steatoses and fibrosis were observed in the FS-90 group; however, 

higher inflammation scores were observed in the FS-30 and CON groups. These findings suggest that FS-

10 was protective against inflammation and liver injury, while FS-30 and FS-90 promoted inflammation 

and liver injury. The reason for the high inflammation scores in CON livers remains unclear, but this 

outcome is discussed in more detail below as a potential weakness of the study. Few other studies have 

assessed liver injury and inflammation in rats or mice following excess iron provision during the pre-

weanling period. Studies on human hemochromatosis provide some insight surrounding the 

pathological manifestations of liver iron overload. Genetic hemochromatosis is a liver iron overload 

disease caused by various mutations resulting in hepcidin deficiency [49]. Histopathological evaluation 

of hemochromatosis liver samples linked liver iron level to manifestations of liver injury, including 

necrosis, inflammation, and fibrosis [50]. Future experiments could seek to establish iron status cutoffs 

that predict the risk for liver injury in pre-weanling animals. 

Hemoglobin and hematocrit levels were similar to other values reported at this age [51,52] and 

were not impacted by excess iron at PD 10, in contrast to previous results from our group [31,45,53].  

The FS-30 group had higher MCH values than FS-10, but there was no significant effects among groups 

for any other RBC parameter (Table 1). [31]. Among the previous studies from our group that found 

increased hemoglobin with iron, only one measured hemoglobin at PD 10, and the others measured 

effects at PD 15 and PD 21 [31,45,53]. Another study found no effect on hemoglobin, RBC, or MCV with 

iron at PD 12 [52]. RBC maturation and concentration increases with postnatal age [51], so it may be 

likely that iron has a greater impact on these parameters as postnatal age increases. Pigs are at greater 

risk of anemia than other animal models and require pre-weanling iron injections for normal growth. 
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Iron supplementation of pre-weanling piglets has consistently increased hemoglobin and hematocrit in 

controlled experiments [28,54–56]. Iron supplementation experiments in calves and foals have more 

mixed hematology results [46,57,58]. In addition to model species, variations in study design may result 

in different effects on hematological parameters, such as the dose and form of iron supplement. Future 

studies might clarify whether excess iron promotes hematopoiesis in pre-weanling animals. In addition 

to hematological parameters, measuring plasma iron and transferrin saturation levels in future studies 

would indicate availability of iron for RBC precursors. 

Elevated WBC and neutrophil counts in the FS-90 group indicate systemic inflammation. 

However, an acute phase response was not observed in serum cytokines and chemokines changes. 

Elevated serum CCL2, a pro-inflammatory cytokine, was observed in the FS-90 group and CCL2 has been 

shown to promote steatosis during liver injury [59]. Additionally, CXCL5 was reduced in FS-90 sera vs. 

CON. Lower serum levels were observed in humans with chronic liver disease, and lower CXCL5 was 

associated with more severe necroinflammation and fibrosis [60]. Experiments in CXCL5-KO mice 

demonstrate that CXCL5 enhances neutrophil recruitment toward injured lung tissue by blocking pro-

inflammatory chemokine scavenging from circulation [61]. Lower serum CX3CL1 was observed in both 

the FS-30 group and FS-90 group. Previous research indicates that CX3CL1 is upregulated in hepatocytes 

and hepatic stellate cells due to liver injury and becomes elevated in serum [62]. This report conflicts 

with our findings, and we did not measure liver inflammatory gene expression in the present study. To 

our knowledge, no other studies have reported serum chemokine and cytokine expression following 

excess iron at this developmental stage. Future studies could evaluate the inflammatory response of 

hepatocytes, stellate cells, and invading immune cells to identify likely inflammatory signaling 

mechanisms to explain how excess iron affects early growth wasting. 

As mentioned previously, it is also possible that growth wasting outcomes of excess iron are due 

to mineral interactions. Previous experiments in humans have indicated providing excess iron to infants  
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may compromise their metabolism and uptake of other essential trace minerals [12,24,63,64], and 

another study from our group showed that trace mineral stores are impacted by excess iron 

supplementation [40]. Diverging effects were observed for liver zinc and copper levels with excess iron 

in the previous study and the present study (Figure 4). Liver zinc was elevated in all FS groups, with the 

highest levels observed in the FS-90 group. In contrast, liver copper levels were reduced only in the FS-

90 group. In the previous study, liver zinc was elevated at PD 10 due to excess FS. In the same study liver 

copper levels were reduced in the highest FS dose group, while spleen and brain zinc and copper levels 

were unaffected [40]. Two other studies observed lower serum and tissue copper levels in weanling rats 

fed excess iron [65,66]. Yet another study in weanling rats did not observe changes in liver copper but 

found elevated liver zinc and manganese [67]. Liver copper levels and weight gain were reduced in 

weanling mice that consumed excess iron. The authors noted that copper absorption was not impaired 

by excess iron; instead, they concluded that copper utilization was disrupted in these mice [68]. 

Metabolism of iron, zinc, and copper, as well as metabolic interactions among these minerals, may be 

altered under various states of inflammation, so altered zinc and copper stores in the liver due to excess 

iron may be the result of local or systemic inflammatory signaling [69,70]. In summary, current and 

previous evidence indicates that growth wasting outcomes of excess iron may be due to disruptions to 

zinc or copper metabolism. Furthermore, it is likely that some changes to mineral metabolism are 

secondary to liver injury and inflammatory signaling.  

 Iron loading induces the expression of metallothionein (MT), a cellular zinc-binding protein that 

can also bind copper [71,72]. Specifically, iron upregulates Zip8 and Zip14, which preferentially transport 

zinc and iron at physiological pH [72]. It is likely that zinc levels in the liver are elevated following FS 

supplementation due to increased zinc importing and binding activities by these proteins as a result of 

iron loading. Inflammatory cytokines and chemokines also induce MT expression to sequester zinc and 

in the liver. Iron and zinc loading due to systemic inflammation would further induce expression of MT 
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and ZIP proteins, exacerbating iron overload toxicity and compromising the availability of zinc for other 

growing tissues [71]. Related to growth outcomes, MT-zinc complexes that enter mitochondria can 

disrupt electron transport chain activities and slow energy production by oxidative phosphorylation [73]. 

Considering the overlapping impacts of excess iron and inflammation, it may be reasoned that the 

ongoing iron loading in the liver, injuries induced by iron toxicity, systemic inflammation-induced metal 

sequestration in the liver, and disruption to zinc metabolism are all contributing to growth wasting in 

excess iron supplemented rats. The lower levels of liver copper observed with increasing iron doses are 

likely a consequence of iron decreasing the uptake of copper into the liver; a competitive iron-copper 

interaction at the level of cellular uptake has been described [74]. The lower level of copper, in turn, is 

likely to decrease the activity of CuZn-SOD and consequently the protection against free radical-

mediated adverse effects. 

This study has several strengths, including supplementation design, dosing, and number of 

pups/litters assessed. The results strengthen previous hypotheses that excess iron disrupts growth and 

trace mineral metabolism in pre-weanling animal growth and development and provide new data on 

brain iron and trace mineral loading effects, hematology, and chemokine/cytokine expression. One 

important limitation to note is regarding the liver pathology results reported of the vehicle control 

(CON) group. We were surprised to see mild inflammation, steatosis, fibrosis, and necrosis in many of 

the pups in this group. Liver injury may have resulted from stress due to handling, however, since 

handling was kept to a brief 2-5 min period per day, this seemed unlikely. Alternatively, it seemed 

possible that sucrose in the vehicle solution may have adverse effects on the developing liver. As it turns 

out, previous studies do show that liver injury may arise from early life sucrose exposure [75,76], That 

being said, much higher doses of sucrose were provided in these studies than the amount we provided 

in our daily supplement volumes. Regardless, the findings demand that future investigations employing 

this model include additional control groups: an un-supplemented control group as well as a control 
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group that receives only water without sucrose, in order to test for both sucrose and the effects of 

handling on liver injury and inflammation.  

Excess daily iron supplementation at 90 mg iron/kg BW as FS is disruptive to weight gain in pre-

weanling rats. Growth wasting was related to excess iron loading, but reduced brain weight was not 

related to changes in brain iron levels. Iron loading in the liver following excess FS may cause liver 

damage and inflammation and may disrupt zinc and copper metabolism. The results suggest liver 

damage, inflammation, and mineral interactions may be involved in the growth wasting outcomes of 

excess iron in pre-weanling rats.  
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FIGURES 

Figure 1. Growth and development are disrupted by excess ferrous sulfate (FS) iron 

supplementation in pre-weanling rats. (a) Litter weight gain is reduced in FS-90 group across study 

period—postnatal day (PD) 2-10. Body weight of pups (n = 21-24/group, 3 litters/group) was 

measured every other day and group means ± SEM are shown. (b) Brain weight at necropsy on PD 

10 is reduced with excess FS iron supplementation. Biological replicates (n = 21-24/group, 3 

litters/group) are shown as individual data points with mean ± SEM. CON, vehicle control 

supplementation group; FS-10, 10 mg iron/kg BW; FS-30, 30 mg iron/kg BW; FS-90, 90 mg iron/kg 

BW. p-value summary: *, p < 0.05; ***, p < 0.001; ****, p < 0.0001. 
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Figure 2. Liver iron loading and hepcidin expression increased with iron dose. (a) Tissue non-heme 

iron concentration on PD 10 following 8 days of FS dosing from PD 2-9. Data for each tissue (n = 14-

18/group, 3 litters/group) are represented as mean ± SEM. (b) Correlation analysis of liver non-heme 

iron concentration vs. PD 10 body weight and (c) brain weight. (d) Microscope images of Perls’ 

Prussian blue iron-stained liver sections (n=/6 per group), captured with 40x objective lens 

(representative images shown). (e) Fold-change in liver Hamp gene expression, assessed by RT-

qPCR. Biological replicates (n = 13-18/group, 3 litters/group) are shown as individual data points 

with mean ± SEM. (f) Correlation analysis of liver non-heme iron concentration vs. liver Hamp 

expression. p-value summary: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Figure 3.  Hepatic inflammation and injury scores from histopathology following excess iron dosing. 

Scores were assigned by a pathologist blinded to treatment groups. (a-d) Inflammation, steatosis, 

necrosis, and fibrosis severity scores. Biological replicates (n = 6/group) are shown as individual data 

points with mean ± SEM. (e-g) Presence of degeneration, hypertrophy, or oval cell/biliary 

hyperplasia. Data shown as number of cases per group. 
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Figure 4. Hepatic zinc and copper levels are altered by excess iron. Tissue zinc (a) and copper (b) 

were determined with atomic absorption spectroscopy. Data for each tissue (n = 9-18/group, 3 

litters/group) are represented as mean ± SEM. p-value summary: *, p < 0.05; **, p < 0.01; ***, p < 

0.001; ****, p < 0.0001. 
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TABLES 

Table 1. Complete blood count (CBC) results. 

Result (units)1 
Group Mean ± Std. Deviation  

CON FS-10 FS-30 FS-90 p-value2 

Hemoglobin (g/dL) 8.95 ± 0.44 8.50 ± 0.60 9.15 ± 0.25 9.03 ± 0.31 0.3635 
Hematocrit (%) 31.0 ± 2.9 28.3 ± 1.5 30.8 ± 0.50 29.8 ± 3.3 0.4288 

RBC (M/µL) 3.62 ± 0.17 3.52 ± 0.23 3.50 ± 0.11 3.50 ± 0.13 0.7836 
MCV (fl) 85.5 ± 5.1 80.9 ± 1.4 87.7 ± 2.4 90.4 ± 0.85 0.1436 

MCH (pg)2 24.8 ± 0.17a,b 24.1± 0.25a 26.2 ± 0.22b 25.8 ± 0.15a,b <0.0001, 
**** 

MCHC (g/dL) 29.1  1.8 29.8 ± 0.60 29.8 ± 0.71 28.6 ± 0.30 0.4185 
RDW (%) 20.8 ± 2.2 18.0 ± 1.0 17.3 ± 0.50† 17.0 ± 1.0† 0.0080, ** 
WBC/µL 2938 ± 18 4170 ± 110 3403 ± 630 4210 ± 1300 0.1355 

WBC/µL (corrected)2 2874 ± 19a 3910 ± 77a,b 3300 ± 640a,b 4540 ± 620b 0.0095, ** 
Monocytes (%) 4.75 ± 2.8 6.00 ± 2.7 6.25 ± 2.6 7.25 ± 4.3 0.8003 

Monocytes (count) 137 ± 78 244 ± 130 204 ± 81 310 ± 190 0.4937 
Lymphocytes (%) 80.0 ± 3.7 78.3 ± 2.5 63.3 ± 30 68.3 ± 6.6 0.0976 

Lymphocytes 
(count) 2300 ± 200 3060 ± 570 2150 ± 1200 2700 ± 610 0.3158 

Neutrophils (%) 14.5 ± 2.1 15.0 ± 1.0 29.8 ± 30 23.0 ± 6.9 0.0689 
Neutrophils (count) 416 ± 56 589 ± 130 924 ± 82 948 ± 480† 0.0486, * 

1RBC, red blood cells; MCV, mean cell volume; MCH, mean cell hemoglobin; MCHC, mean cell 
hemoglobin concentration; RDW, red blood cell distribution width; WBC, white blood cells.   
2Kruskal-Wallis test for effect of FS on mean, n=3-4/group. p-value summary: *, p < 0.05; **, p < 
0.01; ****, p < 0.0001. 2Means with different superscripts are significantly different by post-hoc 
Dunn’s test, p < 0.05. †Comparison to CON mean p-value: 0.08 > p > 0.05. 
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Table 2. Serum cytokine and chemokine protein concentrations. 

Protein 
Name 

Group Mean (pg/mL) ± Std. Deviation  
CON FS-10 FS-30 FS-90 p-value1 

G-CSF 23.5 ± 5.2 23.2 ± 5.9 23.8 ± 4.9 24.1 ± 8.7 0.9907 
CCL11 5.44 ± 4.8 5.32 ± 3.9 5.91 ± 4.5 7.19 ± 5.3 0.8525 

GM-CSF2 9.87 ± 12a,b 0.00 ± 0.0a 3.98 ± 8.4a,b 17.4 ± 21b 0.0184, * 
IL-1α 226 ± 200 164 ± 120 200 ± 74 289 ± 240 0.4027 

Leptin2 39800 ± 
5500a,b 

28,800 ± 
9,200a 

55,500 ± 
11,000b 

46,300 ± 
38,000a,b 0.0445, * 

CCL3 63.5 ± 10 49.2 ± 7.7 58.2 ± 11 51.0 ± 18 0.0533 
IL-4 0.770 ± 1.6 0.00 ± 0.0 0.385 ± 1.2 1.75 ± 3.2 0.2649 

IL-1β 23.6 ± 7.2 18.8 ± 6.4 20.4 ± 8.7 144 ± 320 0.0594 
IL-2 11.8 ± 14 18.2 ± 24 23.4 ± 12 24.5 ± 30 0.1524 
IL-6 58.6 ± 190 0.00 ± 0.0 58.6 ± 190 319 ± 740 0.0856 
EGF 37.2 ± 42 22.7 ± 20 14.8 ± 11 34.0 ± 42 0.7772 
IL-13 0.669 ± 1.1 0.858 ± 1.9 1.20 ± 3.1 0.599 ± 1.9 0.7739 
IL-10 78.0 ± 29 62.1 ± 22 55.0 ± 16 254 ± 540 0.2956 

IL-12p70 22.7 ± 18 15.8 ± 14 32.7 ± 17 19.2 ± 28 0.1264 
IFNγ 289 ± 110 209 ± 140 311 ± 95 180 ± 95† 0.0359, * 
IL-5 31.9 ±16 27.8 ± 17 43.1 ± 21 48.6 ± 26 0.1014 

IL-17A 14.2 ± 2.7 11.6 ± 3.2 12.5 ± 2.6 14.1 ± 7.7 0.3261 
IL-18 900 ± 320 987 ± 290 986 ± 400 1310 ± 400 0.0654 
CCL22 1,640 ± 190a,b 1,330 ± 190a 1,640 ± 320a,b 1820 ± 620b 0.0274, * 
IP-10 361 ± 40 343 ± 38 320 ± 60 341 ± 81 0.1078 
CXCL1 145 ± 140 116 ± 140 153 ± 73 79.3 ± 100 0.3601 
VEGF2 211 ± 21a 192 ± 34a,b 167 ± 18b 193 ± 44a,b 0.0138, * 

CX3CL1 227 ± 18a 209 ± 22a,b 188 ± 22b 190 ± 25b 0.0018, ** 

CXCL52 10,000 ± 
2,100a 

8,670 ± 
1,400a,b 

8,480 ± 
1,500a,b 7,150 ± 1,500b 0.0047, ** 

CXCL22 24.2 ± 19a 4.46 ± 10a,b 0.00 ± 0.0b 18.1 ± 27a,b 0.0076, ** 

TNFα 4.94 ± 1.5 5.06 ± 1.2 4.58 ± 1.5 4.08 ± 1.1 0.3831 

CCL5 57,800 ± 
12,000 

62,500 ± 
19,000 

52,800 ± 
9,100 

49,200 ± 
16,000 0.2522 

1Kruskal-Wallis or ANOVA test for effect of FS on mean, n=10/group. p-value summary: *, p < 0.05; 
**, p < 0.01. 2Means with different superscripts are significantly different by post-hoc Dunn’s or 
Tukey’s test, p < 0.05. †Comparison to FS-30 mean p-value: 0.08 > p > 0.05. 

 

SUPPLEMENTARY FIGURES 
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Supplementary Figure 1. Growth and development are disrupted only in male pups that received excess 

FS. (a-b) Litter weight gain is reduced in FS-90 males but not females at study end point, PD 10. (c-d) 

Brain weight at necropsy on PD 10 is reduced in males but females that received excess FS. Means ± 

SEM are shown.  p-value summary: *, p < 0.05; **, p < 0.01. 

 

 

 




