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Iron Intake and Human Health

Gladys O. Latunde-Dada

Department of Nutritional Sciences, School of Life Course and Population Sciences, King’s College London,
London SE1 9NH, UK; yemisi.latunde-dada@kcl.ac.uk

Iron deficiency anemia (IDA) is a global nutritional disorder affecting large population
groups in varying magnitudes in different countries [1]. Such groups include vulnerable
growing children, adolescent girls, pregnant and lactating women, and the aged. The
physiological challenges of IDA, particularly those impacting growth and reproductive
purposes, pose demands for increased daily iron requirements for these demographics. The
daily iron needs of these vulnerable groups are commonly unmet because of inadequate
iron intake, poor bioavailability, low absorption of iron due to the presence of inhibitors
in the diet, or chronic blood loss, amongst others [2]. Consequently, evidence abounds
regarding the deleterious and debilitating consequences of IDA on infants’ cognition, brain
function, mental capability, work performance, and pregnancy outcomes [3,4]. Strategies
to combat IDA include fortification of foods, iron supplementation to targeted groups,
and attempts to explore and exploit food-based strategies to enhance iron absorption.
For example, recent publications have revealed iron bioavailability data on novel food
products, new oral iron supplements [5,6], and iron-biofortified foods that are safe and
less toxic to the gut. Moreover, food processing procedures such as micro-milling and
food encapsulation are employed to influence luminal bioaccessibility and iron absorption
from foods [7]. Furthermore, gut microflora have emerged as important entities that could
modify food matrices while secreting metabolites that might modulate iron absorption in
the proximal gut region [8].

Besides the common causes of IDA, inflammation places a significant burden on sys-
temic iron metabolism and the iron status of individuals with varying conditions. IDA in
developing countries is often associated with inflammation and infections. Indeed, inflam-
mation is a key regulator of hepcidin, the peptide hormone that modulates iron absorption
and iron homeostasis [9]. Hepcidin expression is elevated in response to proinflammatory
cytokines via a STAT3 transcriptional signaling pathway. This causes reduced iron absorp-
tion, since ferroportin, the iron efflux protein, is ubiquitinated by hepcidin [10]. Hence,
acute or low-grade inflammation therefore contributes to the incidence of anemia due to the
inhibition of iron absorption in the gut. In this issue, Htet [11] reported, in a randomized,
double-blinded, placebo-controlled trial, the effect of sub-clinical inflammation (SCI) on the
absorption of iron supplements in anemic adolescent schoolgirls in the Ayeyarwady region
of Myanmar. The study also investigated the effect of combining vitamin A or folic acid
with iron supplements given to the subjects with SCI. The study found that the efficiency
of iron supplements, as expected, was inhibited by SCI and vitamin A, which mitigated
their effect. Hence, the anti-inflammatory function of vitamin A neutralizes SCI to facilitate
enhanced iron absorption. Moreover, previous studies have indicated the beneficial effect
of vitamin A on the mobilization of stored iron for the enhancement of erythropoietin
synthesis [12,13].

The prevalence of IDA is also associated with genetic variability in human popula-
tions [14]. For example, human genome-wide association studies (GWAS) have identified
the association of multiple variants of the transmembrane protease serine 6 (TMPRSS6)
enzyme with abnormal hematological biomarkers. As a negative modulator of hepcidin
expression, TMPRSS6 down-regulates the transcription of hepcidin via the cleavage of
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hemojuvelin. Mutations in the TMPRSS6 gene lead to loss of function of the matriptase-
2 protein, which induces increased hepcidin levels in the liver. Hence, elevated hepcidin
levels, by degradation of ferroportin, lead to severe microcytic anemia due to reduced iron
absorption in the gastrointestinal tract [15]. Shinta et al. [16] compared the association of
two common TMPRSS6 SNPs (rs855791 and rs4820268) with iron intake and its effects on
the prevalence of IDA in children under two years of age. While the two TMPRSS6 SNP
variants were associated with lower serum ferritin concentrations, the association of IDA
with iron intake was significantly greater in these children [16]. In contrast, however, De
Oliveira Mota et al. [17] reported in the current issue that a red meat intake of 100 g/d
would theoretically not reduce the estimated burden of IDA, particularly in menstruating
females in population groups from France. This finding was obtained from a predictive
mathematical model that quantitatively determined the health burden of IDA in terms
of disability-adjusted life years (DALY) based on the age and gender of the subjects as
well as their iron requirements, intake, and status in France. In another study in this is-
sue [18], non-heme iron and total iron intake, rather than heme iron intake, were positively
associated with MetS (waist circumference, reduced HDL-C, and elevated triglycerides
and blood pressure) in the adult male population in China. An association between iron
intake and MetS risk was reported only in men, but not in women, possibly because of
reduced intake and increased loss of iron from the body due to the menstrual cycle in
the latter. It should be noted, however, that the dietary iron intake was calculated from a
3-day diet record with inherent confounding issues. Nevertheless, evidence abounds in
the literature [19–21] on the complex relationship between iron metabolism and the risk of
MetS. The mechanism underlying these interactions is a subject of increasing research and
may be linked to ferroptosis.

Moreover, the dysregulation of iron metabolism has been associated with the de-
rangement of body tissue composition, energy expenditure, and metabolic syndrome.
Moreno-Fernandez et al. [22] reported that Fe deficiency resulted in significant reductions
in lean tissue mass and body fat, as well as inducing low energy expenditure in mice.
While the levels of the triiodothyronine, thyroxine, and ghrelin hormones decreased in
the anemic mice, glucose-dependent insulinotropic polypeptide (GIP), glucagon, insulin,
corticosterone, and adrenocorticotropic hormone levels were elevated. Low oxygen con-
sumption and hypoxia in the anemic mice may possibly have impacted the iron-dependent
enzymes that are involved in ATP synthesis and the resultant weight loss in the mice, as
was also reported by Schneider et al. [23].

The health burden of IDA also encompasses debilitating consequences on an infant’s
growth, fatigue, and mental function. IDA in fetuses and babies during the pre- and
post-natal periods could cause impaired memory, reduced attentiveness, and cognitive mal-
function, amongst other issues [24]. Moreno-Fernandez et al. [25] performed a systematic
literature review on the effect of iron status on the growth and developmental indices of
premature infants. Iron demands are high during early growth, and it has been proposed
to give iron supplements to vulnerable infants, particularly those with low birth weights.
The study [24] also showed that low iron overload status in pre-term infants was more
associated with lower birth weights than those with normal iron status. Hence, there is
a delicate balance between the optimal iron supplementation dose to avert the negative
consequences of IDA and the levels required to prevent organ damage due to iron overload.
For example, a study [26] reported that some pregnant Norwegian women had iron supple-
mentation beyond the daily recommended dose, which could cause adverse toxic effects to
both the mothers and newborn babies. Nonetheless, a large-scale prospective study in the
current issue revealed no deleterious consequences of iron supplementation administered
during pregnancy and the postpartum period to the risk of developing Type 1 diabetes
(T1D) in babies [27]. This Danish study concluded that maternal supplemental iron intake
was possibly protective against T1D, rather than being a risk factor. However, there are
instances when unabsorbed supplemented iron can induce the formation of toxic reactive
oxygen species that cause inflammation or enhance the proliferation of iron-dependent
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pathogenic microbes in the distal gut region [28]. The deleterious consequence of high
concentrations of supplemental iron in the colon has indeed been associated with gastroin-
testinal inflammation and microbial dysbiosis [29]. Iron chelation to starve and sequester
iron from pathogenic microbes has been advocated as a panacea to maintain good gut
health. Based on this premise, Horniblow et al. [30] investigated the safety and tolerability
of a biopolymeric alginate as an iron chelator on hematological biomarkers and microbiome
composition in healthy subjects. While the biopolymeric compound was safe and well
tolerated, there were no changes to microbiota populations, and the iron-chelating ability
of alginate was presumed to be confounded, possibly by the presence of other dietary
chelators in the luminal food matrix content. Further published research by the same
authors [31] showed that another biopolymer compound, namely, lignin, chelated iron
and restricted its availability to detrimental proteobacteria while promoting the growth of
favored beneficial bacteroides. Hence, lignin could be used to control microbial dysbiosis
and inflammation associated with gut disorders. Regarding the public health significance
of IDA, strategies to alleviate its effects include food fortification programs that are adopted
by different countries and iron supplementation to specific vulnerable groups [32,33] across
different age groups. Iron compounds used for supplementation include ferrous sulfate, el-
emental iron, ferric pyrophosphate, ferrous sulfate, ferric pyrophosphate, ferric ammonium
citrate, ferrous sulfate, ferric pyrophosphate, fumarate, gluconate, and ferric ammonium
citrate, among several others. Nevertheless, some of these iron salts cause gastrointestinal
side effects such as nausea, constipation, diarrhea, and inflammation, as discussed ear-
lier. Therefore, the initiative to synthesize novel iron salts that are safe, tolerable, and of
high bioavailability is an ongoing challenge. Recently, newly synthesized nanoparticulate,
ligand-modified Fe(III) polyoxo-hydroxide [34], nanoparticulate Fe pyrophosphates [35],
sucrosomal iron [5], and iron multi-amino acid chelate (IMAAC) [6] have been added to the
list of iron supplements to be used to prevent and treat IDA. In line with this development,
Naviglio et al. [36] reported a method by which an iron (II) citrate complex was synthesized
using iron filings and citric acid. The compound, FeC6H6O7·H2O, which contains Fe(II),
was purified with an array of analytical techniques, and it has been proposed to be available
as an iron supplement for commercial purposes. For these reasons, it is imperative to evalu-
ate and compare the in vitro bioaccessibility and in vivo bioavailability of FeC6H6O7·H2O
with the gold-standard FeSO4. Fe(II) is the form of iron that is absorbed by divalent metal
transporter 1, DMT1, the metal transporter in the duodenum of the gastrointestinal tract. Yu
et al. [37] investigated the transport of iron from ferrous bis-glycinate (Fe-Gly) in CRISPR-
Cas 9 DMT1-knockout Caco-2 cells. These authors reported that iron from Fe-Gly was
mainly absorbed by Caco-2 cells via DMT1, and that iron-regulated transporter (IRT)-like
protein 14 (Zip14) expression was induced to compensate for iron absorption when DMT1
was limiting.

In summary, the papers in this issue, which were published originally in Nutrients,
explored the significance of IDA, spanning across its causes and consequences. Furthermore,
some approaches and interventions to prevent its incidence in human populations were
highlighted and discussed. The health burden of IDA includes debilitating effects on energy
metabolism, inflammation, and infection. Strategies to synthesize iron supplements of high
bioavailability, with high redox inert and without adverse effects in the gastrointestinal
tract, will be of immense benefit to the drive to prevent, manage, and treat IDA globally.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Iron absorption was impaired in the presence of sub-clinical inflammation (SCI) and might
hamper the effect of iron supplementation. The purpose of the study was to identify the influence of
SCI on iron supplementation. A randomized, double-blinded, placebo-controlled experimental study
was conducted among anaemic adolescent schoolgirls in Ayeyarwady region, Myanmar. A total of
402 schoolgirls were recruited from six schools screened from 1269 girls who were assigned into one
of four groups: Folate group (2.5 mg of folate), Vitamin A group (15,000 IU of vitamin), Iron folate
group (60 mg elemental iron and folate) and Iron, and vitamin A and folate group. Supplementation
was done once a week for 12 weeks. Iron, vitamin A and inflammation were measured at the baseline,
middle and endline. Changes in serum ferritin and body iron were significantly higher in the IFA
and IFA + vitA among those without SCI. There was interaction between vitamin A and SCI on Hb
changes. Analysis of GLM repeated measure showed interactions between treatment and SCI for
hemoglobin and serum transferrin receptor. Those treated with vitamin A had better outcomes when
there was SCI. Inflammation accompanied a negative effect on iron supplementation and vitamin A
improved efficacy of iron supplementation in the presence of SCI.

Keywords: anemia; iron deficiency; Myanmar; sub-clinical inflammation

1. Introduction

Despite the progress in anemia control over the last decades, iron deficiency and anemia still remain
major nutritional problem in many parts of the world [1]. Fortification and food based approaches
are promising strategies to overcome the problem but iron supplementation remains important since
it is the most effective strategy for the areas where iron deficiency is common and anemia is a major
public health problem [2,3]. Anemia and iron deficiency are prevalent in developing countries and are
often accompanied by infections and sub-clinical infection (SCI). The interaction between infections
and nutritional status of individuals is well recognized and in recent years the relationship between
the host iron status and infections has become a focus of research interest [4]. Not all studies have
shown iron supplementation to be effective in reducing anemia and it may even cause deleterious

Nutrients 2019, 11, 918; doi:10.3390/nu11040918 www.mdpi.com/journal/nutrients
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health outcomes in the area where infections, particularly malaria, are common as, for example, in the
Pemba trial [5]. Subsequently to that study, WHO in 2006, recommended targeted and supervised
supplementation in malaria endemic areas only to iron deficient or severely anemic young children [6].
However, in the low resource settings where anemia and iron deficiency are prevalent, it is not always
feasible to assess the iron status of the population before giving supplementation.

Understanding of the interaction between infections and iron status is gradually improving yet the
work remains challenging. The function of the newly-discovered, iron-regulatory hormone hepcidin
explains why anemia commonly occurs in the presence of chronic diseases and infections [7]. While
the debate is ongoing for iron supplementation in malaria-endemic areas, little attention is paid to the
importance of sub-clinical inflammation (SCI) in relation to the effectiveness of iron supplementation.
SCI can exist in the apparently-healthy population and unless taken into account, its influence on anemia
will be overlooked [8]. Studies showed that SCI can interfere with the assessment of micronutrient
status especially indicators of iron and vitamin A status [9–11]. However, there have been no attempts
to investigate the influence of SCI on the effectiveness of iron supplementation. Studies have shown
additional benefits in reducing anemia by combining iron and vitamin A, but none have considered
the role of SCI or anti-inflammatory properties of vitamin A on the mechanisms involved.

We hypothesized that the effect of iron supplementation on anemia may not be optimal in the
presence of SCI and explored the interactive effect of combined iron and vitamin A supplementation and
SCI. The study was registered at the clinical trial registration system with the identifier ClinicalTrials.gov
ID: NCT 01198574.

2. Materials and Methods

Study setting and population: Background information on the subjects and study area are
described elsewhere [12]. The study was conducted in Nyaung Done Townhsip, a peri-urban area in
Ayeyarwady division, the delta region of Myanmar located about 3 h drive, (~40 km) distance from the
former capital city Yangon.

The subjects were 8 to 10 grade post-menarcheal, adolescent school girls and were recruited in
July 2010. Screening for anemia, malaria and haemoglobinopathies was done among the schoolgirls
(n = 1269) from six schools in the study area during the recruitment (5). Postmenarcheal schoolgirls
with anemia (Hb < 12.0 g/dL), not suffering from any major illness or known disease at the time of
recruitment, were invited to join the study. Those with severe anemia (Hb < 7.0 g/dL) or those who
took multivitamin supplements regularly for past three months were not eligible (2). The girls with
severe anemia were treated with iron tablets and not included in the study. Deworming with a single
dose of albendazole (400 mg) was done in these girls one week before the blood collection.

Screening for anemia, hemolytic anemia and malaria infection was done in 6 schools among 8 to
10 grade schoolgirls and details were reported elsewhere [13]. The sample size was calculated in order
to detect a mean hemoglobin difference of 5 g/L between two groups, with 95% power at 5% level of
significance based on a previous study [14]. The sample size was 73 for each group and allowed for
a dropout rate of 20%. To take account of inflammation, the sample was increased to 100 and a total
of 402 subjects for four interventions were recruited. Deworming with a single dose of Albendazole
(400 mg) was done to these girls one week before the blood collection.

Study design and Intervention: The study was a randomized, double blinded, placebo controlled
trial and the subjects in all 6 schools were randomly assigned into one of the four treatment groups
using random allocation software with the block size of 8. The block randomization was done by
computer generated randomization and was done by a statistician. The randomization list was kept
by someone who was not involved in the study. Allocation concealment was done by enclosing
the assignment of treatment in sequentially numbered, opaque, sealed envelopes. This allocation
concealment was done to prevent selection bias and it was done at the time of enrolment to protect the
assignment sequences. The study personnel and participants were blinded to treatment assignment
for the duration of the study.
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There were four treatment groups involved in the study and each group received two tablets as
follows: IFA group (60 mg iron with 2.5 mg folate and vitamin A placebo), VA group (VA 15,000 IU and
placebo iron i.e., 2.5 mg folate), IFA+VA group (60 mg iron with 2.5 mg folate and VA 15,000 IU), and
placebo group (FA) (2.5 mg folate and vitamin A placebo). The intervention groups were equivalent to
2 by 2 design with iron and vitamin A, but with all the groups receiving folate to ensure that anemia
due to folate deficiency was controlled for. Supplementation was given once a week for 12 weeks
and the weekly dosage of iron folate corresponded to previous studies [15] and that of vitamin A was
calculated based on RDA (Recommended Daily Allowance). Supplements were prepared for the study
by Kimia Farma Pharmaceutical Factory, Indonesia and placebos were made identical in appearance to
the supplements and were coded at the factory. All the personnel and investigators were blinded and
de-blinding of the code was done only after the preliminary data analyses were done.

Compliance: Supplementation was done once a week for twelve weeks under close supervision of
school teachers. During the intervention, principal investigator and field assistants visited the schools
every week to monitor any side effects, to check the compliance, and to collect empty supplement
containers and provide the supplements for the upcoming week.

Data Collection: At baseline, participants were administered a standard interview using structured
questionnaire. Anthropometric assessments were carried out by two trained persons. Body weight was
measured by flat electronic weighing scale (SECA 874, Hamburg, Germany) to the nearest 0.1 kg and
height measured by measuring tape (Microtoise SECA 206, Hamburg, Germany) to the nearest 0.1 cm.
Anthropometric nutritional status was assessed using z scores and WHO anthroplus software was
used for the analysis [16]. Venous blood samples were collected three times at baseline, midline, and
endline (week 0, week 6 and after week 12) of the study. In the presence of a physician, phlebotomy
was done by experienced nurses and 3 mL of non fasting venous blood was taken from each subject in
the morning school session 8:00 to 12:00 hr. The blood samples were collected into a non-heparinised
vacuette as well as into an EDTA tube and transported in ice-cooled containers to the laboratory of
Department of Medical Research, Lower Myanmar (DMR-LM) within 4 h.

2.1. Ethics and Registration

Ethical approval of the study was granted from Faculty of Medicine, University of Indonesia
(128/PT 02.FK/ETIK/2010) and also from Department of Medical Research, Lower Myanmar (18/Ethics
2010 DMR-Lower Myanmar). The study was registered at the clinical trial registration system at
ClinicalTrials.gov (identifier ID: NCT 01198574).

Laboratory analysis: Hemoglobin was measured by cyanmethemoglobin method at Nutrition
Research Division, DMR-LM. The quality control for the Hb assessment was done with control samples
of known values from National Health Laboratory on daily basis and the coefficient of variation of
the assessment was below 5.0%. Blood samples were centrifuged at 1500× g for 10 min and serum
samples were kept in polyethylene vials at –20C before further analyses were done. These samples
were kept frozen in dry ice during the shipment to the laboratory of South East Asian Ministers of
Education Organization-Regional Center for Food and Nutrition (SEAMEO-RECFON), University
of Indonesia, Jakarta, Indonesia for further analyses. Details of these analyses were described in
a previous paper [12]. Briefly, an in-house sandwich enzyme-linked immunosorbent assay was used
to measure serum ferritin (SF), transferrin receptor (sTfR), retinol binding protein (RBP), C-reactive
protein (CRP), and α1-acid glycoprotein (AGP) on 200 μL serum [17]. Body iron store was calculated
using the method of Cook et al. [18]. Serum retinol concentrations were measured by high performance
liquid chromatography [19]. Serum folate concentrations were measured using microbiological assays
according to the methods of O’Broin and Kelleher [20].

Anemia was defined as haemoglobin <12.0 g/dL [21], iron deficiency (ID) when SF < 15 μg/L
and /or sTfR was >8.5 mg/L and IDA by the occurrence of ID and anemia [11,22]. Low vitamin A
status was defined when serum retinol concentrations were <1.05 μmol/L) [23]. SCI was defined when
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serum CRP>5mg/L and/or AGP concentrations were >1g/L at any time throughout the study (baseline,
midline, endline) [9,10].

2.2. Statistical Analysis

Statistical analyses were performed using statistical software package SPSS (SPSS; Chicago,
IL USA) Version 15.0 for windows. Normality of distribution of the variables was checked with
Komogorov-Smirnov test and serum ferritin, sTfR, and serum retinol were log transformed to better
approximate a normal distribution. Data were presented as means ± SD or geometric means ± SD.

The baseline biochemical status of subjects among 4 groups was compared by one-way analysis of
variance (ANOVA). Posthoc analysis using LSD was applied when ANOVA was statistically significant.
The prevalence of iron deficiency, low vitamin A status and SCI among the groups was compared
using Chi-square test. The change in Hb, serum ferritin and body iron store were compared among
the four treatment groups using ANOVA test after stratification by SCI. Multiple linear regression
was performed to identify the determinants of changes in Hb. In the regression model, baseline
concentration of Hb, serum ferritin and transferrin receptor were controlled and treatment effect
of iron, vitamin A and their interactions with SCI were included. A general linear model (GLM) with
repeated measurements was done to investigate the effect of intervention on the outcome variables
such as Hb, iron and vitamin A status and the interaction between the treatment groups and the SCI.
The outcome variables were treated as within subject variables. The type of treatment and SCI were
treated as between subject variables. The analysis was done with and without including the interaction
of treatment and inflammation (treatment × inflammation).

3. Results

Of the 402 recruited subjects, 392 completed the 12 week intervention study but complete data
were only available for 391 subjects which was used for the analyses. The main reason for the drop-outs
was due to resignation from the schools and data for lost subjects were not different from the remaining
subjects. The girls were closely monitored by teachers and the compliance was high (86.5%) with no
difference between group. The detail description of baseline characteristics of subjects were described
elsewhere [12]. The anthropometric and biochemical status of the subjects were compared among the
four groups and there were no significant differences (Table 1).

Table 1. Anthropometric and biochemical status of the subjects at baseline of study 1.

Treatment Group

Variables
FA

(n = 98)
VitA

(n = 101)
IFA

(n = 94)
IFA + VitA

(n = 98)
Total

n = 391 p 3

Age (years) 15. 8 ± 1.13 16.1 ± 1.20 15.9 ± 1.21 16.0 ± 1.15 15.9 ± 1.17 0.270
Age of Menarche 13.2 ± 0.89 13.3 ± 0.89 13.1 ± 1.01 13.1 ± 0.89 13.2 ± 0.92 0.469
Weight (kg) 41.3 ± 6.12 42.3 ± 6.42 41.5 ± 6.03 41. 8 ± 6.27 41.7 ± 6.20 0.711
Height (cm) 149.8 ± 4.60 151.7 ± 5.75 150.8 ± 5.33 151.2 ± 5.23 150.8 ± 5.27 0.075
BMI-for-Age −0.67 ± 0.96 −0.73 ± 0.86 −0.77 ± 0.94 −0.79 ± 1.02 −0.74 ± 0.94 0.821
Thinness (%) 4 10.2 5.9 9.6 10.2 8.9 0.672
Hemoglobin (g/dL) 8.9 ± 1.3 8.9 ± 1.1 8.8 ± 1.1 8.8 ± 1.2 8.9 ± 1.2 0.850
Serum Ferritin 2 (μg/L) 29.9 ± 2.5 33.4 ± 2.5 31.4 ± 2.4 25.5 ± 3.1 29.9 ± 2.6 0.233
Transferrin receptor (mg/L) 6.74 ± 1.5 6.56 ± 1.42 7.09 ± 1.52 7.16 ± 1.59 6.9 ± 1.5 0.391
Body iron (mg/kg) 4.04 ± 3.77 4.49 ± 4.21 3.97 ± 3.91 3.16 ± 5.27 3.92 ± 4.34 0.185
Serum retinol 2 (μmol/L) 1.18 ± 1.28 1.17 ± 1.31 1.21 ± 1.28 1.18 ± 1.29 1.18 ± 1.29 0.858
Serum folate (nmol/L) 6.02 ± 1.95 6.0 ± 1.7 6.66 ± 1.80 6.27 ± 1.67 6.22 ± 1.78 0.574
CRP(mg/L) 0.73 ± 2.07 0.96 ± 3.32 1.38 ± 6.08 0.47 ± 0.87 0.88 ± 3.60 0.349
AGP (g/L) 0.76 ± 0.18 0.75 ± 0.16 0.74 ± 0.20 0.74 ± 0.17 0.75 ± 0.18 0.798

1 mean ± SD or geometric mean ± SD, FA: Folate group, VitA: Vitamin A and folate, IFA: Iron and folate group,
IFA + vitA: Iron folate and vitamin A group; 2 Serum ferritin and serum retinol were adjusted for sub-clinical
inflammation using the meta-analysis correction factor; 3 one-way ANOVA was used for between groups comparison,
values are significantly different at p < 0.05(Bonferroni correction); 4 Thinness was defined by BMI-for-age z score <−2.

Change in Hb, serum ferritin and body iron store were compared among the four groups after
stratification by SCI (Table 2). The results showed no significant difference in Hb change between the
4 treatments although there was a tendency of greater increase in Hb in IFA and IFA + vitA group
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(p value=0.139) in subjects without SCI, but not in the group with SCI. Regarding the change in serum
ferritin and body iron store, there were significant differences between treatment groups in subjects
without inflammation and the changes were higher in the IFA and IFA+ VitA and folate groups.
However, there were no significant differences between treatments for the changes in Hb, ferritin,
or body iron stores in subjects with SCI.

Table 2. Changes in Haemoglobin, serum ferritin and body iron store with or without sub-clinical
inflammation at the end of 12 week iron supplementation 1.

Change in Hb Change in SF (Log Value) Change in Body Iron Store

No SCI 2 (336) SCI (55) No SCI (336) SCI (55) No SCI (336) SCI (55)

FA 1.98 ± 1.08 2.18 ± 1.14 0.91 ± 1.58 a 1.05 ± 2.59 −0.24 ± 1.90 a −0.47 ± 1.56
VitA 1.96 ± 1.25 2.12 ± 1.66 1.04 ± 1.65 a 0.89 ± 1.87 0.28 ± 1.92 a −0.10 ± 2.22
IFA 2.28 ± 1.18 2.10 ± 1.20 1.26 ± 1.54 b 1.05 ± 2.59 1.20 ± 1.64 b 0.43 ± 3.23
IFA + vitA 2.28 ± 1.32 2.46 ± 1.40 1.41 ± 1.72 b 1.07 ± 1.99 1.73 ± 2.45 b 0.78 ± 2.95
F value 1.843 0.186 13.55 0.303 16.477 0.688
p value 3 0.139 0.906 <0.001 0.823 <0.001 0.563

1 mean ± SD for Hb change and body iron store, geometric mean ± SD for serum ferritin change, ab Values with
different superscript letters are significantly different, p < 0.05, FA: Folate group, VitA: Vitamin A and folate, IFA:
Iron and folate group, IFA + vitA: Iron folate and vitamin A group; 2 SCI = sub-clinical inflammation defined by
CRP > 5 mg/L or AGP > 1 g/L at any time throughout 12 week of intervention study; 3 one-way ANOVA was used
for between groups comparison, values are significantly different at p < 0.05.

Table 3 shows the results of regression analysis for the outcome Hb change in response to iron or
vitamin A alone or interaction with inflammation. The result shows treatment with iron significantly
increased Hb concentration (p = 0.002), but not in the presence of inflammation (p = 0.268). Vitamin A
alone in those with no inflammation did not increase Hb, but there was a significant increase in Hb in
those subjects with inflammation.

Table 3. Determinants for Hb changes from baseline to endline of 12 weeks Intervention.

Unstandardized Coefficient (B) SE Standardized Coefficient p

Treatment with Fe 1

(Constant) 11.19 0.51 <0.001
Hb at baseline −0.85 0.04 −0.81 <0.001
Serum ferritin at baseline −0.09 0.11 −0.03 0.397
sTfR at BL −1.85 0.27 −0.27 <0.001
Treatment with Iron 0.28 0.09 0.11 0.002
SCI treated with Fe −0.26 0.24 −0.05 0.268
SCI 0.11 0.16 0.03 0.490
Treatment with VitA 2

(Constant) 11.37 0.51 <0.001
Hb at baseline −0.85 0.04 −0.82 <0.001
Serum ferritin at baseline −0.11 0.11 −0.04 0.324
sTfR at BL −1.77 0.27 −0.25 0.000
Treatment with VitA −0.08 0.09 −0.03 0.359
SCI treated with VitA 0.48 0.24 0.10 0.044
SCI −0.26 0.17 −0.07 0.123

1 Linear regression for the change in haemoglobin concentration by treatment with Iron, adjusted for baseline Hb,
baseline serum ferritin and sTfR, R2 = 0.57, F(89.34), (p < 0.001); 2 Linear regression for the change in haemoglobin
concentration by treatment with Vitamin A, adjusted for baseline Hb, baseline serum ferritin and sTfR, R2 = 0.57,
F(86.97), (p < 0.001).

The results of analysis by general linear model with repeated measures for subjects with and
without inflammation are shown in Table 4. There were significant differences in the increases in Hb
(p < 0.027) and sTfR (p < 0.013) concentrations in response to the different treatments between those
subjects with and without inflammation. The results showed that in the group with SCI, subjects
who received either vitamin A alone or together with IFA had better iron status compared to the
other groups.
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4. Discussion

The important finding of the study is that the effect of iron supplementation can be hampered by
SCI and the addition of vitamin A can be an advantage in that condition.

The study was conducted in the delta region Myanmar where the prevalence of anemia was
reportedly high [24]. Indeed, the finding from the screening phase showed the prevalence of anemia
was ~ 60% in the area which confirmed anemia as a major public health problem in the area [13].
Myanmar is a country situated in South East Asia with the population of approximately 51 millions
according to census 2014 [25]. About 70% of the populations reside in rural area and majority of them
are working in the agricultural sector. The results showed that around 30% of the subjects were iron
deficient (serum ferritin <15 μg/L and/or sTfR >8.5 mg.L) and had low vitamin A status (serum retinol
<1.05 μmol/L) (Table 1). The prevalence of thinness (BMI-for-age < e-2) was 8.9% among the girls which
was lower than findings from recently conducted nationwide micronutrient survey (18% prevalence of
thinness for union level) [26].The subjects from the study area were relatively healthy and as a result,
the prevalence of inflammation was as low as 6%. This was in contrast with our previous work from
Indonesia where the prevalence of inflammation was almost 40% among high school girls of the same
age group [27].

However, despite the low prevalence, the finding showed the significant negative impact of
inflammation on effectiveness of iron supplementation. Table 2 shows the influence of SCI on the effect
of iron supplementation for the changes in Hb, serum ferritin and body iron at the end of the 12 week
supplementation. The finding suggested that effect of iron supplementation on serum ferritin and body
iron store were impaired by SCI. Inflammation is our body physiological response to infections and
injuries and the purpose is to minimize the damage to our body and to facilitate the repair process [28].
Unlike in clinical settings, sub-clinical inflammation (SCI) can be always present among the apparently
healthy population and unless taken into account, it will lead to misinterpretation of the biomarkers of
nutritional status assessment [9,10]. Few studies have investigated the association between sub-clinical
inflammation and anemia, but were mostly inconclusive and descriptive. A recently published paper
showed subclinical inflammation (AGP>1.0 g/L) was a risk factor for anemia among the Cambodian
children and the author suggested that there might be inhibition of iron absorption as well as the
release of stored iron as a result of inflammation [29]. Another study from Papua New Guinea showed
the children who had high CRP (>5 mg/L) and AGP (>1.2 mg/L) had high prevalence of anemia [30].
While it failed to reach statistical significance (p = 0.053), a study from Nicaragua showed the risk
of anemia was 1.5 times higher for the subjects with high acute phase protein (AGP > 1.0 g/L) than
the normal subjects [31]. Similarly, the finding from our study indicates that SCI is an important
determinant that undermines the effectiveness of iron supplementation.

The mechanism by which inflammation interferes with the iron supplementation might be
explained by the negative iron regulatory hormone hepdicin, which inhibits intestinal iron absorption,
release of storage iron from the reticuloendothelial system. During inflammation, hepcidin is released
mainly from the liver with the stimulation from pro-inflammatory cytokines especially IL-6 [7,32]. It is
also suggested that proinflmammatory cytokines suppress the production or biological activity of
erythropoietin in anemia of inflammation [33]. However, studies have not been done to investigate the
influence of SCI on iron supplementation and despite the low prevalence of SCI, we have shown that
SCI interfered with the effectiveness of iron supplementation.

Vitamin A has been extensively studied for its important roles in body’s physiological and immune
functions yet still many issues remain unsolved and the data is limited especially for this age group.
The combined effect of vitamin A and iron supplementation was well documented in previous studies
and studies showed that vitamin A is essential for the mobilization of storage iron and a possible role
in enhancing the erythropoietin [34,35]. The regression analysis for the outcome Hb change shows
the interaction effect between vitamin A and SCI (vitamin A × SCI) (Table 3). Although we cannot
conclude with certainty, the possible mechanism might be the immunomodulatory function of vitamin

13



Nutrients 2019, 11, 918

A whereas it enhances Th2 anti-inflammatory pathway while minimizing the Th1 pro-inflammatory
pathway [36]. Moreover, this effect may be an adjuvant function of vitamin A on iron supplementation.

Table 4 shows the effect of iron supplementation is hampered by SCI. The important finding is
the significant interaction effect between the treatment and SCI (treatment × SCI) for the outcome
hemoglobin and serum transferrin receptor. Specifically, when there was SCI, those who received vitamin
A such as vitamin A group and vitamin A + IFA group showed significantly better outcome for Hb
and sTfR compared to the other groups. In this study, both hemoglobin and serum transferrin receptor
concentration were not influenced by SCI but when accompanied by SCI, vitamin A containing group
showed better responses for these indicators. There was no interaction between iron and SCI. On the
other hand, when there was no SCI, IFA, and vitamin A +IFA group showed better outcomes. These
findings suggested that iron supplementation would be more effective regardless of vitamin A if there is
no inflammation. However, once there is inflammation, the additional vitamin A supplementation is
an advantage.

The significance of the study is that the effect of iron supplementation on iron status can be
observed in the two scenarios stratified by the inflammation status. The prevalence of SCI was relatively
low in this study, but there might be seasonal increases that should be further explored. The results of
this study indicate that SCI has programmatic implications for the effectiveness of iron supplementation
where infections are common. Given SCI is not commonly assessed in programmatic setting, additional
vitamin A may be an advantage to improve the effectiveness of IFA supplementation.
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Abstract: Multiple common variants in transmembrane protease serine 6 (TMPRSS6) were associated
with the plasma iron concentration in genome-wide association studies, but their effect in young
children where anemia and iron deficiency (ID) were prevalent has not been reported, particularly
taking account of iron intake. This study aims to investigate whether TMPRSS6 SNPs (rs855791
and rs4820268) and iron intake are associated with a low iron and hemoglobin concentration in
under-two-year-old children. The study analyzed the baseline of a randomized trial (NUPICO,
ClinicalTrials.gov NCT01504633) in East Lombok, Indonesia. Children aged 6–17 months (n = 121)
were included in this study. The multiple linear regressions showed that TMPRSS6 decreased serum
ferritin (SF) by 4.50 g/L per copy minor allele (A) of rs855791 (p = 0.08) and by 5.00 μg/L per copy
minor allele (G) of rs4820268 (p = 0.044). There were no associations between rs855791 and rs4820268
with soluble transferrin receptor (sTfR) and hemoglobin (Hb) concentration (rs855791; p = 0.38 and
p = 0.13, rs4820268; p = 0.17 and p = 0.33). The finding suggests the need for further studies to explore
whether the nutrient recommendation for iron should be based on genetic characteristics, particularly
for children who have mutation in TMPRSS6.

Keywords: anemia; iron deficiency; TMPRSS6; iron intake; children; Indonesia

1. Introduction

Worldwide, Iron Deficiency Anemia (IDA) affects 24.8% of the total population and the highest
prevalence is among under-five-year-old children (47.4%) [1], particularly in their first two years of life.
Studies often reported a decline in the nutritional status during the first two years of life and therefore
this period is a critical window of opportunity for improving childhood nutrition [2].

Previously, IDA has been known to be associated with dietary and/or other environmental factors
such as infection. Recently, several studies have indicated a genetic contribution in the development of
ID, i.e., 20–30% of variability in iron concentration is attributable to genetic factors [3]. Genome-wide
association (GWA) studies have revealed a number of genetic variants of human and animal genomes
which influence iron concentration. Studies in the mutant mouse showed that the transmembrane protease
serrin 6 (TMPRSS6) genes caused the loss of the catalytic domain of matriptase-2 that concurrently
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increased the hepcidin level in the liver. Increased hepcidin level led to a severe microcytic anemia due
to low iron absorption in the intestine [4]. Findings of severe IDA in masked mice have led to further
investigations on the TMPRSS6 mutations in humans with iron refractory iron deficiency anemia
(IRIDA) [5].

Recently, GWA studies identified several single nucleotide polymorphisms (SNPs) of the TMPRSS6
genes that influence microcytic red blood cell phenotypes. Several SNPs of TMPRSS6 have been
identified to be associated with IDA. Among these SNPs, rs855791 and rs4820268 have the strongest
association either on red blood cell indices or iron parameters especially in the Asian population [5].
No previous studies have reported the influence of the TMPRSS6 gene on iron status indicators in
under-two-year-old children. In addition, most studies reporting the influence of genetic factors on
the iron status did not take into account iron intake at the same time. Therefore, this study aims to
investigate whether minor alleles of the TMPRSS6 gene at rs855791 and rs4820268 as well as the usual
iron intake are associated with low iron and hemoglobin concentrations among under-two-year-old
children in East Lombok, where the prevalence of anemia and iron deficiency was reported to be high.

2. Material and Method

2.1. Study Population

Data for this study were collected at the baseline of a randomized trial of NUPICO (Can
Nutrigenetics help explain the Mixed Result on Effect of LCPUFAs and Iron on Child Cognition?)
that aims to assess gene-nutrient interaction in explaining effect of LC-PUFAs and iron on cognitive
functioning of young children. The NUPICO was registered at ClinicalTrials.gov as NCT01504633.
Ethical approval was obtained from the Ethical Commission of Faculty of Medicine, Universitas
Indonesia (No. 586/PT.02.FK/ETIK/2011, with addendum No.837/UN2.F1/ETIK/IX/2015). Written
informed consent was obtained from the parents or caregivers of the children. The study was conducted
in 2012 in the East Lombok district, West Nusa Tenggara province, Indonesia. Breastfed, 12–17 months
old children of Sasak ethnicity were recruited with the following exclusion criteria: Low birth weight
(<2500 g), having congenital disorder, severe anemia (hemoglobin, Hb < 70 g/L) and malaria infection.
All subjects with complete data on genotype, iron indicators, and iron intake were included in this
analysis (n = 121). This sample size met the minimum sample (n = 94) which was calculated based on
the coefficient correlation of iron intake and Hb (r = 0.233, p < 0.05) [6] with 0.05 significance level and
80% power.

2.2. Dietary Iron Intake Assessment

The usual iron intake of the children was assessed using a validated semi-quantitative food
frequency questionnaire (SQ-FFQ) of the previous month intake. The SQ-FFQ represented 90% of iron
intake of the study population and was validated using two-day non-consecutive 24 h dietary recalls
and showed good correlation (p < 0.05) and no significant mean difference in the estimated usual iron
intake. The proportion at risk of inadequate iron intake was estimated from two-day non-consecutive
24 h dietary recalls using the IMAPP Version 1.0.

2.3. Iron and Hemoglobin Measurements

The concentration of Iron was assessed by a soluble serum transferrin receptor (sTfR) and serum
ferritin (SF), which were analyzed using the Immunosorbent assays (ELISA) method. To correct the
influence of subclinical inflammation which was defined by the C-reactive protein (CRP) (>5 mg/dL)
and α-1 Acid Glycoprotein (AGP) (>1 g/dL), correction factors were used to adjust the SF concentration
following the Thurnham model, i.e., 1.0 (healthy stage), 0.77 (incubation stage, raised CRP only),
0.53 (acute inflammation, raised CRP and AGP), 0.75 (chronic inflammation, raised AGP only) [7].
The concentration of Hb was analyzed using the cyanmethemoglobin method. The body iron store
was calculated using SF and sTfR following the method by Cook et al. (body iron mg/kg = −[log(R/F
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ratio)−2.8229]/0 [8]. Anemia was defined by Hb < 11 g/dL, ID by sTfR concentration > 8.5 mg/L, and/or
SF < 12 μg/mL, whereas IDA was defined by a combination of both anemia and ID.

2.4. Genotyping Procedure

DNA extraction was done using the Gene Aid Kit (#GB300, Taiwan, Republic of China). The SNP
genotyping analysis was done to identify the Allele type of rs855791 and rs4820268 as the TMPRSS6
gene variants. The method used Taqman-assay with two allele-specific probes and a pair of primers to
specifically detect the type of genotype/allele, i.e., the Applied Biosystem TaqMan SNP Genotyping
Assay ID C_11885329_10 for rs855791, ID C_32899902_10 for rs4820268 and GTX press Master mix kits
(Cat. 94404, New York, NY, USA) kits. The Step OneTM Real Time PCR-system with a 48-well thermo
bloc instrument and the stepOneV2.3 software (AB) was used for the analysis of SNPs genotyping
assay. A representative sample (twelve replicates) was repeated to confirm the genotype and the
success rate was 100%.

2.5. Statistical Analysis

Statistical analyses were performed using the SPSS statistical software for Windows (version 20.0;
SPSS, Inc., Chicago, IL, USA). Continuous variables (iron intake, sTfR, SF and Hb) were tested for
its normal distribution using the one-sample Kolmogorov-Smirnov test. Distributions of continuous
variables were presented as mean ± SD (for normally distributed data) and median (25th to 75th)
(for non-normally distributed data). Polymorphism of the TMPRSS6 gene, SNP rs855791 and rs4820268
were presented as a percentage. Multiple linear regression analyses were conducted separately between
SNP rs855791 and rs4820268 because of existing multicollinearity between the two SNPs, as indicated
by the value of variants inflation factor (VIF) > 1/(1-R2) and tolerance (TOL) < (1-R2).

3. Results

Table 1 showed that the homozygote minor allele frequency (MAF) genotype (AA) of rs855791
and (GG) of rs4820268 were the biggest proportion of their genotype profile. The Hardy-Weinberg
Equilibrium (HWE) test showed that the (q) variant allele frequency of rs855791 (A) and rs4820268
(G) were 74% and 71%, respectively. Whereas the (p) wild-type allele frequency of rs855791 (G) and
rs4820268 (A) were 26% and 29%. Two-thirds (67.7%) of the children were also found to be at risk of
having inadequate iron intake.

Table 1. Characteristics of the study population (N = 121).

Factors n (%)

Demographic
Age of children * [month] 14.12 ± 1.39

Sex of children
Boy 58 (47.9)
Girl 63 (52.1)

Maternal Education
Primary school 81 (67.0)
Secondary school 40 (37.0)

Maternal Occupation
Not working 88 (72.7)
Working 33 (27.3)
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Table 1. Cont.

Factors n (%)

Genotype Distribution
Polymorphism of rs855791
GG homozygote 10 (8.30)
GA heterozygote 43 (35.50)
AA homozygote 68 (56.20)
Polymorphism of rs4820268
AA homozygote 12 (9.90)
AG heterozygote 45 (37.20)
GG heterozygote 64 (52.90)

Minor Allele Frequency (MAF)
SNP rs855791 [A/G] 179 (73.90)
SNP rs4820268 [G/A] 173 (71.40)

Intake
Iron [mg/day] * 4.5 ± 3.01

Iron indicator

Serum ferritin [μg/L] *,† 14.7 ± 18.00
Serum transferrin receptor [mg/L] * 8.7 ± 3.03
Hemoglobin [g/dL] * 9.51 ± 1.03
Body iron store [mg/kg] * −0.9 ± 3.8
Anemia 112 (92.6)
Iron deficiency 84 (69.4)
Iron Deficiency Anemia 77 (63.6)

* The data was presented as mean ± SD. † Serum ferritin was adjusted by subclinical inflammation using Thurnham
method as specified in the method section.

Based on data analysis from a total of 121 children, 69.4% suffered from iron deficiency, 92.6% had
anemia and 63.6% had iron deficiency anemia. We found an increasing trend of iron deficiency, anemia
and iron deficiency anemia in children who had minor allele (A) as iron lowering allele (ILA) in
rs855791 and minor allele (G) in rs4820268 (Figures 1 and 2).
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Figure 1. Distribution of Iron deficiency, anemia and iron deficiency anemia status across genotypes of
SNPs rs4820268.
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Figure 2. Distribution of Iron deficiency, anemia and iron deficiency anemia status across genotypes of
SNPs rs855791.

There were comparable characteristics in terms of sex, age, and the usual iron intake from
complementary feeding between genotypes of rs855791 and rs4820268, with the exception of AGP by
genotype of rs4820268 (p < 0.05), in which AGP is lower with more (G) allele in this SNP (Table 2).

Table 2. Characteristics and iron status of the subjects, stratified by genotypes of SNPs rs855791
and rs420268.

SNP rs855791 SNP rs420268

GG
(n = 10)

GA
(n = 43)

AA
(n = 68)

p AA
(n = 12)

AG
(n = 45)

GG
(n = 64)

p

Age [mo] 14.08 ± 1.4 14.19 ± 1.3 14.1 ± 1.5 0.945 14.3 ±1.3 14.1 ± 1.2 14.1 ± 1.5 0.875
Sex [boy] * 6 (5) 18 (14.9) 34 (28.1) 0.823 5 (4.1) 21 (17.4) 32 (26.4) 0.812

Iron intake [mg] 4.26 ± 3.17 4.7 ±3.62 4.49 ± 2.57 0.877 3.8 ± 2.9 4.7 ± 3.5 4.5 ± 2.5 0.638
CRP [mg/L] 5.7 ± 7.3 4.4 ± 8.4 3.4 ± 5.8 0.568 6.7 ± 10.1 3.9 ± 7.2 3.5 ± 5.9 0.351
AGP [mg/L] 1 ± 0.3 0.9 ± 0.3 0.8 ± 0.2 0.072 0.9 ± 0.1 0.8 ± 0.3 0.7 ± 0.2 0.049

Serum ferritin [μg/L] † 11.4 ± 7.7 13.9 ± 14.9 10.5 ± 9.7 0.314 12.1 ± 8 14.1 ± 6 10 ± 7.7 0.197
Serum transferrin
receptor [mg/L] 7.4 ± 2.5 8.8 ± 2.9 8.8 ± 3.1 0.839 7.4 ± 2.3 8.7 ± 2.8 8.9 ± 3.2 0.290

Body iron store [mg/Kg] 0.5 ± 3.5 −0.4 ± 4.0 −1.4 ± 3.8 0.180 −1.5 ± 3.6 −0.4 ± 4.1 −0.7 ± 3.5 0.123
Hemoglobin [g/dL] 10.04 ± 1.07 9.53 ± 1.08 9.41 ± 0.97 0.195 10.08 ± 1.05 9.37 ± 0.90 9.50 ± 1.08 0.103

* Sex (boy) was presented in n (%), † Serum ferritin (SF) was adjusted by. subclinical inflammation using Thurnham
method as specified in the method section.

The multiple linear regressions showed that after controlling for the usual iron intake, sex and
age, per copy minor allele (G) was significantly associated with lower SF by 5.00 μg/L of rs4820268
(p = 0.044) and borderline significantly associated with lower SF by 4.50 μg/L of rs855791 (p = 0.080)
(Table 3).
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Table 3. Association between selected SNPs of TMPRSS6 with Serum Ferritin (SF), Soluble Transferrin
Receptor (sTfR), Hemoglobin (Hb) and body iron store.

Factors
Serum Ferritin (μg/L) *

Serum Transferrin
Receptor (mg/L)

Hemoglobin (g/dL)
Body Iron Store

(mg/Kg Body Weight)

β SE p β SE p β SE p β SE p

Model I
rs855791 (G/A) ** −4.495 2.548 0.080 0.378 0.428 0.379 −0.232 0.146 0.133 −0.213 0.543 0.064
Iron Intake (mg) 1.476 0.551 0.009 −0.109 0.093 0.241 −0.018 0.031 0.565 0.059 0.104 0.518

Model II

rs4820268 (A/G) † −5.003 2.453 0.044 0.567 0.412 0.171 −0.137 0.142 0.335 −0.067 0.104 0.458
Iron Intake (mg) 1.518 0.549 0.007 −0.114 0.092 0.221 −0.017 0.032 0.598 −0.192 −1.111 0.745

Multiple Linear Regression method = enter (N = 121), All factors were adjusted by age and sex of children, Model 1:
SF; R2 = 0.064, sTfR; R2 = 0.002, Hb; R2 = 0.009, Model II: SF; R2 = 0.072, sTfR; R2 = 0.011, Hb; R2 = −0.023, * Serum
ferritin (SF) was adjusted by CRP >5 mg/L and AGP >1 mg/L, ** rs855791 GG = 0/AG = 1/AA = 2, † rs4820268 AA =
0/AG = 1/GG = 2.

4. Discussion

Our study reported the association of the TMPRSS6 genes to the hemoglobin and iron status
indicators in young children in the area where IDA is prevalent. To our knowledge, this is the first study
that reported such an association in young children (<24 months. We also included simultaneously both
genes and iron intake in our analysis, which had not been reported in previous studies. The important
finding of this study was that polymorphism of the TMPRSS6 gene SNP rs855791 and rs4820268 and
iron intake both had an association with the iron status, particularly in the SF concentration.

The study population came from a specific tribe in Lombok Island, Indonesia (Sasaknese), which is
categorized as a close population. We found the HWE calculation, p + q = 1 which means that both
allele (A) of rs85571 and (G) of rs4820268 fulfill the equilibrium condition [9,10].

Our study showed that the minor allele of TMPRSS6 rs4820268 (G) and rs8559791 (A) were
associated with a lower SF but not with sTfR, Hb and body iron store. Serum ferritin reflects the
iron status indicator, which is sensitive to the early stage of iron deficiency, i.e., iron depletion stage,
whereas sTfR reflects a later stage of iron deficiency [11,12]. In the development of ID, sTfR may still be
in the normal concentration during the iron depletion stage (during which SF already decreased) and
iron-deficient erythropoiesis (during which serum iron and transferrin saturation start to decrease) [13].

This study was done within a specific ethnicity in Indonesia (Sasaknese) and did not represent the
multi-ethnicity population of Indonesia. We consider Sasaknese as an example of a highly prevalent IDA
population; and while this is a close population, the genotype data is typical of Asians. The Chinese
Han population study by Gan et al. and another study by Chamber et al., l which include SNP rs855791
and rs4820268 of the TMPRSS6 genes showed that minor allele frequency (MAF) of both SNPs in
Asia was comparable with the finding in our study population (>55%) [5,14]. There is a considerable
discrepancy in the minor allele frequency distribution of both SNPs among the Asian, African and
European population [5,14,15]. The minor allele frequency of SNP rs855791 and rs4820268 tend to be
lower in African than European and Asian populations. This difference may be caused by certain
environmental conditions acting through selective pressure to alter the frequency of the genetic variants
among population [16]. Our finding on the variant allele frequency showed that the frequency of
variant allele in both SNPs among Sasaknese was higher than the study in the Chinese Han and Indian
Asian population in which variant allele “A” of rs855791 and variant allele “G” of rs4820268 was
within range 50–56% [5,14]. This condition could have occurred because Sasaknese had a tradition to
maintain their lineage through marriage with the same Sasaknese. Thus, the probability of variant allele
to appear in the next generation was higher than random mating.

Our finding showed that iron intake had a more significant association as compared to
polymorphism of rs855791 and rs4820268 with SF concentration. These results showed that while
both gene (nature) and intake (nurture) had an association with the iron status, nurture had a more
significant role to the iron status in human. Tanaka et al. found that 20–30% of the variability in iron
concentration is attributable to reduced activity of the Matriptase-2 protein; the latter is determined
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by the environment including the dietary iron intake [3]. This finding is similar with the study in
Tanzanian children, which found that the daily iron intake had a positive correlation to the SF level
(r = 0.233, p < 0.05) [6]. A similar finding was found on a study among Indian children 12–23 months
that according to the multiple linear regression analysis, ferritin was positively associated with iron
intake (crudeβ = 0.25 [0.02–0.12]; p < 0.01) [17]. Nonetheless, in our study, the variant allele of rs855791
(A) and rs4820268 (G) were associated with a lower SF level even after controlling for iron intake.

Previous mutation on TMPRSS6 has been shown to result in the Matriptase-2 protein lacking
activity, which is essential for adequate iron uptake to prevent iron deficiency and to suppress hepcidin
expression. Hepcidin is a key iron regulator, which governs systemic iron homeostasis by binding it to
ferroportin on the surface of macrophages, enterocyte, and hepatocyte inducing the degradation of
ferroportin thereby preventing the efflux of iron in the blood [3,14,15]. In the present study, TMPRSS6
showed that per copy of the minor allele (G) of rs4820268, the SF concentration reduced by 5.00 μg/L
(p = 0.044). Meanwhile per copy of the minor allele (A) of rs85579, the SF concentration reduced by
4.50 μg/L (p = 0.08). A reduction of 1 μg/L in SF is considered significant as it corresponds to 8–10 mg
body iron, while the total body iron store in humans is around 1000–1200 mg [18]. This means that
those who have a minor homozygote allele genotype (AA) of rs855791 and (GG) of rs4820268 are
naturally depleted by approximately 10% of the total body iron store as compared to the wild-type
homozygote. This finding may suggest for the sub-population specific strategies to address iron
deficiency, i.e., whether populations with a high prevalence of risk alleles may require higher nutrient
recommendations for iron to maintain normal erythropoiesis. This is especially prudent where the
high prevalence of risk alleles is combined with the high inflammation burden.

The limitation of our study was that we did not assess hepcidin. We hypothesized that hepcidin is
lower in homozygote wild-type as found in Chinese women study where homozygote wild-type (GG)
of rs855791 had a lower hepcidin concentration than homozygote minor allele genotype (AA) in the
general population and therefore the reduction of the SF concentration by minor allele of rs855791 and
rs4820268 was due to over expression of hepcidin [14]. On the other hand, another study by Guo et al.
examined the correlation between the hepcidin concentration and iron status indicators and reported
that there was a significant positive correlation between serum hepcidin and ferritin concentration
among the Chinese Han Population [19]. Another limitation of our study is a small sample size in
terms of the interaction between gene and iron biomarkers (statistical power ~70% based on correlation
coefficient of 0.38 in SF with significance level of 0.05), therefore we acknowledge the need for a study
with a bigger sample size to determine the exact nature of the interaction. Nevertheless, we managed
to analyze simultaneously the influence of both gene and intake, which has not been reported before.

5. Conclusions

In summary, our study showed that amongst these under-two-year-old children, where anemia and
iron deficiency are prevalent, variant allele (A) and (G) at rs855791 and rs4820268 of the TMPRSS6 gene
respectively were associated with a lower SF concentration; but the association was still weaker than
that of iron intake. A further study is needed to investigate whether a higher nutrient recommendation
for iron based on genetic characteristics, particularly for children who have mutation in TMPRSS6 will
benefit their iron status.
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Abstract: Dietary iron deficiency (ID) is the first nutritional deficiency in the world, in terms of
disability adjusted life years (DALY). This nutritional deficiency may lead to anemia, especially among
children, adolescents, and adult women. The aim of this study was to build an original probabilistic
model to quantitatively assess the ID, the iron deficiency anemia (IDA) and the subsequent health
burden in France expressed in DALY, per age class and gender. The model considered the distribution
of absorbed iron intake, the iron requirement distribution established by the European Food Safety
Authority and the iron status in France. Uncertainty due to lack of data and variability due to biological
diversity were taken into account and separated using a second-order Monte Carlo procedure. A total
of 1290 (95% CI = 1230–1350) IDA cases corresponding to 16 (95% CI = 11–20) DALY were estimated
per 100,000 individuals per year. The major contributors to IDA burden were menstruating females
aged from 25 to 44 years old. Then, a consumption scenario was built with ground beef as intake,
an increase in red meat consumption to 100 g/d would not eliminate entirely the IDA burden. The
quantitative methodology applied here for France could be reused for other populations.

Keywords: iron deficiency; anemia; risk assessment; probabilistic model; second-order Monte Carlo
simulation; DALY

1. Introduction

The World Health Organization (WHO) estimated that around two billion people were anemic in
the world, which makes this disease one of the most common nutrition disorders [1]. Anemia was
defined as a hemoglobin (Hb) concentration below the thresholds given by WHO, United Nations
Children’s Fund (UNICEF), United Nations University (UNU) [2]. For children aged from 6 to
59 months of age and pregnant women, anemia is diagnosed when Hb is under 11 g/dL, under 11.5 g/dL
for children aged 5–11, and under 12 g/dL for children aged 12–14 and non-pregnant females. Finally,
for males aged 15 years and above, anemia is diagnosed when the level of Hb is under 13 g/dL. The main
cause of anemia identified was iron deficiency (ID), which is defined by WHO as “a state in which there
is insufficient iron to maintain the normal physiological function of tissues such as the blood, brain,
and muscles” [1]. ID is characterized by no mobilized iron stores and signs of a compromised supply
of iron [3]. ID was estimated to represent over than 60% of the anemia causes [4,5], especially among
the younger population [4,6]. This nutritional deficiency—commonly defined as serum ferritin level on
blood ≤30 μg/L [7,8]—has several consequences for human health, such as a delay in children’s mental
and physical development, a decrease in work productivity, intelligence or cognitive capacity [1,9].
In some countries, ID and iron deficiency anemia (IDA) may also contribute to child, maternal, and
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perinatal mortality [1,9]. Among the overall population, the most concerned by this nutritional disease
are children, adolescents, and women (pregnant and non-pregnant) in reproductive age [4,5,10].

To reduce ID, the consumption of bioavailable iron-rich food—such as red meat—would be a
logically feasible solution, since this food is the richest source of high absorbable iron (heme-iron) [11].
A study revealed that an increase in red meat consumption twice a week compared to seldom intake
would decrease 24% of child ID in Israel [12]. Another study estimated an increase of 0.6% in serum
ferritin in blood levels per 1g of red meat consumed [13].

Since 1990, the Global Burden of Diseases (GBD) study, supported by the World Health
Organization, has estimated the disability adjusted life years (DALY) associated with health effects of
major diseases, injury, and risk factors. This metric takes into account mortality and morbidity and is
expressed as the sum of the number of years of life lost (YLL) from premature death and the number of
years lived with disability (YLD) [14]. In addition to quantifying the impact of disease, the burden
of diseases helps in risk-mitigating strategy: Several consumption patterns can be evaluated and
compared by scenario analysis. In particular, in the study of Kassebaum on behalf of GBD 2013 Anemia
Collaborators evaluated the global burden of anemia [4]. This work estimated that, in 2013, anemia
was responsible for 61.5 (41.0–88.7) millions of YLD in the world, from which 300,654 (200,463–434,060)
YLD in France. However, this burden was estimated from hemoglobin levels, which makes scenarios
of iron consumption impossible.

Regarding the separation of uncertainty—due to the lack of data and knowledge and variability
associated with heterogeneity within populations—[15,16] of the inputs, it is important to identify
which of them are driving the output of the risk model and to identify the needed data to increase the
precision and the confidence of the estimated output [17].

The objective of this study was to estimate the burden of disease in France due to ID, taking
iron consumption into account. Based upon dietary surveys, iron recommendations and blood iron
status of the French population, a probabilistic model was set up for both genders and for specific age
classes to quantify the risk of ID and the consequent burden of disease due to IDA. Then, to reduce the
burden, consumption scenario was built with ground beef intake as red meat is the richest source of
high absorbable iron in developed countries.

2. Methods

2.1. Model Framework for Iron Deficiency Anemia Assessment

The model was developed for males and females aged from three years old for which the age
classes were 3–6, 7–11, 12–17, 18–24, 25–44, 45–64, and 65–74. For female population, the menstruating
and menopausal populations were identified as follows: Between 15 and 24 years old, all women
are menstruating, between 25 and 64 there are both menstruating and menopausal women and from
65 onwards there are only menopausal women. In addition, for adolescent females, two age classes
were identified: 12–14 which were considered non menstruating, and 15–17 which were considered
as menstruating.

The flowchart of the risk assessment model is presented in Figure 1. From iron consumption in
France, the mean absorption of iron, the iron recommendations, and hemoglobin level in the French
population, the number of cases and then the burden of disease per year, gender, and age class
were estimated.
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Figure 1. Flowchart of the assessment model of iron deficiency anemia disease per year in France
per age class and gender. White rectangles with dashed line correspond to the “Inputs”, full line
to “Intermediate calculation”. Light grey rectangles correspond to the “Final output”. Absorbed
iron corresponds to the mean absorbed values provided by European Food Safety Authority (EFSA)
considering both heme and non-heme iron.

When building the model, several assumptions were made and validated by a medical expert.
Three hypotheses were considered:

• ID appears when iron requirements are not covered by dietary iron.
• The ratio between the proportion of ID and IDA remains constant over the consumption scenarios.
• The consumption of bioavailable dietary iron, such as that found in red meat, reduces IDA.

2.2. Iron Intake Consumption in France

Iron intake in metropolitan France was evaluated between 2005 and 2007 for males and females
aged from 3 to 79, by the dietary survey INCA 2 (approved by the French National Commission
for Computed Data and Individual Freedom, “Commission Nationale Informatique et Libertés”;
CNIL, under the registration code 797859—v0, on 20 March 2002). From the original data available
at https://www.data.gouv.fr/ [18], we selected all-male population and non-pregnant women whose
information about pregnancy and menopausal status was available. For unknown status of adult
women, this latter was deduced or hypothesized. When the answer about menopausal status was
unknown, the pregnancy status was verified. If the latter was negative, the average age of menopausal
occurrence was taken into account. Therefore, women aged over 50 years old were assumed menopausal.
Women aged less or equal to 50 years old, were assumed pre-menopausal [19]. On the other hand,
when pregnancy status was unknown, the menopausal status was verified. If the answer was negative,
women were considered as pregnant. Pregnant women were excluded from the study because the
number of cases was low for each age class concerned (under 30). Under 18 years old, women were
considered not pregnant. From the iron consumed, only a certain amount was absorbed. As for
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European Food Safety Authority (EFSA) estimations, the absorbed iron from iron intake was 10% for
children under 11 years old, 16% for adolescents and adult males, and 18% for adult females [20].

To estimate the probability density of iron intake, the function fitdist of the package fitdistrplus was
used with the R software version 3.4.0. Based upon the Akaike information criterion (AIC), the lognormal
distribution provided the best fit, among Weibull, normal, lognormal and gamma distributions.

2.3. Prevalence of Iron Deficiency in France

To calculate ID prevalence in France, iron intake from dietary survey INCA 2 (see Table 1 at “Iron
consumption (absorbed)”), was compared with a normal distribution of iron needs, as suggested by the
Nordic Council of Ministers in 2014 [21] based on values given by the European Food Safety Authority
(EFSA) (2015) [20] (see Table 1 at “Iron needs”). The mean parameter of the normal distribution was
the absorbed average requirement value, the standard deviation was the value directly provided by
EFSA report, except for males under 17 and females under 14 for which the standard deviation was
deduced from the confidence interval upper limit bound of the EFSA report. In the present study,
adolescent girls were divided into two groups: Girls from 12 to 14 were considered having not a
menstruating status—mean menarcheal age of 13 years old in France [22]—and girls aged from 15 to
17 were assumed to have the iron needs as adult women since all the individuals in this age class were
assumed to be menstruating.

The prevalence of people consuming less than the normal probability distribution of the needs was
then estimated, using plnorm function of R software. This population was considered as iron-deficient.
By multiplying the prevalence of ID in France by the number of individuals for each age class and gender
(see Table 1 at “French population data”), the number of ID cases in France per year was estimated.

2.4. Prevalence of Iron Deficiency Anemia in France

Anemia results from levels of hemoglobin <12–15 g/dL and 51% (21%–85%) of anemia is due
to ID [10,12,23]. To estimate IDA prevalence from iron deficiency, we based our calculations on the
reported iron deficiencies, iron deficiencies anemias, and anemias from three studies [24–26]. From ID,
IDA were calculated as follows:

Prev.IDAa,g = Prev.IDa,g × Prop.IDAa,g (1)

where a is the age class, g the gender, Prev.IDA the prevalence of IDA, Prev.ID the prevalence of ID
and Prop.IDA the proportion of IDA due to ID in France. The data are given in Table 1.

To determine the proportion of anemias per severity (mild, moderate, severe), the level of
hemoglobin of the French population was considered. Stoltzfus et al., 2004 provided hemoglobin levels
in blood of children in EUR-A WHO region. The standard deviation of hemoglobin taken into account
in this study was 1.0 g/dL for countries with anemia prevalence under 15%, as it is in France [9,23]
(see Appendix A.1 Table A1). In 2011, a study evaluated the iron status in European adolescents and
found similar hemoglobin levels [27]. The following age class and hemoglobin levels were estimated
from linear functions. Adult male and female hemoglobin levels were provided by Santé Publique
France data from ENNS (Étude Nationale Nutrition Santé) study [26]. The methodology to determine
hemoglobin levels of the French population is presented in Appendix A.1 and the levels used in
the present study are given in Table 1 and in Appendix A.1 Table A2. These levels of hemoglobin
followed a normal distribution from which the proportion of anemia in France (with and without ID)
was estimated.
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According to “The burden of diseases of anemia”, three levels of anemia were considered: Severe,
moderate, and mild, as used by Kassebaum on the behalf of GBD 2013 Anemia Collaborators evaluation
(2016) based on which health state descriptions are presented in Table 2.

Table 2. Iron deficiency anemia severity levels and health state descriptions from the Global burden of
disease 2013 study [29].

Health State Health State Description

Mild IDA Feels slightly tired and weak at times, but this does not interfere with normal daily
activities.

Moderate IDA Feels moderate fatigue, weakness, and shortness of breath after exercise, making daily
activities more difficult.

Severe IDA Feels very weak, tired and short of breath, and has problems with activities that require
physical effort or deep concentration.

The prevalence of anemia per severity, Prev.IDAa,g,s, was then calculated as follows:

Prev.IDAa,g,s = Prev.IDAa,g ∗Alloc.Anea,g,s (2)

The allocation of anemia severity, among the anemia population, Alloc.Anea,g,s, is deduced from
the hemoglobin normal distribution per age class and gender (Hb) in the French population and
hemoglobin thresholds (Hb.t) defined by WHO [4]. The methodology is provided in the Appendix A
Method A2. We assumed that the proportion of anemia per severity (with and without ID) in the
French population was the same as for anemia only due to ID.

2.5. Burden of Diseases from Iron Deficiency Anemia

The burden of diseases of the outcome attributable to IDA was expressed in the number of cases
and disability adjusted life years (DALY). This metric estimates an equivalent number of years in good
health lost due to the outcome [30].

DALY estimation takes into account mortality by considering the YLL for the age class and
gender concerned. In addition, morbidity is also included and expressed in YLD. YLD is obtained by
multiplying the decrease in the quality of life, expressed by a disability weight factor due to the sequelae
or the stage of the outcome, by the duration of the specific disability. The disability weight factor is
estimated between 0 (perfect health state) and 1 (death), available in the GBD estimations [4,29].

DALY estimation was calculated for the French population per gender and age class and expressed
per 100,000 people per year, for both outcomes.

Number of IDA per age class, gender and severity (NB.IDAa,g,s) was calculated, considering the
number of individuals in the concerned population (Popa,g):

NB.IDAa,g,s = Popa,g × Prev.IDAa,g,s (3)

Then, the number of DALY due to IDA per age class and gender (DALYa,g) was estimated as
follows:

DALYa,g =
∑

s
NB.IDAa,g,s ×wa,g,s (4)

where w was the disability weight factor.

2.6. Second-Order Monte Carlo Simulation

To estimate the ID prevalence, two distributions were used: Iron intake and iron needs. The
iron intake distribution came from a fitting procedure with bootstrapping to separate uncertainty
and variability. The iron needs’ normal distribution was built using EFSA report values, it included
only variability. The ID prevalence was then estimated by Monte Carlo simulation in two dimensions
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(MC2D). One thousand iterations were run to capture the uncertainty and 10,000 iterations for the
variability. Note that once the ID prevalence was estimated with its uncertainty, the outputs of the
model conveyed only uncertainty. To verify the stability of the outputs, three simulations were carried
out for each age class and gender, a variation less than 1% for the DALY output was obtained.

2.7. Consumption Scenarios

To decrease ID and IDA for the most concerned population—all populations with
IDA—consumption scenarios were performed by setting the consumption of a food product rich in iron,
at different quantities. Red meat was chosen as food model because it is the richest source of heme-iron
in developed countries [11], which is the most absorbable type of iron by human beings, with 20% to
30% of iron intake absorbed [10]. The consumption scenario was made for consumption of cooked
ground beef with 15% of fat, which is the type of beef meat most consumed by the French population
(51 g per week) [18], most acceptable by youngest populations and easiest to eat by elderly populations.
From initial iron intake by French individuals involved in INCA 2 study, and taken into account in this
study, the iron from unprocessed red meat (muscle of beef, pork, veal, horse, lamb) consumption was
estimated from CIQUAL tables available at https://ciqual.anses.fr/ [31] (see Appendix A.2 Table A3).
The amount of iron from red meat consumption was subtracted from the total iron intake for the
consumption scenario 0g/d of red meat. The consumption of 25 g/d, 50 g/d, 75 g/d, 100 g/d of cooked
ground beef 15% fat was applied, with an amount of 2.6 mg of iron per 100 g of meat and an average
absorption of 25% [10]. The consumption scenario took the amount of iron from other dietary sources
(without red meat) and the addition of the amount of ground beef into account.

3. Results

3.1. Prevalence and Number of Iron Deficiencies in France

The distributions of ID with current consumption of iron in France are shown in Table 3. The
mean number of ID cases is represented with its 95% confidence interval.

Table 3. Prevalence and number of iron deficiencies per 100,000 French individuals, per age class and
gender. Mean value and its 95% confidence interval.

Age Class

Male
Female

Premenopausal Postmenopausal

Prevalence
Number of

Cases
Prevalence

Number of
Cases

Prevalence
Number of

Cases

3–6 9%
(6%–12%) 220 (140–310) 9%

(7%–13%) 230 (160–300) - -

7–11 20%
(16%–24%) 620 (510–730) 31%

(27%–36%) 930 (810–1100) - -

12–14
15%

(13%–18%) 580 (490–680)

21%
(17%–25%) 360 (290–440) - -

15–17 43.7%
(41%–47%) 820 (760–880) - -

18–24 9%
(6%–12%) 400 (280–530) 37%

(33%–41%)
1600

(1400–1700) - -

25–44 5% (4%–7%) 720 (580–880) 32%
(30%–34%)

4100
(3900–4400)

34%
(17%–50%) 90 (40–130)

45–64 4% (3%–4%) 450 (360–460) 27%
(24%–31%)

1200
(1100–1300)

8%
(7%–10%)

720
(580–860)

65–74 3.4%
(2%–5%) 130 (80–190) - - 10%

(7%–12%)
420

(320–530)

33



Nutrients 2019, 11, 2045

Among children, the most concerned with ID were children aged from 7 to 11, with 20% (95% CI
= 16%–24%) and 31% (95% CI = 27%–36%) ID in this age class for males and females, respectively.
Adolescent females were also more concerned with ID compared to adolescent males (Table 3).

The higher impact of ID among females was also noted in adults’ age classes. Menstruating
adult females aged from 18 to 24 were the most concerned with ID with 37% [95% CI = 33%–41%]
of iron-deficient in this population group, corresponding to 1600 [95% CI = 1400–1700] IDs cases per
100,000 individuals. After this age class, the prevalence of ID decreases with increasing age.

3.2. Number of Iron Deficiency Anemias

In France, only children aged from three to six, older adolescent females, adult females and
males aged from 25 to 44 years and from 65 to 74 suffered from IDA [25,26]. The distributions of IDA
with current consumption of iron in France are shown in Table 4. The mean number of IDA cases is
represented with its 95% confidence interval.

Table 4. Number of cases and disability adjusted life years (DALY) per 100,000 individuals of iron
deficiencies anemias in France, per age class and gender. Mean value and its 95% confidence interval.

Age Class

Male
Female

Premenopausal Postmenopausal

Number of
Cases

DALY
Number of

Cases
DALY

Number of
Cases

DALY

3–6 32 (21–45) 0.3 (0.1–0.5) 33 (23–45) 0.3 (0.1–0.5) - -

7–11 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0) - -

12–14
0 (0–0) 0 (0–0)

0 (0–0) 0 (0–0) - -

15–17 404
(377–431) 4.0 (2.1–5.9) - -

18–24 0 (0–0) 0 (0–0) 77 (69–85) 1.6 (1.0–2.1) - -

25–44 183
(146–224) 0.9 (0.1–1.8) 374

(353–394) 6.5 (4.2–9.0) 0 (0-0) 0 (0–0)

45–64 0 (0–0) 0 (0–0) 122
(108–136) 1.2 (0.7–1.8) 0 (0–0) 0 (0–0)

65–74 54 (33–80) 0.6 (0.3–1.0) - - 11 (9–15) 0.1 (0.1–0.2)

A total of 1290 [95% CI = 1230–1350] cases of IDA per 100,000 individuals per year was estimated
in the French population.

Children aged from three to six, had almost the same number of IDA cases for males and females
with 32 (95% CI = 21–45) and 33 (95% CI = 23–45) cases per 100,000 individuals per year, respectively.
Among adolescents, only females aged from 15 to 17 are concerned with IDA. The number of IDA
cases for this population was ten times higher than for females aged from three to six.

Adult females were significantly more concerned with IDA than males with 584 (95% CI = 558–612)
IDA cases versus 237 (95% CI = 194–282) IDA cases per 100,000 individuals, respectively. The major
number of cases concerned menstruating women aged from 15 to 17 with 404 (95% CI = 377–431) IDA
cases per 100,000 individuals per year. The cases of IDA for menopaused females only concerned the
last age class.

3.3. DALY Attributable to Iron Deficiency Anemias

The number of DALY per 100,000 individuals per year associated with IDA in France is given in
Table 4. The mean number of IDA DALY is represented with its 95% confidence interval.

The major contributors to the burden from IDA were menstruating females aged from 25 to 44
with 6.5 (95% CI = 4.2–9.0) DALY associated with IDA per 100,000 individuals per year. Young children
aged from three to six, had a low burden with an equivalent number of DALYs (0.3 (95% CI = 0.1–0.5)
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DALY per 100,000 per year). Older adolescent females, aged from 15 to 17, contributed with 4.0 (95%
CI = 2.1–5.9) DALY per 100,000 individuals per year.

The estimated number of DALY associated with IDA was 16 (95% CI = 11–20) per 100,000 French
individuals per year, from which more than 80% of the DALY were attributable to menstruating females.

3.4. Consumption Scenarios

Based on the developed model, to estimate the effect of red meat intake on IDA burden of diseases,
a consumption scenario for young children (three to six), older adolescent females (15–17), males
(25–44; ≥60), adults menstruating females (≥18) and menstruated females (65–74) was generated. The
results for young children and older adolescent females are presented in Figure 2 and results for adult
females are reported in Figure 3.

 

Figure 2. Estimated number of DALY from iron deficiency anemias in France for young children
(three to six) and adolescent females (15–17) according to ground beef consumption scenarios. Results
expressed per 100,000 individuals per year. Full lines represent the 95% uncertainty around the
mean value.

 

Figure 3. Estimated number of DALY from iron deficiency anemias in France for adult males and
females according to ground beef consumption scenarios. Results expressed per 100,000 individuals
per year. Full lines represent the 95% uncertainty around the mean value.

For young children, the consumption of 50 g/d of ground beef, added to the iron consumption
from other sources of iron without red meat, in current diet, would be enough to reduce the prevalence
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of ID to 0.2% (95% CI = 0%–1.9%) per 100,000 individuals per year and to decrease the burden of IDA
close to zero DALY. For older adolescent females, the consumption of 100 g/d of red meat—which may
represent a portion of red meat per day—added to the other sources of iron in current diet, would
not be enough to eliminate ID and IDA. However, it would reduce the prevalence of ID to 22% (95%
CI = 0%–90%) per 100,000 individuals per year and halve IDA burden when comparing with current
consumption (mean red meat consumption of 18.2 g/d).

The burden of IDA in male adults was already low, but the consumption of 50 g/d or 100 g/d of
red meat, in addition to the other sources of iron in current diet (without red meat), would decrease the
current number of DALY from 0.8 [95% CI = 0.3–1.4] and 0.2 [95% CI = 0.1–0.4] per 100,000 individuals
per year, respectively.

The burden of IDA in adult females aged over 18, were the highest in the population, especially for
menstruating females (Figure 3). The consumption of 50 g/d or 100 g/d of red meat, in addition to the
other sources of iron in current diet (without red meat) would decrease the current number of DALY
down to 7.2 (95% CI = 4.6–9.8) and 4.4 (95% CI = 2.5–6.2) per 100,000 individuals per year, respectively.

4. Discussion

The present study objective was to build an original probabilistic assessment model to estimate
the burden of diseases associated with ID and subsequently IDA with the current iron consumption. A
probabilistic risk assessment model was developed to estimate the prevalence of iron deficiencies, the
number of cases and DALY in France from iron consumption.

Our results were in line with a previous study in France, from 2001, especially for young
children [25]. According to the study, 13.6% of young children aged from two to six were iron-deficient,
which is not far from our estimations where 9% (95% CI = 6%–12%) of young boys and 9% (95% CI =
7%–13%) of young girls were iron-deficient. However, there is a missing population in this comparison.
Due to the lack of consumption data, our estimations only included children aged from three to six.
This estimation was also in line with iron deficiencies prevalence in Europe estimated between 7%
and 18% for toddlers and young children [32]. On the other hand, these results were higher than
those found in France in a more recent study which found 3.2% (95% CI = 2.0%–5.1%) [33], although
the threshold for ID definition in this study was low with 10 or 12 μg/L—corresponding to the total
depletion of iron storage. Indeed, the definition of ID was not the same because, with the data available,
it was not possible to quantify the total depletion of iron, but the iron under the average requirement.
For adolescents, it was estimated 15% (95% CI = 13%–18%) ID prevalence for males aged from 12 to 17
years old and 21% (95% CI = 17%–25%) and 44% (95% CI = 41%–47%) ID prevalence for adolescent
females aged from 12 to 14 and from 15 to 17, respectively. This was in line with the estimations in
Europe (between 0% and 43%) but was higher than iron deficiencies estimated for French adolescents
(0% for males aged from 14 to 18, 3.1% for females aged from 11 to 15 and 15.4% for females aged from
14 to 18) [24]. Nonetheless comparison was hard to establish because age classes were not the same as
those in this study, the data were from 1988 and the definition of ID threshold was not the same [34].
For the adult population, the most concerned with ID were menstruating adult females. This is mainly
because iron losses are higher than for males and menopausal females, then, iron needs are higher for
menstruating females (1.41 mg/day) compared to other adults’ needs (0.97 mg/day). In addition, iron
consumption by adult menstruating females (mean 11 mg/d, sd 4 mg/d) was lower than by adult males
(mean 14 mg/d, sd 5 mg/d). The values estimated in our study were similar to those measured in blood
of French adults in ENNS study (for serum ferritin ≤30 μg/L) [35].

The estimated number of IDA cases was 1290 (95% CI = 1130–1350) IDA per 100,000 individuals
per year (Table 4) with 584 (95% CI = 558–612) cases per 100,000 people for adult women per year. This
corresponded to 797,200 (95% CI = 759,900–836,900) for the French population per year. The major
contributors were menstruating females aged from 15 to 17. Indeed, twenty-two percent of older
adolescent females were identified with IDA in our study, which was higher than the results found in
1994 in France (7.4% for adolescents aged from 14 to 18) [24,34]. The relevance of this comparison is
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somewhat questionable as there is a substantial time difference between the two studies: 2007 versus
1994. For adult females, it was estimated 1.7% (95% CI = 1.6%–1.8%) of IDA in France which was lower
than results obtained in the SUpplementation en VItamines et Minéraux AntioXydants (SU.VI.MAX)
study (4.4%) [36]. However, the latter study only included individuals aged from 35 to 60 years old.

To go further than the estimation of the prevalence and the number of cases, we have taken into
account morbidity with the use of the composite metric DALY [37,38], which is the most used in risk
and benefit assessment studies [30,39]. Here, only morbidity was considered, because there is no
existing data about IDA fatalities in France. Three levels of IDA severity were taken into account:
Mild, moderate, and severe. The sequelae (Table 2) of the different levels of IDA were assumed to
be the same whatever the sub-population, and were based on the health status definitions from the
GBD study [29]. This assumption may induce an underestimation of the IDA burden for children
and adolescents. Indeed, GBD health status does not take into account possible disabilities such as
neurodevelopment delay due to ID and IDA which may induce impaired learning abilities, memory
skills, and behavioral issues [40,41]. The majority of the studies evaluating the beneficial effect of iron
supplementation were carried out in children under three years old. However, this age is considered
under our first age class. After this age, some studies found a beneficial effect of iron treatment in
older anemic children on intelligence quotient, but not in non-anemic [42]. Moreover, there was no
improvement in other disabilities, such as academic achievement, memory, or motor development [42].
Therefore, experts remain cautious about these conclusions and more studies are needed to conclude
about this effect. The estimated DALY of IDA cases was 16 (95% CI = 11–20) per 100,000 people per
year (Table 4) which corresponds to 9580 (95% CI = 7050–12,250) DALY for the French population per
year. These values were lower than, but of the same order of magnitude as the estimation by GBD’s
study which reported 35 DALY per 100,000 French population in 2007 [43]. The major contributors to
the burden were females aged from 25 to 44 and no longer adolescent girls aged from 15 to 17. This
was due to the higher prevalence of moderate and severe anemia cases in the adult age class. However,
our estimations were underestimated because children under three years old and pregnant females,
which are particularly vulnerable populations, were excluded from the study [4,5].

The quantification of variability and uncertainties, as recommended by international
organizations [44], took into account the fitted distribution of iron intake and disability weight.
For the first input cited, uncertainty and variability were quantified separately. However, for the second
input cited, this separation was not possible. Even if some classify it as only variability [45]—the
confidence interval representing the variability of the severity of the disability—we decided to classify
it as only uncertainty as done by the majority of the previous studies [46,47]. The variability of the iron
needs and hemoglobin status were also taken into account in the study.

Nonetheless, despite the inherent uncertainty and variability described above, the results obtained
in this study can be interpreted as showing that some differences in the burden of disease were
observed, such as between males and females, or between menopausal and menstruating females.

The use of DALY metric also enabled to make consumption scenarios for concerned populations.
Due to the richest source of heme-iron—which is the form of iron most absorbable by humans—brought
by red meat consumption [11], ground beef was taken as a food item in intake scenarios. In addition,
consumption of red meat was found to increase the level of serum ferritin in the blood [12,13]. It was
estimated that for young children, 50 g/d of ground beef—corresponding to 1.3 mg of iron—added to
the other sources of iron already present in current diet (without red meat), would be enough to almost
eliminate the IDA burden. For females aged over 15 years old and adult males, the consumption
of 100 g/d of ground beef—corresponding to 2.6 mg of iron—added to the other sources of iron
already present in current diet (without red meat) would not be enough to eliminate IDA burden
(Figure 2; Figure 3). These results were in line with French Pediatric Society recommendations of eating
100–150 g/d of meat for children under six years old who stopped increasing milk consumption and
twice a day by children over seven years and adolescents [10], since beef meat, which has the highest
level of heme-iron, is not the only meat consumed. The amount required to suppress IDA for adults
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is above the French Agency for Food, Environmental and Occupational Health and Safety (ANSES)
recommendations, especially for adult women, which is to consume less than 500 g per week of red
meat [48]. This recommendation was largely based on the conclusions of the World Cancer Research
Found/Imperial College of London and the WHO, which classified red meat as “probably carcinogenic
to humans” for colorectal cancer [49,50]. In addition, a recent study of our team determined that
the consumption of over 65 g/d of red meat would increase the risk of cardiovascular disease for
the most concerned populations (adult population, especially elderly) [51]. Indeed, heme-iron, is
suspected to be the main component in the mechanism associated with colorectal cancer [52,53] and
cardiovascular disease [54–56]. These latter health effects were not considered to be of concern for
children and adolescents for whom current epidemiological data were available [57], but more studies
and meta-analysis are needed to confirm this lack of association.

Furthermore, the intake scenario in this study does not consider the substitution and the
acceptability of red meat. Indeed, when the individual increases the consumption of one food item,
he/she may reduce the consumption of other foods. In addition, some population group will not accept
to consume more red meat due to organoleptic reasons, beliefs, or ethics (e.g., vegetarian diet). In these
cases, other sources of iron can be considered to reduce ID and IDA. The consumption of iron-rich
sources such as white beans (7.97 mg of iron per 100 g), breakfast cereals (7.03 mg of iron per 100 g), or
lentils (6.51 mg of iron per 100 g) [31] would be a possible solution, especially for adult populations
with a risk of colorectal and cardiovascular disease. Nevertheless, the quantity consumed of these
other sources of iron, which are in form of non heme-iron, should be higher than that needed for red
meat, because the degree of absorption is lower than for heme-iron products. Otherwise, some other
heme-iron containing products, such as fish and poultry have a lower proportion of iron in the food
compared to red meat. Some studies show that the vegetarian and vegan population presented a higher
risk of iron deficiencies [58–60]. However, there are large variations of non heme-iron absorption
(0.7%–22.9%). Indeed, when blood levels had low serum and plasma ferritin concentrations, the
absorption of iron increased [61]. In addition, dietary enhancers (e.g., ascorbic acid, alcohol) and
inhibitors (e.g., calcium, tannins, and polyphenols) influence the absorption of non heme-iron [62].

Another possible solution for ID decrease is iron supplementation. It was observed that early iron
supplementation of low birth weight infants would reduce the prevalence of behavioral problems and
linear growth [3]. Another study showed that iron supplementation with vitamin C of IDA children
aged from 6 to 12 in Turkey, increased the intelligence quotient by 4.8 points [63]. It was shown to
improve learning and memory in non-anemic ID adolescent girls, in adults with IDA, and that iron
supplementation can partially reverse the effects on cognitive performance.

5. Conclusions

The burden of the consumption of iron has been estimated and expressed in terms of prevalence,
number of cases, and DALY. The study estimated 13,630 (95% CI = 5740–23,510) ID cases per 100,000
individuals per year. In terms of IDA, this corresponded to 1,290 (95% CI = 1230–1350) IDA cases
per 100,000 people per year and to 16 (95% CI = 11–20) DALY per 100,000 individuals per year. In a
further study, the IDA burden estimated here in terms of DALY will be balanced with other risks of
iron-rich food intake, such as red meat. Indeed, for children and adolescents, the benefit of decreasing
iron deficiency anemia can be compared with risks due to microbiological foodborne illnesses when
eating red meat [64]. In addition to this latter risk, for adult populations, colorectal cancer and
cardiovascular diseases attributable to red meat consumption [51,65] will be also considered in this
overall risk–benefit assessment.
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Appendix A

Appendix A.1 Determination of the Hemoglobin Status in the Population

Table A1. Hemoglobin levels values of French population expressed in mean and (standard deviation)
extracted from Stoltzfus et al. (2004) and Santé Publique France 2006–2007.

Age Class Gender (and Status) Hemoglobin (g/dL) Reference

0–4
Male 12.5 (1)

[23]

Female 12.5 (1)

5–14
Male 13.4 (1)

Female 13.4 (1)

15–29
Male 14.6 (1)

Female 13.4 (1)

18–24
Male 15.5 (0.8)

[26]

Female (Premenopausal) 13.5 (1.5)

25–44
Male 15.3 (1)

Female (Premenopausal) 13.5 (1.4)
Female (Postmenopausal) 13.8 (0.6)

45–64
Male 15.3 (1.1)

Female (Premenopausal) 13.7 (1.1)
Female (Postmenopausal) 13.8 (0.9)

65–74
Male 14.9 (1.9)

Female (Postmenopausal) 14 (1.2)

The levels of hemoglobin for the age classes under 18 years old (Table A1), did not correspond
to the age classes used in this study. To determine hemoglobin status for the age classes 3–6, 7–11,
12–17 for male and 12–14 and 15–17 for females, the values were determined from linear functions,
established from Stoltzfus et al. (2004) hemoglobin levels from Table A1.

Two linear functions were assumed to determine hemoglobin levels for females and one linear
function for males aged under 18 years old:

• To determine female hemoglobin level in the age class three to six years old, the linear function
was expressed:

Hba,g = 0.1173×mean age o f the class + 12.275

• For females, age class from 7 to 11 and from 12 to 17 years old, the average hemoglobin levels
were similar and estimated by the fallow function:

Hba,g = −0.0015×mean age o f the class + 13.413
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• To determine male hemoglobin level in the age class 3–6, 7–11, and 12–17 years old, the linear
function was expressed:

Hba,g = 0.1058×mean age o f the class + 12.331 (A1)

Hemoglobin distribution for each age class was assumed to follow a normal distribution. To
determine the mean standard deviation for age classes under 18 years old, the standard deviation
of hemoglobin considered in this study was the same as used by Stoltzfus et al. (2004) for countries
with anemia prevalence under 15% (1.0 g/dL) [9,23]. For older age classes, the standard deviation was
estimated from ENNS study mean and confidence interval.

The levels of hemoglobin used in the present study is given in Table A2.

Table A2. Hemoglobin levels of the French population expressed in mean and (standard deviation)
used in the present study.

Age Class Gender (and Status) Hemoglobin (g/dL)

3–6
Male 12.8 (1)

Female 12.7 (1)

7–11
Male 13.3 (1)

Female 13.4 (1)

12–17 Male 13.9 (1)
12–14 Female 13.4 (1)
15–17 Female (Premenopausal) 13.4 (1)

18–24
Male 15.5 (0.8)

Female (Premenopausal) 13.5 (1.5)

25–44
Male 15.3 (1)

Female (Premenopausal) 13.5 (1.4)
Female (Postmenopausal) 13.8 (0.6)

45–64
Male 15.3 (1.1)

Female (Premenopausal) 13.7 (1.1)
Female (Postmenopausal) 13.8 (0.9)

65–74
Male 14.9 (1.9)

Female (Postmenopausal) 14 (1.2)

Appendix A.2 Determining the Proportion of Anemia per Severity

To determine the proportion of anemia (Ane) per age class (a), gender (g), and severity (s), pnorm
function was used from R software, considering hemoglobin distribution per age class and gender (Hb)
in the French population (Table A2) and hemoglobin thresholds defined by WHO (Table 1) to define
anemia per severity (Hb.t).

• Proportion of severe anemias:

Anea,g,s=severe = pnorm
[
Hb.ts=severe, mean

(
Hba,g

)
, standard deviation

(
Hba,g

)]

• Proportion of moderate anemias:

Anea,g,s=moderate = pnorm
[
Hb.ts=moderate, mean

(
Hba,g

)
, standard deviation

(
Hba,g

)]
−

Anea,g,s=severe
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• Proportion of mild anemias:

Anea,g,s=mild = pnorm
[
Hb.ts=mild, mean

(
Hba,g

)
, standard deviation

(
Hba,g

)]

−
(
Anea,g,s=severe + Anea,g,s=moderate

)

• Allocation of anemia severity, among the anemia population

Alloc.Anea,g,s =
Anea,g,s∑

Anea,g,s

Table A3. Quantities of iron in different types of red meat.

Red Meat Type Iron (mg/100 g)

Cooked bourguignon beef 4.3
Cooked stew beef 4.3

Roasted horse meat 3.4
Roasted beef 3.1

Cooked ground beef 5% fat 2.83
Cooked ground beef 10% fat 2.71

Braised beef 5.9
Raw ground beef 5% fat 2.65

Cooked ground beef 15% fat 2.6
Grilled entrecote beef 2.55

Cooked ground beef 20% fat 2.48
Roast beef ribbon 2.4
Burgundy fondue 2.3
Beef grilled steak 2.21

Roasted lamb shoulder 2.2
Cooked dumplings beef 2.2

Beef carpaccio 1.89
Unspecified cooked meat 1.77

Mixed skewer of meat 1.77
Other meat 1.77

Lamb skewer 1.73
Beef skewer 1.41
Roast lamb 1.4

Cooked veal side 1.3
Roasted lean pork tenderloin 1.29

Grilled lamb chop 1.27
Braised ribs 1.2

Breaded veal cutlet 1.11
Roasted loin pork 1.09

Cooked escalope veal 1
Simmered veal 0.95

Roasted tenderloin veal 0.87
Roasted veal 0.87

Grilled pork chop 0.84
Roasted pork 0.64
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Abstract: The causal relationship between serum ferritin and metabolic syndrome (MetS) remains
inconclusive. Dietary iron intake increases serum ferritin. The objective of this study was to evaluate
associations of total, heme, and nonheme dietary iron intake with MetS and its components in men
and women in metropolitan China. Data from 3099 participants in the Shanghai Diet and Health
Survey (SDHS) obtained during 2012–2013 were included in this analysis. Dietary intake was assessed
by 24-h diet records from 3 consecutive days. Multivariate generalized linear mixed models were used
to evaluate the associations of dietary iron intake with MetS and its components. After adjustment for
potential confounders as age, sex, income, physical exercise, smoking status, alcohol use, and energy
intake, a positive trend was observed across quartiles of total iron intake and risk of MetS (p for
trend = 0.022). Compared with the lowest quartile of total iron intake (<12.72 mg/day), the highest
quartile (≥21.88 mg/day) had an odds ratio (95% confidence interval), OR (95% CI), of 1.59 (1.15,2.20).
In addition, the highest quartile of nonheme iron intake (≥20.10 mg/day) had a 1.44-fold higher risk
of MetS compared with the lowest quartile (<11.62 mg/day), and higher risks of MetS components
were associated with the third quartiles of total and nonheme iron intake. There was no association
between heme iron intake and risk of MetS (p for trend = 0.895). Associations for total and nonheme
iron intake with MetS risk were found in men but not in women. Total and nonheme dietary iron
intake was found to be positively associated with MetS and its components in the adult population
in metropolitan China. This research also revealed a gender difference in the association between
dietary iron intake and MetS.

Keywords: dietary iron intake; heme iron; nonheme iron; metabolic syndrome; population-based study
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1. Introduction

China has experienced a cardiovascular disease epidemic in recent decades [1]. Metabolic syndrome
(MetS) refers to a constellation of interrelated risk factors that increase the development of both
cardiovascular disease and type 2 diabetes mellitus [2]. The current nationwide prevalence of MetS
among Chinese adults is 24.2%, which is an astonishing increase compared with the value of 9.8%
calculated one decade ago based on the same diagnostic criteria [3,4].

A few studies have demonstrated an association between serum ferritin and MetS [5–8], but whether
MetS is causally related to higher levels of iron metabolic markers or whether higher levels of iron
metabolic markers lead to MetS remains inconclusive. Iron overload is characterized physiologically by
an increase in the serum ferritin levels [9], and some studies have shown that meat or heme iron intake is
related to the ferritin levels in serum [10,11]. However, high levels of serum ferritin can also be produced
as a consequence of metabolic disorders, regardless of the iron overload status [12].

Few studies have investigated the relationship between dietary iron intake and MetS, which could
potentially address the causative nature of the association between iron metabolic markers and MetS.
Iron is present in foods in a heme or nonheme form. Heme iron is in most animal foods, and the rest
of the iron in animal or plant food is nonheme iron [13]. Heme iron is more efficiently absorbed than
nonheme iron as approximately 25% heme iron and 5% nonheme iron from diet absorbed by body [14].
The Chinese diet is known to be plant-based, which implies a low bioavailability of dietary iron.
The primary objective of this study was to evaluate the associations of dietary iron intake, in terms
of total, heme and nonheme iron intake, with MetS and its components in the adult population in
metropolitan China. Considering the different physiologic mechanisms underlying body iron loss
among men and women, it was intended to also analyze these associations stratified by gender. To the
best of our knowledge, this population-based study constitutes the first investigation of the relationship
between dietary iron intake and MetS in a Chinese population.

2. Materials and Methods

2.1. Study Population

The data used in this study were obtained from a cross-sectional investigation, the first
wave of the Shanghai Diet and Health Survey (SDHS), which was conducted in Shanghai, one of
the most developed cities in China, during the period 2012–2013. The SDHS was designed
to examine the associations of food consumption, energy and nutrient intake, and behavioral
factors with nutrition-related health outcomes among local residents. The investigation enrolled
4504 community-dwelling men and women aged at least 18 years from 54 randomly stratified-sampled
communities. The participants were initially selected to constitute a random representative sample
of the local adult population (n = 1725), and their family members aged at least 18 years were then
recruited (approximately 2.6 persons per family). Those who had lived in the area for less than
6 months in total during the last year of the survey were excluded. The Shanghai Municipal Center for
Disease Control and Prevention was responsible for the implementation of the SDHS.

Participants with missing anthropometric measurements (n = 251) or lack of blood pressure
assessed (n = 54) or whose blood samples were not collected or tested (n = 817) for indicators of
MetS diagnosis, as well as those who reported an energy intake less than 300 kcal/d or greater than
3500 kcal/d for the average energy intake (mean ± SD) was 1766 ± 880 kcal in the study population
and the mean ± 2SD interval was finally used for the acceptable range (n = 51), were excluded.
Participants with missing dietary survey information (n = 38) or other pertinent covariates (n = 194)
were also excluded. The data from 3099 participants were ultimately included in the present analysis.

The SDHS was approved by the Shanghai Municipal Center for Disease Control and Prevention’s
Institutional Review Board on 31 January 2012. Informed consent was obtained from each participant
before the survey. The study complied with the code of ethics of the World Medical Association
(Declaration of Helsinki).
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2.2. Dietary Assessment

The dietary survey included a 24-h dietary record for 3 consecutive days (including 2 weekdays
and 1 weekend day) in the consideration of different dietary behavior between working days and rest,
as well as the feasibility of investigation. Household condiments mainly containing fat or sodium,
including cooking oil, salt, soy sauce, chili sauce, etc., were weighed before and after the 3 survey days.
The interviewers were public health doctors from 54 local community health centers who received a
standard training course on the recording of dietary information. Each participant was orally instructed
to record their daily food intake both at home and out of home on draft paper at the beginning and
interviewed face-to-face by interviewers in the consecutive survey days at home. At each survey day,
the interviewers collected and checked though the draft paper, and afterward, revised the food weight
and transcribed the draft dietary information into a structured form. Furthermore, the participants
were instructed not to change their typical diet or physical activity during the survey period. The diet
records in the structured form were reviewed by nutrition specialists from local centers of disease
control and prevention. No disastrous events such as rain or snow disasters that would have affected
the normal food supply occurred during the survey period.

Daily food consumption was calculated from the 3-day, 24-h diet record. The 3-day consumption
of condiments based on the calculated weight difference was divided into individual intake according
to the eating times in the home and the individuals’ energy intake (only from food) proportion among
family members. That consumption of condiments from meals out of home was simulated according
to the previously calculated condiments’ densities in food consumed at home. The intake of dietary
energy, macronutrients and iron was estimated according to daily food and condiment consumption
using the Chinese food composition database [15,16]. Dietary supplements and medications were
excluded from nutrient intake. Heme iron was estimated as 40% of the total iron from animal foods,
including red meat, poultry, fish, and animal organs, and nonheme iron was calculated as the remaining
portion of the total iron from all foods [14,17].

2.3. Potential Confounders

Information on each participant’s age, sex, education, income, smoking status, alcohol use,
physical activity level, and intentional physical exercise was recorded using an interviewer-administered
questionnaire at each participant’s home. The educational level of the participants was reported as
years of education. The yearly income was calculated by dividing the total family yearly income
by the number of family members. The physical activity level was recorded as sedentary, moderate,
or vigorous according to professional and nonprofessional activities. Intentional physical exercise was
defined as physical exercise performed for the purpose of health maintenance or fitness. The smoking
status was categorized as never smoked, former smoker, or current smoker. With respect to alcohol use,
the respondents were classified as follows according to their alcohol consumption during the seven
days prior to the interview: lifetime abstainers, the respondent did not consume an alcoholic beverage;
nonheavy drinkers (social drinkers), the respondent consumed 5+ standard drinks once (1 day) in
the 1-week period; infrequent heavy drinkers (binge drinkers), the respondent consumed 5+ standard
drinks on 2–3 days in the 1-week period; or frequent heavy drinkers, the respondent consumed 5+
standard drinks on at least 4 days in the 1-week period.

2.4. Anthropometric and Laboratory Measurements

All anthropometric measurements were conducted in the community health centers located
in each participant’s community. The waist circumference was measured using a Graham-Field
1340-2 tape measure. The blood pressure was measured three times after a quiet rest for 5 min using
an Omron HEM-7071 electronic sphygmomanometer (Omron Healthcare, Kyoto, Japan).

Each participant was asked to fast for more than 10 h, and their blood was then collected and
analyzed at the laboratory of the Shanghai Municipal Centers for Disease Control and Prevention.
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The serum concentrations of glucose, triglycerides, and high-density lipoprotein-cholesterol (HDL-C)
were measured using a HITACHI 7080 Automatic Biochemical Analyzer with reagents from Wako
Pure Chemical Industries, Ltd. (Tokyo, Japan).

2.5. Definition of Metabolic Syndrome

MetS was identified based on the criteria in the US National Cholesterol Education Program Adult
Treatment Panel III (NCEP-ATP III) for Asian populations [2], which states that at least three of the
following metabolic abnormalities should be present: (1) elevated waist circumference (WC ≥ 90 cm for
men and WC ≥ 80 cm for women); (2) elevated triglycerides (triglycerides ≥ 150 mg/dL) or on drug
treatment for elevated triglycerides; (3) reduced HDL-C (HDL-C < 40 mg/dL for men and < 50 mg/dL
for women) or on drug treatment for reduced HDL-C; (4) elevated blood pressure (systolic blood
pressure ≥ 130 mmHg and/or diastolic blood pressure ≥ 85 mmHg) or on antihypertensive drug
treatment with a history of hypertension; and (5) elevated fasting glucose (100 mg/dL) or on drug
treatment for elevated glucose.

2.6. Statistical Analyses

Statistical analyses were conducted using SAS statistical software (v. 9.2; SAS Institute, Cary,
NC, USA). Given that the occurrence of MetS might aggregate in families due to a similar genetic
background, which would potentially cause aggregation bias, multilevel models were introduced in
the analysis. Multivariate generalized linear mixed models for binary data with a logit link function
were applied to determine the odds ratios (ORs) and 95% confidence intervals (CIs) of the occurrence
of MetS and its five components as the dependent variables based on four tertiles of total, heme,
and nonheme dietary iron intake as the independent fixed-effect variables and family aggregation as
the random-effect variable. No covariate was included in the crude model. Potential confounders,
including age, sex, income, physical activity level, intentional physical exercise, dietary energy intake,
smoking status, and alcohol use, were introduced as covariates in the adjusted models. To examine
the linear trend between dietary iron intake and the occurrence of MetS, the medians in each quartile
of dietary iron intake were used as the independent fixed-effect variables, and the occurrences of
MetS and its five components were used as the dependent variables. A two-sided p value < 0.05 was
considered to indicate statistical significance.

3. Results

3.1. Characteristics of the Participants

The analysis sample included 3099 participants, consisting of 1430 male adults and 1669 female
adults. Among the participants, the total, heme, and nonheme dietary iron intake was 19.7 mg/day,
1.6 mg/day, and 18.1 mg/day, respectively, and the prevalence of MetS was 23.9%. The characteristics
of the participants are shown in Table 1.

3.2. Dietary Sources of Iron Intake

In present study population, the main dietary sources of total iron intake were plant-based
foods. Specifically, the top three dietary sources of total iron intake were grains/potatoes, vegetables,
and condiments, and this finding was obtained for both males (6.62 mg/day, 4.92 mg/day,
and 2.28 mg/day, respectively) and females (5.10 mg/day, 4.29 mg/day, and 1.97 mg/day, respectively).
Red meat was ranked first among the animal food sources of total dietary iron intake consumed by
both genders (Figure 1).

3.3. Quartiles of Dietary Iron Intake and MetS Risk

After adjusting for age, sex, income, physical activity level, intentional physical exercise,
dietary energy intake, smoking status, and alcohol use, a significant positive trend was found across
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quartiles of total dietary iron intake and risk of MetS (p for trend = 0.022). Compared with the lowest
quartile of dietary total iron intake (<12.72 mg/day), the highest quartile (≥21.88 mg/day) had an
odds ratio (95% confidence interval), OR (95% CI), of 1.59 (1.15,2.20). However, after adjusting for the
same confounders, there was no association between heme dietary iron intake and risk of MetS (p for
trend = 0.895), and compared with the lowest quartile of heme iron intake, the second to fourth tertiles did
not show significant differences in ORs. Although the quartiles of nonheme iron intake were not in line
with the risk of MetS (p for trend = 0.065), the highest quartile of nonheme iron intake (≥20.10 mg/day)
had a 1.44-fold higher risk of MetS compared with the lowest quartile (<11.62 mg/day). After adjustment,
higher risks for the five components of MetS were observed in the third and fourth quartiles of total and
nonheme dietary iron intake. However, no differences in the risks for the MetS components were found
between the second to fourth quartiles of heme iron intake and the reference quartile (Tables 2–4).

After stratifying by gender, the linear trend between the quartiles of total dietary iron intake and
risk of MetS was still significant in male participants (p for trend = 0.016) but not in female participants
(p for trend = 0.322). In men, a higher risk (OR = 2.11, 95% CI: 1.29–3.45) of MetS was observed
in the fourth quartile of total dietary iron intake (≥23.68 mg/day) compared with the first quartile
(<14.12 mg/day), whereas in women, the risks of MetS were not significantly different between the
lowest quartile of total iron intake and the other quartiles. A positive association was found between
nonheme iron intake and MetS risk in men (p for trend = 0.025) but not in women (p for trend = 0.150).
Finally, heme iron intake was not associated with MetS in either men or women (Men, Tables 5–7;
Women, Tables 8–10).

Table 1. Characteristics of the participants by gender in the SDHS 2012–2013.

All Male Female p-Value

n (%) 3099 (100.0) 1430 (46.1) 1669 (53.9)
Age, % 0.513

18–44 years 30.8 30.1 31.4
45–59 years 36.2 36.3 36.1
60-years 33.0 33.6 32.6

Yearly Income, % 0.523
Above average level (>60,000 RMB 1) 7.2 7.0 7.4
Average level (30,000–59, RMB) 30.9 32.1 30.0
Below average level (<30,000 RMB) 57.2 56.0 58.2
No answer 4.7 4.9 4.5

Years of Education, years (SD 2) 9.5 (4.53) 10.2 (4.01) 8.9 (4.86) <0.001
Physical Activity Level, % <0.001

Sedentary 84.2 78.7 89.0
Moderate 13.8 18.1 10.2
Vigorous 2.0 3.3 0.8

Intentional Physical Exercise, % 24.8 25.2 24.5 0.940
Smoking Status, %

Never smoked 72.0 40.8 98.8
Former smoker 5.0 10.5 0.3
Current smoker 23.0 48.8 1.0

Alcohol Use, % <0.001
Lifetime abstainers 80.7 64.0 94.9
Nonheavy drinkers 15.1 27.3 4.6
Infrequent heavy drinkers 1.3 2.6 0.3
Frequent heavy drinkers 3.0 6.1 0.3

Dietary Intake
Energy, kcal/day (SD) 1760.9 (842.5) 1938.5 (884.5) 1608.9(773.4) <0.001
Carbohydrate, g/day (SD) 207.4(119.3) 226.8(131.5) 190.8(105.1) <0.001
Protein, g/day (SD) 67.9(45.6) 75.0(53.1) 61.9(37.1) <0.001
Total fat, g/day (SD) 74.6(41.8) 81.1(40.7) 69.0(41.9) <0.001
Total iron, mg/day (SD) 19.7(16.3) 22.0(20.4) 17.7(11.3) <0.001
Heme iron, mg/day (SD) 1.6(1.4) 1.7(1.4) 1.5(1.4) <0.001
Nonheme iron, mg/day (SD) 18.1(15.8) 20.3(20.0) 16.2(10.6) <0.001

Metabolic Syndrome, % 23.9 21.8 25.7 0.011
Metabolic Syndrome Components

Elevated blood pressure, % 52.4 56.8 48.7 <0.001
Elevated waist circumference, % 33.6 25.5 40.5 <0.001
Elevated fasting glucose, % 23.1 25.4 21.1 0.007
Elevated triglycerides, % 27.2 30.3 24.4 <0.001
Reduced HDL-C 3, % 21.0 14.8 26.2 <0.001

1 RMB, renminbi, China’s currency; 2 SD, standard deviation; 3 HDL-C, high-density lipoprotein-cholesterol.

49



Nutrients 2018, 10, 1663

F
ig

u
re

1
.

D
ie

ta
ry

so
ur

ce
s

of
to

ta
li

ro
n

in
ta

ke
fo

r
th

e
di

ff
er

en
tg

en
de

rs
in

th
e

SD
H

S
20

12
–2

01
3.

50



Nutrients 2018, 10, 1663

T
a

b
le

2
.

O
dd

s
ra

ti
os

(O
R

s)
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
it

s
co

m
po

ne
nt

s
ac

co
rd

in
g

to
th

e
qu

ar
ti

le
s

of
to

ta
li

ro
n

in
ta

ke
(m

g/
da

y)
am

on
g

al
lp

ar
ti

ci
pa

nt
s

in
th

e
SD

H
S

20
12

–2
01

3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

T
o

ta
l

Ir
o

n
In

ta
k

e
(m

g
/d

a
y

)
<1

2.
72

(1
2.

72
–1

6.
50

)
(1

6.
50

–2
1.

88
)

≥2
1.

88
n

77
6

77
3

77
6

77
4

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
12

(0
.8

8,
1.

42
)

1.
24

(0
.9

8,
1.

57
)

1.
17

(0
.9

2,
1.

48
)

0.
33

5
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

37
(1

.0
6,

1.
78

)*
1.

47
(1

.1
1,

1.
94

)*
*

1.
59

(1
.1

5,
2.

20
)*

*
0.

02
2

p-
V

al
ue

fo
r

in
te

ra
ct

io
n

3
=

0.
06

0
M

e
ta

b
o

li
c

sy
n

d
ro

m
e

co
m

p
o

n
e

n
ts

El
ev

at
ed

bl
oo

d
pr

es
su

re
C

ru
de

m
od

el
R

ef
er

en
ce

0.
95

(0
.7

9,
1.

13
)

1.
19

(1
.0

0,
1.

42
)*

1.
07

(0
.8

9,
1.

27
)

0.
06

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

14
(0

.9
2,

1.
41

)
1.

33
(1

.0
6,

1.
66

)*
1.

21
(0

.9
3,

1.
57

)
0.

10
0

El
ev

at
ed

w
ai

st
ci

rc
um

fe
re

nc
e

C
ru

de
m

od
el

R
ef

er
en

ce
1.

07
(0

.8
9,

1.
29

)
1.

09
(0

.9
1,

1.
32

)
1.

00
(0

.8
3,

1.
21

)
0.

69
1

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
25

(1
.0

1,
1.

53
)*

1.
29

(1
.0

4,
1.

60
)*

1.
25

(0
.9

6,
1.

61
)

0.
09

6
El

ev
at

ed
fa

st
in

g
gl

uc
os

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
03

(0
.8

3,
1.

27
)

1.
16

(0
.9

4,
1.

42
)

1.
12

(0
.9

1,
1.

38
)

0.
45

8
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

18
(0

.9
4,

1.
49

)
1.

25
(0

.9
8,

1.
60

)
1.

33
(1

.0
0,

1.
77

)
0.

22
1

El
ev

at
ed

tr
ig

ly
ce

ri
de

s
C

ru
de

m
od

el
R

ef
er

en
ce

1.
17

(0
.9

5,
1.

43
)

1.
46

(1
.2

0,
1.

77
)*

*
1.

34
(1

.1
0,

1.
64

)*
*

0.
00

1
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

14
(0

.9
2,

1.
42

)
1.

37
(1

.0
9,

1.
72

)*
*

1.
31

(1
.0

0,
1.

71
)*

0.
04

7
R

ed
uc

ed
H

D
L-

C
4

C
ru

de
m

od
el

R
ef

er
en

ce
1.

09
(0

.8
6,

1.
38

)
1.

11
(0

.8
7,

1.
41

)
0.

91
(0

.7
1,

1.
16

)
0.

34
8

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
27

(0
.9

8,
1.

65
)

1.
42

(1
.0

8,
1.

87
)*

1.
31

(0
.9

4,
1.

83
)

0.
08

8

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
T

he
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
th

e
m

ed
ia

ns
in

ea
ch

qu
ar

ti
le

of
d

ie
ta

ry
ir

on
in

ta
ke

.2
T

he
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

se
x,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.3
Th

e
p-

va
lu

e
fo

r
th

e
in

te
ra

ct
io

n
w

as
te

st
ed

fo
r

th
e

qu
ar

til
es

of
di

et
ar

y
ir

on
in

ta
ke

by
ge

nd
er

.4
H

D
L-

C
:h

ig
h-

de
ns

it
y

lip
op

ro
te

in
-c

ho
le

st
er

ol
.

51



Nutrients 2018, 10, 1663

T
a

b
le

3
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
it

s
co

m
p

on
en

ts
ac

co
rd

in
g

to
th

e
qu

ar
ti

le
s

of
he

m
e

ir
on

in
ta

ke
(m

g/
d

ay
)

am
on

g
al

l
p

ar
ti

ci
p

an
ts

in
th

e
SD

H
S

20
12

–2
01

3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

H
e

m
e

Ir
o

n
In

ta
k

e
(m

g
/d

a
y

)
<0

.8
3

(0
.8

3–
1.

28
)

(1
.2

8–
1.

94
)

≥1
.9

4
n

77
6

77
4

77
3

77
6

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
91

(0
.7

2,
1.

15
)

0.
92

(0
.7

3,
1.

16
)

0.
85

(0
.6

7,
1.

07
)

0.
59

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

06
(0

.8
2,

1.
36

)
1.

11
(0

.8
6,

1.
44

)
1.

06
(0

.8
0,

1.
39

)
0.

89
5

p-
V

al
ue

fo
r

in
te

ra
ct

io
n

3
=

0.
09

6
M

e
ta

b
o

li
c

sy
n

d
ro

m
e

co
m

p
o

n
e

n
ts

El
ev

at
ed

bl
oo

d
pr

es
su

re
C

ru
de

m
od

el
R

ef
er

en
ce

0.
76

(0
.6

4,
0.

91
)*

*
0.

73
(0

.6
1,

0.
87

)*
*

0.
73

(0
.6

1,
0.

87
)*

*
0.

00
1

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

0.
91

(0
.7

4,
1.

13
)

0.
98

(0
.7

9,
1.

22
)

1.
05

(0
.8

3,
1.

32
)

0.
62

0
El

ev
at

ed
w

ai
st

ci
rc

um
fe

re
nc

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
89

(0
.7

4,
1.

08
)

0.
95

(0
.7

9,
1.

14
)

0.
93

(0
.7

7,
1.

12
)

0.
68

1
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

07
(0

.8
7,

1.
31

)
1.

20
(0

.9
8,

1.
48

)
1.

24
(0

.9
9,

1.
55

)
0.

18
9

El
ev

at
ed

fa
st

in
g

gl
uc

os
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

90
(0

.7
3,

1.
11

)
0.

82
(0

.6
7,

1.
01

)
0.

89
(0

.7
3,

1.
10

)
0.

33
0

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
02

(0
.8

2,
1.

28
)

0.
96

(0
.7

6,
1.

21
)

1.
11

(0
.8

7,
1.

41
)

0.
66

1
El

ev
at

ed
tr

ig
ly

ce
ri

de
s

C
ru

de
m

od
el

R
ef

er
en

ce
1.

05
(0

.8
6,

1.
29

)
1.

12
(0

.9
2,

1.
36

)
1.

08
(0

.8
9,

1.
32

)
0.

72
3

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
03

(0
.8

3,
1.

28
)

1.
10

(0
.8

8,
1.

36
)

1.
00

(0
.7

9,
1.

26
)

0.
78

4
R

ed
uc

ed
H

D
L-

C
4

C
ru

de
m

od
el

R
ef

er
en

ce
1.

05
(0

.8
3,

1.
35

)
1.

16
(0

.9
1,

1.
47

)
0.

99
(0

.7
8,

1.
27

)
0.

54
7

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
17

(0
.9

1,
1.

52
)

1.
29

(0
.9

9,
1.

68
)

1.
15

(0
.8

7,
1.

53
)

0.
29

1

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
T

he
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
th

e
m

ed
ia

ns
in

ea
ch

qu
ar

ti
le

of
d

ie
ta

ry
ir

on
in

ta
ke

.2
T

he
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

se
x,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.3
Th

e
p-

va
lu

e
fo

r
th

e
in

te
ra

ct
io

n
w

as
te

st
ed

fo
r

th
e

qu
ar

til
es

of
di

et
ar

y
ir

on
in

ta
ke

by
ge

nd
er

.4
H

D
L-

C
:h

ig
h-

de
ns

it
y

lip
op

ro
te

in
-c

ho
le

st
er

ol
.

52



Nutrients 2018, 10, 1663

T
a

b
le

4
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
it

s
co

m
p

on
en

ts
ac

co
rd

in
g

to
th

e
qu

ar
ti

le
s

of
no

nh
em

e
ir

on
in

ta
ke

(m
g/

d
ay

)
am

on
g

al
lp

ar
ti

ci
p

an
ts

in
th

e
SD

H
S

20
12

–2
01

3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

N
o

n
h

e
m

e
Ir

o
n

In
ta

k
e

(m
g

/d
a

y
)

<1
1.

62
(1

1.
62

–1
5.

10
)

(1
5.

10
–2

0.
10

)
≥2

0.
10

n
77

4
77

4
77

5
77

6
M

e
ta

b
o

li
c

sy
n

d
ro

m
e

C
ru

de
m

od
el

R
ef

er
en

ce
1.

07
(0

.8
4,

1.
36

)
1.

23
(0

.9
7,

1.
55

)
1.

12
(0

.8
9,

1.
42

)
0.

36
4

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
28

(0
.9

8,
1.

66
)

1.
43

(1
.0

9,
1.

87
)*

1.
44

(1
.0

4,
1.

99
)*

0.
06

5
p-

V
al

ue
fo

r
in

te
ra

ct
io

n
3

=
0.

08
6

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
co

m
p

o
n

e
n

ts
El

ev
at

ed
bl

oo
d

pr
es

su
re

C
ru

de
m

od
el

R
ef

er
en

ce
0.

91
(0

.7
7,

1.
09

)
1.

26
(1

.0
6,

1.
50

)*
*

1.
08

(0
.9

1,
1.

29
)

0.
00

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

07
(0

.8
6,

1.
32

)
1.

34
(1

.0
7,

1.
67

)*
1.

18
(0

.9
1,

1.
53

)
0.

05
8

El
ev

at
ed

w
ai

st
ci

rc
um

fe
re

nc
e

C
ru

de
m

od
el

R
ef

er
en

ce
1.

07
(0

.8
9,

1.
29

)
1.

10
(0

.9
1,

1.
32

)
1.

00
(0

.8
3,

1.
20

)
0.

66
2

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
22

(0
.9

9,
1.

50
)

1.
26

(1
.0

2,
1.

57
)*

1.
19

(0
.9

2,
1.

53
)

0.
14

9
El

ev
at

ed
fa

st
in

g
gl

uc
os

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
92

(0
.7

4,
1.

14
)

1.
19

(0
.9

7,
1.

46
)

1.
08

(0
.8

8,
1.

33
)

0.
08

8
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

01
(0

.8
0,

1.
28

)
1.

28
(1

.0
1,

1.
63

)*
1.

25
(0

.9
4,

1.
66

)
0.

10
7

El
ev

at
ed

tr
ig

ly
ce

ri
de

s
C

ru
de

m
od

el
R

ef
er

en
ce

1.
21

(0
.9

9,
1.

48
)

1.
42

(1
.1

7,
1.

73
)*

*
1.

34
(1

.1
0,

1.
64

)*
*

0.
00

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

15
(0

.9
3,

1.
44

)
1.

33
(1

.0
6,

1.
66

)*
1.

26
(0

.9
6,

1.
64

)
0.

10
0

R
ed

uc
ed

H
D

L-
C

4

C
ru

de
m

od
el

R
ef

er
en

ce
1.

11
(0

.8
7,

1.
40

)
1.

06
(0

.8
3,

1.
35

)
0.

91
(0

.7
1,

1.
16

)
0.

42
5

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
29

(0
.9

9,
1.

67
)

1.
34

(1
.0

2,
1.

76
)*

1.
30

(0
.9

3,
1.

81
)

0.
15

7

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
T

he
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
th

e
m

ed
ia

ns
in

ea
ch

qu
ar

ti
le

of
d

ie
ta

ry
ir

on
in

ta
ke

.2
T

he
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

se
x,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e,
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.3
Th

e
p-

va
lu

e
fo

r
th

e
in

te
ra

ct
io

n
w

as
te

st
ed

fo
r

th
e

qu
ar

til
es

of
di

et
ar

y
ir

on
in

ta
ke

by
ge

nd
er

.4
H

D
L-

C
:h

ig
h-

de
ns

it
y

lip
op

ro
te

in
-c

ho
le

st
er

ol
.

53



Nutrients 2018, 10, 1663

T
a

b
le

5
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
it

s
co

m
po

ne
nt

s
ac

co
rd

in
g

to
th

e
qu

ar
ti

le
s

of
to

ta
li

ro
n

in
ta

ke
(m

g/
da

y)
am

on
g

m
en

in
th

e
SD

H
S

20
12

–2
01

3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

T
o

ta
l

Ir
o

n
In

ta
k

e
(m

g
/d

a
y

)
<1

4.
12

(1
4.

12
–1

7.
87

)
(1

7.
87

–2
3.

68
)

≥2
3.

68
n

35
7

35
8

35
8

35
7

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
22

(0
.8

4,
1.

77
)

1.
66

(1
.1

6,
2.

39
)*

*
1.

65
(1

.1
5,

2.
36

)*
*

0.
01

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

36
(0

.9
0,

2.
07

)
1.

83
(1

.1
9,

2.
81

)*
*

2.
11

(1
.2

9,
3.

45
)*

*
0.

01
6

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
co

m
p

o
n

e
n

ts
El

ev
at

ed
bl

oo
d

pr
es

su
re

C
ru

de
m

od
el

R
ef

er
en

ce
1.

07
(0

.8
3,

1.
38

)
1.

15
(0

.9
0,

1.
48

)
1.

16
(0

.9
0,

1.
49

)
0.

61
9

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
35

(1
.0

0,
1.

84
)

1.
33

(0
.9

7,
1.

82
)

1.
43

(0
.9

9,
2.

06
)

0.
16

4
El

ev
at

ed
w

ai
st

ci
rc

um
fe

re
nc

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
65

(1
.2

1,
2.

24
)*

*
1.

74
(1

.2
9,

2.
36

)*
*

1.
84

(1
.3

6,
2.

49
)*

*
0.

00
0

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
59

(1
.1

4,
2.

21
)*

*
1.

61
(1

.1
5,

2.
27

)*
*

1.
65

(1
.1

2,
2.

43
)*

0.
01

9
El

ev
at

ed
fa

st
in

g
gl

uc
os

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
94

(0
.7

0,
1.

26
)

1.
00

(0
.7

5,
1.

33
)

0.
98

(0
.7

4,
1.

31
)

0.
97

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

14
(0

.8
2,

1.
58

)
1.

17
(0

.8
3,

1.
66

)
1.

40
(0

.9
4,

2.
10

)
0.

43
1

El
ev

at
ed

tr
ig

ly
ce

ri
de

s
C

ru
de

m
od

el
R

ef
er

en
ce

1.
24

(0
.9

4,
1.

64
)

1.
38

(1
.0

5,
1.

82
)*

1.
32

(1
.0

1,
1.

74
)*

0.
09

6
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

21
(0

.8
9,

1.
65

)
1.

30
(0

.9
5,

1.
78

)
1.

34
(0

.9
3,

1.
94

)
0.

36
1

R
ed

uc
ed

H
D

L-
C

C
ru

de
m

od
el

R
ef

er
en

ce
0.

98
(0

.6
5,

1.
48

)
1.

23
(0

.8
3,

1.
83

)
1.

08
(0

.7
2,

1.
62

)
0.

65
8

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

0.
92

(0
.5

9,
1.

45
)

1.
38

(0
.8

7,
2.

19
)

1.
34

(0
.7

7,
2.

32
)

0.
28

7

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
Th

e
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
th

e
m

ed
ia

ns
in

ea
ch

qu
ar

til
e

of
di

et
ar

y
ir

on
in

ta
ke

.2
Th

e
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e,
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.

54



Nutrients 2018, 10, 1663

T
a

b
le

6
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
it

s
co

m
po

ne
nt

s
ac

co
rd

in
g

to
th

e
qu

ar
ti

le
s

of
he

m
e

ir
on

in
ta

ke
(m

g/
da

y)
am

on
g

m
en

in
th

e
SD

H
S

20
12

–2
01

3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

H
e

m
e

Ir
o

n
In

ta
k

e
(m

g
/d

a
y

)
<0

.9
3

(0
.9

3–
1.

40
)

(1
.4

0–
2.

02
)

≥2
.0

2
n

35
7

35
8

35
7

35
8

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
27

(0
.8

9,
1.

81
)

1.
09

(0
.7

6,
1.

56
)

1.
21

(0
.8

5,
1.

73
)

0.
54

7
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

38
(0

.9
4,

2.
02

)
1.

12
(0

.7
5,

1.
68

)
1.

21
(0

.8
0,

1.
82

)
0.

41
5

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
co

m
p

o
n

e
n

ts
El

ev
at

ed
bl

oo
d

pr
es

su
re

C
ru

de
m

od
el

R
ef

er
en

ce
0.

99
(0

.7
6,

1.
28

)
0.

73
(0

.5
7,

0.
95

)*
0.

85
(0

.6
6,

1.
09

)
0.

05
9

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
29

(0
.9

5,
1.

75
)

1.
05

(0
.7

7,
1.

43
)

1.
23

(0
.8

9,
1.

69
)

0.
30

8
El

ev
at

ed
w

ai
st

ci
rc

um
fe

re
nc

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
25

(0
.9

1,
1.

69
)

1.
37

(1
.0

1,
1.

86
)*

1.
82

(1
.3

6,
2.

45
)*

*
0.

00
1

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
26

(0
.9

1,
1.

76
)

1.
33

(0
.9

5,
1.

86
)

1.
89

(1
.3

5,
2.

65
)*

*
0.

00
3

El
ev

at
ed

fa
st

in
g

gl
uc

os
e

C
ru

de
m

od
el

R
ef

er
en

ce
1.

02
(0

.7
6,

1.
36

)
0.

85
(0

.6
3,

1.
14

)
0.

92
(0

.6
9,

1.
23

)
0.

59
7

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
12

(0
.8

2,
1.

54
)

1.
02

(0
.7

3,
1.

42
)

1.
18

(0
.8

4,
1.

65
)

0.
72

9
El

ev
at

ed
tr

ig
ly

ce
ri

de
s

C
ru

de
m

od
el

R
ef

er
en

ce
1.

02
(0

.7
8,

1.
35

)
1.

06
(0

.8
1,

1.
39

)
1.

01
(0

.7
7,

1.
33

)
0.

97
8

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

0.
90

(0
.6

7,
1.

22
)

0.
96

(0
.7

1,
1.

30
)

0.
82

(0
.5

9,
1.

12
)

0.
60

7
R

ed
uc

ed
H

D
L-

C
C

ru
de

m
od

el
R

ef
er

en
ce

1.
06

(0
.7

1,
1.

59
)

1.
03

(0
.6

9,
1.

54
)

1.
06

(0
.7

1,
1.

58
)

0.
99

1
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

05
(0

.6
8,

1.
61

)
0.

96
(0

.6
2,

1.
49

)
0.

98
(0

.6
2,

1.
55

)
0.

98
2

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
Th

e
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
th

e
m

ed
ia

ns
in

ea
ch

qu
ar

til
e

of
di

et
ar

y
ir

on
in

ta
ke

.2
Th

e
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e,
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.

55



Nutrients 2018, 10, 1663

T
a

b
le

7
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
its

co
m

po
ne

nt
s

ac
co

rd
in

g
to

th
e

qu
ar

til
es

of
no

nh
em

e
ir

on
in

ta
ke

(m
g/

da
y)

am
on

g
m

en
in

th
e

SD
H

S
20

12
–2

01
3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

N
o

n
h

e
m

e
Ir

o
n

In
ta

k
e

(m
g

/d
a

y
)

<1
2.

76
(1

2.
76

–1
6.

31
)

(1
6.

31
–2

1.
72

)
≥2

1.
72

n
35

8
35

7
35

7
35

8
M

e
ta

b
o

li
c

sy
n

d
ro

m
e

C
ru

de
m

od
el

R
ef

er
en

ce
1.

29
(0

.8
9,

1.
87

)
1.

65
(1

.1
5,

2.
37

)*
*

1.
60

(1
.1

1,
2.

30
)*

0.
02

6
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

49
(0

.9
9,

2.
25

)
1.

79
(1

.1
7,

2.
74

)*
*

2.
05

(1
.2

6,
3.

35
)*

*
0.

02
5

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
co

m
p

o
n

e
n

ts
El

ev
at

ed
bl

oo
d

pr
es

su
re

C
ru

de
m

od
el

R
ef

er
en

ce
0.

97
(0

.7
5,

1.
25

)
1.

16
(0

.9
1,

1.
50

)
1.

11
(0

.8
6,

1.
43

)
0.

44
3

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
21

(0
.8

9,
1.

64
)

1.
24

(0
.9

1,
1.

70
)

1.
28

(0
.8

8,
1.

84
)

0.
49

4
El

ev
at

ed
w

ai
st

ci
rc

um
fe

re
nc

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
43

(1
.0

6,
1.

94
)*

1.
49

(1
.1

0,
2.

01
)*

*
1.

71
(1

.2
7,

2.
31

)*
*

0.
00

4
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

40
(1

.0
1,

1.
94

)*
1.

37
(0

.9
8,

1.
92

)
1.

48
(1

.0
1,

2.
17

)*
0.

14
3

El
ev

at
ed

fa
st

in
g

gl
uc

os
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

86
(0

.6
4,

1.
15

)
0.

94
(0

.7
1,

1.
25

)
0.

97
(0

.7
2,

1.
29

)
0.

76
9

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
02

(0
.7

4,
1.

42
)

1.
10

(0
.7

8,
1.

55
)

1.
33

(0
.8

9,
1.

98
)

0.
50

0
El

ev
at

ed
tr

ig
ly

ce
ri

de
s

C
ru

de
m

od
el

R
ef

er
en

ce
1.

28
(0

.9
7,

1.
69

)
1.

37
(1

.0
4,

1.
79

)*
1.

31
(0

.9
9,

1.
73

)
0.

11
3

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
25

(0
.9

2,
1.

69
)

1.
23

(0
.9

0,
1.

69
)

1.
33

(0
.9

2,
1.

92
)

0.
39

9
R

ed
uc

ed
H

D
L-

C
C

ru
de

m
od

el
R

ef
er

en
ce

1.
04

(0
.7

0,
1.

57
)

1.
20

(0
.8

1,
1.

78
)

1.
06

(0
.7

1,
1.

58
)

0.
82

2
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

06
(0

.6
8,

1.
65

)
1.

38
(0

.8
7,

2.
20

)
1.

35
(0

.7
8,

2.
33

)
0.

49
5

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
Th

e
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
th

e
m

ed
ia

ns
in

ea
ch

qu
ar

til
e

of
di

et
ar

y
ir

on
in

ta
ke

.2
Th

e
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e,
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.

56



Nutrients 2018, 10, 1663

T
a

b
le

8
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
it

s
co

m
po

ne
nt

s
ac

co
rd

in
g

to
th

e
qu

ar
ti

le
s

of
to

ta
li

ro
n

in
ta

ke
(m

g/
da

y)
am

on
g

w
om

en
in

th
e

SD
H

S
20

12
–2

01
3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

T
o

ta
l

Ir
o

n
In

ta
k

e
(m

g
/d

a
y

)
<1

1.
67

(1
1.

67
–1

5.
10

)
(1

5.
10

–2
0.

00
)

≥2
0.

00
n

41
6

41
9

41
6

41
8

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
C

ru
de

m
od

el
R

ef
er

en
ce

1.
02

(0
.7

4,
1.

40
)

1.
21

(0
.8

8,
1.

65
)

0.
96

(0
.7

0,
1.

32
)

0.
47

6
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

25
(0

.8
8,

1.
78

)
1.

41
(0

.9
8,

2.
02

)
1.

27
(0

.8
2,

1.
96

)
0.

32
2

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
co

m
p

o
n

e
n

ts
El

ev
at

ed
bl

oo
d

pr
es

su
re

C
ru

de
m

od
el

R
ef

er
en

ce
0.

86
(0

.6
8,

1.
10

)
1.

08
(0

.8
5,

1.
37

)
0.

85
(0

.6
7,

1.
09

)
0.

16
3

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
01

(0
.7

5,
1.

37
)

1.
29

(0
.9

4,
1.

76
)

1.
05

(0
.7

3,
1.

52
)

0.
30

6
El

ev
at

ed
w

ai
st

ci
rc

um
fe

re
nc

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
97

(0
.7

6,
1.

24
)

1.
01

(0
.7

9,
1.

29
)

0.
93

(0
.7

2,
1.

19
)

0.
91

4
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

09
(0

.8
3,

1.
44

)
1.

13
(0

.8
5,

1.
50

)
1.

15
(0

.8
2,

1.
62

)
0.

83
9

El
ev

at
ed

fa
st

in
g

gl
uc

os
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

90
(0

.6
7,

1.
22

)
1.

23
(0

.9
2,

1.
64

)
1.

09
(0

.8
1,

1.
47

)
0.

21
6

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
01

(0
.7

3,
1.

41
)

1.
33

(0
.9

5,
1.

85
)

1.
23

(0
.8

3,
1.

83
)

0.
27

4
El

ev
at

ed
tr

ig
ly

ce
ri

de
s

C
ru

de
m

od
el

R
ef

er
en

ce
1.

01
(0

.7
5,

1.
34

)
1.

13
(0

.8
5,

1.
50

)
1.

08
(0

.8
1,

1.
44

)
0.

81
4

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
06

(0
.7

7,
1.

44
)

1.
16

(0
.8

5,
1.

60
)

1.
18

(0
.8

1,
1.

72
)

0.
77

3
R

ed
uc

ed
H

D
L-

C
C

ru
de

m
od

el
R

ef
er

en
ce

1.
19

(0
.8

8,
1.

62
)

1.
14

(0
.8

4,
1.

56
)

1.
14

(0
.8

4,
1.

56
)

0.
71

0
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

37
(0

.9
8,

1.
91

)
1.

31
(0

.9
3,

1.
85

)
1.

40
(0

.9
3,

2.
10

)
0.

26
4

1
Th

e
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
m

ed
ia

ns
in

ea
ch

qu
ar

til
e

of
di

et
ar

y
ir

on
in

ta
ke

.2
Th

e
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
l

ex
er

ci
se

,s
m

ok
in

g
st

at
us

,a
lc

oh
ol

us
e,

an
d

di
et

ar
y

to
ta

le
ne

rg
y

in
ta

ke
.

57



Nutrients 2018, 10, 1663

T
a

b
le

9
.

O
R

s
(9

5%
C

I)
fo

r
m

et
ab

ol
ic

sy
nd

ro
m

e
an

d
its

co
m

po
ne

nt
s

ac
co

rd
in

g
to

th
e

qu
ar

til
es

of
he

m
e

ir
on

in
ta

ke
(m

g/
da

y)
am

on
g

w
om

en
in

th
e

SD
H

S
20

12
–2

01
3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

H
e

m
e

Ir
o

n
In

ta
k

e
(m

g
/d

a
y

)
<0

.7
6

(0
.7

6–
1.

19
)

(1
.1

9–
1.

81
)

≥1
.8

1
n

41
6

41
9

41
9

41
5

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
88

(0
.6

5,
1.

19
)

0.
81

(0
.6

0,
1.

11
)

0.
74

(0
.5

4,
1.

01
)

0.
27

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

08
(0

.7
8,

1.
52

)
1.

06
(0

.7
5,

1.
51

)
1.

08
(0

.7
4,

1.
57

)
0.

96
7

M
e

ta
b

o
li

c
sy

n
d

ro
m

e
co

m
p

o
n

e
n

ts
El

ev
at

ed
bl

oo
d

pr
es

su
re

C
ru

de
m

od
el

R
ef

er
en

ce
0.

71
(0

.5
5,

0.
90

)*
*

0.
63

(0
.4

9,
0.

80
)*

*
0.

58
(0

.4
5,

0.
74

)*
*

0.
00

0
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
0.

93
(0

.6
9,

1.
26

)
0.

90
(0

.6
7,

1.
23

)
0.

91
(0

.6
6,

1.
26

)
0.

92
4

El
ev

at
ed

w
ai

st
ci

rc
um

fe
re

nc
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

94
(0

.7
4,

1.
21

)
0.

91
(0

.7
1,

1.
16

)
0.

77
(0

.5
9,

0.
99

)*
0.

19
3

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
18

(0
.9

0,
1.

54
)

1.
22

(0
.9

2,
1.

61
)

1.
05

(0
.7

8,
1.

42
)

0.
43

9
El

ev
at

ed
fa

st
in

g
gl

uc
os

e
C

ru
de

m
od

el
R

ef
er

en
ce

0.
85

(0
.6

3,
1.

13
)

0.
75

(0
.5

5,
1.

00
)

0.
87

(0
.6

5,
1.

17
)

0.
28

5
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
0.

98
(0

.7
2,

1.
35

)
0.

94
(0

.6
7,

1.
30

)
1.

12
(0

.7
9,

1.
58

)
0.

75
5

El
ev

at
ed

tr
ig

ly
ce

ri
de

s
C

ru
de

m
od

el
R

ef
er

en
ce

1.
06

(0
.7

9,
1.

41
)

1.
01

(0
.7

6,
1.

35
)

1.
00

(0
.7

5,
1.

34
)

0.
97

9
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

17
(0

.8
7,

1.
59

)
1.

14
(0

.8
3,

1.
57

)
1.

20
(0

.8
6,

1.
67

)
0.

70
0

R
ed

uc
ed

H
D

L-
C

C
ru

de
m

od
el

R
ef

er
en

ce
1.

13
(0

.8
3,

1.
55

)
1.

54
(1

.1
3,

2.
09

)*
*

1.
11

(0
.8

1,
1.

53
)

0.
03

3
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

24
(0

.8
9,

1.
73

)
1.

65
(1

.1
8,

2.
31

)*
*

1.
25

(0
.8

7,
1.

79
)

0.
02

7

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
Th

e
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
m

ed
ia

ns
in

ea
ch

qu
ar

til
e

of
di

et
ar

y
ir

on
in

ta
ke

.2
Th

e
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e,
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.

58



Nutrients 2018, 10, 1663

T
a

b
le

1
0

.
O

R
s

(9
5%

C
I)

fo
r

m
et

ab
ol

ic
sy

nd
ro

m
e

an
d

it
s

co
m

p
on

en
ts

ac
co

rd
in

g
to

th
e

qu
ar

ti
le

s
of

no
nh

em
e

ir
on

in
ta

ke
(m

g/
d

ay
)

am
on

g
w

om
en

in
th

e
SD

H
S

20
12

–2
01

3.

Q
u

a
rt

il
e

s
o

f
D

ie
ta

ry
Ir

o
n

In
ta

k
e

,
O

R
s

(9
5

%
C

I)

Q
1

Q
2

Q
3

Q
4

p-
V

a
lu

e
fo

r
T

re
n

d
1

N
o

n
h

e
m

e
Ir

o
n

In
ta

k
e

(m
g

/d
a

y
)

<1
0.

69
(1

0.
69

–1
3.

76
)

(1
3.

76
–1

8.
24

)
≥1

8.
24

n
41

8
41

8
41

6
41

7
M

e
ta

b
o

li
c

sy
n

d
ro

m
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

87
(0

.6
4,

1.
21

)
1.

25
(0

.9
2,

1.
70

)
0.

92
(0

.6
7,

1.
27

)
0.

11
1

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
01

(0
.7

1,
1.

44
)

1.
42

(0
.9

9,
2.

03
)

1.
14

(0
.7

4,
1.

75
)

0.
15

0
M

e
ta

b
o

li
c

sy
n

d
ro

m
e

co
m

p
o

n
e

n
ts

El
ev

at
ed

bl
oo

d
pr

es
su

re
C

ru
de

m
od

el
R

ef
er

en
ce

0.
93

(0
.7

3,
1.

18
)

1.
17

(0
.9

2,
1.

49
)

0.
93

(0
.7

3,
1.

19
)

0.
21

4
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

10
(0

.8
1,

1.
49

)
1.

42
(1

.0
3,

1.
94

)*
1.

15
(0

.8
0,

1.
66

)
0.

14
0

El
ev

at
ed

w
ai

st
ci

rc
um

fe
re

nc
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

90
(0

.7
0,

1.
15

)
1.

00
(0

.7
8,

1.
28

)*
*

0.
90

(0
.7

0,
1.

15
)

0.
68

9
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
0.

99
(0

.7
5,

1.
30

)
1.

08
(0

.8
1,

1.
44

)
1.

05
(0

.7
4,

1.
47

)
0.

91
8

El
ev

at
ed

fa
st

in
g

gl
uc

os
e

C
ru

de
m

od
el

R
ef

er
en

ce
0.

96
(0

.7
1,

1.
31

)
1.

29
(0

.9
7,

1.
73

)
1.

16
(0

.8
6,

1.
56

)
0.

18
1

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

1.
09

(0
.7

8,
1.

51
)

1.
40

(1
.0

0,
1.

95
)*

1.
29

(0
.8

7,
1.

91
)

0.
21

5
El

ev
at

ed
tr

ig
ly

ce
ri

de
s

C
ru

de
m

od
el

R
ef

er
en

ce
0.

92
(0

.6
8,

1.
23

)
1.

24
(0

.9
4,

1.
64

)
1.

02
(0

.7
6,

1.
35

)
0.

19
4

A
dj

us
te

d
m

od
el

2
R

ef
er

en
ce

0.
94

(0
.6

8,
1.

28
)

1.
26

(0
.9

2,
1.

72
)

1.
06

(0
.7

3,
1.

54
)

0.
24

3
R

ed
uc

ed
H

D
L-

C
C

ru
de

m
od

el
R

ef
er

en
ce

1.
19

(0
.8

7,
1.

62
)

1.
16

(0
.8

5,
1.

58
)

1.
07

(0
.7

8,
1.

47
)

0.
68

5
A

dj
us

te
d

m
od

el
2

R
ef

er
en

ce
1.

30
(0

.9
3,

1.
81

)
1.

28
(0

.9
1,

1.
80

)
1.

23
(0

.8
2,

1.
85

)
0.

42
1

*
p

<
0.

05
,*

*
p

<
0.

00
1.

1
Th

e
p-

va
lu

e
fo

r
th

e
tr

en
d

w
as

ex
am

in
ed

us
in

g
m

ed
ia

ns
in

ea
ch

qu
ar

til
e

of
di

et
ar

y
ir

on
in

ta
ke

.2
Th

e
m

od
el

s
w

er
e

ad
ju

st
ed

fo
r

ag
e,

in
co

m
e,

ph
ys

ic
al

ac
tiv

ity
le

ve
l,

in
te

nt
io

na
lp

hy
si

ca
le

xe
rc

is
e,

sm
ok

in
g

st
at

us
,a

lc
oh

ol
us

e,
an

d
di

et
ar

y
to

ta
le

ne
rg

y
in

ta
ke

.

59



Nutrients 2018, 10, 1663

After stratifying by age group, a higher risk of MetS was observed in the third and fourth quartile
of total dietary iron intake among the age group of above 60 (Table A1).

4. Discussion

The current findings were consistent with two previous studies indicating that the consumption
of a certain type of dietary iron is related to the risk of developing MetS or its components [18,19].
Compared with the total dietary iron intake of the Western population, the average intake of
Chinese adults is reportedly much higher, which is consistent with the iron intake determined in
this study [18,20–22]. Free iron has strong pro-oxidant properties and generates reactive oxygen
species by participating in Fenton chemistry, which results in the induction of oxidative damage and
apoptosis [23]. Although iron plays an indispensable role in some physiological processes, excess iron
can cause tissue damage or subclinical inflammation [24]. These side effects of iron are balanced out
through binding to ferritin, an iron storage protein [13]. Given that several population-based human
observational studies have reported a positive association between dietary iron intake and serum
ferritin [10,11,21,25,26], the elevated concentration of serum ferritin is regarded as an indicator of iron
overload. This research potentially supported the hypothesis that excessive iron in the body might
play a causal role in the development of MetS. Nevertheless, MetS has been found to increase the
inflammatory status and thereby induces changes in iron homeostasis; thus, the influence of MetS on
iron metabolism cannot be ruled out [27,28]. These two mechanisms might mutually correspond to a
continuous circle between iron metabolism and MetS.

In present study population, we observed that nonheme iron intake but not heme iron intake
was associated with MetS. This finding was inconsistent with studies on Western populations,
which concluded that heme iron intake is correlated with MetS [18,20,29]. Dietary iron is present in
two forms: heme iron (animal food) and nonheme iron (plant and animal food) [13]. The Chinese diet
is well known to be a predominantly plant-based diet. The major food sources of dietary iron in the
current analysis were grains/potatoes, vegetables, and condiments. These foods are quite different
from those in the typical diet of the Western population, in which a greater proportion of dietary
iron is obtained from animal food [22], which indicated more heme iron intake. The dominance of
plant-based food sources of dietary iron in the Chinese diet indicates a larger proportion of nonheme
iron. In a Chinese study, no definite association was found for heme iron intake with iron status [25].
Another study on a Japanese population also found that heme iron intake is not correlated with iron
status [30]. The difference between Western and Chinese dietary patterns could partially explain the
difference in the associations of heme iron with MetS between the present findings and results from
Western populations. Heme iron has been widely acknowledged to have better bioavailability than
nonheme iron [31]. However, the ascorbic acid found in fruits and vegetables can enhance nonheme
iron absorption [13]. In a study focusing on Chinese females, nonheme iron intake was found to be
associated with serum ferritin [25]. This finding could support the correlation between nonheme iron
intake and MetS observed in the present study.

In this study, higher risks of the four components of MetS, including elevated waist circumference,
elevated triglycerides, reduced HDL-C, and elevated blood pressure, were observed with moderately
higher total iron intake (the third quartile of total iron intake). Moderately higher nonheme iron
intake (the third quartile of nonheme iron intake) was associated with higher risks of all five
components of MetS. However, no associations were found between heme iron intake and the five
components of MetS. Meanwhile, previous published studies indicated that iron overload in the body
is correlated with all features of abnormal metabolism, such as obesity, hypertension, hyperlipidemia,
and hyperglycemia [5,9,19,32,33].

We found that total iron and nonheme iron intake was associated with risk of MetS in male
participants, but an association between iron intake and MetS was not observed in female participants
in the current study. In the male population, the highest quartile of total iron intake was associated
with a 2.1-fold higher risk of MetS compared with the lowest quartile. The Chinese recommended daily
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iron intakes for male and female adults are 12 mg and 20 mg, respectively, and the tolerable upper iron
intake is 42 mg [34]. In this study, although the average dietary iron intake of both genders was far
from the tolerable upper limit, the average total dietary iron intake of the male participants was almost
double the recommended level, whereas that of the females was slightly under the recommended
level. In addition, women experience greater iron loss than men due to menses. Increased iron stores
are correlated with markers of chronic inflammation and risk of MetS [35,36]. The relatively higher
iron intake and lower iron loss in men might explain the gender difference in the association between
dietary iron intake and the occurrence of MetS observed in this study. Assessing the blood loss in the
case of women warrants further study.

A limitation of this study is the methodology used to assess dietary intake. We used 3-day,
24-h dietary records to obtain food consumption information, and this information was then used
to calculate the total, heme, and nonheme iron intake based on Chinese food composition data.
Thus, the estimates of dietary iron intake were limited by the accuracy of the participants’ recall and
estimation. Furthermore, although we adjusted for several potential confounding factors, including
dietary energy intake, we did not treat other iron intake-related dietary components, such as saturated
fat or zinc, as covariates to avoid multicollinearity. Therefore, we cannot avoid the possibility that
recall bias, nonresponse bias, and other unknown confounding factors might influence the result
of the risk factor analysis. Finally, it is logical to hypothesize that dietary iron intake influences the
body’s metabolism, but the cross-sectional nature of the current study did not allow us to draw causal
associations between total, heme, and nonheme dietary iron intake and MetS. Therefore, prospective
observational studies or random clinical trials are needed to clarify the causal relationship between
dietary iron and MetS.

5. Conclusions

Total and nonheme dietary iron intake was positively associated with MetS and its components
in the adult population in metropolitan China, but an association between heme iron intake and MetS
was not observed in this population. Moreover, a gender difference in the association between dietary
iron intake and the occurrence of MetS was found: higher levels of total and nonheme iron intake were
associated with greater risks of MetS in men but not in women.
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Abstract: Although dietary iron is a determinant of iron status in animals, body fat mass has
been reported to have an inverse association with iron status in human studies. The goal of
this study was to determine the relationship between Fe homeostasis, body composition, energy
expenditure and neuroendocrine regulators for severe Fe-deficiency anaemia. Forty male Wistar
albino rats recently weaned were divided at random into two groups: the control group was fed
the basal diet, AIN-93G diet (normal-Fe) and the anaemic group received a low-Fe diet for 40 days.
Neuroendocrine parameters that regulate basal metabolism and appetite (thyroid hormones, ghrelin,
glucose-dependent insulinotropic polypeptide (GIP), glucagon, insulin, adrenocorticotropic hormone
and corticosterone), body composition, respiratory volumes, energy expenditure, haematological
and biochemical were assessed. Total body fat was lower, whereas lean mass, free and total water
were higher in the anemic group. O2 consumption, CO2 production, energy expenditure (EE) and
respiratory quotient (RQ) were lower in the Fe-deficient animals. Triiodothyronine and thyroxine
hormones decreased, while thyroid-stimulating hormone increased in the anemic group. Circulating
levels of ghrelin were lower in the anemic group, while GIP, glucagon, insulin, corticosterone and
adrenocorticotropic hormone levels were higher. Fe-deficiency impairs weight gain in the rats,
with marked reductions in lean mass and body fat, indicating lower energy stores.

Keywords: ferropenic anaemia; endocrine regulators; body composition; energy expenditure

1. Introduction

Iron-deficiency Anaemia (IDA) occurs when Fe loss and body’s requirement for iron is not met
by dietary sources such that Fe storage of the organism is depleted. This pathological process is
characterized by the production of smaller red cells because the concentration of hemoglobin (Hb) is
abnormally low [1].

While dietary Fe is a determinant of Fe status, an inverse association between fat mass and Fe
status has been previously reported [2]. While studies have shown that increased fat mass might
increase the risk of IDA, this is due to the fact that ferritin is an acute-phase protein that is elevated
by the low-grade inflammation that occurs when adipose tissues are enlarged [3]. This fact is due
that ferritin is an acute-phase protein that may be elevated by the low-grade inflammation that occurs
when adipose tissues are enlarged [3]. However, there is scarce information about body composition
changes in situation of severe IDA. Given that the burden of chronic diseases is rapidly increasing
in developing countries as well as the existence of factors such as deficient diets [4], which influence
Fe status and adiposity, it is important to have a good understanding of the relationship between Fe
homeostasis and body composition. On the other hand, as the liver is the main Fe storage organ in the
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organism and it is vital in the regulation of iron homeostasis, the progression of iron depletion during
iron deficiency is of great interest.

Metabolic rate is mainly regulated by the central nervous system, which senses energy balance
from a wide range of humoral and neural signals, and controls energy intake and basal metabolism [5].
Ghrelin and glucose-dependent insulinotropic polypeptide are two hormones produced mainly by the
gut and are secreted from the gastrointestinal tract in response to a meal. Gut hormone concentrations
change with weight loss and nutritional deficiencies [6]. Scientific reports have shown that iron
deficiency is positively associated with adiposity [7]. In this sense, a decreased concentration of iron,
and consecutively haemoglobin, ferritin and decreased level of saturated transferrin, were observed in
obese individuals more often than in normal weight subjects [8]. Loss of appetite, retarded growth
and development are typical manifestations of the nutritional ferropenic anemia; however, hormonal
control for body composition changes during IDA has been not yet fully explained.

Therefore, the current study elucidated the interactions between basal metabolism hormones
(ghrelin, GIP, insulin, cortisol, thyroid hormones) haematological status, body composition, and energy
expenditure during severe iron deficiency anaemia in young rats.

2. Material and Methods

2.1. Study Animals

Forty male Wistar albino rats recently weaned at 21 days of life and average weight of 42 g
were used. Animals were housing at the Laboratory Animals Unit of the Center of Biomedical
Research of the University of Granada, certified as free of pathogens and the animals were housed at
conditions of high biological safety, with sanitary and environmental rigorously controlled parameters.
The Unit’s housing and handling conditions were approved by the Ethics Committee of the University
of Granada (Ref. 11022011) and abide with the Recommendations of the European Community
guidelines (Declaration of Helsinki; Directive 2010/63/EU for animal experiments).

2.2. Study Design and Diet

After weaning, rats were placed on an experimental period (EP) of 40 days and randomly divided
into two groups, a control group fed AIN-93G diet [9] and an anaemic group, receiving the same diet,
but with a low-Fe content (5 mg Fe/kg diet) [10]. Nutrient composition of the experimental diet is
shown in Table 1. The analysis of content of Fe in the diet (mg/kg) was as follows: 44.82 for normal-Fe
diet and 6.21 for low-Fe diet. Diet intake was controlled, pair feeding all the animals (80% of the
average intake) and deionized water was available ad libitum. Animals were housed in individual
metabolic cages in an environmentally controlled room on a 12 light/12 dark cycle (9:00 a.m.–9:00 p.m.),
at 22 ± 1 ◦C and humidity of 55–65%. Feed and mineral-free water were provided ad libitum. At the
end of EP, whole body composition and respiratory volumes and flows and energy expenditure were
assessed. At the end of the EP, whole body composition and respiratory volumes and flows and
energy expenditure were assessed as described in 2.10–2.12. After fasting overnight, animals were
weighed and anesthetized by intraperitoneal injection of sodium pentobarbital (5 mg/100 g body
weight) (Sigma, St Louis, MO, USA). After midline laparotomy, the rats were bled from the abdominal
aorta, one aliquot of blood was collected in tubes with EDTA anticoagulant for haematological analysis.
Serum was separated from the EDTA-free aliquot by centrifugation at 1500× g for 10 min at a 4 ◦C
and stored at −80 ◦C to measure ferritin, transferrin saturation, total iron binding capacity (TIBC) and
biochemical parameters. Liver was removed, rinsed in ice-cold normal saline solution (0.9%, w/v,
NaCl), immediately weighed and stored at −20 ◦C for Fe analysis.
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Table 1. Composition of the experimental diets.

Component g/Kg Diet (Dry Weight)

Protein (casein) 210
Fat (olive oil) 100

Fibre (micronized cellulose) 50
Mineral supplement a 35
Vitamin supplement b 10

Choline chloride 2
Wheat starch 491

Sucrose 100
L-cystine 2

Energy (kJ/kg) 17940
a During the experimental period (EP), the mineral premix was prepared according to the recommendations of the
AIN-93 G Diet [9] for control rats (normal-Fe: 45 mg/kg diet) and for anaemic rats (low-Fe: 5 mg/kg diet) [10].
b The vitamin premix were prepared according to the recommendations of the AIN-93 G Diet [9] for growing rats.

2.3. Dry Matter

Determination of water content (in diet and liver) was carried out by drying the material to
a constant weight at 105 + 2 ◦C in an oven (~48 h).

2.4. Iron Determination

The diet and liver samples were previously mineralized by wet method in a sand bath (J.R. Selecta,
Barcelona, Spain); the samples were placed in a resistant flask and dissolved using nitric acid followed
by a mixture of HNO3:HClO4 (69%:70%, v/v; Merck KGaA, Darmstadt, Germany; ratio 1:4, v/v) until
the total elimination of organic matter. Finally, the samples were diluted with bidistilled ultrapure
Milli-Q water. Fe analysis was undertaken using an Optima 8300 (PerkinElmer Inc. Waltham, MA,
USA) inductively coupled plasma-optical emission spectrometer (ICP-OES) with a segmented-array
charge-coupled Device (SCD) high-performance detector. Fe was analysed in liver and diets according
to compatibility under optimised set of conditions. For the calibration of the apparatus, multi elemental
Astasol calibration solutions (Analytika, Khodlova, Prague) were used. For the calibration curve,
the following working dilutions of the analytical standard were prepared: 0.1, 0.5, 1.0, 10, 50 mg/L.
An internal standard solution of 10 mg L−1 was used after each series of five samples. The acceptable
result was assessed as 10%. The samples were measured in three replicates.

2.5. Haematological Test

Haemoglobin (Hb) concentration, red blood cells (RBCs), haematocrit, mean corpuscular
volume (MCV), mean corpuscular Hb (MCH), mean corpuscular Hb concentration (MCHC), red cell
distribution width (RDW), platelets, white blood cells (WBCs) and lymphocytes, of fresh blood
samples were measured using an automated hematology analyzer Mythic 22CT (C2 Diagnostics,
Grabels, France).

2.6. Serum Iron, Total Iron Binding Capacity and Transferrin Saturation

Serum iron and total iron binding capacity (TIBC) were determined using a quantitative
colorimetric enzymatic assay (Sigma Diagnostics Iron and Total Iron- Binding Capacity reagents,
Sigma Diagnostics, St Louis, MO, USA). The absorbance was read at 550 nm on a microplate reader
(Bio-Rad Laboratories Inc., CA, USA). Transferrin saturation percentage was calculated by dividing
serum iron by TIBC, and then multiplying by 100.

2.7. Serum Ferritin

Serum ferritin concentration was determined using the Rat Ferritin ELISA Kit (Biovendor Gmbh,
Heidelberg, Germany). The absorbance of the reaction mixtures was read in a microplate plate reader
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at 450 nm (reference 650 nm) using a Bio-Rad microplate reader (Bio-Rad Laboratories Inc., CA, USA).
The intensity of the color was inversely proportional to the serum ferritin concentration.

2.8. Serum Hepcidin

Hepcidin-25 concentration was determined using a DRG ELISA Kit (DRG Instruments GmbH,
Marburg, Germany). The microtiter wells were coated with a monoclonal (mouse) antibody directed
toward an antigenic site of the hepcidin-25 molecule. Endogenous hepcidin-25 of a sample competed
with a hepcidin-25-biotin conjugate for binding to the coated antibody. After incubation, the unbound
conjugate was washed off and a streptavidin-peroxidase enzyme complex was added to each well.
Substrate was added to detect antigen–antibody–enzyme complex and development of blue color.
The microplate was read at 450 nm on a microplate reader (Bio-Rad Laboratories Inc.) and the intensity
of color developed was reverse proportional to the concentration of hepcidin in the sample. Results
were expressed in nanograms per milliliter of serum.

2.9. Biochemical Parameters

Serum total protein, albumin, total cholesterol, LDL-cholesterol, triglycerides, glucose,
transaminases (AST and ALT), bilirubin, urea, creatinine, amylase, cortisol and creatine kinase-MB
were measured by standard colorimetric and enzymatic methods, using a BS-200 Chemistry Analyzer
(Shenzhen Mindray Bio-Medical Electronics Co. Ltd., Shenzhen, China). Two replicate samples were
analyzed for measure each parameter, and the averages in each paired data were determined.

2.10. Assessment of Body Composition

Whole body composition (fat and lean tissues) was determined using quantitative magnetic
resonance (QMR) with an Echo MRI Analyzer system by Echo Medical Systems (Houston, TX,
USA) [11]. All QMR measurements were made during the light phase (09:00 A.M.–6:00 P.M.).
Scans were performed by placing animals into a thin-walled plastic cylinder (3 mm thick, 6.5 cm
inner diameter), with a cylindrical plastic insert added to limit movement. While in the tube, animals
were briefly subjected to a low-intensity (0.05 Tesla) electromagnetic field to measure fat, lean mass,
free water, and total body water. Briefly, this system generates a signal that modifies the spin patterns
of hydrogen atoms within the subject, and uses an algorithm to evaluate the four components
measured—fat mass, lean muscle mass equivalent, total body water, and free water. QMR scans
were performed with accumulation times of 2 min.

2.11. Respiratory Gas Collection, Energy Expenditure Calculation and Analysis

The instruments used for measurement of the respiratory quotient in the rats consisted of acrylic
metabolic chambers, gas analyzers (model LE 405 Gas Analyzer Panlab Technology for Bioresearch,
Madrid, Spain), and a switching system (model L 400 Air Supply and Switching, Panlab Technology
for Bioresearch). Prior to data collection, the system was calibrated using certified gas cylinders
(Gilmore Liquid Air Co., South El Monte, CA, USA) containing 50% O2/5% CO2/45% N2 (high point
calibration) and 20% O2/0% CO2/80% N2 (low point calibration) per manufacturer’s instructions.
A clear, metabolic chamber, containing a small amount of bedding material, was placed on a over the
Pyrex pan. The ambient chamber temperature was maintained at 22 ± 2 ◦C. All the weights were
entered into the derived inlet flow rate equation to estimate the appropriate value. Individual rats
were placed in the metabolic chamber and allowed to acclimate for 15 min prior to data collection.
During this period, room air was allowed to flow through the chamber. After acclimation, respiratory
gas analysis was carried out utilizing Metabolism H software (Panlab, S.L., Barcelona, Spain) running
on a HP Compaq Pentium 4 computer (Hewlett-Packard Company, Palo Alto, CA, USA). The data
collection paradigm consisted of (1) a 15-min acclimation period during which time room air was
flowing through the metabolic chamber, (2) a 1-min room air reference sampling period, and (3)
a 10-min chamber air sampling period during 24 h. This paradigm yielded enough time for the small

68



Nutrients 2019, 11, 631

volumes of gases exchanged by the rat to reach equilibrium within the chamber, accommodating
the inherently slow sampling process associated with low inlet and sampling flow rates. The mean
values of VO2, VCO2, respiratory quotient (RQ) and daily energy expenditure (EE) over the 10-min
chamber sampling period were then calculated by the Metabolism H software (Harvard Apparatus,
Massachusetts, MO, USA). The total time the rats spent on the system was 24 h each. Metabolic
data were collected from individual rats of each experimental group and were analyzed during the
day (tested between 9:00 a.m. and 9:00 p.m., and night (tested between 9:00 p.m. and 9:00 a.m.) to
explore the possible influence of time (during the light phase) on the studied metabolic parameters.
By utilizing an open-circuit system that pulled air into the chamber under slightly negative pressure to
maintain a constant flow rate, the influence of the rat’s physical activity on internal chamber pressure
(and thus on the ability to measure true VO2) was avoided.

2.12. Thyroid Hormones, Ghrelin, Glucose-Dependent Insulinotropic Polypeptide, Glucagon, Insulin,
Adrenocorticotropic Hormone and Corticosterone Measurement

Triiodothyronine (T3), thyroxine (T4) and thyroid-stimulating hormone (TSH), were determined
using the RTHYMAG-30K Milliplex MAP Rat Thyroid Magnetic Bead Panel; ghrelin (active), GIP (total),
glucagon and insulin, were determined using the RMHMAG-84K Milliplex MAP Rat Metabolic
Hormone Magnetic Bead Panel; adrenocorticotropic hormone (ACTH) and corticosterone plasma
levels were determined using the RSHMAG-69K Milliplex MAP Rat Stress Hormone Magnetic Bead
Panel (Millipore Corporation, MO, Massachusetts, USA), based on immunoassays on the surface of
fluorescent-coded beads (microspheres), following the specifications of the manufacturer (50 events per
bead, 50 μL sample, gate settings: 8000–15,000, time out 60 s, bead set: 34). Plate was read on LABScan
100 analyzer (Luminex Corporation, Austin, TX, USA) with xPONENT software (MO, Massachusetts,
USA) for data acquisition. Average values for each set of duplicate samples or standards were
within 15% of the mean. Thyroid hormones, ghrelin, GIP, glucagon, insulin ACTH and corticosterone
concentrations in plasma samples were determined by comparing the mean of duplicate samples with
the standard curve for each assay.

2.13. Statistical Analysis

Statistical analysis was performed with SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) software
package. Data were expressed as means ± standard error of the mean (SEM). Prior to perform
any statistical analysis, all variables were checked to assess the equality of variances (homogeneity
of variance) using the Levene’s test. Student’s t-test for independent samples was used to check
the difference in mean between control vs. anaemic groups. A value of p < 0.05 was considered
statistically significant.

3. Results

3.1. Haematological and Bichemical Parameters

After Fe deprivation, differences in were found in all the haematological parameters analysed on
both experimental groups. Most of the haematological parameters were drastically low (p < 0.001):
Hb concentration, RBCs, haematocrit, MCV, MCH, MCHC serum Fe, transferrin saturation, serum
ferritin, and serum hepcidin. On the other hand, platelets, RDW and TIBC increased markedly
(p < 0.001), while no changes were recorded in WBCs (Table 2). All of these results indicate that
the Fe-deficiency anaemia was experimentally induced in the rats. With regard to the biochemical
parameters, albumin, total cholesterol, triglycerides, glucose, AST, ALT, bilirubin, urea, amylase and
cortisol increased markedly in the Fe-deficient group in comparison with the control group (p < 0.001)
(Table 2).

69



Nutrients 2019, 11, 631

Table 2. Haematological and biochemical parameters of control and anaemic rats.

Haematological Parameters
Normal-Fe

Control Group
(n = 20)

Low-Fe
Anaemic Group

(n = 20)

Hb concentration (g/L) 138.83 ± 3.19 60.36 ± 3.22 *
RBCs (1012/L) 7.05 ± 0.19 3.02 ± 0.24 *

Haematocrit (%) 39.87 ± 1.14 11.61 ± 1.32 *
MCV (fL) 56.40 ± 0.55 38.26 ± 0.37 *
MCH (pg) 19.91 ± 0.14 14.32 ± 0.68 *

MCHC (g/dL) 35.24 ± 0.36 30.88 ± 0.87 *
RDW (%) 16.67 ± 0.34 19.31 ± 0.42 *

Platelets (109/L) 745 ± 73.19 2251 ± 118 *
WBCs (109/L) 8.88 ± 0.38 8.26 ± 0.97

Lymphocytes (106/mL) 8.01 ± 0.61 5.88 ± 0.85 *
Serum Fe (μg/L) 1350 ± 106 598 ± 57.01 *

TIBC (μg/L) 2756 ± 197 18235± 676 *
Transferrin saturation (%) 48.55 ± 6.49 3.75 ± 0.41 *

Serum ferritin (μg/L) 81.45 ± 2.37 49.12 ± 1.48 *
Serum hepcidin (ng/mL) 16.98 ± 0.45 12.51 ± 0.62 *

Biochemical parameters
Total protein (g/dL) 4.97 ± 0.15 5.27 ± 0.13

Albumin (g/dL) 2.84 ± 0.04 3.34 ± 0.12 *
Total cholesterol (mg/dL) 88.92 ± 7.45 109.27 ± 9.69 *

LDL-cholesterol (U/L) 2815 ± 444 2829 ± 446
Triglycerides (mg/dL) 73.92 ± 3.37 217.52 ± 28.46 *

Glucose (mg/dL) 69.61 ± 3.97 86.13 ± 3.68 *
AST (IU/L) 103.58 ± 8.93 228.04 ± 18.45 *
ALT (IU/L) 24.57 ± 1.16 52.28 ± 2.73 *

Bilirubin (mg/dL) 0.81 ± 0.09 1.25 ± 0.13 *
Urea (mg/dL) 33.32 ± 1.77 42.47 ±2.01 *

Creatinine (mg/dL) 0.048 ± 0.017 0.043 ± 0.015
Amilase (U/L) 76.40 ± 5.16 379.35 ± 16.81 *
Cortisol (μg/L) 21.51± 1.07 42.21± 1.88 *

Creatine kinase-MB (U/L) 1531 ± 112 1391 ± 112

Mean values ± SEM. Hb haemoglobin, RBCs red blood cells, MCV mean corpuscular volume, MCH mean
corpuscular Hb, MCHC mean corpuscular Hb concentration, RDW red cell distribution width, WBCs white
blood cells, TIBC total Fe-binding capacity, LDL-cholesterol low-density lipoprotein cholesterol, AST aspartate
aminotransferase, ALT alanine aminotransferase. * Significantly different (p < 0.001) from the control group by
Student’s t-test.

3.2. Hepatosomatic Index

Body weight was lower in anaemic animals as compared to the control animals (p < 0.001),
and liver weight did not change significantly. As a consequence, the hepatosomatic index (ratio of liver
weight to body weight) was higher in the Fe-deficient animals (p < 0.05). The differences in the hepatic
Fe content on day 40 of the study were markedly pronounced (p < 0.001) and directly correlated with
the Fe-restriction in the diet (Table 3).

Table 3. Hepatosomatic index and liver Fe content in control and anemic rats.

Normal-Fe
Control Group

(n = 20)

Low-Fe
Anaemic Group

(n = 20)

Body weight (g) 242.7 ± 4.6 200.8 ± 2.6 **
Liver weight (g) 6.415 ± 0.26 6.032 ± 0.34

Liver weight/body weight (%) 2.59 ± 0.06 2.83 ± 0.09 *
Liver Fe content (μg/g dry weight) 609.26 ± 34.12 424.12 ± 23.10 **

Mean values ± SEM. * Significantly different (p < 0.05) from the control group by Student’s t-test. ** Significantly
different (p < 0.001) from the control group by Student’s t-test.
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3.3. Body Composition

Marked differences were found in body composition parameters between both experimental
groups. Body fat was lower in the anaemic group compared with the control group (p < 0.001).
In contrast, lean mass, free water and total water were higher in the Fe-deficient group (p < 0.01 for
lean mass and p < 0.001 for free and total water) (Table 4).

Table 4. Body composition in control and anemic rats.

Normal-Fe
Control Group

(n = 20)

Low-Fe
Anaemic Group

(n = 20)

Fat (%) 7.29 ± 0.36 6.38 ± 0.41 **
Fat (g) 1 22.20 ± 2.35 15.62 ±1.57 **

Lean mass (%) 90.63 ± 0.47 92.51 ± 0.63 *
Lean mass (g) 1 263.52 ± 4.80 242.17 ± 3.69 *
Free water (%) 0.42 ± 0.04 0.76 ± 0.09 *
Free water (g) 1 1.24 ± 0.21 1.12 ± 0.21 *
Total water (%) 76.79 ± 0.57 79.89 ± 0.45 **
Total water (g) 1 223.31 ± 4.09 206.47 ± 3.09 **

Mean values ± SEM. * Significantly different (p < 0.01) from the control group by Student’s t-test. ** Significantly
different (p < 0.001) from the control group by Student’s t-test. 1 Includes water contained in the tissue.

3.4. Respiratory Volumes and Flows, Energy Expenditure, O2 Consumption

With regard to respiratory volumes and flows, EE, O2 consumption was lower in the Fe-deficient
rats in both periods (day and night) (p < 0.001), CO2 production was also lower in the anaemic group
(p < 0.001 during the day and p < 0.01 during the night), EE decreased in the Fe-deficient group
(p < 0.001 in both periods) and RQ also decreased (p < 0.01 in both periods) (Table 5, Figure 1).

Table 5. O2 consumption, CO2 production, energy expenditure and respiratory quotient in control and
anaemic rats.

Normal-Fe
Control Group

(n = 20)

Low-Fe
Anaemic Group

(n = 20)

Day period
VO2 (mL/min) 8.86 ± 0.15 7.43 ± 0.09 **
VCO2 (mL/min) 7.91 ± 0.20 6.07± 0.32 **
EE (kcal/day) 62.74 ± 0.95 51.59 ± 0.97 **
RQ 0.89 ± 0.02 0.82 ± 0.03*

Night period
VO2 (mL/min) 8.31 ± 0.39 7.36 ± 0.26 **
VCO2 (mL/min) 7.12 ± 0.18 53.15 ± 1.34 **
EE (kcal/day) 59.49 ± 1.39 6.45 ± 0.37 *
RQ 0.86 ± 0.01 0.81 ± 0.02 *

Mean values ± SEM. VO2 O2 consumption, VCO2 CO2 production, EE energy expenditure, RQ respiratory quotient;
* Significantly different (p < 0.01) from the control group by Student’s t-test. ** Significantly different (p < 0.001)
from the control group by Student’s t-test.
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Figure 1. Effect of time of day and anaemia on metabolic parameters. Rats were surveyed every
10 min at an ambient temperature of 22 ± 2 ◦C. All data are expressed as means ± SEM. (A) oxygen
consumption (VO2), (B) carbon dioxide production (VCO2), (C) Energy expenditure (EE).

3.5. Neuroendocrine Regulators of Basal Metabolism

Endocrine regulators of basal metabolism also showed differences between both experimental
groups (Table 6). Triiodothyronine (T3) and thyroxine (T4) decreased (p < 0.001) while
thyroid-stimulating hormone (TSH) increased (p < 0.001) in the anemic group (Table 6). Ghrelin
decreased (p < 0.001) in the anemic group, while GIP, glucagon, insulin, corticosterone and
adrenocorticotropic hormone (ACTH) increased in the Fe-deficient group (p < 0.01 for GIP, glucagon
and insulin; p < 0.001 for corticosterone and ACTH.
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Table 6. Plasma concentration of hormones affecting the basal metabolic rate.

Normal-Fe
Control Group

(n = 20)

Low-Fe
Anaemic Group

(n = 20)

TSH (pg/mL) 29.43± 3.96 51.32 ± 5.21 **
T3 (pg/mL) 15,269.21 ± 432.21 10,123.29 ± 348.17 **
T4 (pg/mL) 1422.45 ± 98.77 1098.32 ± 95.37 **

Ghrelin (pg/mL) 36.42 ± 1.05 14.45 ± 0.81 **
GIP (pg/mL) 26.98 ± 1.24 33.28 ± 1.65 *

Glucagon (pg/mL) 24.23 ± 1.13 30.18 ± 1.24 *
Insulin (pg/mL) 726.43 ± 32.18 862.22 ± 29.98 *

Corticosterone (ng/mL) 177.65 ± 27.45 341.65 ± 41.24 **
ACTH (pg/mL) 1252.11± 109.23 861.32± 87.54 **

* Significantly different (p < 0.01) from the control group by Student’s t-test. ** Significantly different (p < 0.001)
from the control group by Student’s t-test. TSH Thyroid-stimulant hormone, GIP Gastric inhibitory polypeptide,
ACTH Adrenocorticotropic hormone.

4. Discussion

The study investigated changes in basal metabolism hormones, body composition, and energy
expenditure during severe iron deficiency anaemia in young rats. Transferrin saturation, the most
widely used screening measurement in Fe-deficiency anaemia, is low in this pathology [12,13], resulting
in agreement with those obtained in the current study. MCV is a key red-cell marker for detecting
Fe-deficiency anaemia in erythrocytes [14]. Serum ferritin has been a routine laboratory measure
of Fe status because it is a well-standardized measurement for identifying Fe-deficiency because its
concentration is directly proportional to body Fe stores [15]. On the other hand, RDW increased
significantly in IDA because circulating Fe did not reach the bone marrow and red cells were deprived
from Fe until this size was elevated. In IDA, Fe is not present in the enterocytes and macrophages
because it is pumped from enterocytes across ferroportin 1 (FPN1) channel because hepcidin is low and
therefore unable to prevent Fe releasing into the plasma [16]. Therefore, in light of all that is mentioned
above, we can report that the body stores were significantly depleted after dietary Fe restriction during
40 days.

Bilirubin is the terminal product of heme metabolism, and total serum bilirubin levels are
increased in hepatocellular injury, intra and extra hepatic biliary duct obstructions, intravascular and
extravascular hemolysis. In the current study, bilirubin was increased and AST and ALT activities were
also found elevated in IDA, which suggest necrosis liver function stress and impairment [17]. In our
study, Fe-deficiency increased cortisol secretion, a fact that would increase energy expenditure and
suppress body fat accumulation [12]. This increase in cortisol secretion is also associated with enhanced
lipolysis, plasma triglyceride and cholesterol [18], supporting the changes in body composition of the
anaemic group. With regard to glucose, increase in the Fe-deficient group, this can be attributed to the
hyperglycemic effect of cortisol.

The differences in the on anaemic group reveals that hepatic Fe content is depleted and a severe
degree of Fe-deficiency has been reached, induced by consuming a low-Fe diet for 40 days. The body
weight is lower in anaemic animals, and hepatic weight also descended slightly. As a consequence,
the hepatosomatic index (ratio liver weight/ body weight) is higher in the Fe-deficient animals.
The lower Fe content recorded in liver in situation of IDA can be due to the decrease of the hepcidin
recorded in the current study, a fact that is in agreement with the results reported previously by [19].
Hepcidin is a hepatic peptide, which has been identified as the master regulator of Fe metabolism [20].
Studies of Fe deficiency in hepcidin KO mice suggest that this peptide intervenes in regulating the
storage of the mineral (attenuating both the intestinal Fe absorption and the liberation of the Fe of the
macrophages) [21].

On the other hand, a low expression of hepcidin during Fe overload suggests that this protein is
also a key factor in the erythroid regulation [22]. The diminished expression of hepcidin in response to
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the hypoxia induced by the Fe-deficiency, and its increased expression in mice and humans suffering
with inflammation processes suggests that this hormone also takes part in the hypoxia homeostatic
response and in the pathways of inflammatory regulators [23]. Hepcidin also controls the Fe levels
directly acting reciprocally with the FPN1, driving to the internalization and degradation of FPN1
when levels of Fe are high, consequently blocking the liberation of the Fe in the sites of storage:
hepatocytes, enterocytes and macrophages [24].

During Fe-deficiency, several regulatory factors of the hepcidin are impaired (the erythropoietic
demand increases due to the decrease of the hematologic parameters, there is a minor supply of oxygen
to the tissues and the body stores are depleted, being the Fe metabolism altered), facts that lead to
a decrease of the above mentioned hormone, which will be translated in a minor interaction with the
FPN1 [25], avoiding its internalization and degradation, therefore increasing the outflow of Fe2+ from
the hepatocytes and its storage diminishes consistently in the above mentioned organ.

On the other hand, an Fe-restrictive diet causes a severe iron deficient anaemia enough to impair
the body weight, which results in agreement with those reported by other authors [26], and this can
be attributed to the lower levels of thyroid hormones found in this pathology in the current study
and in previous reports [27]. Fe deficiency–induced alterations in the central nervous system impair
thermoregulatory responses that induce the lower thyroid hormone response and the overall failure
to thermoregulate that characterize Fe-deficient rats, diminishing basal metabolic rate and weight
gain. TSH increased as a compensatory mechanism to enhance T3 and T4 production, diminished
by the Fe-deficiency. In addition, our group reported that severe IDA has a significant impact upon
bone turnover and mass, decreasing bone formation and increasing its resorption [28], thus implying
delayed skeletal development. This can also explain reduced weight. Additionally, impairment
of metabolic energy output, and cellular respiration of rats caused by Fe deficiency could be also
responsible for the reduced body weight.

After Fe deprivation in the anemic group, cortisol levels increased significantly (Table 2). This can
possibly be explained by the lower activity of monoaminooxidase in IDA, and the low level of aldehyde
oxidase activity. These enzymatic changes induce an increase in the endogenous levels of circulating
catecholamines, which enhance the release rate of adrenocorticotrophic hormone, producing in turn
an increase in glucocorticoids output [12]. In addition, anemia can be considered a pro-inflammatory
state, arising in part from a defect in the normal compensatory production of erythropoietin in
response to a declining hemoglobin concentration [29]. In addition, inflammatory cytokines may
negatively influence Fe absorption and recycling, thereby interfering with hemoglobin synthesis [30].
Therefore, the increase in corticosterone could be a compensatory mechanism to alleviate, at least partly,
the anemia-induced inflammatory state because Glucocorticoids protect endothelial and epithelial
cells from stress-induced apoptosis, exhibiting potent anti-inflammatory effects [31].

Ghrelin levels were decreased in anemia situation. In the presence of catabolism, plasma total
ghrelin levels are increased, suggesting that, in that case, ghrelin does not increase food intake and/or
anabolism under these circumstances. In addition, it is currently unknown whether administration of
additional ghrelin in these conditions may reduce the development of cachexia [32]. Ghrelin levels
detected in the current study decreased in parallel to Fe stores. Therefore, there is a decrease in appetite
during IDA, leading to a reduction in body weight of the rats. The reduced ghrelin secretion could
be a compensatory mechanism in reaction to the metabolic consequences of increased corticosterone
secretion (Table 2) and induced catabolism [33].

Insulin was higher in the IDA group, together with an increase in glucagon, which could be due to
the increased corticosterone secretion. The increase in insulin production has been previously reported
in IDA [34]. These authors reported that, although basal glucose was significantly elevated in rats with
IDA, there was also an increase in peripheral insulin responsiveness, a fact that could be beneficial
in keeping glucose levels within a physiological range, in spite of the high corticosterone secretion.
However, in spite the increased insulin responsiveness which could be beneficial to the higher insulin
and high glucagon output, an increase in basal glucose was observed (Table 2).
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Upon dietary ingestion, glucose-dependent insulinotropic polypeptide (GIP) hormones are
secreted by K cells from the upper small intestine and they induce pancreatic cells to release insulin [35].
Consequently, the higher insulin rate secretion found in the current study can be explained by
an increase in GIP secretion. In addition, studies in rodent models indicate that regulation of fat
metabolism is an important physiological function of GIP that induces glucose uptake, activity of
lipoprotein lipase, and accumulation of triglycerides by adipocytes [36], explaining the increase in
total cholesterol and triglycerides found in the anemic rats (Table 2).

There are controversies in several studies, which reported associations between fat mass and
various markers of Fe status [2,6–8,37,38]. In these studies, the direction of the association depends on
the Fe biomarker (inverse for serum Fe, positive for serum ferritin) [2,37,38]. The report of Yanoff [38],
indicating an association between obesity and serum ferritin concentration, suggests that the degree
of fat mass might play a major role in predicting body Fe status. In other words, an association
might be observed in subjects with a higher percent body fat but not in those in the normal range of
adiposity, as occurs in the current study in which the animals are non-obese. Based on the study by
Yanoff et al. [38], the hypoferremia observed during obesity appears to be explained both by true Fe
deficiency and by inflammatory-mediated functional Fe deficiency.

In the present study, decreases in the body weight and adipose tissue mass were recorded in
Fe-deficient rats, without changing the energy intake. In terms of energy intake, cortisol secreted
during sympathetic nervous system action plays a key role. It is well known that normal digestion
and absorption of dietary fat requires the action of pancreatic lipase. Because the sympathetic nervous
system regulates, to a large extent, thermogenesis and fat oxidation, and cortisol release provides
an explanation to a fat mass management in the situation of anemia [39,40].

Another important finding in this study was that body composition analysis showed increased
free water in Fe-deficient animals, indicating edema and meaning a severe hemodynamic alteration
together with overload of rennin–angiotensin–aldosterone system, which is unable to maintain the
distribution of water between the intra and extracellular spaces [41].

With regard to the low O2 consumption, CO2 production and EE in the anaemic group, since in
an Fe-deficiency situation, the Hb and RBC count drastically diminishes the supply of O2 to the cells,
which limits itself considerably. The lower O2 consumption recorded in the current study affects
in a negative way to the ATP synthesis, limiting and reducing the EE and impairing weight gain.
These results agree with the findings of Schneider et al. [42], who reported that low levels of Hb
significantly harm the weight gain, explaining therefore the association found in the present study
between the minor weight and the Fe-deficiency. A limitation of the study is that statistical power could
be impaired by fewer numbers (20 for each group), although, in many similar studies, the numbers
were even lower (10 for each group), and numbers could be increased in future studies. Another
limitation of the study is that, although animals are supplied healthy and pathongens-free, markers
for infection and inflammation were not determined in serum and tissue samples of the mice used in
the study.

5. Conclusions

In conclusion, the severe induced Fe-deficiency provokes an impairment of haematological and
biochemical parameters and a depletion of the hepatic Fe levels together with a slight decrease of the
liver size that negatively impacts the weight gain of animals in growth, since the hypoxia induced by
the lack of Fe limits ATP production. Fe-deficiency impairs body weight and it is possibly due to the
lower levels of thyroid hormones also observed in the current study. The increase in TSH recorded
would be a compensatory mechanism to induce T3 and T4 production, diminished by the Fe-deficiency.
After Fe deprivation in the anemic group, an increase in the cortisol levels was also recorded. Ghrelin
levels decreased in an anemic situation, explaining the cachexia induced by Fe-deficiency and leading
to reductions of lean mass. GIP increased during Fe deficiency leading to a higher insulin rate secretion.
In addition, IDA showed marked reductions lean mass and reduced body fat, indicating reduced

75



Nutrients 2019, 11, 631

energy stores. Body weight is a composite index of both the lean and fat mass, and it cannot totally
account for the growth deficit in rats suffering from Fe-deficiency because of the difference in relative
proportions of lean and fat mass in the rat.
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8. Stankowiak-Kulpa, H.; Kargulewicz, A.; Styszyński, A.; Swora-Cwynar, E.; Grzymisławski, M. Iron status in

obese women. Ann. Agric. Environ. Med. 2017, 24, 587–591. [CrossRef] [PubMed]
9. Reeves, P.G.; Nielsen, F.H.; Fahey, G.C., Jr. AIN-93 purified diets for laboratory rodents: Final report of the

American Institute of Nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet.
J. Nutr. 1993, 123, 1939–1951. [CrossRef]

10. Pallarés, I.; Lisbona, F.; López-Aliaga, I.; Barrionuevo, M.; Alférez, M.J.M. Effects of iron deficiency on the
digestive utilization of iron, phosphorus, calcium and magnesium in rats. Br. J. Nutr. 1993, 70, 609–620.
[CrossRef]

11. Tang, H.; Vasselli, J.; Wu, E.; Gallagher, D. In vivo determination of body composition of rats using magnetic
resonance imaging. Ann. N. Y. Acad. Sci. 2000, 904, 32–41. [CrossRef] [PubMed]

12. Campos, M.S.; Barrionuevo, M.; Alferez, M.J.; Gomez-Ayala, A.E.; Rodriguez-Matas, M.C.; Lopez Aliaga, I.;
Lisbona, F. Interactions among iron, calcium, phosphorus and magnesium in the nutritionally iron-deficient
rat. Exp. Physiol. 1998, 83, 771–781. [CrossRef]

13. Thomas, C.; Thomas, L. Biochemical markers and hematologic indices in the diagnosis of functional iron
deficiency. Clin. Chem. 2002, 48, 1066–1076. [PubMed]

14. Cook, J.D. Diagnosis and management of iron-deficiency anaemia. Best Pract. Res. Clin. Haematol. 2005, 18,
319–332. [CrossRef]

15. Finch, C.A.; Bellotti, V.; Stray, S.; Lipschitz, D.A.; Cook, J.D.; Pippard, M.J.; Huebers, H.A. Plasma ferritin
determination as a diagnostic tool. West. J. Med. 1986, 145, 657–663. [PubMed]

16. Pasricha, S.R.; McQuilten, Z.; Westerman, M.; Keller, A.; Nemeth, E.; Ganz, T.; Wood, E. Serum hepcidin as
a diagnostic test of iron deficiency in premenopausal female blood donors. Haematologica 2011, 96, 1099–1105.
[CrossRef]

76



Nutrients 2019, 11, 631

17. Tolman, K.G.; Re, J.R. Liver function. In Tietz Textbook of Clinical Chemistry; Burtis, C.A., Ashwood, E.R., Eds.;
Saunders: Philadelpia, PA, USA, 1999; pp. 1125–1177.

18. Ikeuchi, M.; Koyama, T.; Takahashi, J.; Yazawa, K. Effects of astaxanthin in obese mice fed a high-fat diet.
Biosci. Biotechnol. Biochem. 2007, 71, 893–899. [CrossRef]

19. Theurl, I.; Aigner, E.; Theurl, M.; Nairz, M.; Seifert, M.; Schroll, A.; Sonnweber, T.; Eberwein, L.; Witcher, D.R.;
Murphy, A.T.; et al. Regulation of iron homeostasis in anemia of chronic disease and iron deficiency anemia:
Diagnostic and therapeutic implications. Blood 2009, 113, 5277–5286. [CrossRef]

20. Viatte, L.; Vaulont, S. Hepcidin, the iron watcher. Biochimie 2009, 91, 1223–1228. [CrossRef]
21. Finberg, K.E. Striking the target in iron overload disorders. J. Clin. Investig. 2013, 123, 1424–1427. [CrossRef]
22. Weinstein, D.A.; Roy, C.N.; Fleming, M.D.; Loda, M.F.; Wolfsdorf, J.I.; Andrews, N.C. Inappropriate

expression of hepcidin is associated with iron refractory anemia: Implications for the anemia of chronic
disease. Blood 2002, 100, 3776–3781. [CrossRef] [PubMed]

23. Nicolas, G.; Chauvet, C.; Viatte, L.; Danan, J.L.; Bigard, X.; Devaux, I.; Beaumont, C.; Kahn, A.; Vaulont, S.
The gene encoding the iron regulatory peptide hepcidinis regulated by anemia, hypoxia, and inflammation.
J. Clin. Investig. 2002, 110, 1037–1044. [CrossRef]

24. Nemeth, E.; Ganz, T. Regulation of iron metabolism by hepcidin. Annu. Rev. Nutr. 2006, 26, 323–342.
[CrossRef]

25. Tselepis, C.; Ford, S.J.; McKie, A.T.; Vogel, W.; Zoller, H.; Simpson, R.J.; Diaz Castro, J.; Iqbal, T.H.; Ward, D.G.
Characterization of the transition-metal-binding properties of hepcidin. Biochem. J. 2010, 427, 289–296.
[CrossRef] [PubMed]

26. Strube, Y.N.; Beard, J.L.; Ross, A.C. Iron deficiency and marginal vitamin A deficiency affect growth,
hematological indices and the regulation of iron metabolism genes in rats. J. Nutr. 2002, 132, 3607–3615.
[CrossRef] [PubMed]

27. Beard, J.L.; Brigham, D.E.; Kelley, S.K.; Green, M.H. Plasma thyroid hormone kinetics are altered in
iron-deficient rats. J. Nutr. 1998, 128, 1401–1408. [CrossRef] [PubMed]

28. Diaz-Castro, J.; Lopez-Frias, M.R.; Campos, M.S.; Lopez-Frias, M.; Alferez, M.J.; Nestares, T.; Ojeda, M.L.;
Lopez-Aliaga, I. Severe nutritional iron-deficiency anaemia has a negative effect on some bone turnover
biomarkers in rats. Eur. J. Nutr. 2012, 51, 241–247. [CrossRef]

29. Wilson, A.; Yu, H.T.; Goodnough, L.T.; Nissenson, A.R. Prevalence and outcomes of anemia in rheumatoid
arthritis: A systematic review of the literature. Am. J. Med. 2004, 116, 50S–57S. [CrossRef] [PubMed]

30. Nemeth, E.; Rivera, S.; Gabayan, V.; Keller, C.; Taudorf, S.; Pedersen, B.K.; Ganz, T. IL-6 mediates
hypoferremia of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J. Clin.
Investig. 2004, 113, 1271–1276. [CrossRef]

31. Newton, C.J.; Ran, G.; Xie, Y.X.; Bilko, D.; Burgoyne, C.H.; Adams, I.; Abidia, A.; McCollum, P.T.; Atkin, S.L.
Statin-induced apoptosis of vascular endothelial cells is blocked by dexamethasone. J. Endocrinol. 2002, 174,
7–16. [CrossRef]

32. Akarsu, S.; Ustundag, B.; Gurgoze, M.K.; Sen, Y.; Aygun, A.D. Plasma ghrelin levels in various stages of
development of iron deficiency anemia. J. Pediatr. Hematol. Oncol. 2007, 29, 384–387. [CrossRef]

33. Otto, B.; Tschop, M.; Heldwein, W.; Pfeiffer, A.F.; Diederich, S. Endogenous and exogenous glucocorticoids
decrease plasma ghrelin in humans. Eur. J. Endocrinol. 2004, 151, 113–117. [CrossRef] [PubMed]

34. Borel, M.J.; Beard, J.L.; Farrell, P.A. Hepatic glucose production and insulin sensitivity and responsiveness in
iron-deficient anemic rats. Am. J. Physiol. 1993, 264, 380–390. [CrossRef] [PubMed]

35. Miyawaki, K.; Yamada, Y.; Yano, H.; Niwa, H.; Ban, N.; Ihara, Y.; Kubota, A.; Fujimoto, S.; Kajikawa, M.;
Kuroe, A.; et al. Glucose intolerance caused by a defect in the entero-insular axis: A study in gastric inhibitory
polypeptide receptor knockout mice. Proc. Natl. Acad. Sci. USA 1999, 96, 14843–14847. [CrossRef] [PubMed]

36. Gault, V.A.; McClean, P.L.; Cassidy, R.S.; Irwin, N.; Flatt, P.R. Chemical gastric inhibitory polypeptide receptor
antagonism protects against obesity, insulin resistance, glucose intolerance and associated disturbances in
mice fed high-fat and cafeteria diets. Diabetologia 2007, 50, 1752–1762. [CrossRef] [PubMed]

37. Iwasaki, T.; Nakajima, A.; Yoneda, M.; Yamada, Y.; Mukasa, K.; Fujita, K.; Fujisawa, N.; Wada, K.; Terauchi, Y.
Serum ferritin is associated with visceral fat area and subcutaneous fat area. Diabetes Care 2005, 28, 2486–2491.
[CrossRef] [PubMed]

38. Yanoff, L.B.; Menzie, C.M.; Denkinger, B.; Sebring, N.G.; McHugh, T.; Remaley, A.T.; Yanovski, J.A.
Inflammation and iron deficiency in the hypoferremia of obesity. Int. J. Obes. 2007, 31, 1412–1419. [CrossRef]

77



Nutrients 2019, 11, 631

39. Landsberg, L.; Young, J.B. Sympathoadrenal activity and obesity: Physiological rationale for the use of
adrenergic thermogenic drugs. Int. J. Obes. Relat. Metab. Disord. 1993, 17, S29–S34.

40. Arch, J.R.; Wilson, S. Prospects for beta 3-adrenoceptor agonists in the treatment of obesity and diabetes.
Int. J. Obes. Relat. Metab. Disord. 1996, 20, 191–199.

41. Colin-Ramirez, E.; Castillo-Martinez, L.; Orea-Tejeda, A.; AsensioLafuente, E.; Torres Villanueva, F.;
Rebollar Gonzalez, V.; Narvaez David, R.; Dorantes Garcia, J. Body composition and echocardiographic
abnormalities associated to anemia and volume overload in heart failure patients. Clin. Nutr. 2006, 25,
746–757. [CrossRef]

42. Schneider, J.M.; Fujii, M.L.; Lamp, C.L.; Lönnerdal, B.; Dewey, K.G. The use of multiple logistic regression to
identify risk factors associated with anemia and iron deficiency in a convenience sample of 12–36-mo-old
children from low-income families. Am. J. Clin. Nutr. 2008, 87, 614–620. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

78



nutrients

Review

Iron Deficiency and Iron Homeostasis in Low Birth
Weight Preterm Infants: A Systematic Review

Jorge Moreno-Fernandez 1,2, Julio J. Ochoa 1,2,*, Gladys O. Latunde-Dada 3

and Javier Diaz-Castro 1,2

1 Department of Physiology, University of Granada, 18071 Granada, Spain; jorgemf@ugr.es (J.M.-F.);
javierdc@ugr.es (J.D.-C.)

2 Institute of Nutrition and Food Technology “José Mataix Verdú”, University of Granada,
18071 Granada, Spain

3 Department of Nutritional Sciences, School of Life Course Sciences, Faculty of Life Sciences & Medicine,
King’s College London, London SE1 9NH, UK; yemisi.latunde-dada@kcl.ac.uk

* Correspondence: jjoh@ugr.es; Tel.: +34-958241000 (ext. 20317)

Received: 11 February 2019; Accepted: 15 May 2019; Published: 16 May 2019

Abstract: Iron is an essential micronutrient that is involved in many functions in humans, as it plays
a critical role in the growth and development of the central nervous system, among others. Premature
and low birth weight infants have higher iron requirements due to increased postnatal growth
compared to that of term infants and are, therefore, susceptible to a higher risk of developing iron
deficiency or iron deficiency anemia. Notwithstanding, excess iron could affect organ development
during the postnatal period, particularly in premature infants that have an immature and undeveloped
antioxidant system. It is important, therefore, to perform a review and analyze the effects of iron status
on the growth of premature infants. This is a transversal descriptive study of retrieved reports in the
scientific literature by a systematic technique. PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines were adapted for the review strategy. The inclusion
criteria for the studies were made using the PICO (population, intervention, comparison, outcome)
model. Consequently, the systematic reviews that included studies published between 2008–2018
were evaluated based on the impact of iron status on parameters of growth and development in
preterm infants.

Keywords: iron; growth; development; infant; premature

1. Introduction

Iron is involved in many key cellular functions and processes in humans due to its role as an
essential micronutrient. This ubiquitous mineral plays a critical role in growth and the development of
the central nervous system. It is essential for energy metabolism, cell differentiation, and a host range
of physiological processes for the normal functioning of the brain [1]. In spite of this, iron deficiency
(ID) is the most prevalent micronutrient deficiency in the world, and it affects all age groups, children
between 0 and 5 years of age being the most affected [2]. Therefore, iron requirements are particularly
high during the periods of rapid growth and differentiation and imbalance in iron homeostasis could
result in alterations of cognitive functions and neurodevelopment [3].

Preterm infants are prone to develop iron deficiency anemia (IDA) in the first 4 months of life due
to lower iron stores at birth compared with term infants, rapid growth and iron losses. Most fetal iron
is transferred from the mother during the third trimester of gestation. This transfer is interrupted by
preterm birth, resulting in iron stores at birth being proportional to birth weight. Despite low iron
stores at birth, growth velocity of premature infants is maximal at a postmenstrual age of 28–38 weeks,
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reflecting a particularly high iron need. The risk of IDA in preterm infants is further increased by
frequent uncompensated iatrogenic phlebotomy losses [3–5].

Initial evaluation should include a clinical history, to assess prematurity, low birth weight, diet,
chronic diseases, family history of anemia, and ethnic background. A complete blood count is the
most common initial diagnostic test used to evaluate for IDA, and this count allows for differentiating
microcytic, normocytic, and macrocytic anemia based on the mean corpuscular volume (MCV). Ferritin
measurement is the most sensitive test for diagnosing IDA, being a good reflection of total iron storage
and is also the first laboratory index to decline with ID [6].

Developmental outcomes are positively influenced by adequate nutrition early in life, revealing
an improvement in neurodevelopment and cognitive abilities in preterm infants, for instance. During
development, ID negatively affects the growth and functioning of multiple organ systems particularly
the brain, skeletal muscle, heart and the gastrointestinal tract [7–11]. IDA in preterm infants could
induce impaired cell differentiation [12,13] and alter normal neurodevelopment processes [14,15].
Due to increased risk of developing IDA in premature infants, iron supplementation is recommended
in some situations. Although iron supplementation improves iron status of preterm infants [16],
the nature and the means by which this is achieved are not clearly defined [17,18]. Preterm infants do
not have a fully developed antioxidant capacity and free iron acts as potential oxidative stressor, iron
supplementation, therefore, has to be considered cautiously in this population [4].

An excess of iron can affect organ development during the postnatal period. There is an association
between iron overload, retinopathy of prematurity, and bronchopulmonary dysplasia. Non-protein
bound iron mediates oxidative stress in the presence of poor antioxidant capabilities, and this condition
initiates or potentiates the progression of these pathologies through generation of free radicals [4].
ID and toxicity could be avoided by an adequate iron homeostasis, which is essential for optimal
development and function.

There is a high prevalence of preterm babies who have an increased risk of IDA, and there are no
clinical consensuses or guidelines about the clinical benefits of iron supplementation and/or fortification
that the hospitals should follow with this extremely vulnerable population. Therefore, it is relevant to
evaluate the effects of ID or iron toxicity on the optimal development and function of the organs such
as the brain in premature infants, ID and iron overload disorders during this period [4].

Consequently, this systematic review performed an analysis of the influence and effects of iron
on the hematological parameters, growth, and development of premature infants. Thus, the review
also revealed a systematic literature evidence on the beneficial effects of iron supplementation in
premature infants.

2. Materials and Methods

2.1. Design

Descriptive study of the articles retrieved using a systematic technique.

2.2. Sources of Data Extraction

The data used in this study were obtained from the consultation and direct access to the scientific
literature collection in the following databases: Medlars International Literature Online (MEDLINE)
via PubMed (USA National Library of Medicine National Institutes of Health Search database),
The Cochrane Library Plus, SCOPUS (World’s largest abstract and citation database of peer-reviewed
literature), Web of Science and Literatura Latinoamericana y del Caribe en Ciencias de la Salud (LILACS).
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2.3. Search Strategy

A search strategy for electronic databases was developed with regard to information processing,
from the Thesaurus study, Medical Subject Headings (MeSH) developed by the U.S. National Library
of Medicine.

The use of the following terms was considered appropriate: “Iron”, “Growth and Development”,
and “Infant, Premature”, as well as descriptors as text in the title and summary record fields.
A search equation was developed for use in the MEDLINE database, via PubMed, using boolean
connectors, and then adapted to the rest of aforementioned data bases: (“Iron”(Mesh) AND “Growth
and Development”(Mesh) AND “Infant, Premature”(Mesh)). The search was expanded to include
“Anemia, Iron-Deficiency” (Mesh).

2.4. Eligibility Criteria

The proposed criteria for the studies included in the review, considering the PICO (population,
intervention, comparison, outcome) model [19] were: (a) studies published in peer-reviewed journals;
(b) studies involving infants who were premature (gestational age <37 weeks) or with a low birth
weight (<2500 g); they are especially susceptible to developing IDA because these infants have smaller
iron stores at birth and a greater iron requirement concurrent with a rapid increase in the red cell mass;
(c) studies had to inform quantitatively about the iron status and iron supplementation.

Studies were excluded if the full text was not found, if they were not carried out in humans,
if the premature infants presented diseases different to anemia, if they were identified as redundant
publications, if they were not written in English or Spanish, or if they did not include an empirical
result related to the iron status in the organism of premature infants and their influence on growth and
development. We also limited references to the last 10 years (2008–2018), as the calculated period of
obsolescence (half period of Burton Kebler [20]).

A multidisciplinary research team developed the search, inclusion and exclusion criteria. Pediatrics
and nutritionist research experts also took part in this process. Furthermore, a biostatistician was
involved in this phase.

2.5. Study Selection

The initial phase of criteria selection was the exclusion of duplicates. Articles whose titles and/or
abstracts were not clearly related to the subject of study were also excluded. Once all potentially
eligible articles had been located, each of them was carefully reviewed to establish further eligibility
criteria and all relevant information and data were extracted.

The selection of the articles was performed independently by two authors: J.M-F and J.D-C, and
it was established that the valuation of the concordance between the authors (Kappa index) should
be greater than 80% [21]. In the case of a discrepancy, the authors reviewing the literature made a
consensus decision. Additionally, the reference list of every selected article was carefully checked to
identify other potentially eligible articles, which were processed in the same way as those retrieved
from the electronic search. Independently, both reviewers read the full text of the remaining articles and
screened for inclusion. Afterwards, they compared the results of the full text screening. A predefined
template was used to perform data extraction from eligible articles.
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2.6. Data Extraction

Two independent reviewers extracted the data. To increase uniformity and reduce bias,
a standardized data collection form was used by each reviewer. The reviewers made a consensus
decision when there was a discrepancy. From each eligible study, the following information/data
were extracted: first author, year of publication, journal, eligibility criteria, definition of premature
or low-birth weight, number of participants, hematological data (hemoglobin (Hb), hematocrit (Ht),
serum iron) before iron supplementation, iron supplement dose, duration of iron supplementation,
hematological data after iron supplementation, growth status after iron supplementation, adverse
effects of iron supplementation, and effects of iron on cognitive status.

2.7. Risk of Bias in Individual Studies

The final sample of studies for review was subsequently assessed by the authors (Table 1)
separately to convey the methodological and critical appraisal using the Delphi List appraisal tool [22]
for randomized studies. This tool is composed of an eight item scale, including questions that are
rated according to yes/no/don’t know. A response of “yes” is indicated by the numeric score of 1 and a
response of “no” or “don’t know” is indicated by a 0 (with a maximum score of 8). The Delphi List
achieved consensus on a generic criteria list for quality assessment in randomized clinical trials. The
adoption of this core set is the minimum reference standard of quality measures for all randomized
clinical trials, where a score of 1 means high risk of bias and 8 means a low risk.

Non-randomized studies were assessed using the Transparent Reporting of Evaluations with
Non-randomized Designs (TREND) statement [23], which contains a list of 22 essential aspects
(available at http://www.TREND-statement.org) that must be described in the publication. The TREND
statement is specifically developed to guide standardized reporting of nonrandomized controlled
trials. The TREND statement complements the widely adopted CONsolidated Standards Of Reporting
Trials (CONSORT) statement developed for randomized controlled trials. This is a collective effort in
promoting the idea that transparent reporting is valuable to improve research synthesis and advance
evidence-based recommendations for best practices and policies. A point was assigned for each item
featured. Meanwhile, if an item was not applicable, it did not score (a maximum score of 22). When an
item was composed of several points, these points were evaluated independently, giving the same
value to each of them, and subsequently an average was made (being the final result of each item), in
such a way that in no case the score of one point per item could be exceeded. For each included study,
a consensus was achieved after discussion of discrepancies. Tables 1 and 2 summarize the score for
each study and criterion included in the Delphi List and the TREND statement. Based on the quality
appraisal, no studies were discarded.

Upon thoroughly reviewing the data collection and statistical analysis of each included article,
it became apparent that there was too much variation between these studies, and, therefore, it
was not considered appropriate to conduct additional analysis such as a meta-analysis using the
reported findings.

J.M-F and J.D-C reviewed the articles independently, extracted relevant data from each included
article, and assessed risk of bias. The Delphi List was carried out in the 5 randomized studies selected,
while the TREND Checklist was used in the 9 non-randomized selected manuscripts. Any discrepancies
in scoring were resolved by mutual discussion or through discussion with J.J.O. An overall risk of bias
rating was assigned to each study based on the quality score.

The Delphi List carried out in the selected manuscripts is provided in Table 1. The total score for
each report is shown in the last file constituting the sum of scores for each criterion. The maximum
possible score was 8, but this was not assigned to any manuscript. Reports ranged between 5 [24,25]
and 7 [26–29], with an average score of 6.2. The TREND Statement Checklist is provided in Table 2.
The total score for each report is shown in the last file constituting the sum of scores for each criterion.
The maximum possible score was 22 but was not assigned to any manuscript. Manuscripts ranged
between 10.92 and 13.85, with an average score of 12.19.
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3. Results

3.1. Study Selection

The above methodology resulted in a total description of search criteria and provided a total
of 108 citations. The title and abstract of each report were reviewed by J.M.-F. and J.D.-C. to assess
eligibility, and if the abstract or title was not described in enough detail, full reports were assessed to
consider their inclusion. In this sense, all full-text reports for inclusion eligibility were independently
assessed by J.M.-F. and J.D.-C. The level of agreement between the two researchers was high enough.
The researchers resolved minor differences related to the inclusion of the reports by discussion. The
potential lists of each relevant recovered article were scanned and four more articles were identified as
possibly relevant.

Duplicate manuscripts and those based on exclusion criteria and limits were removed. Thirty
studies remained potentially eligible (Figure 1). Sixteen studies were excluded because they did not
meet the inclusion criteria. Finally, 16 studies met all inclusion criteria and were incorporated in the
current review.

Figure 1. Flowchart showing study selection procedure and results.

3.2. Study Characteristics

The summary of the most relevant characteristics of the randomized and non-randomized studies
included are shown in Tables 3 and 4, respectively. Out of the 16 studies included, four were conducted
in India [24,25,31,35], three were carried out in the Netherlands [30,32,33], four were performed in
Sweden [26–29], three in the USA [36,38,39], one in Japan [37], and one in Brazil [34]; these studies
were published between 2009 and 2017.

Regarding the randomization, this review includes six randomized studies [24–29] (being [26–29]
results from the same original cohort) and 10 non-randomized studies [30–39]. Four of these studies
were double-blind [26–29].
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Sample sizes ranged from 46 to 401 subjects. Among the total of 1743 participants included in the
trials, 50.95% were men and 49.05% were women. One study did not specify the number of male and
female participants [27]. The age preterm participants in the study ranged from 24 to 36 weeks. Yamada
and Leone [34] included term newborns at 37 to 41 weeks of age. None of the included participants
featured other pathologies apart from anemia. Most of the studies used iron supplements (specifically
nine reports [24–29,34,36,38]) and the remaining studies did not use iron supplements [31–33,35,37,39].

Among all included studies, a variety of different iron status parameters were investigated. Most
of the studies analyzed Hb, serum ferritin (SF), serum iron, and total iron-binding capacity (TIBC).
Neurological development was also studied to measure the developmental assessment scale and
child behavior checklist questionnaire. Berglund et al. [28] followed the participants from birth to
3.5 years of age and performed the Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III)
to assess cognitive function. The auditory brainstem response (ABR) was assessed as an indicator of
the development of the central nervous system (CNS) [27,39], and a Developmental Assessment Scale
for Indian Infants (DASII) was also used to evaluate neurodevelopment [25]. Moreover, Berglund
2018 tested children at 7 years of age for psychometric intelligence quotient (IQ) using the validated
Wechsler Intelligence Scale for Children (fourth edition, WISC-IV), Child Behavior Checklist (CBCL)
questionnaire, and Five to Fifteen (FTF) test.
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3.3. Characteristics of Iron Status Measurements

All of the studies included in the review assessed the iron status in preterm neonates to evaluate
iron metabolism and requirements, supplying a large number of different measures. SF levels were
reported in all the studies except Amin et al. [39], who measured cord ferritin. The SF level reflects total
body iron stores, providing a convenient method of assessing the status of iron storage. SF is measured
as a routine biomarker, although it is now known that many additional factors, including inflammation,
infection, and malignancy complicate the interpretation of this value. Nine studies reported Hb
levels [24,26–34] (Hb is a heterotetrameric protein that reversibly binds oxygen. Hb transports
heme-bound oxygen from the lungs to all of the tissues in the body via oxygenation-linked shifts in the
conformational equilibrium between the tense state and the relaxed state). This structural transition
is controlled allosterically, as the binding of oxygen to one subunit affects the oxygen-affinity of the
other subunits in the same tetrameric assembly), four measured Ht levels [24,31,34,38], four measured
serum iron levels [26,29,34,35,38] (Ht is expressed as red blood cells packed cell volume, which is
a very useful clinical factor in hemodialysis, surgical procedures, and anemia, which can be used
to estimate transfusions and determine the extent of anemia), five measured transferrin saturation
levels [26–29,34,37] (the transferrin saturation is an index that takes into account both plasma iron and
its main transport protein and is considered an important biochemical marker of body iron status),
three assayed TIBC levels [34,35,38] (TIBC indicates the maximum amount of iron necessary to saturate
all available transferrin iron-binding sites, therefore, it correlates well with transferrin concentration),
and three studies analyzed transferrin receptors [26–28] (the transferrin receptor mediates cellular iron
uptake through clathrin-dependent endocytosis of iron-loaded transferrin, playing a key role in iron
homeostasis).

Two studies measured reticulocytes counts [30,34], one study reported transferrin saturation [26,29],
one manuscript revealed percentage of total iron binding capacity [38], and one study assessed red
cell counts [37]. Moreover, one study incorporated Zinc protoporphyrin/heme (ZnPP/H) levels as
a possible iron status indicator [30]. Berglund et al. [28] also measured hepcidin concentration. In
addition, another study reported a serum prohepcidin concentration [37].

3.4. Iron Status and Body Composition

In all studies that analyzed the weight, the length and head circumference of premature infants
was lower than that of the term infants. As suspected, these measurements were lower in preterm
infants when compared to term infants, although Yamada and Leone [34] showed an increase in weight,
length, head circumference, and BMI (p < 0.001) at an expected rate for the age of the population during
the postnatal development of all infants, although these measurements were lower in preterm infants.
The infants with iron depletion showed a lower birth weight than those without iron depletion. Lower
birth weight and SF concentrations are independently associated with iron depletion at 6 weeks of
age [32]. A study conducted by de Waal et al. [30] showed a decrease of iron available for erythropoiesis,
when birth weight had already doubled at 6 weeks, and a subsequent increase of ZnPP/H levels.
However, these results should be interpreted with caution and take into account the weak study design
and subsequent high Risk of Bias (RoB). With regard to iron supplementation, mean birth weight was
lower in infants who received supplementation as compared with those who did not [33]. On the
other hand, weights of infants at 2 months were not different between the intervention and control
groups [24].

In addition, a lower birth weight was found in infants born with iron overload compared to those
with normal iron status and latent ID status (serum ferritin <76 ng/mL or <170.7 pmol/L) [36]. Other
studies did not find differences between iron supplemented groups and controls in mean weight,
length, head circumference, or knee heel length at 6 months [26].
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3.5. Iron Deficiency

ID was evaluated despite the different iron status indices used in the studies consulted. Most of
the studies revealed that preterm or late preterm neonates usually featured a high risk of ID.

In this sense, indicators of iron status, including Hb levels and the prevalence rates of ID and
IDA at 6 months, differed significantly in a dose-dependent manner between the intervention groups.
Berglund et al. [26] found that healthy marginally low birth weight infants, both preterm and term,
had high risks of developing ID (36%) and IDA (9.9%) at 6 months, especially if they were exclusively
breastfed at 6 weeks (ID, 56%; IDA, 18%). This finding is in agreement with the study developed
by Uijterschout et al. [33], which reported that ID was present in 18.9% and 4.9% of preterm infants
at the age of 4 and 6 months, respectively. IDA was present in 7.7% at the age of 4 months and in
1.4% of preterm infants at the age 6 months. Akkermans et al. [32] showed that iron depletion and
iron-depleted anemia in preterm infants at 6 weeks were present at 38.2% and 30.9%, respectively.
They showed that preterm infants with a birth weight <1830 g and a SF concentration of <155 μg/L in
the first week had a 26.4 times higher risk to develop iron depletion compared to infants with normal
birth weights. Similarly, Mukhopadhyay et al. [35] developed a study comparing preterm infants who
were small for gestational age, preterm infants appropriate for gestation, and term infants appropriate
for gestation. These studies showed that iron stores were significantly decreased in small, preterm,
gestational age infants compared to preterm infants appropriate for gestation at birth and at 4 weeks.
Likewise, term infants appropriate for gestation had higher iron stores compared to preterm infants
appropriate for gestation. In their study, the extent of infants with SF ≤35 μg/L was significantly higher
in preterm infants who were small for their gestational age compared to the preterm appropriate
for gestation group (p = 0.01). Moreover, ferritin levels were significantly lower (p = 0.006) those in
the preterm appropriate for gestation group compared to the term appropriate for gestation infants.
Serum iron also decreased in the preterm small for gestational age group compared to the preterm
appropriate for gestation group (p = 0.002). Amin et al. [39] showed that 44% of preterm infants had ID
(cord ferritin less than 75 ng/mL) and 56% had normal iron status (cord ferritin higher than 75 ng/mL).
Once more, these results could be lack of strength to account for the low score obtained in the TREND
List and subsequently high RoB.

In this sense, Yamada and Leone [34], indicated that the incidence of anemia was 66.67% in
late-preterm newborns at a gestational age of one month post-term and 41.18% in term newborns at
one month of age (p = 0.02). Hb and Ht decreased mainly in the late-preterm newborns (p < 0.001).
At birth, differences between the two groups were observed only for Ht (p = 0.010), whereas at two
months, more dramatic differences in both Hb (p = 0.020) and Ht (p < 0.001) were reported. Iron
concentrations in the late-preterm infants were lower at term (p = 0.0034) and at one month post term
(p < 0.001). TIBC showed lower levels when measured in the late-preterm infants at birth (p < 0.001).
Transferrin saturation presented a similar pattern and was lower in late-preterm newborns at birth (p
< 0.001). In a study conducted by de Waal et al. [30] with premature infants at 4 months of age, ID
was present in 21.3% and IDA in 8.5% of cases. ZnPP/H levels were used as a possible indicator of
iron stores, and at 4 months of age, infants with IDA showed higher levels compared with normal
infants (p < 0.001). At the same time point, infant with ID did not show any differences in ZnPP/H
levels compared with normal infants p = 0.223). In addition, a study conducted by Amin et al. [36]
revealed that of 131 premature infants, 23% had a latent ID status, 58% had normal iron status while
19% had iron overload status.

Conversely, others studies reported that there were no significant differences between preterm or
term infants with regards to ID. Therefore, Molloy et al. [38] observed that all the iron indices examined
in preterm infants were elevated above standard normal values in these infants. Sankar et al. [24]
described a study with very low birth weight (VLBW) preterm infants, and they showed that the SF at
60 days was not different between VLBW and control groups (full term infants) as well as the mean Ht
or Hb at 60 days that were not different for the two groups. Kitajima et al. [37] observed that preterm
and full-term infants became anemic during the neonatal period (p = 0.005, p = 0.018, respectively). At
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the birth of preterm infants, SF levels were lower than those of full-term infants (p = 0.011), and the
transferrin saturation of preterm infants did not differ between birth and 1 month after birth levels.
Preterm infants showed a significant increase in prohepcidin levels (p = 0.011), a finding not shown in
full-term infants.

3.6. Iron Supplementation

Iron supplementation was established in 9 studies. Most of the studies supplied iron as elemental
iron in ferrous sulfate chemical form, colloidal iron and ferrous succinate mixture while 3 studies did
not specify the chemical form of iron supplement [31,34,38]. The differences in iron dosage used in the
studies ranged from 1 to 4 mg/kg/day. In addition, the supplementation period started after one or two
months of age, but in the majority of the studies, the duration of the supplementation period was not
reported. Only four studies specified exactly this period, from 6 weeks to 6 months age [26–29].

3.7. Effects of Iron Supplementation

In the scientific literature, controversies abound on the necessity of t iron supplementation. Some
studies showed a positive effect of iron supplementation and its role in preventing or treating ID. In a
study with marginally low birth weight preterm or term infants, Berglund et al. [26] showed that iron
supplements at a dose of 2 mg/kg per day from 6 weeks to 6 months reduced the risk of IDA effectively,
without adverse effects on morbidity or growth observed during the period of supplementation. Taking
into account the high score obtained in the Delphi list, and the subsequently low RoB, this dosage and
period of supplementation should be considered more plausible than the results reported by other
studies. Akkermans et al. [32] revealed that early individualized iron supplementation should be
considered as a therapy for high-risk infants with a birth weight of <1830 g and an SF in the first week
of <155 μg/L, because late preterm infants have a 26.4 times higher risk of developing iron depletion. In
this way, Yamada and Leone [34] suggested the necessity of specific iron supplementation in breastfed
late preterm newborns at one month post-term, because greater reductions in Hb/Ht and lower iron
stores were found in the preterm infants compared with term newborns.

In contrast, other studies did not show any effect of iron supplementation. Saha et al. [31]
suggested that late preterm and term infants (small for gestational age) have adequate iron stores
at birth and at 2 months of age; therefore, they do not need iron supplementation until at least the
second month of life. In this way, Sankar et al. [24] did not find any difference in SF at 2 months of age
between the iron supplementation and control groups when 3 or 4 mg/kg/day (during 2 weeks) of iron
supplementation were supplied at 2 weeks of life. In addition, Molloy et al. [38] found elevated iron
indices in premature infants prior to establishing iron supplementation. In particular, male premature
infants were more susceptible to increased iron levels despite similar numbers of blood transfusions,
gestational age, birth weight, albumin, and direct bilirubin. Therefore, iron supplementation should
be avoided to prevent iron overload. On the other hand, Amin et al. [36] showed that enteral iron
supplementation is unlikely to cause iron overload in premature infants due to the fact that all subjects
received enteral iron supplementation of ~2 mg/kg/day, and there was no difference in post-menstrual
age when infants reached full volume of enteral feeding (or when iron supplementation was initiated).

Uijterschout et al. [33] proposed that individualized iron supplementation as an alternative
to established supplementation therapies be further investigated, and ferritin should be used as a
measurement to individualize iron supplementation to late preterm infants. However, it needs to
be taken into account that the measurement of ferritin as a sole biomarker may not be appropriate
because ferritin is an acute phase protein; therefore, it will not be accurately reflected in the state
of inflammation.
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3.8. Iron Status and Cognitive Performance

Of the studies included in this systematic review, three directly investigated the effects of iron status
on cognitive performance in premature infants. The techniques used to assess cognitive performance
were noninvasive.

Berglund et al. [27] tested the auditory brainstem response (ABR) system, which is an auditory
evoked potential extracted from ongoing electrical activity in the brain and recorded via electrodes
placed on the scalp. This is a neurophysiological method for assessing the development of the central
nervous system (CNS) in infants of a marginally low birth weight. They did not report significant
differences in absolute ABR latencies between groups, even though the iron supplementation resulted
in a significant difference in the prevalence of ID and IDA. This result is surprising taking into
account that prolonged latencies were caused by delayed CNS myelination in infants with early IDA.
Therefore, they did not find positive or adverse effects of iron supplementation (1–2 mg/kg/day of iron
supplementation), on absolute wave I or V latencies at 6 months of age in marginally low birth weight
infants, even though they are at risk for ID and IDA. Another study described by Amin et al. [39],
revealed that infants with normal iron status had a higher ABR response compared to the ID group
(p = 0.08).

Another study by Berglund et al. [28], used the Wechsler Preschool and Primary Scale of Intelligence
(WPPSI-III) to evaluate cognitive functions in control and premature infants given iron supplementation
(1 or 2 mg/kg/day) or placebo (0 mg/kg/day). This study aimed to evaluate the cognitive function and
revealed no significant differences between the groups after 3.5 year of the intervention. In addition,
in this study, parents were asked to complete the Child Behavior Checklist (CBCL) questionnaire
(a widely used caregiver report form that identifies problem behaviors in children and provides a
meter stick for measuring whether amounts of behavioral problems have changed over time or across
societies and is a complement to other approaches for looking at rates of mental-health issues), before
the 3.5-year visit at the study center, in order to assess various types of behavioral and emotional
problems. The total CBCL scores revealed that there was a significantly higher prevalence of children
above the US subclinical cutoff and above the 90th percentile of the Swedish reference group (Swedish
cutoff) in the group who did not receive iron supplementation compared with control subjects and
compared with the iron-supplemented groups (1 or 2 mg/kg/day). There was a significant increase in
the iron supplemented groups compared to placebo in the CBCL “emotionally reactive” (p = 0.040)
and “attention problems” (p = 0.022) subscales and a similar trend in all subscales except “withdrawn.”
This study was reported to be the first showing a positive effect of early iron supplementation on
neurobehavioral development beyond 2 years of age. This is another surprising result because ID
impairs brain development and interferes with neurotransmitter function and biosynthesis, particularly
with regard to dopamine and other monoamines.

Berglund et al. [29] tested a psychometric IQ on children 7 years of age using the validated
WISC-IV, performed by an experienced authorized pediatric psychologist. Moreover, in this study they
also developed a CBCL questionnaire and FTF test (the intervention was performed on LBW infants).
These tests assessed behavioral, cognitive, and emotional performance and revealed no significant
differences between ID and non-ID groups.

In general the results observed in the different studies of Berglund [26–29] have stronger study
designs than the other reports assessing iron status and cognitive performance due to the high scores
obtained in the Delphi list, and the subsequently low RoB.

Gupta et al. [25] evaluated neurodevelopment (by a single certified clinical psychologist using
the developmental assessment scale) in premature infants who received complementary feeding at
4 months or continued milk feeding and initiated complementary feeding at 6 months (supplemented
with iron at 2-3 mg/kg per day). The motor and mental development quotients in the two groups were
similar and did not show significant differences between the two groups.
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4. Discussion

This review investigated the literature available about the iron status of premature infants and their
growth and development. Moreover, it evaluated the effect of iron supplementation in this age group.
Premature infants revealed a lower weight, length, and head circumference compared to term infants.
The preterm infants with iron depletion had a lower birth weight than those without iron depletion. Iron
depletion at 6 weeks of age was independently associated with lower birth weights together with lower
SF concentrations [32]. Low iron stores are significantly influenced by low birth weights in preterm
infants in general and are more specific in premature infants born after <32 weeks of gestation [40,41].
An impaired placental function caused by pregnancy-induced hypertension, maternal smoking, or
gestational diabetes could result in low birth weight [40]. The placenta regulates maternal-foetal iron
transport during gestation to supply this essential nutrient to the foetus. Akkermans et al. [32] stated
that the most important independent risk factor for iron depletion and iron-depleted anemia in late
preterm infants at the age of 6 weeks is a lower birth weight, because they did not find an association
between the impaired placental function and depleted iron stores adjusted for birth weight.

4.1. Iron Status

Regarding iron status, results from the studies analyzed showed the absence of consensus on
how to define iron stores in preterm infants. SF measurement is the most widely used index to
evaluate iron status and it was measured in all studies. Even so, SF is not considered the best iron
status parameter by all the authors, because it changes over time and increases during infection and
inflammation [30,33,34,42,43]. Therefore, additional biomarkers such as ZnPP/H ratios, which are
an indicator of iron available for erythropoiesis, have been proposed [44]. ZnPP/H levels should
increase after birth, representing higher iron needs due to rapid growth and iatrogenic iron losses,
but should decrease in the first 6 weeks postnatal and return to baseline levels after this period.
In premature infants with ID, ferritin levels were low, but ZnPP/H levels were high, showing no
association between both parameters. There is a difference between the iron parameters referred
to by ferritin and ZnPP/H [30]. Stored iron in the body is reflected by ferritin levels, whereas iron
available for erythropoiesis is directly related to the ZnPP/H ratio [30]. In addition to the SF assessment,
other traditional iron status parameters such as Hb, Ht, serum iron, transferrin, transferrin saturation,
transferrin receptor, and TIBC were evaluated. Most of the data revealed that preterm or late preterm
neonates usually showed a lower iron status than term neonates. Yamada and Leone [34] revealed that
Hb and Ht significantly reduced while reticulocytes increased during all assessments in the late preterm
infants, which might indicate the presence of intense bone marrow stimulation for erythropoiesis.
After birth, ferritin levels decreased until two months of age in term and preterm infants [34]. Between
25% and 85% of preterm infants develop evidence of iron deficiency during infancy [34]. Unlike full
term infants, in whom the condition typically occurs during the second half of infancy, preterm infants
are at risk of developing iron deficiency during their first postnatal months [45]. Iron deficiency is
more common in preterm infants from developing countries and in those consuming human milk
exclusively without supplementation [46]. A number of factors combine to predispose the premature
infants to a negative iron balance. Iron is mostly accumulated during the third trimester of gestation.
Total body iron and Hb contents as well as serum and storage iron concentrations are lower in preterm
infants. Conditions such as severe maternal iron deficiency, intrauterine growth restriction [47], and
chronic blood loss during gestation can further compromise fetal iron endowment.

Mukhopadhyay et al. [35] used ferritin, serum iron, and TIBC as a combination of various
biomarkers to assess the iron stores, and they found that preterm infants who were small for their
gestational age presented significantly fewer iron stores at birth and at 4 weeks of age compared to
preterm infants appropriate for gestation. Low SF levels could be explained by the loss of iron from
the storage pool due to chronic hypoxia and increased red cell mass, together with a smaller size of the
placenta, which implies lesser surface area, or due to placental vascular disease reducing the transport.
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Iron has a crucial role in many metabolic pathways, especially in erythropoiesis and
neurodevelopment [1]. Specifically, Hb formation, which is crucial for oxygen transport to tissues, is
dependent on iron absorbed from the diet and storage. If the absorption of dietary iron is insufficient
or the deposits are depleted, Hb still can be synthesized until serum iron decreases. After birth,
higher environmental oxygen concentrations, a decrease in fetal Hb, an increase in adult-type Hb,
polycythemic conditions, and Hb oxygen saturation promote great tissue oxygenation, thereby
decreasing the stimulation of erythropoietin production and reducing erythrocyte release. Therefore,
Hb levels are reduced by 30% to 50%, reaching their minimum value at six to twelve weeks after
birth and one to four weeks earlier in preterm infants [48]. Furthermore, the fetal iron storage of
preterm infants is incomplete before their birth, increasing the risk of ID and even IDA during the early
postnatal period [41,49,50].These results suggest that preterm infants have increased iron needs after
birth [34]. In addition, irreversible processes such as impaired neurological development in preterm
infants may be caused by ID, even without anemia [51].

Although, some studies did not find lower iron parameters in premature infants after birth,
Molloy et al. [38] found that in preterm infants some iron indices were elevated above the standard
normal values in these infants. In this way, Saha et al. [31] observed that the Hb and SF of all late
preterm infants were within a normal range at 2 months of age, which implies adequate stores at birth
to meet requirements. The inflammation/infection process could explain these levels, which has been
associated with an increase of SF.

Taking into account iron status in preterm infants, it seems highly relevant to study the presence
or absence of ID or IDA in this population. Premature infants have increased risk to develop ID, which
is the most common micronutrient deficiency in the world [52], and also IDA, due to low endowment
of iron stores, long periods of parenteral nutrition without iron supplementation, phlebotomy loss,
and rapid catch-up growth and development [4]. Most of the selected studies revealed that ID
and IDA were present in premature infants, being more common when the premature infants were
exclusively breastfed [26,28,53]. Moreover, ID and IDA have been associated with long lasting abnormal
neurodevelopmental outcomes in full-term, normal weight infants, during the critical period of brain
development [1,54], due to their effect on cognitive and psychomotor development, even after iron
treatment [55]. In addition, growth and functioning of other organ systems such as skeletal muscle, the
heart, and the gastrointestinal tract could be also affected by ID [8,10].

Dewey et al. [56] reported that iron supplementation (1 mg/(kg/day)) to breastfed infants
may benefit infants with low hemoglobin concentrations but may present adverse effects, such
as deficits in gains in length and head circumference and an increased risk of diarrhea for those with
normal hemoglobin concentrations. Majumdar et al. [57] similarly found that iron supplementation
(2 ng/(kg/day)) benefited iron-deplete children aged 6–24 months but led to deficits in weight and
linear weight gain in those who were iron replete.

4.2. Iron Supplementation

According to these results and taking into account the importance of avoiding ID in this population,
iron supplementation of preterm neonates seems vital because rapidly depleting inadequate iron
stores cannot meet the iron requirement of enhanced erythropoiesis during this period. However,
previous studies on iron supplementation in preterm infants have yielded conflicting results [45,58].
Although iron is essential for children’s development, iron overload should be considered because of
the potential risk of iron excess and the poorly developed antioxidant mechanisms in preterm infants,
facts that reinforce the idea of avoiding indiscriminate iron supplementation in this population [4,59].
Iron overload mediates oxidative stress and may also contribute to free oxygen radical injuries that are
typical of premature infants, such as chronic lung disease and retinopathy from prematurity [60,61].
IDA was reduced effectively with a dose of 2 mg/kg per day from 6 weeks to 6 months [26], and
non-adverse effects on morbidity or growth were found. In addition, as most pathogenic organisms
need iron as an essential nutrient, it has been suggested that iron supplementation may increase the
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risk of infections, but in this study, the supplementation did not affect infections or other pathological
symptoms. Moreover, another study suggests that iron supplementation is justified in late preterm
infants with a birth weight of <1830 g and ferritin concentrations of <155 μg/L in the first week [32].

In contrast, Sankar et al. [24] did not find any association with iron supplementation at 2 weeks of
life, improving neither SF nor hematological parameters at 2 months of age at preterm. This could
possibly be due to inadequate iron absorption, inappropriate dosage or a “contamination” effect (iron
preparation used in this study contains colloidal iron in the form of non-ionic, microfine particles). By
the second month of life, erythropoiesis is increased and iron stores are rapidly utilized. Although SF
levels decreased after birth due to the utilization of iron stores, both the SF and Hb of all premature
infants were within normal range at 2 months of age [31]. Therefore, iron stores at birth were adequate
to meet the requirements of these infants for at least 2 months of life, and iron supplementation is not
necessary during this period. In this sense, Molloy et al. [38] found elevated iron indices in infants
prior to commencing iron supplements, so an evaluation of iron stores after birth is essential to prevent
potential iron overload and unnecessary iron supplementation. However, another explanation could
be unmeasured confounding factors in these studies.

4.3. Cognitive Performance

Regarding the effect of iron supplementation on cognitive performance, Berglund et al. [27]
evaluated the effect of 1–2 mg/kg/day of iron supplementation on ABR as a noninvasive, objective,
neurophysiologic method for assessing the development of the central nervous system. ABR latencies
measure the conduction speed in the auditory system from the cochlea to the inferior colliculus in the
upper brainstem. From late gestation through the first 3–6 months of life, these latencies experience a
rapid decrease continuing at a slower rate during the first 3–5 years of life, indicator of CNS myelination
during infancy for preterm and term infants. In this study, no significant positive or adverse effects in
absolute ABR latencies between 0 mg/kg/day (placebo), 1 mg/kg/day, or 2 mg/kg/day groups were
found at 6 months of age, even though the iron supplementation resulted in a significant decrease in
the prevalence of ID and IDA. Several possible explanations could be proposed. The duration or the
severity were not at a magnitude high enough to result in prolonged ABR latencies, or these infants
did not have a vulnerable phase of ABR maturation when ID occurred. Finally, ABR latencies could be
affected later as a delayed effect of ID. Therefore, these results could suggest that ABR is not a sensitive
indicator of impaired neurological development in MLBW infants or that severe ID does not cause
such impairment at 6 months of age. In addition, a cord ferritin concentration is associated with ABR
in premature infants. Cord ferritin lower than 75 ng/mL is associated with poor performance in motor
skills and language development [62]. Iron status influences auditory neural maturation and infants
with ID have a normal auditory neural maturation compared with a normal iron status [39]

Berglund et al. [28] did not find any effect of iron supplementation on cognition at 3.5 years of
age. Furthermore, marginally premature infants with low birth weight did not present a higher risk
of cognitive problems compared with control infants, although the cognitive test performed was not
accurate enough to predict later cognitive disabilities. Conversely, non-supplemented children have a
significantly increased prevalence of behavioral problems; therefore, preventive iron supplementation
is related to improved neurobehavioral development in infants at risk of ID. An iron intake of >1 mg/kg
per day could be sufficient to decrease the risk of behavioral problems due to a correlation between
iron intake and CBCL. Therefore, this study showed that iron supplementation reduced the risk of
behavioral problems to a level similar to the controls. Many animal studies have reported that ID
impairs brain development [28]. In addition, Berglund et al. [29] reported that this protective effect,
which includes aggressive and rule-breaking behavior, persists until 7 years of age in children.

Iron plays a crucial role in myelination, dendritic growth, and synaptogenesis. Therefore, ID could
interfere with neurotransmitter function, mainly with regard to dopamine and other monoamines,
which interestingly are closely associated with behavior [54]. Nonetheless, Berglund et al. [28] did not
find a significant association between the behavioral outcome and iron status at 12 weeks or 6 months
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in infants. A possible explanation could be the lack of consensus biomarkers to define ID in infancy or
because the used iron indicators lack specificity and sensitivity. Moreover, the iron availability in the
CNS is not necessarily reflected by the biomarkers of iron status that reflect the iron status of peripheral
blood and probably that of the bone marrow and the liver. In addition, Berglund et al. [29] revealed
that the iron status at 6 months did not correlate with behavioral outcomes at either 3.5 or 7 years in
LBW infants. This suggests that less iron is available for the brain tissue before ID can be detected in
the blood by conventional haematological indices, since iron requirements for erythropoiesis are b
prioritized over the brain iron supply [63].

Finally, Gupta et al. [25] evaluated neurodevelopment using a Developmental Assessment Scale for
Indian Infants (DASII), a validated Indian adaptation of Bayley-II [64], in preterm infants who received
iron supplementation as a standard. They did not find differences between infants who initiated
complementary feeding at 4 months and those who continued with breast milk feeding and initiated
complementary feeding at 6 months. The infants showed similar motor and mental development
quotients. This study revealed that despite the fact that the infants received iron supplementation with
either food or milk, their iron stores were greatly depleted.

5. Conclusions

In summary, the findings of this systematic review provide evidence that premature infants
require iron supplementation in most of the cases and are susceptible to the development of ID or IDA,
which could affect postnatal cognitive development and behavior. However, although ID impairs
brain development due to its essential role in myelination, dendritic growth, synaptogenesis, and
neurotransmitter function, motor, mental, and development parameters were not affected by iron
supplementation in preterm neonates. Infants with iron depletion and overload showed a lower birth
weight than those with a normal iron status. Taking into account these considerations, future research
with more robust experimental designs and lower RoB are needed to achieve more solid conclusions.
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Abstract: Background: Iron overload has been associated with diabetes. Studies on iron exposure
during pregnancy and in early life and risk of childhood type 1 diabetes (T1D) are sparse.
We investigated whether iron supplementation during pregnancy and early in life were associated
with risk of childhood T1D. Methods: In a case-cohort design, we identified up to 257 children
with T1D (prevalence 0.37%) from the Danish National Birth Cohort through linkage with the
Danish Childhood Diabetes Register. The primary exposure was maternal pure iron supplementation
(yes/no) during pregnancy as reported in interview two at 30 weeks of gestation (n = 68,497 with iron
supplement data). We estimated hazard ratios (HRs) using weighted Cox regression adjusting for
multiple confounders. We also examined if offspring supplementation during the first 18 months of
life was associated with later risk of T1D. Results: Maternal iron supplementation was not associated
with later risk of T1D in the offspring HR 1.05 (95% CI: 0.76–1.45). Offspring intake of iron droplets
during the first 18 months of life was inversely associated with risk of T1D HR 0.74 (95% CI: 0.55–1.00)
(ptrend = 0.03). Conclusions: Our large-scale prospective study demonstrated no harmful effects of
iron supplementation during pregnancy and in early life in regard to later risk of childhood T1D in
the offspring.

Keywords: diabetes mellitus; type 1; iron; pregnancy; fetal programming; infant; newborn

1. Introduction

Type 1 diabetes (T1D) is a chronic immune-mediated disease with a selective destruction of
pancreatic β-cells leading to life-long insulin dependency and severe long-term complications [1,2].
T1D is triggered by both genetic and environmental factors [1]. Genetic susceptibility loci have been
extensively identified [3], but only a few environmental factors have been proposed to associate with
T1D [4]. The incidence of T1D is increasing at an annual rate of 3–5% in Denmark and many other
countries [5,6], which suggest that yet unknown environmental factors play an important role in
T1D etiopathology.

Iron, the most abundant metal in the human body, is an essential trace element for a plethora of
cellular functions e.g., a normal maturation and function of the immune system [7,8]. Though, excess
iron may be harmful e.g., due to formation of reactive oxygen species (ROS) by participating in the
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Fenton reaction [9]. Pancreatic β-cells possesses a classical iron metabolism [10] and are especially
sensitive to ROS due to finite antioxidant defenses [11,12].

Iron deficiency and iron deficiency anemia are common conditions in pregnant women and
during early childhood in both the European population and worldwide [13–15]. Iron requirement
increases during pregnancy and therefore it is recommended that pregnant women take iron
supplementations [13,14], and breastfed children are supplemented. However, in Western countries,
such recommendations, on top of an already sufficient intake, could result in excess iron intake, in a
subgroup of women. Further, use of several supplements or not following the recommended dosing
can easily result in doses above the recommended upper intake levels [16,17]. Noteworthy, a study
originated from the Danish National Birth Cohort (DNBC) reported that 37% of Danish pregnant
women had an iron supplementation intake above the recommended 50–70 mg per day [16], which
could lead to unfavorable iron concentrations in both the mother and child, but data regarding adverse
effects of high maternal iron supplementation are still limited [18].

Though, much is still to be learned about the transport of iron from the maternal circulation
through the placenta to the fetus, placental iron transport during pregnancy is mainly driven by the
fetal need, but maternal iron deficiency or excess may compromise the fetal iron homeostasis [19–21].
It can be hypothesized that such extremes in maternal supply may have adverse consequences for
the unborn child [22]. To our knowledge, only one study has examined the association between
maternal iron status and intake and later risk of childhood T1D in the offspring. In the prospective
Norwegian Mother and Child Cohort Study a positive association was found between maternal iron
supplementation and risk of childhood T1D [23]. Further, only five relatively small-sized retrospective
studies with moderate to high assessment quality have examined the association between early life
iron exposure and later risk of childhood T1D, and results have been mixed [24,25].

Following up on the findings from the large Norwegian study we tested the hypothesis that
there is an association between in utero and early life iron exposure and risk of childhood T1D, using
pure iron supplementation data from the unique prospective DNBC [26] obtained through telephone
interviews at 30 weeks of gestation, six and 18 months postpartum. Further, iron from both pure iron
supplements and multivitamins were obtained from a 360-item food frequency questionnaire (FFQ)
sent to the women at approximately 25 weeks of gestation [16].

2. Materials and Methods

2.1. Overview of Study Design

The study is a cohort study including maternal-child pairs from the DNBC [26] enrolling pregnant
Danish women from 1996 until 2002. Altogether 91,745 mothers were recruited. Some women
participated more than once leading to a total number of 101,042 pregnancies. Mothers were recruited
at their first visit around 6–10 weeks of gestation at their general practitioner. All pregnant women
residents in Denmark who were fluent in Danish were invited. Approximately 35% of all births in
Denmark during the recruitment period were involved.

2.2. Study Sample and Identification of T1D

Approximately 260 controls per case exist in the cohort (sampling ratio 1:260). The proportion
of any use of pure iron supplements during pregnancy in DNBC is 0.79. With 13,196 out of 63,931
women reporting use of pure iron supplements in pregnancy and the prevalence of offspring T1D
being 0.37% we have a power of 80% to detect an absolute difference in risk of 1.6 when comparing
users to non-users.

Patients were found through linkage with the Danish Childhood Diabetes Register (DanDiabKids),
covering children aged 0–18 years diagnosed with T1D [27]. DanDiabKids was initiated in 1996 and is
validated annually against the National Patient Discharge Register. DanDiabKids have nearly complete
nationwide coverage and record high-quality prospective data on children with T1D. The time of
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clinical T1D diagnosis was set as the first day of insulin treatment in accordance with International
Society for Pediatric and Adolescent Diabetes (ISPAD) guidelines. We included all children diagnosed
with T1D who had available iron supplemental data for either one of the three time periods (pregnancy,
and at six and 18 months of follow-up).

2.3. Exposure Assessment

2.3.1. Maternal Iron Supplementation

Following up on the findings form the Norwegian Mother and Child Cohort study [23], our
primary exposure was maternal use of pure iron supplements (supplements only containing iron) in
early (<20 weeks) and late (≥20 weeks) pregnancy. Supplemental intake for these two time points was
based on maternal report in telephone interviews conducted in week 30 of gestation and six months
postpartum, respectively. In these interviews, the women were asked “Have you been taking iron
pills during pregnancy?”. If they answered “yes” they were asked in which weeks of gestation they
had been taking supplements, ranging from the beginning of pregnancy until the time of the 30-week
interview; and the interview conducted at six months postpartum covered the remaining period of
their pregnancy. In addition, we also assessed the total supplemental intake of iron as reported when
the women filled out an FFQ in week 25 of gestation. The FFQ covered the supplemental intake of the
previous four weeks. The women were asked to report all supplements they had been taken and for
each label the amount of micronutrient, e.g., iron, and the daily dose [16].

In our study, the number of subjects available for analyses varied depending on the source of
information. Information gained from interviews in week 30 of gestation and six months postpartum
regarding use of pure iron supplements during pregnancy ranged from 63,931 to 64,456. Information
on use of any iron containing supplements as reported by the mother in week 25 of gestation was
available for 68,240.

2.3.2. Infant Iron Supplementation

Iron supplement exposure during early life was extracted from the fourth telephone interview
conducted at 18 months postpartum where the mother was asked if her child had received iron
droplets (yes/no), and the duration of the supplementation (months). The women were asked
“For how many months did he/she receive iron droplets on a regular basis?”, and the answered
categories were as follows: i. under 1 month; ii. 1–2 months; iii. 3–6 months; and iv. over
6 months (https://www.dnbc.dk/-/media/arkiv/projekt-sites/dnbc/kodeboeger/interviews-1-4/
code_book_interview_4.pdf?la=en).

2.3.3. Other Variables

The following a priori covariates were included in the main adjusted models based on previous
work and the literature: maternal age at delivery (continuous), pre-pregnancy body mass index (BMI)
(<18.5, 18.5–24.9, 25–30, and ≥30 kg/m2), parity (nulliparous (yes/no)), smoking during pregnancy
(never, occasional, and yes), parental socioeconomic status (high, medium, low, or student), duration of
breastfeeding (0, 0–6, or 6+ months), caesarean section (yes/no), gestational age at delivery (continuous)
(Table 1). The following covariates were considered for sensitivity analyses: maternal anaemia (yes/no),
maternal celiac disease (yes/no), and maternal T1D (yes/no) (Table 1). Specification of included
covariates in the adjusted models is presented in the footnotes of Tables 2 and 3.
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2.4. Statistical Approach

All details of the analysis plan were determined a priori. We used the mean and standard
deviation (SD) to describe normally distributed continuous variables and percentages for dichotomous
variables. Cox regression was used for examining associations between maternal or offspring intake of
iron-containing supplements and later risk of developing T1D in the offspring. Offspring age from
birth up to May 2016 was used as the underlying timescale—start of follow-up was 18 months in the
offspring analyses (time of iron droplet data collection). The effect estimates were reported as hazard
ratios (HR) with 95% CI. As women could enter the study repeatedly through different pregnancies,
we used a robust sandwich covariance matrix estimate to account for interdependent observations.
Level of significance was set as p = 0.05 (two-sided) and statistical analyses were performed using SAS
version 9.2 (SAS Institute Inc., Cary, NC, USA). No adjustment for multiple testing was performed.

2.5. Ethics

The Regional Scientific Ethics Committee for the municipalities of Copenhagen and Frederiksberg
approved all DNBC study protocols. Approval from the Danish Data Protection Agency was also
obtained. All procedures were in accordance with the Declaration of Helsinki. All women provided
written informed consent.

3. Results

3.1. Basic Characteristics

The characteristics of the study participants are presented in Table 1. We confirm a higher
percentage with high socio-economic status among those who take iron during pregnancy and give
iron supplementation to their child. Whereas maternal celiac disease and anemia seems to influence
the likelihood of supplementation during early pregnancy, but not supplementation to the child.

Table 1. Maternal characteristics in relation to maternal use of pure iron supplements and offspring
intake of iron droplets during the first 18 months of infancy.

All Maternal Use of Iron Supplements Offspring Use of Iron Droplets

No Use
(n = 15,071)

Early Use
(n = 11,092)

Late Use
(n = 48,318)

No
(n = 24,281)

Yes
(n = 27,595)

Maternal age (years) 30.4 (4.2) 30.7 (4.4) 30.7 (4.2) 30.3 (4.1) 30.5 (4.2) 30.6 (4.1)

Pre-pregnancy BMI (kg/m2)
% underweight (<18.5) 4.3% 4.1% 5.4% 4.2% 3.9% 4.2%
% normal weight (18.5–25) 68.2% 66.1% 70.5% 68.8% 66.4% 69.7%
% overweight (25–30) 19.6% 20.6% 17.8% 19.4% 20.9% 18.8%
% obese (>30) 7.9% 9.2% 6.4% 7.6% 8.8% 7.3%

Maternal Smoking, % 24.5% 27.2% 25.5% 23.4% 26.0% 21.5%

Nulliparous, % 48.4% 39.5% 41.3% 51.5% 45.5% 49.8%

Socio-economic status
High, % 55.3% 52.7% 54.9% 56.3% 52.6% 58.9%
Medium, % 27.2% 27.9% 28.0% 27.1% 29.8% 25.4%
Low, % 12.2% 14.3% 12.7% 11.3% 13.0% 10.3%
Students, % 5.3% 5.1% 4.5% 5.3% 4.6% 5.3%

Breastfeeding, %
No 11.1% 11.6% 11.1% 10.8% 13.2% 6.3%
1–6 months 28.4% 28.9% 28.8% 28.1% 33.3% 17.5%
6+ months 60.6% 59.5% 60.1% 61.1% 53.5% 76.2%

Gestational age at delivery (days) 280.2 (12.4) 280.8 (11.5) 280.9 (21.9) 280.8 (11.2) 281.1 (10.8) 279.8 (13.0)

Cesarean section, % 15.3% 14.1% 13.8% 15.2% 15.1% 15.1%

Maternal celiac disease (n,%) 172, 0.25% 36, 0.24% 45, 0.41% 122, 0.25% 57, 0.23% 64, 0.24%

Maternal type 1 diabetes (n,%) 332, 0.49% 77, 0.51% 44, 0.40% 232, 0.48% 114, 0.47% 137, 0.53%

Maternal anemia (n,%) 1916, 3.5% 427, 3.6% 606, 7.0% 1374, 3.5% 732, 3.6% 804, 3.5%

Early use = before gestational week 20; late use = after gestational week 20; Body Mass Index, BMI.
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The median age at T1D diagnosis was 9.8 years (range 0.9–16.9), and the median follow-up
time for the cohort sample was 15.6 years (range 13.0–18.6). Maternal intake of any iron supplement
was below 40 mg/daily and above 80 mg/daily in 38.2% and 4.6% of the women, respectively. The
proportion of women reporting to take pure iron supplement during early (<20 weeks) and late
(≥20 weeks) pregnancy was 17.3% and 75,6%, respectively. The proportion of children receiving iron
droplets during the first 18 months of life was 53.2%—the majority of these children (92.3%) were only
supplemented with iron droplets for six months or less.

3.2. Maternal Iron Supplementation

Our primary adjusted analysis demonstrated that there was no association between maternal
pure iron supplementation during pregnancy and later risk of childhood T1D in the offspring HR 1.05
(95% CI: 0.76–1.45). Further, maternal pure iron supplementation was not associated with risk of T1D
in the offspring prior to or after gestational week 20: HR 0.82 (95% CI: 0.57–1.17) and HR 1.13 (95% CI:
0.83–1.53), respectively (Table 2). Further, no association was found when categorizing maternal iron
intake from any supplement in mid-pregnancy and later risk of T1D in the offspring (ptrend = 0.82)
(Table 2).

Table 2. Associations between maternal intake of pure iron supplements during pregnancy and total
intake of iron from supplements in relation to offspring risk of type 1 diabetes.

No. Cases (%)/N Unadjusted Adjusted 1 1 Adjusted 2 2

Any use of pure iron supplements (n = 63,931)
No 48 (0.36%)/13,196 1.00 (reference) 1.00 (reference) 1.00 (reference)
Yes 190 (0.37%)/50,735 1.06 (0.77, 1.46) 1.05 (0.76, 1.45) 1.05 (0.77, 1.45)

Early use of pure iron supplements in gestational week 1 to 19 (n = 63,931)
No 203 (0.38%)/52,834 1.00 (reference) 1.00 (reference) 1.00 (reference)

Yes–early 35 (0.32%)/11,097 0.81 (0.57, 1.16) 0.82 (0.57, 1.17) 0.81 (0.57, 1.16)

Late use of pure iron supplements in gestational week 20 to 40 (n = 63,931)
No 54 (0.35%)/15,613 1.00 (reference) 1.00 (reference) 1.00 (reference)

Yes–late 184 (0.38%)/48,318 1.14 (0.84, 1.54) 1.13 (0.83, 1.53) 1.13 (0.83, 1.54)

Total supplemental iron intake as reported in week 25 of gestation (n = 68,240)
0 mg/day 29 (0.42%)/6880 1.00 (reference) 1.00 (reference) 1.00 (reference)

>0–20 mg/day 12 (0.28%)/4308 0.66 (0.34, 1.29) 0.67 (0.34, 1.32) 0.66 (0.34, 1.31)
>20–40 mg/day 51 (0.34%)/14,934 0.81 (0.51, 1.27) 0.80 (0.50, 1.26) 0.79 (0.50, 1.25)
>40–60 mg/day 117 (0.40%)/29,539 0.95 (0.63, 1.43) 0.94 (0.62, 1.43) 0.94 (0.86, 1.41)
>60–80 mg/day 37 (0.39%)/9431 0.94 (0.58, 1.53) 0.94 (0.58, 1.53) 0.93 (0.57 1.52)

>80 mg/day 11 (0.35%)/3148 0.81 (0.41, 1.63) 0.81 (41, 1.63) 0.80 (0.40, 1.60)
p-value for trend 0.80 0.82 0.84

Number and percentage of cases are depicted in bold. 1 Adjusted for parental socio-economic status, mode
of delivery, pre-pregnancy BMI, age, smoking status, parity, gestational age, maternal age, and breastfeeding.
2 same as model 1 but in addition adjustments are made for maternal celiac disease, maternal type 1 diabetes and
maternal anemia.

3.3. Infant Iron Supplementation

We found an inverse association between iron supplementation during the first 18 months of life
and risk of childhood T1D HR 0.74 (95% CI: 0.55–1.00) (ptrend = 0.03) (Table 3) (Figure 1).
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Table 3. Associations between offspring intake of iron droplets during first 18 months of life in relation
to later risk of type 1 diabetes.

No. Cases (%)/N Unadjusted Adjusted 1 1 Adjusted 2 2

Offspring use of iron droplets reported at 18 months (n = 51,859)
No 104 (0.43%)/24,272 1.00 (reference) 1.00 (reference) 1.00 (reference)
Yes 87 (0.32%)/27,587 0.73 (0.55, 0.97) 0.74 (0.55, 1.00) 0.73 (0.55, 0.99)
No 104 (0.43%)/24,272 1.00 (reference) 1.00 (reference) 1.00 (reference)

1–6 months 82 (0.32%)/25,483 0.75 (0.56, 1.00) 0.76 (0.56, 1.02) 0.75 (0.55, 1.01)
>6 months 5 (0.24%)/2104 0.56 (0.28, 1.37) 0.55 (0.23, 1.35) 0.56 (0.23, 1.36)

p-value for trend 3 0.03 0.03 0.03
p-value for effect 4 0.08 0.10 0.09

Number and percentage of cases are depicted in bold. 1 Adjusted for parental socio-economic status, mode of
delivery, pre-pregnancy BMI, age, smoking status, parity, gestational age, maternal age, and breastfeeding. 2 Same
as model 1 but in addition adjustments are made for maternal celiac disease, maternal type I diabetes and maternal
anemia. 3 Chi-square-test is used to test for a linear dose-response—the iron variable is included in the regression
model as a continuous (three values) variable. 4 Chi-square-test is used to test the null hypothesis that all three
groups are equal.

Figure 1. Survival curve illustrating the inverse association between early life supplementation with
iron droplets and the risk of childhood type 1 diabetes. p-values for trend and effect are seen in Table 3.
Note that the y-axis does not begin at zero.

3.4. Sensitivity Analyses

Our results were essentially unchanged when additional adjustment for maternal anaemia,
maternal celiac disease, and maternal T1D were performed (Tables 2 and 3).

When we start follow-up at 30 months of age (one year after information of iron droplets was
collected) no differences are seen in our results regarding offspring risk of T1D.

104



Nutrients 2019, 11, 734

4. Discussion

In this study, which utilizes one of the world’s largest cohorts of pregnant women, we show that
maternal iron intake through supplementation is not associated with later risk of childhood T1D in the
offspring, but iron supplementation in early childhood may be protective against childhood T1D.

4.1. Comparison with Other Studies

4.1.1. Studies Regarding Maternal Iron Intake and Later Risk of Childhood T1D

To our knowledge only the prospective Norwegian Mother and Child Cohort Study has examined
the relationship between maternal iron supplementation and status, and later risk of T1D in the
offspring [23]. They found a positive association between any maternal iron supplementation and
childhood T1D (adjusted HR 1.33 (95% CI: 1.06–1.67)), when only supplements containing pure
iron or iron in combination with other micronutrients were examined the results were no longer
statistically significant (adjusted HR 1.71 (95% CI: 0.83–3.53)) and (adjusted HR 1.60 (95% CI: 0.95–2.69)),
respectively. The Norwegian study found no association between maternal intake of iron from food
and later risk of T1D in the offspring.

4.1.2. Iron Supplementation Guidelines in Denmark and Norway during the Recruitment Period

Størdal and colleagues’ states that iron supplementation of pregnant women was during the first half
of their recruitment period (2000–2005) based on national guidelines concerning ferritin measurements.
Revised guidelines did not recommend serum ferritin measurements, but rather recommended
haemoglobin measurement at week 30. However, analyses revealed iron supplementation was given
as a broad recommendation (40 mg/d from gestational week 18–20) during the whole study period,
and to a lesser extend guided by indices of body iron stores [23]. During the DNBC recruitment
period all Danish pregnant women were advised to take a daily supplement of 50–70 mg iron from
week 20 of gestation until delivery [28]. In the DNBC study, 37% of Danish pregnant women had
an iron supplementation intake above the recommended 50–70 mg per day, due to inappropriate
product formulations on the Danish market [16]. This indicates that Danish pregnant women, during
the overlapping recruitment periods, had a higher supplemental iron exposure compared to the
Norwegian women, but still we did not find an association between supplemental iron exposure and
risk of T1D in the offspring. Iron supplements were used at some point in 64% of the women in the
Norwegian study versus 79% of the Danish women that took pure iron supplements at some point
during pregnancy [23].

4.1.3. Studies Regarding Infant Iron Intake and Later Risk of Childhood T1D

The Norwegian Mother and Child Cohort Study found no association between early life
(<18 months of life) iron supplementation and risk of childhood T1D (adjusted HR 1.22 (95% CI:
0.78–1.90)). Infant iron supplementation in Norway was not common practice during the study period.
At six and 18 months only 4.3% and 1.4% of the Norwegian infants received an iron supplement,
respectively, which leaves this study with insufficient power to detect a possible effect [23]. In the
DNBC study 49.1% of the infants received iron droplets during a period of one to six months, but only
4.1% received iron droplets longer than six months (Table 3). During the DNBC study recruitment
period the Danish Health Authority recommended that children were iron supplemented between six
and 12 months.

In addition, only five retrospective studies have looked at iron exposure before the age of
16 years and risk of developing childhood T1D [25,29–32]. The results are inconsistent but there
are important methodological differences and limitations to take into account. A total of three studies,
one retrospective and two case-control studies, focused on the content and amount of trace metals,
including iron, in drinking water at the time of T1D diagnosis. None of these studies found statistically
significant associations, but the study by Samuelson and colleagues suggested that a high iron content
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in the drinking water increases the risk of childhood T1D odds ratio (OR) 1.56 (95% CI: 0.99–2.44).
These studies reported iron concentrations in drinking water of 0.01–0.08 mg/L, which contributes
to a negligible iron intake compared to iron gained from supplementation and diet [33]. Moreover,
iron exposure around time of childhood T1D diagnosis represents another “window of vulnerability”
compared to the present study’s exposure interval i.e., in utero to 18 months of age. Further, one
case-control study found that the odds ratio for one SD increase in iron intake (from infant formulas
and breast milk) was 2.01 (95% CI: 1.18–3.41) during the first four months of life [32]. Iron exposure
was quantified from a self-administered questionnaire filled out by parents of children with T1D
under the age of 10 years. Children were diagnosed with T1D between one and six years of age.
Using self-reported questionnaires on dietary recall over a long duration may introduce differential
misclassification of exposure i.e., mothers of control subjects may under-report exposure and mothers
of case subjects may over-report, which in both situations leads to overestimation of the association [34].
Lastly, a Danish case-control study, originated from our research group, quantified neonatal whole
blood (WB-Iron) iron content. For each doubling in WB-Iron content the odds of developing childhood
T1D was 2.55 (95% CI: 1.04–6.24). This study only had one biological measurement and no information
on iron homeostasis genetics, but a direct quantification of total iron content using a valid method
seems superior to questionnaire data on iron intake, due to variation in bioavailability of iron from both
the food source and supplements [35,36], competing mechanisms at the di-metal luminal transporters,
and genetic factors regulating the iron transport from the intestinal lumen to the circulation [24,37]
However, the measured WB-Iron content at birth is likely to reflect the intrauterine exposure and not
early life supplementation.

Our finding that supplemental iron intake during pregnancy is not associated with childhood
T1D in the offspring, may primarily be due to: i. a tight placental iron regulation that is affected by
dietary/supplemental iron intake and the iron metabolism genetic make-up in both the mother and
the fetus [38]; ii. difference in intestinal absorption depending on supplemental-regime e.g., magnitude
of hepcidin counterbalance when iron supplements are taken consecutively versus alternately [36];
and iii. no effect of iron on risk of childhood T1D. Regarding the placental iron regulation, neonates
born by women that had been supplemented with 66 mg elemental iron daily during pregnancy had
s-ferritin concentrations that were higher compared to neonates born of women that did not receive an
iron supplement during pregnancy (155 versus 118 microgram/L). Neonates born by women with
s-ferritin below 13.6 microgram/L also have lower levels of s-ferritin [19]. S-ferritin < 20 microgram/L
indicates exhausted iron stores [39]. The Norwegian Mother and Child Cohort Study only found
a suggestive non-significant positive association between s-ferritin in cord blood and later risk of
childhood T1D (adjusted odds ratio 1.05 (95% CI: 0.99–1.13) per 50 mg/L increase) [23]. The 5th–95th
percentile reference interval for cord s-ferritin was 40–468 microgram/L in Norway [40]. Hay et al.
states that cord s-ferritin is a strong predictor of iron status the first two years of life [40].

4.2. Strengths and Weaknesses

Our study benefits from several strengths: (i) a relative large-scale study with a prospective design;
(ii) we were able to obtain information on iron intake from both pregnancy and early childhood; and
(iii) multiple possible confounders were included in our analyses.

Some limitation should also be considered: (i) we have no genetic data regarding iron homeostasis;
(ii) using iron intake as a proxy for body iron status is inferior to direct quantification [15], but the
fact that iron supplementation is associated with iron-status biomarkers in both pediatric and adult
populations [41,42], and iron requirements fall within a relatively narrow band, with low and high
intakes being harmful, makes data on iron intake, especially from large prospective cohort, a valuable
source for gaining new insight within this field of study; (iii) participants in the DNBC study may not
be representative of the general population of pregnant women in Denmark (e.g., they may have a
healthier lifestyle and be better educated), but this does not necessarily confound exposure-outcome
associations [43]; (iv) users of dietary supplements in general have a healthier diet than non-users,
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and individuals who take dietary supplements are the most unlikely to need them [16], which, in the
DNBC study, results in ~37% of the women being exposed to iron supplements intakes that exceeds
the recommended daily dose of 50–70 mg during pregnancy; (v) our results may be generalizable
to other European and European origin populations, but may not be generalizable to populations
with higher prevalence of iron deficiency and iron deficiency anemia; (vi) very few women did
not take iron supplementation in Denmark decreasing the power leaving the 33% increased risk
found in the Norwegian study within our 95% CI; (vii) we did not have any data on development
of persistent islet autoantibodies in the children, prior to T1D diagnosis, and were therefore not
able to examine the effect of maternal and offspring iron supplementation on the risk of initiation
(seroconversion) and/or acceleration (epitope spreading) of islet autoimmunity. Our start of follow-up
was 18 months, in the offspring analyses, excluding children diagnosed before this age (1.56%) and
no change in results were seen when follow-up was postponed one year (30 months of age); (viii)
potential micronutrient-micronutrient interactions regarding association with childhood T1D could
not be well-examined in this study. Though, there is no strong evidence in the literature that iron
supplementation would e.g., affect zinc status negatively or vice versa or that low zinc status could
increase risk of T1D [44–46]; and (ix) our results may be influenced by residual confounding.

4.3. Implications and Future Perspective

In contrast with previous reports we found no indication that maternal use of iron supplements
during pregnancy is harmful with respect to later risk of developing childhood T1D in the offspring.
In addition, infant use of iron droplets during the first 18 months of life, was if anything, protective
with respect to later T1D risk, but these findings need to be confirmed before strong conclusions can
be reached. Future prospective studies need to be large-scale and must preferable include sensitive
iron status markers and a broad-range of iron homeostasis single nucleotide polymorphisms for a
thorough understanding of complex iron-genotype interactions, which could shed light on possible
at-risk/protected groups.

5. Conclusions

Our large-scale prospective study demonstrated no harmful effects of iron supplementation
during pregnancy and in early life in regard to later risk of childhood T1D in the offspring.
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Abstract: Evidence supporting the ferro-toxic nature of iron in the progression of inflammatory
bowel disease (IBD) is becoming well established. A microbial dysbiosis is observed in IBD patients,
and intra-luminal colonic-iron is able to support a more pathogenic community of bacteria; whether
this is attributed to the development of IBD and how iron could be mediating these microbial changes
is still unknown. Dietary fibres are commonly used in pre-biotic supplements to beneficially affect
the host by improving the viability of bacterial communities within the colon. Alginates are a
class of biopolymers considered as prebiotics due to their fibre-like composition and are able to
bind metal cations, in particular, iron. Considering that iron excess is able to negatively alter the
microbiome, the use of alginate as a food supplement could be useful in colonic-iron chelation.
As such, this first-in-man study aimed to assess whether the use of alginate as a dietary iron chelator
was both safe and well tolerated. In addition, the impact of alginate on the microbiome and iron levels
was assessed by using an intestinal model SHIME (Simulation of the Human Intestinal Microbial
Ecosystem). Alginate was supplemented into the diets (3 g/day) of healthy volunteers (n = 17) for
28 days. Results from this study suggest that daily ingestion of 3 g alginate was well tolerated with
very minor side effects. There were no detrimental changes in a variety of haematological parameters
or the intestinal microbiome. The bacterial communities within the SHIME model were also not
influenced by iron and or alginate; it is possible that alginate may be susceptible to bacterial or
enzymatic degradation within the gastro-intestinal tract.

Keywords: alginate; iron; microbiome; ROS; prebiotic

1. Introduction

It has recently been highlighted that elevated concentrations of iron within the colon are
associated with the progression and development of intestinal diseases, and specifically inflammatory
bowel disease (IBD) [1–3]. This is supported by the finding that depleting iron within the colon is
associated with an ameliorated phenotype [4]. Additionally, enzymes responsible for the breakdown
of iron-complexes (heme-oxygenases) were found to be upregulated and protective in instances of
inflammation within the colon, possibly in an attempt to diminish iron’s pro-inflammatory nature [5].
High levels of colonic luminal iron have been shown to (i) be pro-inflammatory [6,7], (ii) have catalytic
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reactive oxygen species (ROS) generating ability [6,8], (iii) negatively alter the microbiome [1,9–13] and
(iv) have cellular proliferation effects [14,15]. When dietary iron consumption is in excess of nutritional
demands (average consumption of 10 to 12 mg with only 2 mg required) and only 0.7 to 22.9% of
ingested iron is absorbed [16], this suggests a high residual concentration of iron in the colon. This is
particularly the case for patients with IBD who often present with iron-deficiency anaemia and are on
oral iron supplements [17,18].

An intervention that would render this excess colonic iron inert would theoretically be highly
beneficial; a class of bio-actives that may achieve this would be non-absorbable iron chelators. To date,
there have been a number of reports that detail the iron-chelating effects of potentially non-digestible
fibres, of which sodium alginate is of particular interest [19–21]. Alginates are natural polysaccharides
extracted from the cell walls of brown seaweeds. Chemically, these biopolymers are formed from
unbranched (1–4) linked β-D-mannuronic acid (M) and its C5 epimer, α-L-guluronic acid (G) [22].
Alginates are used within the food industry as gelling agents and in anti-reflux preparations due to
their ability to gel, forming “rafts” within the stomach to suppress acid-reflux [23]. Most recently,
an alginate of relatively short chain length and high M content (MLD) has been identified as an ideal
iron chelator, demonstrating limited affinity towards calcium [24]. MLD is a 145 kDa biopolymer
with a G:M ratio of 38:62 which is able to bind ferrous iron (0.6 mg Fe/mg MLD) and inhibit murine
intestinal iron absorption [24]. Previous clinical studies have demonstrated the ability of alginate
supplementation to decrease iron absorption and hence reduce serum-iron concentrations [25]. The use
of MLD may be of particular use in the treatment of gastro-intestinal diseases associated with high
levels of unabsorbed, luminal iron within the colon. No human studies have been conducted to assess
the tolerability of MLD consumption in healthy individuals over a period of 28 days.

Thus, the overall aim of this study was to assess the safety, tolerability and feasibility of 3 g
daily alginate consumption in healthy volunteers over a period of 28 days. This was predominantly
examined using intestinal health questionnaires, in addition to haematological and faecal microbiome
assessments. In a similar approach, the impact of MLD on iron levels and the microbiome was assessed
in a highly controlled in vitro model of the human colon. Such results will guide future clinical
assessments utilising MLD in iron-chelation therapies.

2. Materials and Methods

2.1. Healthy Participant Study Design

Seventeen healthy individuals, over the age of 18 years of either sex, with no previous history of
gastro-intestinal disease were recruited between October 2015 and November 2015. Informed consent
was obtained for all participants recruited. Participants completed a quality of life questionnaire
(Short Inflammatory Bowel Disease questionnaire (S-IBDQ) (McMaster University, Ontario, Canada)
(Figure S1)) and provided a stool sample before consuming MLD. Answers were scored 1–7,
with 1 indicating large changes in lifestyle/general wellbeing and 7 indicating no changes or
problems. Participants were provided with a diary to record compliance, monitor changes in bowel
habit/frequency and document the presence of any adverse symptoms for the duration of the study.
Appointments were made for the subsequent two visits required at the midpoint (day 14) and end
(day 28) of the study. At each of these visits, further blood and stool samples were collected and
S-IBDQ completed. The study design is summarised in Supplementary Figure S2. Venous blood was
taken for analysis of full blood count and biochemistry (Figure S3).
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2.2. Ethics Statement

The study was approved by the National Research and Ethics Service Committee West Midlands
on 20 August 2015 (REC reference: 15/WM/0221). The study was registered at www.isrctn.com
as ISRCTN16202716.

2.3. Faecal Microbiota Assessment (Healthy Participant Study and SHIME)

For the assessment of changes in the colonic microbiome, DNA was extracted from stool using
the QIAamp DNA stool mini kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol.
Three replicate polymerase chain reactions were performed for each faecal sample. In brief, the V4
region of the 16S rRNA gene was amplified with region-specific primers that include the Illumina
flowcell adapter sequences. After cluster formation on a HiSeq/MiSeq instrument, the amplicons were
sequenced with custom primers.

Quality filtering of reads was applied. Sequences were clustered into operational taxonomic
units (OTUs) with 97% similarity and picked using open reference OTU reference picking protocol
with a 97% similarity threshold. Taxonomic assignments of OTUs that reached the 97% similarity
level were made using QIIME (Quantitative Insights Into Microbial Ecology) by comparison with
the Greengene (http://rdp.cme.msu.edu/) databases (gg_13_5_otus). Alpha-diversities of the gut
microbial communities were compared by calculating the number of observed OTUs, Shannon
Diversity and Faith’s Index, and Chao index. Beta diversity was calculated by both unweighted
and weighted Unifrac distances calculated. Differences in OTU abundances were tested with ANCOM
(Analysis of Composition of Microbiomes). To predict functions encoded by the genomes of bacteria,
we performed a phylogenetic investigation of communities by reconstruction of unobserved states
(PICRUSt) analysis based on the 16S rRNA analyses. Estimated abundances of Kyoto Encyclopedia
of Genes and Genomes (KEGG) Orthology groups were compared between different time points.
We obtained 21520246 high-quality filtered reads, corresponding to an average of 377,548 reads per
subject. Contaminant reads were negatively filtered, and triplicates were collapsed by the mean value
for each observation mean. Reads were clustered into 3525 operational taxonomic units (OTUs) at 97%
sequence identity following which their representative sequences were used in taxonomic analysis.
All sequences were classified from phylum to species.

2.4. Healthy Volunteer Faecal Iron and Calcium Assessment

Two pools of iron and calcium were assessed; (i) total iron/calcium and (ii) “free” iron/calcium.
The total iron/calcium in each sample represents the total metal content, regardless of coordination to
ligands/proteins/chemicals whereas the “free” pool represents iron and calcium that is non-associated.
To determine the total iron/calcium pool, faecal samples (3 g, wet weight) were ashed in silica crucibles
at 480 ◦C for 48 h within an open-air furnace. The ashed product was re-suspended in 0.1 M HCl (5 mL)
and stored. To probe the “free” pool of metal, faecal samples (3 g, wet weight) were homogenised in
DI H2O (3 mL) until a slurry was obtained. An additional volume of DI H2O (7 mL) was added to the
slurry and centrifuged at 7500× g for 30 min. The supernatant was collected, and the protein content
was removed by acidification. Iron and calcium concentration within the samples was determined
using flame atomic absorption spectroscopy (fAAS). Water content of faecal samples was determined
by drying overnight at 70 ◦C and further desiccation.

2.5. Faecal Reactive Oxygen Species Assessment

Faecal samples (2 g, wet weight or 3 mL SHIME colon material) were homogenised and
subsequently incubated for 18 h in TRIS buffered saline (4 mL, pH 7.0) containing DMSO (5% (v/v)),
glucose (0.1% (w/v)) and EDTA (50 mM) under agitation at 37 ◦C. Faecal slurries were then centrifuged
and the supernatant acidified using HCl to precipitate the protein, which was further centrifuged and
the resulting supernatant pH re-adjusted to pH = 7.0. Samples were stored at this point at −20 ◦C until
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batch analysis could be performed with all samples. Standards were made to run alongside the samples.
These were methansulfinic acid (0–10 mM) dissolved in the TRIS buffered used to homogenise the
faecal samples; samples and standards were processed identically. A 1.3 mL aliquot of the sample
was mixed with H2SO4 (10 M, 250 μL) and centrifuged at 3500 RPM for 5 min. The supernatant
(1.4 mL) was mixed thoroughly with 1 M sulphuric acid saturated 1-butanol (4 mL) and centrifuged at
3500 RPM for 5 min to allow phase separation. The upper phase was aspirated (3.4 mL) and mixed
with sodium acetate (0.5 M, pH 5.0, 2 mL) and again centrifuged at 3500 RPM for 5 min to allow phase
separation. The lower aqueous phase was removed (1.8 mL) and pH adjusted to pH 2.5, before the
addition of FastBlue BB salt (14 mM, 800 μL) and incubated for 15 min in the dark. After this period,
a toluene:butanol (3:1) mixture (1.5 mL) was added and thoroughly mixed for 2 min, before phase
separation by centrifugation at 3500 RPM for 5 min. The upper phase (1 mL) was removed and washed
with 1-butanol saturated water (2.0 mL). Finally, the samples were centrifuged at 3500 RPM for 5 min,
the upper layer (1 mL) was aspirated, mixed with a pyridine:acetic acid (95:5) mixture (100 μL) and
absorbance read at λ = 415 nm.

2.6. Intestinal Model (SHIME)

A M-SHIME model was set up as previously described, with proximal colonic vessel attachments
only [26]. In brief, the model consisted of a stomach/small intestinal (SI) vessel (not inoculated with
faecal bacteria) which fed three independent colonic vessels (inoculated with faecal bacteria) which
were regulated at pH 5.6–6.9 (proximal colonic environment). Colonic vessels were adapted with
mucin-beads for surface-attached microbes. The beads (K1-carrier, AnoxKaldnes AB, Lund, Sweden)
were prepared by boiling mucin and agar in water until they formed a gel and suspended within the
colonic vessels.

Each treatment within this experiment (Fe only, MLD+Fe and control) had individual stomach/SI
and colonic (n = 3) vessels. Colonic vessels were inoculated, simultaneously with faecal bacteria
obtained from one healthy donor. Before supplementing with Fe or MLD, the colonic vessels were
equilibrated and established over a 7-day period; between day 7 (t = 0) and 22 (t = 15), the colonic
vessels were supplemented with either iron (15 mg) or MLD (1.0 g three times daily). Colonic vessels
were flushed daily with N2 to maintain anaerobicity, and bacterial integrity and health were monitored
by measuring short chain fatty acids (SCFAs) and ammonium concentrations regularly. The protocol
for these assessments has been previously described [27]. All experiments were run in parallel
simultaneously. The whole system was maintained at 37 ◦C.

The supplementation of aqueous Fe and MLD into SHIME was performed through the addition
of stock solutions into the stomach vessel; three injections of FeSO4 in 0.1 M HCl (0.5% w/v, 1 mL)
and three injections of MLD (4% w/v, 12.5 mL) per day. The control vessel received DI H2O only
and volumes were adjusted accordingly to ensure each vessel received equal volumes of DI H2O.
These concentrations were pre-optimised to obtain a total Fe concentration within the colonic vessels of
c. 400 μM and a free Fe concentration of 100 μM. These concentrations were chosen based on previous
in vitro studies examining the iron chelation potential of MLD, and only FeSO4 was used as the iron
source in these experiments.

2.7. SHIME Iron Assessments

The measurement of total Fe in the colonic vessels was undertaken by aspirating samples (200 μL)
of colonic vessels and mixing with 200 μL of TCA (20% w/v) solution. These were boiled for 5 min
at 100 ◦C and subsequently spun at 1500 RPM for 5 min to pellet debris. The supernatant (200 μL)
was aspirated and mixed with a ferrozine solution (600 μL). Measurement of free Fe levels was
performed by aspirating 1 mL of colonic medium and spun at 1000 RPM for 1 min to pellet the bacteria.
The supernatant (500 μL) was aspirated and directly added to the top of a 30,000 MWCO spin column.
This was spun at 15,000 RPM for 10 to 15 min, until equal amounts of filtrate were collected and used
directly with the ferrozine reagent (600 μL), as previously described.
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2.8. Thin Layer Chromatography (TLC)

TLC was performed to assess the integrity of the alginate following culturing within the colonic
vessels of SHIME. A positive control for alginate degradation was prepared by heat degradation as
reported previously [24], and degradation derivatives were assessed using a orcinol-based staining
reagent, as detailed previously [28].

2.9. Statistical Methods

All analysis was performed using Microsoft Excel. Single factor ANOVA was used to detect
changes in the blood results. Paired two-tailed Student’s t test was used to detect changes in the levels
of bacteria when comparing each of the three time-points in the study at a significance level of 0.05.
Values are stated as mean ± standard deviation or median (range).

3. Results

3.1. Study Participant Baseline Demographics

All recruited individuals (13 female and 4 male participants, with a median age of all participants
of 42 ± 9.5 years) completed the study. MLD was well tolerated with no serious side effects reported.
Minor adverse effects were documented (Table 1), with the predominant complaint of excess flatus
followed by bloating.

Table 1. Table of reported adverse effects over the 28-day intervention.

Adverse Effect Number of Participants Reported

Flatulence 16
Bloating 7

Heartburn 2
Abdominal Pain 8

Loose Motion 4
Urgency to Defecate 1

Nausea and Vomiting 3
Headache 1

There were small but significant changes in S-IBDQ participant survey scores when comparing
baseline to day 14 and study endpoint. Mean scores at baseline were 65.5 ± 2.9, which decreased to
62.2 ± 4.0 (p = 0.013) at day 14 and 62.2 ± 4.6 (p = 0.018) at day 28; the total maximum score was 70
(Figure 1A).

Upon consideration of the individual participant responses, these significant changes were
associated with questions 4 and 6; 4. How often during the past two weeks have you been troubled
by pain in the abdomen? 6. Overall, in the past 2 weeks, how much of a problem have you had with
passing large amounts of gas?

The mean response value for question 4 was 6.8, 5.4 and 5.6 at baseline, day 14 and day 28,
respectively (p < 0.005). These scores equate to a drop from “None of the time” to “A little of the
time” or “Hardly any of the time”. For question 6 the mean response was 6.6, 4.3 and 4.4 at baseline,
day 14 and day 28, respectively (p < 0.001). equating to a drop from “No trouble” to “Some trouble”.
The questionnaire and associated scores are detailed in Supplementary Figure S1.
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Figure 1. (A) S-IBDQ-score obtained from volunteer questions at baseline, day 14 and day 28. Each point
represents a volunteer score with the midline and standard deviations plotted. Absolute histograms
(B–K) of individual patient responses for each of the S-IBDQ questions (1–10 respective) at day 0, 14
and 28. Given p values represent statistical significance using an un-paired t-test with p < 0.05 denoting
statistical significance.

3.2. Haematological Biochemical Analyses

Haematological and biochemical analyses were assessed over the period of the intervention.
There were no significant changes in measured levels of haemoglobin (Figure 2A), creatinine (Figure 2B),
Calcium (Figure 2C), alanine aminotransferase (Figure 2D), and magnesium (Figure 2E).

Figure 2. Haematological measurements for (A) haemoglobin, (B) creatinine, (C) calcium, (D) alanine
aminotransferase and (E) magnesium. Each point represents a healthy participant with the midline
and standard deviations plotted. 1way ANOVA tests of significance were performed across all time
points, and no significance was observed.
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3.3. Faecal Iron and Calcium Concentration

Total iron and calcium concentrations from day 0, 14 and 28 remained constant (Figure 3A/C).
Average total and free iron concentrations across all samples were 0.37 ± 0.17 and 0.014 ± 0.02 mg/g
faecal dry weight, respectively. There were no significant changes in mean free iron values from day
0 to day 14 and 28 (Figure 3B). Average total and free calcium concentrations across all samples were
323.4 ± 380.5 and 36.66 ± 15.15 mg/g faecal dry weight, respectively (Figure 3B/D). No statistical
changes in the calcium pools measured were detected (Figure 3D).

Figure 3. Faecal iron and calcium concentrations (per gram dry weight faecal material) at baseline,
day 14 and day 28 of the intervention. (A) Total iron, (B) free iron, (C) total calcium and (D) free calcium.
Mean values are plotted with error bars denoting standard deviations in the error. No statistical
significance (using 1way ANOVA tests) was found between the data sets.

3.4. Faecal Reactive Oxygen Species

Over the time-course of the intervention there were no significant changes in faecal ROS generating
potential, with mean MeSH concentrations of 1.8 ± 0.6, 2.23 ± 1.23 and 1.98 ± 0.64 mM/g dry weight
faecal material detected at day 0, 14 and 28, respectively (Figure 4).

 
Figure 4. Faecal reactive oxygen species (ROS) concentrations at baseline, day 14 and day 28 of the
intervention. No significant changes were observed (1way ANOVA with p < 0.05) across all time points.
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Correlations between ROS generating potential and concentrations of total/free iron and
calcium were also assessed (Figure S4); no significant associations were found. No correlation was
found between calcium concentrations and ROS generating potential in any of the pools assessed
(Figure S3C/D).

3.5. Healthy Participant Microbiome Analysis

The four major gut phylae showed very similar taxonomic compositions. Although the proportion
of Bacterioides increased (Δ21) and Firmicutes (Δ21) reduced by day 28 compared to baseline, this was
not significant. No significant changes at the family, genus and species levels were observed between
any time points.

Both species richness and diversity were similar for the different sampling time points. There was
no significant change in the gut microbial community structures and individual OTUs when compared
between any time points.

3.6. Iron, ROS and Ammonia Concentrations within SHIME

To assess in a more controlled environment the impact of MLD on intestinal iron levels an artificial
gut model (SHIME) was employed. Total iron changes within the colonic vessels were assessed over the
period of the iron/alginate supplementation (day 0, 6 and 15). All iron-fed vessels were established to
have an equal and constant iron concentration throughout the period of the study. However, small but
significant iron concentration differences were measured for Fe and MLD+Fe vessels at baseline
(353 and 400 μM, respectively) and midpoint (395 and 356 μM, respectively) (Figure 5A).

Figure 5. Iron and ammonium parameters within SHIME colonic vessels. Total iron (A) was measured
across three time points (baseline, midpoint and at the end of the study) in the control, iron (Fe) and
iron with MLD (MLD + Fe) vessels (n = 3). Free iron (B) was also measured at the midpoint and the end.
The percentage of free iron with respect to total Fe was also calculated (C). Ammonium concentrations
were also measured across three time points (D). Bars represent mean values with error bars denoting
standard deviations in the error. Statistical significance (using 1way ANOVA tests) is represented with
an *, ** or **, where p < 0.05, 0.005 and 0.0005 respectively, with n = 3 for each mean value.

Free iron changes were additionally measured (Figure 5B). However, no significant differences
were measured between the Fe and MLD+Fe throughout the study period. With total iron
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concentrations changing within the vessels, the free iron measured was normalised with the total
iron, and a percentage of free iron with respect to total iron was calculated (Figure 5C); no significant
percentage differences were calculated over the study.

ROS concentrations were also measured throughout the study with no significant changes between
the treatment (Fe and MLD+Fe) and control colonic vessels. Additionally, ammonium concentrations
for day 0, 6 and 15 of the study are also reported (Figure 5D).

3.7. SHIME SCFA Analysis

Short chain fatty acid (SCFA) assessments were carried out routinely as a measure of bacterial
viability throughout the study (Supplementary Figure S5). Relative SCFA concentrations were
calculated with respect to total SCFA changes. Overall concentrations of butyric acid concentrations
were elevated with MLD+Fe treatment with respect to Fe and control, with statistical significance
found at day 6 and day 13 (Figure S5C).

3.8. SHIME Microbiome Analysis

No differences in alpha or beta diversity in the microbial profiles between the three treatment
arms and time points were observed. Additionally, there were no significant differences identified in
OTUs between the groups.

3.9. Breakdown of Alginate

Alginate breakdown derivatives were assessed using TLC (Figure 6). As a positive control,
MLD was degraded by heat, from which degradation products were observed (Figure 6A); increased
streaking and higher retention factors (RFs) were observed for longer degradation times. The possibility
of degradation of alginate within the colonic vessels of SHIME was also assessed (Figure 6B).
SHIME medium from the colonic vessels supplemented with MLD+Fe (at the end of the experiment)
demonstrated extensive streaking indicative of degradation, though, of note, the control samples with
no alginate similarly demonstrated a streaking profile albeit less pronounced.

Figure 6. Thin layer chromatography (TLC) plates spotted with (A) 1: Native MLD, 2: 5 min heat
degraded MLD, 3: 15 min heat degraded MLD, 4: 60 min heat degraded MLD and (B) 1: Native MLD,
2: Day 16 MLD colonic vessel and 3: Day 16 control colonic vessel. Solvent Fronts (SF) and Spotting
Lines (SL) are indicated. Retention values are calculated and represented on the TLC with a midline.

4. Discussion

Iron excess within the colon has been demonstrated to negatively regulate the microbiome,
influencing the development of pathogenic communities [9,11,13,29–31]. The mechanism behind this
toxicity is not fully understood, but it is likely due to one of two factors: (1) An abundance of iron

119



Nutrients 2019, 11, 674

promotes the growth of iron-requiring pathogenic bacteria [9] or (2) chemically, it is able to modulate
the communities through toxic reactions [6,30,32]. An intervention which would evade both possible
mechanisms of microbial dysbiosis would be to chelate the excess iron, rendering it inert, non-reactive
and non-utilisable by bacteria. Dietary iron chelators, of which one particular biopolymeric alginate
(MLD) was assessed in this first-in-man study, with the primary aim of ascertaining the safety and
tolerability associated with consumption. This was assessed through the use of questionnaires and
various biomarkers of health including a variety of haematological parameters and changes to the
microbiome. In addition, assessments were also undertaken using SHIME to assess the impact of
alginate supplementation in a highly controlled intestinal model.

The consumption of alginate in this study was 3.0 g per day, which is greater than that consumed
in an average diet (of which there are many estimations, but maximum daily exposure is estimated
at 2.1 g daily) [33]. In the healthy participant study, alginate supplementation was well tolerated
with little to no side effects observed. However, there were small decreases in the overall S-IBDQ
score following alginate consumption. Upon interrogation of the individual questionnaire responses,
participants reported an increase in abdominal pain from “none of the time” to “hardly any of the
time” and from having problems passing large amounts of gas from “no trouble” to “some trouble”.
The reason for these changes could be an increase in bacterial fermentation-processes, presumably
induced by MLD [34]. This is supported by the observations reported in the artificial gut of a trend
for increased butyrate production following alginate supplementation. These physiological changes
in the amount of bloating and gas are important to consider in the context of the cohort of patients
that such therapies are aimed at, namely those with IBD. As discussed, removal of excess free iron
from the bowel of IBD patients would be highly advantageous; however, if the bioactive increased
the frequency of the symptoms associated with this disease, the use of such an agent needs to be
carefully considered. A limitation of this study was the small cohort size (n = 17); the completion of
this initial safety assessment of MLD allows for both larger test cohorts and testing in IBD patients in
future studies.

To further assess the safety of alginate supplementation, a variety of haematological parameters
were assessed. Reassuringly, 28-day consumption of alginate did not reduce the haemoglobin levels,
and neither were there any effects on liver biomarkers. In addition, there were no changes in
calcium concentration which is important since alginates have a strong affinity for calcium [35].
Since the intestinal microbiome is integral to health and a dysbiosis has been linked with a variety of
diseases, alterations in bacterial communities were also assessed following alginate supplementation.
Throughout the duration of the study, minimal changes were observed with no net positive or negative
growth effects on the bacterial species present. While a shift in the composition of communities present
may have been expected with alginate consumption, no such changes were observed. This may
be due to the fact that the participants were “free living” with no dietary restrictions. In addition,
there inevitably would have been gross differences in diets consumed across all 17 of the participants.
Any possible changes induced by alginate consumption may have been overwhelmed by changes
influenced by these dietary differences.

These limited changes in the human study are in agreement with the lack of changes observed in
the gut model with MLD. Interestingly in this artificial gut model, there were also no alterations in
the microbial communities when colonic vessels were co-incubated with a concentration of c. 400 to
600 μM total iron and c. 200 to 300 μM free iron (based on a 70% iron binding capacity by SHIME
medium). This is surprising since previous studies have linked iron excess with dysbiosis. The lack of
a bacterial dysbiosis in the colonic model could be due to one of several reasons. First, ferrous iron was
the only form and species of iron utilised in the SHIME studies, and it could be the case that other forms
of iron within the diet cause greater dysbacteriosis. This highlights the importance of understanding
the form of iron likely to be present throughout gastrointestinal transit. Second, the SHIME feed
contains many iron chelating additives (such as pectin and mucin) [19,36,37] which may both alter
the availability of iron to specific bacterial communities and reduce the catalysis of ROS production
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(and indeed, no increased ROS production was found in iron-supplemented colonic vessels compared
to control). The list of chemical contents within the SHIME feed is listed in Supplementary Table S1.
Third, the concentration of iron (15 mg/day) may not have been sufficient to induce significant changes.
An additional reason as to why limited microbiome changes were found could be due to the iron-species
present within the SHIME gut model in comparison to that found in man. Specifically, the results of
this study may highlight the importance of dietary ligands on iron and how they impact on the form of
iron present upon entering the colon; iron-speciation can radically alter its physico-chemical properties
(for example, comparison of the reactivity of a “free” ferrous iron to ferric-oxides) [6,8] and, as such,
may alter its activity within a model intestine [38]. The limited changes in ROS concentrations between
the iron and control treatments provide evidence to support this, where oxidised and hydrolysed iron
forms are unable to partake in redox-reactions. Finally, and most interestingly, is the argument that in
the absence of the host compartment (i.e. the colon), iron is unable to mediate any microbiome changes.
This may indicate that the observed dysbiosis reported in the literature may be a consequence of
alterations in the host which subsequently trigger shifts in the microbiome (in an indirect mechanism).
If so, the use of SHIME would only detect a direct action of iron in modulating the microbiome,
which was not observed here. This may be a key factor in understanding the mechanism by which
iron can induce a microbial dysbiosis within the colon. Such non-direct effects on the microbiome have
been reported for other chemicals such as chemotherapeutics [39].

With no changes incident upon iron supplementation within SHIME, a reversal of dysbiotic shifts
during co-administration of a fibre-like iron chelator (MLD) would not be observed; this was indeed
the case. It is considered that MLD could act as a prebiotic and as such, bacterial changes would
be expected, however, no changes were found in this study. This is surprising since the flatulence
and bloating which was reported by the healthy volunteers following alginate consumption likely
reflects fermentation of the alginate and would, thus, likely result in a change in the microbiota to
efficiently utilise this dietary source [40,41]. The degradation experiments and the trend for increased
butyrate production, indeed, likely points to fermentation of the alginate. This is further supported by
a previous study which reports that alginate is degraded within the colon [40].

Thus, in summary, MLD ingestion was safe and well tolerated, with relatively minor side effects
reported of increased flatulence and bloating. Furthermore, there was no evidence of any detrimental
changes to the microbiome. This was somewhat surprising, since the reported increased flatulence
and bloating likely reflects alginate fermentation and this would likely result in some changes to
the composition of the microbiome. To separately assess the impact of iron on the microbiome and
whether this could be reversed using an iron chelator, an artificial gut model was utilised, and the
results of this were equally surprising with no apparent change in the microbiota with iron and or
alginate. This likely reflects the other iron chelating agents found within the food matrix and the
need to characterise the exact species of iron in the colon that is responsible for the dysbiotic effects
previously reported. It is evident from these studies that any future applications of using alginates as
luminal iron chelators require a formulation where bioactivity is targeted to the colon and protected
from any dietary agents and/or digestive processes to maximise iron-binding activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/3/674/s1;
Table S1: M-SHIME nutritional feed components, Figure S1: Short Inflammatory Bowel Disease (IBD)
Questionnaire Questions with answer score values, Figure S2: Flow-diagram of healthy volunteer involvement
within the study. Patient information sheet (PIS), Figure S3: Visit one (baseline) haematological measurements
for (A) haemoglobin, (B) creatinine, (C) alanine aminotransferase, (D) calcium and (E) magnesium. Each point
represents a healthy participant, and the mid-line denotes the mean, Figure S4: Correlation plots of both free and
total stool iron and calcium concentrations vs. stool ROS concentrations. (A) Total Fe vs. ROS, (B) free Fe vs. ROS,
(C) total Ca vs. ROS and (D) free Ca vs. ROS. Dashed-lines represent lines of best fit with associated R2 value and
P value representing statistical significance of the observed correlation, Figure S5: Relative short chain fatty acid
(SCFA) changes with respect to total SCFA concentrations. Acetic acid (A), propionic acid (B), butyric acid (C) and
total branched SCFAs were measured over the time course of the experiment. Each point represents the mean
values with error bars denoting standard deviations in the error. Statistical significance (using 1way ANOVA tests,
where p < 0.05) is represented with an * for Fe + LD vs. Fe alone and $ for Fe + LD vs. Control with n = 3 for each
mean value.
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Abstract: Iron deficiency represents a widespread problem for a large part of the population,
especially for women, and has received increasing attention in food/supplement research. The
contraindications of the iron supplements commercially available (e.g., imbalances in the levels of
other essential nutrients, low bioavailability, etc.) led us to search for a possible alternative. In the
present work, a rapid and easy method to synthetize a solid iron (II) citrate complex from iron
filings and citric acid was developed to serve, eventually, as a food supplement or additive. In order
to state its atomic composition and purity, an assortment of analytical techniques was employed
(e.g., combustion analysis, thermogravimetry, X-ray diffractometry, UV/Vis spectrophotometry, etc.).
Results demonstrate that the synthesized crystalline solid corresponds to the formula FeC6H6O7·H2O
and, by consequence, contains exclusively iron (II), which is an advantage with respect to existing
commercial products, because iron (II) is better absorbed than iron (III) (high bioavailability of iron).

Keywords: iron citrate (II); food supplement; nutraceuticals; iron deficiency; anaemia

1. Introduction

Iron is a trace element necessary for the human body because it enters the constitution of
haemoglobin, myoglobin and different iron-dependent enzymes [1]. In addition to erythropoiesis,
iron is essential for mitochondrial function, DNA synthesis and repair, and many enzymatic reactions
required for cell survival. Iron deficiency (generally indicated as anaemia) may contribute to
cognitive developmental defects in children, poor physical performance, and unfavourable pregnancy
outcomes [2–6]. Dysregulation of iron metabolism contributes to various human pathologies, including
iron overload diseases and cancer. Great strides in understanding iron metabolism have been made in
the past several years, including the identification of new essential proteins in human iron metabolism
and novel roles for iron in both normal cellular processes and in pathologies such as cancer [7].
In addition, iron is deeply linked to cell death; traditionally, iron is thought to contribute to cell death
pathways through reactive oxygen species (ROS) production. Iron and ROS are increasingly recognized
as important initiators and mediators of cell death in a variety of organisms and pathological situations.
Recently, an ROS-independent role for iron in modulating apoptosis (programmed cell death) was
defined. Furthermore, an entirely new mode of iron-dependent cell death, termed ferroptosis, was
described [8]. The absorption of iron essentially depends on three main factors: (1) the iron content of
the diet; (2) the liberation of iron contained in food by the digestive processes and its availability to be
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taken from the mucosa of the small intestine; (3) intestinal conditions at the intraluminal level that
greatly influence the final availability of iron. Moreover, there are two forms of iron: iron-heme and
non-heme iron (the latter is also called inorganic iron), because their bioavailability is very different
and greatly affects the performanceof the potential absorption of iron in the diet [9].

Heme iron is found only in foods of animal origin, particularly in meat, as it is present in
muscle haemoproteins (dairy products, on the contrary, are completely devoid of them), and also
in haemoproteins of fish and eggs, and it is absorbed better than non-heme iron from foods. Its
absorption, which is around 25% (w/w), is independent of the composition of the diet because it
is absorbed intact as a porphyrin complex without interference from the other constituents of the
diet [10]. The absorption of non-heme iron, on the contrary, depends on the composition of the diet
and the presence of enhancers and inhibitors of absorption [11] as well as the oxidation state of the
metal [12]. Non-heme iron is found in cereals and vegetables and its absorption is generally low;
only about 2% to 20% of the iron available from vegetable sources is absorbed. The absorption of
the iron by the organism takes place mainly in the duodenum and in the proximal section of the
jejunum, and transited through the enterocyte to release the free iron into blood circulation. Therefore,
ferrous iron, being much more soluble than ferric iron (at the same pH value), can be more easily
absorbed, providing a greater opportunity for chelation and a higher exposure of the mucosa to
solubilized forms before precipitation occurs [13]. The chelate forms of ferric iron that remain in
solution can probably be taken from the mucosal cells; in any case, the iron made free is transferred
to the plasma in a form that can be linked to the transferrin. Ferric iron is absorbed only after its
reduction to ferrous iron; this reduction process can occur in the stomach [14]. The indications given
for dietary iron intake are based on the losses and quantities necessary for growth and to build up
reserves but taking into account the bioavailability of this nutrient in the diet itself. Iron deficiency
is responsible for anaemia, a widespread disease in Europe [15]. Clinically, iron deficiency anaemia
occurs with asthenia, pallor, tachypnoea and tachycardia [16]. Anaemia should be identified on the
basis of haemoglobin values: values between 13 and 16 g/dL in men and between 12 and 16 g/dL,
in women, are considered an expression of normality [17]. During pregnancy and/or menstruation,
the values are lower due to haemodilution or blood losses. When the need for iron in the body is
not satisfied, it is advisable to resort to supplements to treat or prevent iron deficiency or simply to
compensate for its deficiency. Dietary supplements are widely used and offer the potential to improve
health if appropriately targeted to those in need. Inadequate nutrition and micronutrient deficiencies
are prevalent conditions that adversely affect global health. Although improvements in diet quality
are essential to address these issues, dietary supplements or food fortification could help individuals
at risk of deficiencies meet the requirements [18–20]. It is noteworthy that iron supplements can
also cause side effects or imbalances in the levels of other essential nutrients, especially metals such
as copper and zinc [21]. These contraindications can lead the individual to intolerance of the iron
supplement, or even to the possible rejection of it. It is therefore necessary to evaluate the quality
of the supplement. For this reason, there are many iron formulations alternatives to prevent or treat
iron deficiency anaemia. Organic formulations such as iron gluconate, iron pyrophosphate, iron
bis-glycinate, etc. have components that reduce side effects and improve solubility. However, it was
found that these formulations did not always have an immediate effect on the individual and were
therefore not often used to manage severe iron deficiency [22].

In the past, to compensate for iron deficiency, a popular method involved the use of an apple
“contaminated” with iron. The method consisted of inserting iron nails into an apple for a night,
in order to transfer a small part of the iron to the apple, because organic acids naturally contained
in the apples (alpha-hydroxy acids, such as malic acid, tartaric acid, citric acid etc.) made the nails
rust and the iron thus yielded was absorbed by the pulp of the fruit in the form of ferrous organic
complexes (among which is the citrate iron (II) complex). The following day, the apple with the
composite extracted iron from the nail specimen was ingested by the patient. In the literature, there is
a patent on the preparation of iron citrate [23], which has never been commercialized due to the high
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costs and complex procedures of the preparation of the compound. The hydrothermal synthesis of
coordination polymer of iron (II) citrate was described by Birsa Čelič et al. [24] as potential candidates
for biomedical applications. Starting from these premises, the current study evaluated the production
and characterization of an iron (II) citrate complex by direct reaction between iron filings and citric
acid in aqueous solution.

2. Materials and Methods

2.1. General Experimental Information

All reagents, solvents and standards used to produce the iron citrate neutral complex were
obtained from different suppliers and all were of high purity: iron filings (>99%), citric acid
monohydrate (>99.5%), iron sulphate heptahydrate, 1,10-ortho-phenanthroline and potassium
thiocyanate pure for analysis were purchased from Sigma-Aldrich (Buchs, Switzerland). Ultrapure
water was produced by a milli-Q generator (Millipore, Bedford, MA, USA). Potassium sulfocyanide
pure for analysis from Carlo Erba (Milan, Italy). Analytical balance series B 204 S (Mettler-Toledo,
Germany), freeze dryer mod. Heto Lyolab 3000 (Analytical De Mori, Milan, Italy). UV-Vis
spectrophotometer, mod UV-1601 (Shimadzu, Tokyo, Japan), quartz cuvettes with optical path of
1.00 cm. Automatic powder diffractometer Panalytical Empyrean Powder (Santa Barbara, CA, USA)
and automatic analyser for the determination of total organic carbon Skalar Analytical B.V (Breda,
The Netherlands) were used. Thermogravimetric analyser TGA400 Perkin Elmer (Norwalk, CT, USA).

2.2. Synthesis of Iron Citrate Complex

Citric acid monohydrate (21 g) were added to 500 mL of ultrapure water and the solution was
heated under magnetic stirring. The iron filings (5.5 g) were added when the temperature of the
solution reached 90 ◦C and the mixture was cooled at room temperature after the complete reaction
of the iron. The precipitate grey/pearly salt was washed with water and filtered off under a vacuum
with a paper filter; finally, the residue was freeze-dried after freezing at −20 ◦C.

2.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was conducted for iron citrate (~100 mg) in a temperature
range from 30 ◦C to 900 ◦C. Data are shown as the average of three independent replicates.

2.4. Determination of Iron Oxidation State

The colorimetric method based on the complex ion formed with three molecules of
1,10-phenanthroline and one of iron (II) ion was used to detect the oxidation state of iron (II) ion [25].

The complexation of the iron (III) ion with thiocyanate (SCN−) has been useful to detect the
oxidation state of iron (III) ion as reported by Lister et al. [26]. In this case, the sensitivity of these
colorimetric methods (0.1–0.5 ppm) was sufficient for our purposes.

The eventual colour (red) appearing in the solution, during the first or the second mentioned
assays, indicates the presence of iron (II) or iron (III) ions, respectively.

Spectrophotometric analyses were performed, for quantitative analyses, at the wavelength of
520 nm and 480 nm, that are maximum absorption values of 1,10-phenanthroline and thiocyanate
complexes, respectively.

For the spectrophotometric assay of iron, the required solutions were prepared from analytical
grade ammonium iron (II) sulphate [(NH4)2Fe(SO4)2×6H2O], 1,10-phenanthroline, potassium
thiocyanate (KSCN), hydroxylamine hydrochloride (NH2OH×HCl), sodium acetate (NaAc) and
99.999% H2SO4 (Aldrich product # 339741).
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2.5. Complex Stability

Iron citrate (50 mg) was added to 100 mL of ultrapure water. The pH value (6.5) of the solution was
modified using NaOH (0.1 M) or HCl (0.1 M). The evaluated pH range was from 2 to 12. The stability
of the complex was evaluated via the spectrophotometric techniques described in Section 2.4.

2.6. X-ray Diffractometry

The X-ray diffraction profiles of the synthesized samples were recorded with an automatic powder
diffractometer, using the Kα radiation of Cu filtered with Ni, which corresponds to a wavelength of
1.5418 Å. The profiles were recorded using a continuous scan in the range of the 2θ diffraction angle
between 5 and 60◦.

2.7. Attenuated Total Reflectance (ATR) Analysis

A weighted amount of iron citrate was set in a plate of zinc selenide (ZnSe) and the depth of
penetration in the sample of the incident ray was about 0.5 μm. The spectra were acquired between
4000 cm−1 and 700 cm−1 and reported in absorbance units, with the last spectrum recorded during
cleaning serving as the reference. Where needed, signals from the water gas-phase spectrum in the
4000–700 cm−1 range were subtracted.

2.8. Total Organic Carbon Analysis (TOC)

Iron (II) citrate (70 mg) in solid form was subjected to elemental carbon analysis in order to
evaluate the percentage of carbon present in it. Samples were oxidized with phosphoric acid and
ammonium persulphate in the reaction chamber and then gaseous flow was divided into two parts
in order to test the amount of organic carbon and inorganic carbon. Hence, one of them was used to
evaluate the inorganic carbon obtained after oxidation via the thermal combustion method. The second
part was used to test the organic carbon and was bombarded with UV ray emitted by a mercury vapor
lamp. In this way, free radicals react with carbon to produce CO2. Both sample parts were passed to
the membranes to measure their conductivity via an automatic analyser for the determination of total
organic carbon.

3. Results and Discussion

The iron (II) citrate complex was obtained by direct reaction from the reactants as excess citric
acid and iron filings, exploiting a hot oxidation reaction. The synthesis reactions were carried out by
maintaining an excess of citric acid in the reaction environment in such a way as to guarantee the
complete transformation of the introduced iron. The iron has been used in the form of filings in order
to have a higher reaction surface for the iron itself. As reported in Section 2, when the solution of
citric acid in water was almost boiling, the iron filings were added. The redox reaction of iron with
citric acid in the presence of water led to the formation of the iron citrate with a stoichiometric 1:1
reaction, in which Fe was coordinated with two oxygen atoms, then releasing hydrogen in the gaseous
form. The slow in situ generation of iron (II) favours the formation of a crystalline solid keeping
oversaturation to low levels. Furthermore, the reducing environment avoided the formation of Fe (III).

The reaction is as follows:

Fe (s) + C6H8O7 (s) = FeC6H6O7 + H2 (g). (1)

Based on the stoichiometric ratio 1:1 of the reagents (citric acid and iron filings), the iron theoretical
percentage is 22.7% FeC6H6O7 and 21.2% (FeC6H6O7·H2O).

%Fe(FeC6H6O7) =
AW(Fe)

MW(FeC6H6O7)
×100 =

55.845
245.95

× 100 = 22.7% (2)
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%Fe(FeC6H6O7·H2O) =
AW(Fe)

MW(FeC6H6O7·H2O)
×100 =

55.845
263.963

× 100 = 21.2% (3)

Thermogravimetry led to the easy determination of the percentage by weight of iron in the
iron citrate powder. In fact, from the data obtained, the percentage of iron in the samples was
21.1% ± 0.4 (w/w). Hence, the results are in good agreement with the theoretical value calculated for
(FeC6H6O7·H2O) (Figure 1).

Figure 1. TGA analysis of iron citrate powder. The temperature increased from 30 ◦C to 900 ◦C at
200 ◦C min−1.

Total carbon analysis of the solid iron citrate complex was also performed. Based on the
stoichiometric ratio 1:1 of the components, the carbon theoretical percentage is 29.3% (FeC6H6O7) and
27.3% (FeC6H6O7·H2O).

%C(FeC6H6O7) =
AW(C)× 6

MW(FeC6H6O7)
×100 =

72.066
245.95

× 100 = 29.3% (4)

%C(FeC6H6O7·H2O) =
AW(C)× 6

MW(FeC6H6O7·H2O)
×100 =

72.066
263.963

× 100 = 27.3% (5)

Collected data are in good agreement with the theoretical value for FeC6H6O7·H2O. In fact, the
total carbon percentage in the iron citrate samples is 27.2 ± 0.1% (w/w) (average of three samples).

In light of the total carbon analysis, the thermogravimetric data in Figure 1 can be interpreted in
an alternative way to prove that the content of hydrogen and oxygen of the iron citrate complex is
consistent with the elemental composition FeC6H6O7·H2O = FeC6H8O8.

In fact, since during the TGA analysis, the iron citrate complex is converted to Fe2O3(s), the weight
loss of 69.653% exposed in Figure 1 implies that 69.653 g of carbon, hydrogen and oxygen are lost per
100 g of the iron complex.

Now, if the atomic composition of the iron complex, with respect to C, H and O, is CxHyOw,
the 69.653 g per 100 g of the complex that is lost during the TGA analysis corresponds to the elemental
composition CxHyOw−1.5 (because not all oxygen is lost and 1.5 atoms of oxygen per mole of the iron
complex remain in the Fe2O3 (s) product).

After the carbon analysis, we know that 27.2 ± 0.1 g of carbon are obtained per 100 g of the
solid iron citrate complex. In consequence, the amount of (HyOw−1.5) from the array of atoms
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CxHyOw−1.5 that is lost per 100 g of iron citrate complex is experimentally determined to be
(HyOw−1.5) = 69.653−27.2 = 42.5 ± 0.1 g.

If we assume that the solid iron citrate complex is FeC6H6O7, then (HyOw−1.5) = (H6O5.5).
Under this assumption, only 38.2 g of (H6O5.5) would be obtained from 100 g of FeC6H6O7.

On the contrary, if we assume that the solid iron complex is FeC6H6O7·H2O = FeC6H8O8, then
(HyOw−1.5) = (H8O6.5) and, from 100 g of FeC6H6O7·H2O, would theoretically be obtained 42.43 g
of (H8O6). This theoretical value (42.43 g) agrees very well with the value found by combining the
TGA and total carbon analysis (42.5 ± 0.1 g) and confirms the composition FeC6H6O7·H2O for the
iron citrate complex (as would the elemental analysis of hydrogen and oxygen in the solid).

The spectrophotometric method, based on the complex formed by iron (II) with
1,10-phenanthroline (Phen), i.e., Fe2+ + 3Phen � Fe(Phen)3

2+, has been employed both for the analysis
of total iron and iron (II) amounts in the iron citrate complex, using two slightly different procedures
that are described below.

A 1g/L iron (II) standard solution was prepared by dissolving 7.0226 g of ultrapure
(NH4)2Fe(SO4)2×6H2O (MW = 392.14 u) in deaerated water up to the volume of a 1L volumetric
flask. From this, a secondary standard, 100 mg/L of iron (II), was prepared by diluting 1:10 with
deaerated water.

Ten calibrating solutions, of known iron (II) concentration, ranging from 0.2 to 2.0 mg/L (or,
3.58×10−5 M to 3.58×10−6 M), were prepared by mixing, in 100-mL volumetric flasks, measured
volumes of the 100 mg/L Fe(II) standard solution with fixed volumes of 2 M H2SO4, 10% w/w
NH2OH×HCl, 0.25% w/w 1, 10-phenanthroline (Phen) and 2.0 M sodium acetate, according to Table 1.

Table 1. Preparation of iron (II) calibrating solutions.

Standard Fe (II)
100 mg/L

H2SO4

2M
NH2OH × HCl

10% w/w
Phen

0.25% w/w
NaAc
2 M

Total Volume
(with H2O)

Conc. Fe (II)

mL mL mL mL mL mL mg/L
0.200–2.00 2.00 1.00 5.00 5.00 100 0.200–2.000

The pH of the calibrating solutions was 4.0 ± 0.2. Addition of an excess of hydroxylamine
hydrochloride, which reduces iron (III) to iron (II) (2NH2OH + 4Fe3+ →N2O + 4Fe2+ + H2O + 4H+),
keeps iron completely in the +2 oxidation state.

The spectrophotometer was calibrated by measuring the absorbance at 520 nm of the calibration
solutions in Table 1, using 1.00 cm quartz cuvettes. Absorbance was measured against a reagent blank
that was prepared in the same way as the calibration solutions, except that the 100 mg/L standard
solution was not added.

The experimental data points (Abs., conc.) were well interpolated by a least squares regression
line with a coefficient of determination R2 = 0.9993 (Abs. = Absorbance at 520 nM; Conc. = iron(II)
concentration, mg/L).

Then, to the experimental (Abs., conc.) data, the MS Excel statistical function LINEST was
applied, which is a matrix function that calculates several statistical parameters from an array of (y, x)
data points.

From collected (Abs., conc.) data, the following statistics were evaluated: the slope (b = 0.191 L/mg)
and intercept on the absorbance axis (a = 0.0097) of the least square regression line (y = a + bx)
through the experimental points; the standard deviations of slope (sb = 0.0017 L/mg) and of intercept
(sa = 0.0021); and, finally, the standard deviation of experimental points around the regression line
(sy/x = 0.0030).

From the standard deviation of intercept (sa) and the slope (b) of the regression line, the limit of
detection (LOD) of the method is evaluated to be 0.036 mg/L (i.e., LOD = 3.3 × sa/b mg/L) [27].

The standard deviation around the regression line (sy/x) is used to evaluate the standard deviation
of iron concentrations by interpolating the calibration curve with the measured absorbance of samples.
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Iron, in the iron citrate complex, was determined by weighing 0.2500 ± 0.0002 g of the solid
sample directly in a 250 mL volumetric flask. The solid sample was then completely dissolved by
adding 2 M H2SO4 up to the volume of the volumetric flask. Before use, a stream of nitrogen was
passed through the 2 M H2SO4 solution for several hours in order to expel the oxygen, which would
oxidize iron (II) to iron (III). After preparation, much care was taken to avoid oxygen absorption by the
solution and to preserve the original oxidation state of iron in the dissolved solid.

For this solution, the total iron concentration was determined very simply, by transferring 0.5 mL
of the solution to a 100-mL volumetric flask and adding to it the same volume of reagents used during
the preparation of the calibrating solutions (see Table 1). However, to keep the pH of the measured
sample solution within the range of the calibration standards (4 ± 0.2), the volume of 2 M H2SO4

solution added was reduced to 1.5 mL.
These operations result in the determination, from the measured absorbance, of the total iron

concentration in the above iron citrate complex solution. In fact, even if iron (III) is present in the
sample, it will be reduced to iron (II) by hydroxylamine.

This experiment was repeated three times and the three values of the total iron concentration
were averaged. To the average value of total iron concentration, a 95% confidence level interval was
attached, as evaluated from the standard deviation around the regression (sy/x) [27].

The total iron concentration in the sample solution, evaluated assuming for the iron citrate
complex the composition FeC6H6O7·H2O, was 1.058 ± 0.010 mg/L, and compares very well with the
average concentration, 1.082 ± 0.025 mg/L, determined from the three replicates of the analysis.

Exactly the same experiment was repeated with a second 0.5-mL portion of the iron citrate
complex solution, except that, in this case, the hydroxylamine solution was substituted with a sodium
fluoride (NaF) solution, which masks iron (III). Furthermore, before use, oxygen was expelled from all
the added solutions by purging with a nitrogen flux and the prepared solution, carefully kept out of
contact with the atmosphere, was, after a very short delay, presented to the spectrophotometer and its
absorbance measured. In this way, only iron (II) was determined from the measured absorbance.

As in the previous case, this experiment was repeated three times and three values of the iron (II)
concentration were obtained and averaged.

Obviously, if the dissolved iron citrate complex contains a significant fraction of iron in the form
of iron (III), the total iron concentration will be greater than the iron (II) concentration and from the
difference (total iron concentration – iron (II) concentration), it is possible to evaluate the amount of
iron present as iron (III).

However, the average of the three iron (II) concentrations, determined by the above procedure,
was 1.070 ± 0.025 mg/L and cannot, within the uncertainty limits, be distinguished from the total
iron concentration. So much so that we can safely conclude that, in the iron citrate complex, iron
is practically completely present as iron (II) and that the above spectrophotometric assays of iron
support the composition FeC6H6O7·H2O for the analysed iron citrate complex (since both the total iron
concentration and the iron (II) concentration are, within their uncertainty, identical with the expected
iron concentration).

The above solution of the iron complex was also tested for iron (III) using the thiocyanate method.
In fact, thiocyanate is generally used for the detection and assay of iron (III) because of the formation
of red iron (III) thiocyanate complexes, which absorb strongly at 480 nm. However, in agreement with
the above results, no measurable absorption could be detected when samples of the solution of the
iron citrate complex were treated, under controlled conditions, with a deaerated 15% w/w potassium
thiocyanate solution.

Finally, the collected data show the exclusive presence of iron (II) ion in the synthesized iron
citrate complex and this represents an advantage over other formulations of supplements that contain
iron (III) ion. In fact, iron (II) is better assimilated (high bioavailability) compared to iron (III) [28].

For its use as an iron supplement, it is necessary to evaluate the stability at different pH of iron
citrate complexes. For example, inside the human stomach the synthetic product is exposed at a
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very low pH and an evaluation of the stability at different pH allows one to understand whether the
supplement could be taken as such or if it would be preferable to use a protective film for the stomach
that would allow the dissolution and assimilation of iron in the intestine.

In this respect, spectrophotometric assays to determine the oxidation state of iron reported above
were conducted for iron citrate solutions of different pH (from 2 to 12), confirming the stability of iron
ion in the oxidation state +2 in the iron citrate complex. Furthermore, there was no precipitation of
iron as ferrous hydroxide or ferric hydroxide in the evaluated pH range.

Two samples of iron citrate powder were subjected to X-ray analysis, obtaining a series of spectra
that showed the presence of a crystalline-type material. Figure 2 shows the spectra, which confirm that
the synthesis procedure allowed us to obtain a crystalline compound. Finally, the sample obtained in
crystalline form was subjected to a re-crystallization test to try to obtain single crystals. However, until
now, it has not been possible to obtain a well-defined single crystal.

Figure 2. Comparison between X-ray diffraction spectra of two samples of iron citrate powder. Samples
A and B are two independent replicates.

In order to verify the hypothetical coordination by the metal with the organic citrate type sites,
an infrared spectroscopy (IR) analysis of a solid sample of citric acid and sodium citrate was carried out,
stratifying the samples on the cell using ethanol. The ATR spectra of the samples of iron citrate were
compared with those of citric acid and sodium citrate. Particularly interesting was the comparison of
the spectra obtained for two samples of iron citrate powder, in particular from the peaks relative to the
zone of the signals related to the COO− showing a typical band around 1600/1700 cm−1. The presence
of metal-related peaks, which were found only for the samples of iron citrate (Figure 3), allowed us to
establish the right coordination linking by the citrate with the iron.

Birsa Čelič et al. [24] previously reported the synthesis of a neutral carboxylated ferrous citrate
compound that is similar to the iron (II) citrate complex that is presented in the current study. However,
the carboxylated ferrous citrate polymer was hydrothermally synthesized by reacting ferrous chloride
with citric acid in a basic solution. Consequently, ionized citric acid in solution is carboxylated by
irregular bonds to iron (II), in which iron (II) is octahedrally complexed by different oxygen atoms.
Complexation of [Fe(H2cit)(H2O)]n times, and the crosslinking between iron (II) citric acid, resulted
in the formation of an iron polymer compound. As confirmed by single-crystal X-ray diffraction, the
structure of the compound can be described as a pseudo-three-dimensional framework composed of
infinite chains of coordinated polyhedral iron. Indeed, the iron atoms are hexacoordinated by two
partially deprotonated citrates and a water molecule in a distorted octahedral fashion. Furthermore, the
reaction was carried out in an autoclave at a temperature of 150 ◦C (423 K) for one day and the polymer
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maintains its magnetic proprieties and stability at temperatures up to 275 ◦C (548 K). In contrast, an
iron (II) citrate complex was formed by the reaction of iron filings and citric acid in 2 h in the current
study. The diffraction spectra obtained from the two compounds cannot be superimposed, especially
in the region between 40 and 45◦ (diffraction angle 2θ), thus indicating that the two compounds are
different. The ferrous citrate compound reported in the literature showed the coordination of iron (II)
in a complex octahedral structure, possibly as a long chain of polymers rather than a 1:1 coordination
of iron ions and dibasic citrate in our compound, which was formed by the dehydrogenation of citrate
with consequent formation of a neutral complex (see the reaction (1)). Finally, and most importantly,
the compound that was reported earlier focused on the preparation of iron citrate metal complex
with magnetic properties that could be potential candidates for biomedical applications rather than
the synthesis of an iron compound that is to be used as a food supplement or an additive for the
management of iron deficiency.

Figure 3. Comparison between IR spectra of two samples of iron citrate powder. Samples A and B are
two independent replicates.

The good results obtained from the chemical characterization of the iron citrate complex led us to
consider its potential application as an iron supplement. In fact, the enrichment of foods with iron
citrate would allow individuals with iron deficiency to not change their eating habits and at the same
time avoid taking pharmaceutical formulations to supplement this element in the body.

4. Conclusions

The current study shows a rapid and easy method to synthesise iron (II) citrate complex from iron
filings and citric acid. The complex was subjected to a battery of analytical techniques to demonstrate
that the synthesised crystalline solid corresponds to the formula FeC6H6O7·H2O. The relevance of
the synthesised complex, exclusively containing iron in the +2 oxidation state, is associated with its
potential use as an alternative to commercially available iron supplements and additives.

Further studies, some already in progress, will be conducted on the synthesised complex in order
to obtain data with undoubted value for the realization of a food supplement. In this respect, further
research is needed to validate the real effectiveness and mechanism of action of this complex. In vitro
and in vivo studies will be performed, first on cells and animal models, in order to evaluate its safety
and toxicity. Finally, the assimilation within the human body will be evaluated in human volunteers.
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Furthermore, enrichment tests will be performed on various food matrices to evaluate the macroscopic
effects of the iron (II) citrate complex on the enriched foods.
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Abstract: This experiment was conducted to investigate the transport characteristics of iron from
ferrous bisglycinate (Fe-Gly) in intestinal cells. The divalent metal transporter 1 (DMT1)-knockout
Caco-2 cell line was developed by Crispr-Cas9, and then the cells were treated with ferrous sulfate
(FeSO4) or Fe-Gly to observe the labile iron pool and determine their iron transport. The results
showed that the intracellular labile iron increased significantly with Fe-Gly or FeSO4 treatment,
and this phenomenon was evident over a wide range of time and iron concentrations in the wild-type
cells, whereas in the knockout cells it increased only after processing with high concentrations of
iron for a long time (p < 0.05). DMT1-knockout suppressed the synthesis of ferritin and inhibited the
response of iron regulatory protein 1 (IRP-1) and IRP-2 to these two iron sources. The expression
of peptide transporter 1 (PepT1) was not altered by knockout or iron treatment. Interestingly,
the expression of zinc-regulated transporter (ZRT) and iron-regulated transporter (IRT)-like protein
14 (Zip14) was elevated significantly by knockout and iron treatment in wild-type cells (p < 0.05).
These results indicated that iron from Fe-Gly was probably mainly transported into enterocytes via
DMT1 like FeSO4; Zip14 may play a certain role in the intestinal iron transport.

Keywords: DMT1; knockout; ferrous bisglycinate; ferrous sulfate; transport; intestinal

1. Introduction

Iron is one of the essential trace elements and a cofactor for various enzymes. It is involved in
many important physiological processes, such as oxygen transport, electron transport, tricarboxylic
acid cycle, and hemoglobin and myoglobin production. Iron deficiency can induce anemia and
affects cell metabolism [1–3]. Taking into account the vital functions of iron, exogenous iron is
often supplemented as food fortification and feed additive to human and animals to prevent iron
deficiency [4–6]. However, due to the low bioavailability of inorganic iron, it often causes mineral
resources waste and environmental pollution, and its abuse also affects human health and animal
production [7–9].

The use of more efficient sources of iron is a strategy to alleviate the problems caused by excess
inorganic iron. Recent studies have shown that amino acid chelated iron sources such as Fe-Gly have
better iron bioavailability than inorganic iron sources such as FeSO4 [10–13]. The high bioavailability
of amino acid chelated iron may be related to its efficient absorption and transport mechanism.
However, at present, its intestinal absorption and transport mechanisms are still unclear, since there
were few studies on this aspect. Some researchers thought that amino acid chelated iron might
be transported across the brush border membrane (BBM) as a whole by the peptide transporter 1
(PepT1), similar to the intestinal absorption of small peptides. Their studies have shown that the
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intestinal uptake of amino acid chelated iron was in greater amounts and more rapid than equivalent
quantities of iron salts. Furthermore, compared with FeSO4, Fe-Gly has been shown to significantly
increase PepT1 mRNA level and protein expression in the small intestinal epithelium cells (IPEC-1)
of pigs [14,15]. Others thought that amino acid chelated iron was absorbed by the enterocytes in the
same manner as inorganic iron. Researchers have demonstrated that iron from the Fe-Gly competed
with FeSO4 for the nonheme-iron absorption pathway [16]. Fe-Gly and FeSO4 had similar absorption
kinetics characteristics and their intestinal absorptions were significantly inhibited by divalent metal
ions [17,18]. In our previous study, the duodenum of Sprague–Dawley (SD) rats given Fe-Gly or
FeSO4 were collected for transcriptome sequencing. The results showed that there was no significant
difference in the expression of any iron transporter in the duodenum of rats administrated with Fe-Gly
or FeSO4, suggesting that the amino acid chelated iron may be absorbed by the intestine in the same
manner as inorganic iron, which was mainly transported into the intestinal cells via the divalent metal
ion transporter DMT1 [19].

DMT1 is a key mammalian iron transporter in the enterocytes, and it is selective for the ferrous
iron [20,21]. Inorganic dietary iron exists in ferric iron form predominantly; it must first be reduced
by duodenal cytochrome B (DcytB) and then enters the enterocytes via DMT1 located in the apical
membrane of enterocytes [22–24].

To study the iron transport from Fe-Gly in the intestinal cells, in the present study, we developed
a DMT1-knockout Caco-2 cell line by using Crispr-Cas9 and treated the cells with Fe-Gly and
FeSO4 to measure the changes of labile iron pool, ferritin content, and expression of iron regulators
and transporters.

2. Materials and Methods

2.1. Cell Culture

Human Caco-2 cells (HTB-37) were obtained from American Type Culture Collection. Cells were
cultured in 25-cm2 flasks in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, NYC, USA) with
10% fetal bovine serum (Gibco, NYC, USA), 100 U/mL penicillin-streptomycin (Gibco, NYC, USA) and
1% non-essential amino acids (Gibco, NYC, USA) and were incubated at 37 ◦C, 5% CO2. Monolayers
were grown by seeding Caco-2 cells (passage 20–40) at a density of 1 × 104 cells/cm2 in 6-well plates
or 96-well plates for about 14 days, with media changed every 2 days.

2.2. Knockout of DMT1 in Caco-2 Cells by Using Crispr Cas9

To generate CRISPR knockout cells, Caco-2 cells were transfected with plasmids expressing
Cas9, Puro, Amp, and sgRNA for DMT1 and grown for 72 h. The sgRNAs used included
5′-AGAGAGGGATTACTATAGGCAGG-3′, 5′-CATGGGGAGTCTGCCAGTCTTGG-3′, and 5′-GAA
GATCTCCATTCCTGAGGAGG-3′, which were designed based on the first exon of the public coding
sequence (CDS) region located in all transcripts of DMT1. After that, the cells were screened by
puromycin and separated as single cells into 96-well plates. After 2 weeks, the colonies were transferred
to 48-well plates for expansion. After the cells were covered with 48-well plates, a portion (102–104) was
removed and the Genloci TNA extraction kit (Genloci Biotechnologies Inc., Nanjing, China) was used
to extract the cell genome. The following reaction system was prepared in a sterile Polymerase Chain
Reaction (PCR) tube to amplify wild-type and mutant-type sufficiently hybridized DNA products. A pair
of highly specific primers were designed near the knockout target site and the amplified product was
approximately 316 bp in length. Primer sequences were as follows: 5′-GTATACTAAGGATGAATTGT-3′,
3′-AACCTGAGGCTGCTGAACTT-5′. The procedure used in the polymerase chain reaction (PCR)
program was an initial denaturation (1.5 min at 95 ◦C), a three-step amplification program (10 s at 95 ◦C,
10 s at 62 ◦C, and 20 s at 72 ◦C) that was repeated 40 times, a complete extension (5 min at 95 ◦C) and
a final denaturation (3 min at 72 ◦C). The amplified products were initially screened by the CruiserTM
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Enzyme (Genloci Biotechnologies Inc., Nanjing, China) to obtain positive clones, and then the clones
were further verified by sequencing and western blot analysis.

2.3. Measurement of Cell Viability

Wild-type and DMT1 knockout Caco-2 cells were seeded at a density of 1 × 104 cells/cm2 in
96-well plates. After 14 days, the medium was discarded and the cells were washed twice with PBS
and then incubated with DMEM containing 100 μM deferoxamine (DFO) (Sigma, St. Louis, MO, USA).
Twenty-four hours later, the medium was discarded and the cells were rinsed twice with PBS before being
treated with DMEM containing different concentrations of Fe-Gly and FeSO4 (0, 25, 50, 100, 200 μM).
Two hours later, the medium was discarded and the cell viability was assessed by Cell Counting Kit-8
(MedChem Express, Princeton, NJ, USA).

2.4. Measurement of Labile Iron with Phen Green SK in Wild-Type and DMT1 Knockout Caco-2 Cells

Wild-type and DMT1 knockout Caco-2 cells were seeded at a density of 1 × 104 cells/cm2 in
96-well plates. After 14 days, the medium was discarded and the cells were washed twice with PBS
and then incubated with DMEM containing 100 μM DFO. Twenty-four hours later, the medium was
discarded, and the cells were rinsed twice with PBS before being treated with DMEM containing
different concentrations (0, 25, 50, 100, 200 μM) of Fe-Gly (Dibo Biotechnology Co., Ltd., Shanghai,
China) and FeSO4 (Sigma, St. Louis, MO, USA). The cells were incubated for 0, 0.5, 1, 2 h and then
rinsed twice with PBS and stained with PBS containing 10 μM Phen Green SK (Thermo Fisher P14313)
for 1 h at 37 ◦C. After staining, cells were rinsed with PBS twice and labile iron was measured by
using a fluorescence microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) at
an excitation wavelength of 490 nm and an emission wavelength of 520 nm.

2.5. Live Fluorescence Imaging of Labile Iron in Wild-Type and DMT1 Knockout Caco-2 Cells

To visualize labile iron, microscopy imaging of the fluorescent dye Phen Green SK (Invitrogen,
Eugene, OR, USA) was performed. Wild-type and DMT1 knockout Caco-2 cells were seeded at
a density of 1 × 104 cells/cm2 in 6-well plates. After 14 days, the medium was discarded and the cells
were washed twice with PBS and then incubated with DMEM containing 100 μM DFO. Twenty-four
hours later, the medium was discarded and the cells were rinsed twice with PBS before being treated
with DMEM containing different concentrations of Fe-Gly and FeSO4 (0, 25, 50, 100, 200 μM). The cells
were incubated for an additional 2 h, then rinsed twice with PBS and stained with PBS containing
10 μM Phen Green SK for 1 h at 37 ◦C. Next, the stained cells were rinsed with PBS and observed with
a fluorescence microscope (IX7, Olympus Corporation, Tokyo, Japan).

2.6. Western Blot Analysis

After wild-type and DMT1 knockout Caco-2 cells in the 6-well plates were pretreated with DFO
as described above, the cells were rinsed twice with PBS and then treated with DMEM containing
0 or 25 μM Fe-Gly or FeSO4 for 2 h. Then cells were lysed with ice-cold radio immunoprecipitation
assay (RIPA) buffer (Beyotime Biotechnology, Shanghai, China) containing protease inhibitors and
phenylmethanesulfonyl fluoride (PMSF, Beyotime Biotechnology, Shanghai, China) for about 1 min
on ice. The lysates were transferred to a 1.5-mL centrifuge tube and were centrifuged at 11,000 × g
for 10 min at 4 ◦C, then the supernatants were collected to determine the total protein concentrations
using a BCA Protein Assay kit (Keygen biotech. Co. Ltd., Nanjing, China). Next, 5X dual color protein
loading buffer (FD bioscience, Hangzhou, China) was added to the supernatant and then the samples
were boiled for protein extraction. The extracted proteins (20–40 μg) were separated by electrophoresis
on a 10% SDS-PAGE gel and transferred onto an activated polyvinylidene fluoride (PVDF) membrane
(GE Healthcare Life science, Germany). Subsequently, the membrane was blocked in 5% non-fat milk
at room temperature for 1 or 2 h and then incubated overnight at 4 ◦C with the following primary
antibodies and dilution rates: DMT1, 1:500 (Santa Cruz Biotechnology, code sc-166884, Santa Cruz, CA,
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USA); Ferritin, 1:1000 (Abcam, code ab75973, Cambridge, UK); iron regulatory protein 1 (IRP-1), 1:1000
(Abcam, code ab126595, Cambridge, UK); IRP-2, 1:400 (Proteintech Group, code23829-1-AP, Chicago,
IL, USA); hypoxia-induced factor-2α (HIF-2α), 1:1000 (Abcam, code ab207607, Cambridge, UK); PepT1,
1:200 (Abcam, code ab123314, Cambridge, UK); ferroportin 1 (FPN1), 1:2000 (Proteintech Group,
code 26601-1-AP, Chicago, IL, USA); iron-regulated transporter (IRT)-like protein 14 (Zip14), 1:500
(Abcam, code ab106568, Cambridge, UK); and β-Actin, 1:2000 (Bioker biotechnology, code BK-7018,
Hangzhou, China). Then the membrane was rinsed for 10 min three times thoroughly with TBST
before incubation with secondary antibody consisting of goat anti-rabbit (1:20,000, Bioler biotechnology,
code BK-R050) and goat anti-mouse (1:20,000, Bioker biotechnology, code BK-M050, Hangzhou, China)
at room temperature for about 2 h. After that, the membrane was thoroughly rinsed with TBST for
10 min three times. The signals were detected after the addition of ECL Star Chemiluminescence
solution according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China).

2.7. Statistical Analysis

All data are presented as the means or weighted means ± SEM of a minimum of three biological
replicates unless otherwise noted. Means between groups were compared by one-way analysis of
variance and post-hoc Tukey test or non-parameter Kruskal-Wallis test (SPSS software, version 21,
SPSS Inc., Chicago, IL, USA) where appropriate. For this study, p < 0.05 was considered significant.

3. Results

3.1. Knockout of DMT1 in Caco-2 Cells by Using Crispr Cas9

To verify the targeted disruption of DMT1 in Caco-2 cells by the Crispr-Cas9 system, we analyzed
genomic DNA isolated from transfected cells using CruiserTM Enzyme assay. A 316-base pair
(bp) sequence flanking the target site treated by sgRNA-encoded plasmids was amplified by PCR.
As expected, the lengths of the PCR products were obviously shorter in mutant cell clones (Figure 1A).
Sequencing analysis of the PCR products of these clones revealed that the mutant cells showed 85-bp
deletions (5’-TATAGTAATCCCTCTCTTTCACAGTCCCCTGGGGACTCAGAGGAGTACTTCGCCAC
TTACTTTAATGAGAAGATCTCCATTCCTG-3’) on the exon from the DMT1 gene (Figure 1B–D).
Therefore, the mutant was a positive knockout cell line on the genome. We further verified the DMT1
mutation on protein expression level. Western blot results (Figure 1E) showed that there was almost
no protein expression of DMT1 in #30–125, which confirmed that the DMT1 knockout Caco-2 cell line
was successfully developed.
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B 

Figure 1. Cont.
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Figure 1. Validation of DMT1-knockout Caco-2 cell line. (A) The electrophoresis results of the target
fragments of DMT1 in the transfected cells; (B) Partial sequencing results of the target fragment on
DMT1 of wild-type Caco-2 cells; (C) Partial sequencing results of the target fragment on DMT1 of the
mutant cells; (D) Sequence comparison of the target fragment of DMT1 in the mutant and wild-type
Caco-2 cells; (E) Western blot results of DMT1 in wild-type Caco-2 cells and the mutant cells.

3.2. Cell Viability after 2 h of Iron Treatment

As shown in Figure 2, the treatment of FeSO4 or Fe-Gly at concentration from 25 μM to 200 μM
for 2 h did not affect the viability of wild-type and DMT1 knockout Caco-2 cells.

Figure 2. WT: wild-type Caco-2 cell; KO: DMT1-knockout Caco-2 cell. Cell viability of (A) wild-type
and (B) DMT1-knockout Caco-2 cells after 2 h of iron treatment.

3.3. Changes of Labile Iron after Treatment with Different Iron Sources

The relative labile iron level was determined by using the turn-off probe Phen Green SK, which
was quenched upon intracellular iron binding. After treatment with FeSO4 and Fe-Gly at different
concentrations, the labile iron levels of wild-type Caco-2 cells and DMT1 knockout Caco-2 cells were
recorded, as shown in Figure 3.
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Figure 3. Changes of labile iron after treatment with different iron sources (0, 25, 50, 100, 200 μM)
in wild-type cells and DMT1-knockout cells. Values not sharing a common letter differ significantly
(p < 0.05). WT: wild-type Caco-2 cell; KO: DMT1-knockout Caco-2 cell; RFU: relative florescence unit.
Changes of labile iron after 0.5 h (A,B), 1 h (C,D), 2 h (E,F) treatment with different iron sources in
wild-type cells and DMT1-knockout cells.

After 30 min, 200 μM FeSO4 or Fe-Gly lead to significant Phen Green SK quenching in the
wild-type Caco-2 cells (p = 0.000301, p = 0.000319), which indicated the significant increase of labile
iron, whereas the treatment of iron had no effect on it in the knockout cells (Figure 3A,B). An hour later,
the labile iron level of wild-type cells began to increase when the concentration of FeSO4 or Fe-Gly
reached 100 μM (p < 0.05), while there was no change in it in the knockout cells (Figure 3C,D).
Figure 3E,F show that there was a significant increase in the labile iron level in wild-type cells after
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treatment with 25, 50, 100, 200 μM FeSO4 or Fe-Gly for two hours, while that in the knockout cells
elevated after processing with 100 and 200 μM iron (p < 0.05).

3.4. Live Cell Fluorescence Imaging of Labile Iron with Phen Green SK

To visualize labile iron, cells on a 6-well plate were stained with Phen Green-SK and observed by
a fluorescence microscopy. The cells were treated with gradient concentrations of iron for 2 h based on
the results above. It can be seen from Figure 4A,B that low concentrations of Fe-Gly or FeSO4 result
in the quenching of Phen Green SK in the wild-type cells, which indicates the increase of labile iron,
while that in the knockout cells began to change after processing with higher concentrations of iron.
The results of the live cell fluorescence imaging of labile iron confirmed the results we obtained by the
fluorescence microplate reader.

 
A 

B 

Figure 4. Live cell fluorescence imaging (200x) of labile iron in wild-type cells and DMT1-knockout
cells after treated with different concentrations of FeSO4 and Fe-Gly for two hours. (A) Fluorescence
imaging of labile iron in wild-type cells; (B) Fluorescence imaging of labile iron in DMT1-knockout cells.
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3.5. Expression of Iron Regulators and Transporters

The protein expression levels of the iron regulators and transporters were measured after cells were
treated with 25 μM Fe-Gly or FeSO4 for 2 h and normalized to β-actin. Obviously increased expression
of HIF-2α, IRP-1, and IRP-2 and decreased content of ferritin was observed after DMT1-knockout in
Caco-2 cells (p < 0.05) (Figure 5). Furthermore, treatment of these two iron sources increased ferritin
content and decreased DMT1 expression levels significantly in the wild-type cells, while those regulators
in the knockout cells did not respond to the Fe-Gly or FeSO4 and there was almost no expression of
DMT1 in the knockout cells (Figure 5). In the wild-type cells, the expression of IRP-1 was decreased
significantly after treatment with FeSO4 (Figure 5D). Figure 5E,F show that the expression of PepT1 and
FPN1 were not altered by knockout or iron treatment. Interestingly, the expression of Zip14 was elevated
significantly by knockout and iron treatment in wild-type cells (p < 0.05) and decreased slightly after
iron treatment in knockout cells (Figure 5H).

A 

α

Figure 5. Cont.
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Figure 5. Expression of some iron regulators and transporters after treated with 25 μM of different
iron sources for two hours. Values not sharing a common letter differ significantly (p < 0.05). W:
wild-type cells treated with 0 μM iron; W25S, W25G: wild-type cells treated with 25 μM FeSO4, 25 μM
Fe-Gly; K0: DMT1-knockout cells treated with 0 μM iron; K25S, K25G: W0: wild-type cells treated with
0 μM iron; W25S, W25G: wild-type cells treated with 25 μM FeSO4, 25 μM Fe-Gly; treated with 25 μM
FeSO4, 25 μM Fe-Gly. (A) Western blot bands of iron regulators and transporters. Statistical analysis of
(B) hypoxia-induced factor-2α (HIF-2α), (C) iron regulatory protein 1 (IRP-1), (D) IRP-2, (E) peptide
transporter 1 (PepT1), (F) ferroportin 1 (FPN1), (G) DMT1, (H) iron-regulated transporter (IRT)-like
protein 14 (Zip14), (I) ferritin expression.
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4. Discussion

The transport characteristics of Fe-Gly in the enterocytes have not been clarified yet. In this study,
to further investigate whether iron from Fe-Gly was transported into enterocytes like inorganic iron
via DMT1, we developed a DMT1-knockout Caco-2 cell line by using Crispr-Cas9 and treated the cells
with Fe-Gly and FeSO4 to observe the labile iron pool and determine the transport of the two forms
of iron. DMT1 is the main transporter of inorganic iron in the intestine. After iron is transported into
enterocytes through DMT1, it will first enter the cytosolic pool termed “labile iron pool”, which is
destined for metabolism, storage, or export [23,24]. The results we obtained by using the turn-off
probe Phen Green SK showed that the intracellular labile iron increased significantly with Fe-Gly or
FeSO4 treatment, and this phenomenon was evident over a wide range of time and iron concentrations
in the wild-type cells. However, in the knockout cells, the labile iron increased only after processing
with high concentrations of iron for a long time (p < 0.05) (Figures 3 and 4). These results indicated
that the increase of intracellular labile iron pool after treatment with Fe-Gly or FeSO4 was inhibited by
DMT1 knockout.

Iron from the labile iron pool that is not utilized or exported is stored in a non-toxic form within
ferritin [1,2]. In this experiment, knockout of DMT1 decreased ferritin content (p < 0.05), and treatment
with 25 μM Fe-Gly or FeSO4 for 2 h increased its content in the wild-type cells (p < 0.05) but not in the
DMT1-knockout cells (Figure 5I). The results indicated that the synthesis of ferritin was suppressed
by DMT1 knockout. Since ferritin synthesis reflects intracellular iron bioavailability [2,6], the greater
synthesis of ferritin in the wild-type cells suggests that the iron storage and utilization from Fe-Gly
were affected by the absence of DMT1 as FeSO4.

Cellular iron homeostasis is mainly orchestrated post-transcriptionally by iron regulatory proteins
IRP-1 and IRP-2. The two orthologous RNA-binding proteins sense the labile iron pool, and the
conversion of IRP-1 to aconitine and degradation of IRP-2 will be promoted upon iron replete [25,26].
In the current study, both IRP-1 and IRP-2 expression were increased due to the absence of DMT1
(p < 0.05), which reflected the lower intracellular iron content in the knockout cells than the wild-type
cells. The results also showed that in wild-type cells, the protein expression level of IRP-1 decreased
significantly after being treating with FeSO4 and decreased slightly after being treated with Fe-Gly.
The protein expression levels of IRP-2 decreased after treatment with both iron sources, but the
difference was not significant. These results indicate the elevation of the intracellular iron levels in
the cells. However, in the knockout cells, they were not altered by treatment with either of these
two iron sources (Figure 5B,C). These results demonstrated that iron uptake from Fe-Gly and FeSO4

were suppressed by DMT1 deficiency. IRPs interact with iron regulatory elements (IREs), which are
present in the 5′ or 3′ untranslated regions (UTRs) of target mRNAs. IRP-binding to IREs responds
to intracellular iron levels. During iron deficiency, IRPs bind to 5′UTR IRE of mRNAs encoding
genes like HIF-2α and FPN1, thus inhibiting their translation. The IRPs also appear to stimulate the
translation of genes like DMT1 when bound to the 3′ UTR IRE of their mRNAs [27–31]. In this study,
the expression of FPN1 did not change significantly by knockout or iron treatment (Figure 5F). In the
current study, the cells were cultured on an ordinary well plate, which may affect the basolateral
transport of iron and thus may have affected the regulation of FPN1. In addition, some isoforms
of FPN1 mRNA lack IRE and thus escape the IRP regulation [2]. HIF-2α did not respond to iron
treatment either, but its expression was significantly increased by DMT1 knockout (p < 0.05) (Figure 5B).
In addition to the regulation of the IRP system, HIF-2α is directly affected by iron content, and it
will be degraded after iron-mediated proline hydroxylation. Under these two different regulatory
mechanisms, there was a significant increase in HIF-2α in DMT1-knockout cells [32–34]. It was also
observed in this experiment that after treatment with the two iron sources, the expression of DMT1 was
significantly decreased in wild-type cells (p < 0.05), while there was almost no expression in knockout
cells (Figure 5G). All of the above results indicated that the iron content in the knockout cells was lower
than that of the wild-type cells, and the iron absorption of the two iron sources were both affected by
the knockout of DMT1.
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In addition, we also measured the expression of intestinal peptide transporter PepT1. A previous
study reported that Fe-Gly significantly increases PepT1 mRNA level and protein expression in the
small intestinal epithelium cells (IPEC-1) of pigs, and the reporter thought that Fe-Gly may be mediated
into the intestinal cells via PepT1 [15]. However, in our study, the expression of PepT1 did not differ
between wild-type and DMT1-knockout cells and between Fe-Gly and FeSO4 treatment (Figure 5E).
This result was consistent with our previous study, which showed that there was no difference in the
expression of PepT1 in the duodenum of rats administrated with Fe-Gly or FeSO4 [19].

Interestingly, when measuring the labile iron in DMT1 knockout cells, we found that the labile
iron could elevate after treating with high concentrations of the two iron sources for a certain period
of time. Since DMT1 was almost absent in the knockout cells and did not respond to iron treatment,
we suspect that there may be other ways to mediate iron into the intestinal cells, and the transporter
may be zinc-regulated transporter (ZRT) or iron-regulated transporter (IRT)-like protein 14 (Zip14).
Zip14 was first proven to be a zinc transporter and recent studies have shown that it can mediate the
absorption of non-transferrin bound iron (NTBI) in liver and other organs. NTBI appears the when the
iron-binding capacity of plasma transferrin is exceeded under iron overload [35–40]. Recently, some
studies have reported that it plays an important role in maintaining manganese homeostasis [41–43].
In the current study, we determined the protein expression of Zip14 and we found some interesting
results. Knockout of DMT1 significantly increased the expression of Zip14 (p < 0.05). Furthermore,
iron treatment significantly promoted Zip14 expression in wild-type cells (p < 0.05), while it slightly
inhibited its expression in knockout cells (Figure 5H). Since DMT1 and Zip14 both can mediate the
cellular uptake of metal ions, the high expression of Zip14 in knockout cells may be a complement to
the lack of DMT1. Its elevation after iron treatment in wild-type cells may be due to the decreased
expression of DMT1, which affected the absorption of other ions [38,39,44]. In knockout cells, its slight
reduction may be in response to the iron treatment. These results supported that Zip14 may play
a role in iron transport in intestinal cells. Several reports showed that the expression of Zip14 is
relatively high in the intestine [38,45], but there have been few reports on its role in the intestine up
until now. Here, the results of our experiments may provide some clues for further explorations and
future studies.

5. Conclusions

The iron transport and storage from Fe-Gly in intestinal cells was affected by the knockout of
DMT1 as well as FeSO4, which indicated that Fe-Gly was probably mainly transported into the intestine
cells via DMT1 like FeSO4. Zip14 may play a certain role in intestinal iron transport.
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