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Josely Correa Koury and Marta Citelli

Serum Hepcidin Concentration in Individuals with Sickle Cell Anemia: Basis for the Dietary
Recommendation of Iron
Reprinted from: Nutrients 2018, 10, 498, doi: 10.3390/nu10040498 . . . . . . . . . . . . . . . . . . 159

Norishi Ueda and Kazuya Takasawa

Impact of Inflammation on Ferritin, Hepcidin and the Management of Iron Deficiency Anemia
in Chronic Kidney Disease
Reprinted from: Nutrients 2018, 10, 1173, doi: 10.3390/nu10091173 . . . . . . . . . . . . . . . . . . 168

vi



About the Special Issue Editor

Elad Tako holds degrees in animal science (B.S.), endocrinology (M.S.), and

physiology/nutrigenomics (Ph.D.), with previous appointments at the Hebrew University of

Jerusalem, North Carolina State University, and Cornell University. As a Research Physiologist

with USDA/ARS, Dr. Tako’s research focuses on various aspects of trace mineral deficiencies,

emphasizing molecular, physiological and nutritional factors and practices that influence intestinal

micronutrient absorption. With over 100 peer-reviewed publications and presentations, he leads a

research team focused on understanding the interactions between dietary factors, physiological and

molecular biomarkers, the microbiome, and intestinal functionality. His research accomplishments

include the development of the Gallus gallus intra-amniotic administration procedure, and

establishing recognized approaches for using animal models within mineral bioavailability and

intestinal absorption screening processes. Specifically, he demonstrated that the broiler chicken

(Gallus gallus) model exhibits appropriate responses to Fe deficiency and can serve as a model for Fe

and Zn bioavailability and absorption. More recently, he also developed a zinc status physiological

blood biomarker (red blood cell Linoleic Acid:Dihomo--Linolenic Acid Ratio), and molecular tissue

biomarkers to assess the effect of dietary mineral deficiencies on intestinal functionality, and how

micronutrients dietary deficiencies alter gut microbiota composition and function.

vii





Preface to ”Fe Deficiency, Dietary Bioavailability and

Absorption”

Iron deficiency is widely observed worldwide, yet, paradoxically, iron (Fe) is the most plentiful 
heavy metal in the earth’s crust. The World Health Organization (WHO) estimates that approximately 
one-third of worldwide infant deaths and one-half in developing countries can be attributed to 
malnutrition. More specifically, Fe deficiency is the most common nutritional deficiency worldwide 
and a major of infant mortality.

Although absorption of Fe from the gastrointestinal tract is strictly controlled, excretion is limited 
to Fe lost from exfoliation of skin and gastrointestinal cells, customary and abnormal blood loss, 
and menses. Individuals highly vulnerable to Fe deficiency have high iron needs, such as during 
growth or pregnancy; high Fe loss, such as during marked hemorrhage or excessive and/or frequent 
menstrual losses; or diets with low iron content or bioavailability. Food Fe is classified as heme 
or nonheme. Approximately half of the Fe in meat, fish, and poultry is heme Fe. Depending on an 
individual’s Fe stores, 15% to 35% of heme Fe is absorbed. Food contains more nonheme Fe and, thus, 
it makes the larger contribution to the body’s Fe pool despite its lower absorption rate of 2% to 20%. 
Absorption of nonheme Fe is markedly influenced by the levels of Fe stores and by concomitantly 
consumed dietary components. Enhancing factors, such as ascorbic acid and meat/fish/poultry, may 
increase nonheme iron bioavailability fourfold.

Fe deficiency is particularly widespread in low-income countries because of a general lack of 
consumption of animal products (which can promote non-heme Fe absorption and contain highly 
bioavailable heme Fe) coupled with a high consumption of a monotonous diet of cereal grains 
and legumes. Such diets are low in bioavailable Fe due to the presence of phytic acid and certain 
polyphenols that are inhibitors of Fe bioavailability. Further, recent research also suggests that 
cellular structures of legumes, such as the cotyledon cell walls, may also be a major factor limiting 
Fe absorption from legumes. Poor dietary quality is more often characterized by micronutrient 
deficiencies or reduced mineral bioavailability, than by insufficient energy intake. Diets with 
chronically poor Fe bioavailability which result in high prevalence of Fe deficiency and anemia, 
increase the risk of all-cause child mortalities and also may lead to many pathophysiological 
consequences, including stunted growth, low birth weight, delayed mental development and motor 
functioning, among others. Thus, a crucial step in alleviating Fe deficiency anemia is through 
understanding how specific dietary practices and components contribute to the Fe status in a 
particular region where Fe deficiency is prevalent.

In this context, one strategy to battle dietary Fe deficiency is biofortification (other strategies 
include, supplementation, fortification and diversification). Biofortification is the breeding of crops 
to increase their nutritional value, and has primarily focused on increased contents of Fe, Zn and 
pro-vitamin A. Biofortification aims to increase the nutrient density in crops during plant growth 
rather than during processing of the crops into foods. Developing staple food crops for enhanced 
nutritional quality often requires high throughput methods capable of examining hundreds and 
sometimes thousands of samples. In general, for zinc and pro vitamin A, the content of these 
micronutrients has been more positively correlated with enhanced nutritional quality; whereas for Fe, 
enhanced content does not always equate to improved nutritional quality. Understanding the factors 
related to the bioavailability of Fe may therefore be the key to developing sustainable Fe-biofortified 
crops, hence, the development of the appropriate screening tools is vital to properly guide the crop

ix



breeding process. For example, research has demonstrated that the Caco-2 cell bioassay is a fast and

cost effective approach for screening hundreds of samples prior to the selection of the most promising

lines to be assessed in vivo (Gallus gallus model) and, preferably, prior to human efficacy trials.

In the current manuscripts collection, we present a selection of recent advances and research

developments related to improvements of dietary Fe bioavailability, metabolism and absorption in

an effort to alleviate dietary Fe deficiency.

Elad Tako

Special Issue Editor
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Abstract: Iron deficiency anemia (IDA) is a major public health problem in sub-Saharan Africa.
The efficacy of iron fortification against IDA is uncertain in malaria-endemic settings. The objective of
this study was to evaluate the efficacy of a complementary food (CF) fortified with sodium iron EDTA
(NaFeEDTA) plus either ferrous fumarate (FeFum) or ferric pyrophosphate (FePP) to combat IDA in
preschool-age children in a highly malaria endemic region. This is a secondary analysis of a 9-month
cluster-randomized controlled trial conducted in south-central Côte d’Ivoire. 378 children aged 12–36
months were randomly assigned to no food intervention (n = 125; control group), CF fortified with 2
mg NaFeEDTA plus 3.8 mg FeFum for six days/week (n = 126; FeFum group), and CF fortified with
2 mg NaFeEDTA and 3.8 mg FePP for six days/week (n = 127; FePP group). The outcome measures
were hemoglobin (Hb), plasma ferritin (PF), iron deficiency (ID; PF < 30 μg/L), and anemia (Hb <
11.0 g/dL). Data were analyzed with random-effect models and PF was adjusted for inflammation.
The prevalence of Plasmodium falciparum infection and inflammation during the study were 44–66%,
and 57–76%, respectively. There was a significant time by treatment interaction on IDA (p = 0.028)
and a borderline significant time by treatment interaction on ID with or without anemia (p = 0.068).
IDA prevalence sharply decreased in the FeFum (32.8% to 1.2%, p < 0.001) and FePP group (23.6%
to 3.4%, p < 0.001). However, there was no significant time by treatment interaction on Hb or total
anemia. These data indicate that, despite the high endemicity of malaria and elevated inflammation
biomarkers (C-reactive protein or α-1-acid-glycoprotein), IDA was markedly reduced by provision of
iron fortified CF to preschool-age children for 9 months, with no significant differences between a
combination of NaFeEDTA with FeFum or NaFeEDTA with FePP. However, there was no overall

Nutrients 2017, 9, 759; doi:10.3390/nu9070759 www.mdpi.com/journal/nutrients1
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effect on anemia, suggesting most of the anemia in this setting is not due to ID. This trial is registered
at clinicaltrials.gov (NCT01634945).

Keywords: anemia; cluster-randomized controlled trial; complementary food; Côte d’Ivoire;
infant cereal; iron deficiency; iron deficiency anemia; iron fortification; Plasmodium falciparum; sodium
iron EDTA

1. Introduction

Iron deficiency (ID) and anemia are considerable public health problems in sub-Saharan Africa [1].
For example, in Côte d’Ivoire, 25–75% of the preschool- and school-age children in rural areas are
reported to be iron deficient, and about 80% are anemic [2], which can result in irreversible impairments
in cognitive performance and motor development [3,4] unless additional iron is provided. One strategy
to provide iron is through iron fortified complementary food (CF). However, this approach is not
without challenges due to a large variation in the bioavailability of commonly used iron fortification
compounds, frequent unacceptable sensory changes caused by the water soluble iron compounds of
highest bioavailability, and the presence of phytic acid (PA), a potent inhibitor of iron absorption in CF
containing cereals or legumes [5].

The iron compounds most commonly utilized to fortify CF are ferrous fumarate (FeFum),
ferric pyrophosphate (FePP), and electrolytic iron. Ferrous sulfate is less commonly employed as
it often causes unacceptable sensory changes in CF [6]. In order to overcome the inhibitory effect of
PA on iron absorption, commercially manufactured infant cereals usually contain additional ascorbic
acid (AA) at 2:1 molar ratio (AA:Fe), as recommended by the World Health Organization (WHO) [7].
Sodium iron ethylenediaminetetraacetate (NaFeEDTA) is an alternative iron compound that will
overcome PA inhibition and is the iron compound of choice for fortifying high PA foods [5]. The Joint
Food and Agriculture Organization (FAO)/WHO Expert Committee on Food Additives approved
this compound, but proposed an acceptable daily intake of EDTA of 0.2 mg/kg body weight per day
which restricts its use in young children [8].

Another potential barrier to the efficacy of iron fortified CF in Côte d’Ivoire is the widespread
persistent low-grade inflammation caused by Plasmodium spp. (the causative agent of malaria)
parasitemia that is reported to decrease iron absorption through increase in hepcidin [9,10]. Previous
efficacy studies with iron fortified foods conducted in malaria-endemic settings revealed conflicting
results. Iron status improved in young Kenyan children fed NaFeEDTA-fortified maize porridge [11]
and in Ivorian school-age children who received meals containing salt fortified with micronized
ground FePP [12], which was in line with findings obtained from children in non-malaria endemic
areas [13]. In contrast, another trial conducted in Ivorian school-age children found that electrolytic
iron fortified biscuits did not improve children’s iron status [14]; the authors suggested this was due
to malaria-induced inflammation and use of an iron fortificant with low bioavailability (electrolytic
iron) [14].

The aim of this secondary analysis was to determine whether an iron fortified maize-soy CF
is efficacious in improving iron status of 12- to 36-month-old Ivorian children in a setting that
is hyper-endemic for Plasmodium falciparum. We used a locally produced, commercially available
fortified CF containing NaFeEDTA and FePP. Additionally, we manufactured a second CF in which
FePP was replaced by FeFum. In both CFs, we used the maximum acceptable level of iron as
NaFeEDTA (i.e., 2 mg, assuming a mean body weight of 10 kg in our study population of children
aged 12–36 months at baseline) [8]. The iron level was completed with 3.8 mg Fe as either FeFum or
FePP. Hence, daily feeding of our maize-soy CF provided an extra 5.8 mg iron, equivalent to 100%
of the reference nutrient intake (RNI) for one- to three-year-old children assuming an intermediate
iron bioavailability of 10% [7]. Children were fed the CF fortified with iron once per day, six days per
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week, for nine months. Hemoglobin (Hb), iron status (plasma ferritin, PF), prevalence of P. falciparum,
and inflammation were monitored and compared to a control group of children consuming their
normal diet. The main (primary) analysis of the study was to investigate the interaction between iron
fortified CF and intermittent preventive treatment (IPT) of malaria in improving Hb concentration.
These results have been published elsewhere [15]. In short, no evidence was found for a treatment
interaction between IPT and iron fortified CF to increase Hb concentration.

2. Subjects and Methods

2.1. Study Site and Participants

The study was carried out in the Taabo health and demographic surveillance system (HDSS) in
south-central Côte d’Ivoire [16,17]. Located in the transition zone from rainforest (in the South) to
savannah (in the North), the Taabo HDSS has ≈43,000 registered inhabitants and is hyper-endemic for
malaria [18]. Depending on season and age of the inhabitants, the prevalence of P. falciparum ranges
from 35–77% [2,19]. Cassava, plantain, and yam are mainly planted for local consumption, whereas
coffee and cacao are cash crops. There is a limited amount of fish consumption from local rivers and
lakes.

In April 2012, we selected 840 children from five villages (i.e., Ahouaty, Kokoti-Kouamekro,
Kotiessou, N’Denou, and Taabo Village) in the designated age range (12–36 months) from the readily
available Taabo HDSS database. Children were invited to participate in a baseline screening done from
mid-April to mid-May 2012.

2.2. Study Design and Procedure

We present a secondary analysis of the larger study with key findings published elsewhere [15].
The primary analysis comprised five study groups (Figure 1) and focused on the interaction of iron
fortified CF and IPT of malaria on Hb concentration (primary outcome). We selected 629 eligible
children at the baseline screening and grouped them into 40 clusters based on proximity of their
residence, with at least five clusters in each of the five study villages. Each cluster included between
13 and 18 children. Inclusion criteria were as follows: (i) Hb ≥ 7 g/dL; (ii) no major chronic illnesses,
as determined by a study physician; (iii) anticipated residence in the study area for the 9-month
intervention; and (iv) no known allergies to albendazole (treatment of choice against soil-transmitted
helminthiasis). The clusters were randomly assigned to five study groups by drawing cluster numbers
from a hat (urn randomization) together with village authorities. The study groups were: group 1,
no nutritional intervention (continuation with the normal diet) and IPT-placebo; group 2, iron fortified
CF containing FeFum + NaFeEDTA (FeFum) and IPT-placebo; group 3, no nutritional intervention
and IPT of malaria (3-month intervals, using sulfadoxine-pyrimethamine and amodiaquine); group 4,
iron fortified CF containing FeFum + NaFeEDTA (FeFum) and IPT of malaria (3-month intervals,
using sulfadoxine-pyrimethamine and amodiaquine); and group 5, iron fortified CF containing
FePP + NaFeEDTA (FePP) and IPT-placebo. In the current analysis, we focus solely on the iron
status of children in the study groups receiving the iron fortified CF (groups 2 and 5) and compare
changes in children’s iron status biomarkers over the 9-month intervention with children in the control
group (group 1). Hence, 251 children (groups 3 and 4; 16 clusters overall) were excluded from the
current analysis.

Study approval was obtained from the institutional review board of ETH Zurich (reference No.
EK 2009-N-19) and the national ethics committee of Côte d’Ivoire (reference No. 061 MSLS/CNER).
Village authorities, health authorities, and parents/guardians of participating children were informed
about the purpose, procedures, and potential risks and benefits of the study. Written informed consent
from parents/guardians of the participating children was received. The study progress was assessed
by an independent Data and Safety Monitoring Board that provided expertise and evaluated the safety
of the study. We registered the trial at clinicaltrials.gov (NCT01634945).
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2.3. CF Production, Preparation, and Child Feeding

Protein Kissèe-La (Abidjan, Côte d’Ivoire) manufactured the cereal-based, pre-cooked, instant
CF. The composition of both study CFs was identical except for the iron compounds. The first study
CF-FeFum contained 2.0 mg iron in form of NaFeEDTA and 3.8 mg iron in form of FeFum in a daily
serving of 25 g dry weight porridge. The second study CF-FePP is the commercial product from
Protein Kissèe-La, sold in Abidjan and contains 2.0 mg iron in form of NaFeEDTA and 3.8 mg iron in
form of FePP in the same 25 g serving.

 

Figure 1. Flowchart. Study groups 1, 2, and 5 were considered for the current secondary analysis.
Abbreviations: CF-FeFum, complementary food fortified with NaFeEDTA + ferrous fumarate; CF-FePP,
complementary food fortified with NaFeEDTA + ferric pyrophosphate; Hb hemoglobin; HDSS, health
and demographic surveillance system; IPT, intermittent preventive treatment of malaria.

The dried CF contained maize flour (49.9%), soy flour (21.4%), sucrose (20.0%), milk powder
(7.0%), aroma (0.3%), salt (0.1%), and a vitamin/mineral premix (1.3%). The content of vitamins and
minerals in a 25 g dry weight serving was 667 IU vitamin A, 100 IU vitamin D, 2.5 mg vitamin E,
0.25 mg vitamin B1, 0.25 mg vitamin B2, 0.25 mg vitamin B6, 0.45 μg vitamin B12, 15.0 mg ascorbic acid
(AA), 0.075 mg folic acid, 3 mg niacin, 1 mg pantothenic acid, 0.045 mg iodine, 4.15 mg zinc, 0.28 mg
copper, 0.6 mg manganese, 66.5 mg calcium, and 0.004 mg biotin. The AA:iron molar ratio was 0.8:1.

Each roller-dried CF was manufactured at three-month intervals during the 9-month study period
to avoid losses in product quality during storage. All ingredients were weighed and mixed by Protein
Kissèe-La under strict quality control. The manufacturing plant was thoroughly cleaned before CF
manufacture. The homogenous mixing of the vitamin/mineral premix into the dry CF powder was
assured by quantifying total iron content in three powder samples collected at the onset, in the
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middle, and toward the end of the mixing. The iron content was measured at ETH Zurich using
graphite-furnace atomic absorption spectrophotometry (AA240Z, Agilent Technologies; Santa Clara,
CA, USA). The dried CF was filled into 5 kg bags, and each CF was color-coded. The cleaning of the
manufacturing plant, mixing, packaging, and labeling was rigorously supervised. After manufacture,
Protein Kissèe-La transported the fortified CF to the study site and we stored the dried CFs under
temperature-controlled conditions (between 20 ◦C and max 25 ◦C). The bags of 5 kg CF were distributed
to the villages every other week.

Eight clusters of children (n = 125) received no intervention (group 1), eight clusters of children
(n = 126) received FeFum fortified CF (group 2), and eight clusters of children (n = 127) received
FePP fortified CF (group 5). These three groups of children received IPT-placebo. One cooking area
was installed in each cluster, and women were trained in porridge preparation, including correct
dosage (25 mg dry matter), hygiene, and completion of information forms related to food consumption.
At each cooking location, the cooking woman prepared the porridge for 13 to 18 children. Children
were brought to the cooking areas in the morning and fed by their mothers/guardians under direct
supervision. The amount of porridge consumed by each child was recorded daily by the women cooks.
Volunteers from the Taabo HDSS monitored cooking locations and cooks daily.

The women cooks used plastic beakers holding approximately 25 g CF powder for dosage.
Each porridge serving was individually prepared by mixing 25 g of CF with approximately 100 mL
boiled water. Each child consumed the porridge once per day 6 days each week, which provided
approximately 34.8 mg added iron per week (5.8 mg added iron per serving). The maize and soy in
the CF provided a further 0.6 mg intrinsic iron per serving. The fortificant iron alone provided 100% of
the RNI for children aged 1–3 years assuming an intermediate iron bioavailability of 10% [7].

Children assigned to group 1 (control) received no nutritional intervention and continued with
their normal dietary habits. Food intake in group 1 children was not monitored, however our previous
studies in Côte d’Ivoire reported that young children (2–5 years) in rural areas consume mainly cassava
and plantain with sauces based on okra or peanuts [20,21].

2.4. Blinding of Treatments

The control group was not blinded to either subjects or investigators. The two CFs were labeled
with different colors (red or blue) and were single blinded, whereby the investigator was aware of the
product difference. However, the study physician, parents/guardians of children, the cooking women,
and the mothers/guardians who administered the porridge were not aware of group assignment.

2.5. Follow-Up

Mothers/guardians of participating children were encouraged to refer the child to the nearest
health center as soon as the child presented a symptom of illness, especially fever, and to report the
sick visit to the Taabo HDSS volunteer in each village. Each child had an individual study identity
card. At the time of the study, all health consultations and treatments for children younger than 5
years were free of charge.

2.6. Laboratory Methods

Biomedical parameters were monitored at baseline, and after six months and nine months of
intervention. We measured Hb, performed a malaria rapid diagnostic test, and prepared a thick and
thin blood film from a venous blood sample. α-1-acid-glycoprotein (AGP), C-reactive protein (CRP),
and PF were measured in plasma. Details of the laboratory procedures are available elsewhere [15].
We defined anemia as Hb concentration below 11.0 g/dL [22].

CRP above 5 mg/L or AGP concentrations above 1 g/L was considered as inflammation. Due to
the high prevalence of inflammation, we defined ID as PF < 30 μg/L [23].
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2.7. Statistical Analysis

The present report focuses on the impact of iron fortified CF on iron status and includes only three
groups (1, 2, and 5) of a 5-arm intervention study. Hb concentration and anemia were our specified
primary outcomes. PF concentration, the prevalence of ID, and P. falciparum prevalence were secondary
outcomes. Results from all five study groups have been previously used to evaluate the interaction of
IPT of malaria and iron fortified CF on Hb, anemia, and iron status [15]. The sample size calculation
was based on Hb measurements from a 2010 study in preschool-age children in the same region of the
Côte d’Ivoire [2]. In this previous study, the mean Hb concentration was 9.7 g/dL with a standard
deviation of 2.0 g/dL. We estimated that 125 children per group were needed to detect an Hb difference
of 0.8 g/dL at a 90% power level and a 5% level of significance, assuming 20% dropout.

Data were double entered into Microsoft Access 2010 (2010 Microsoft Corporation, Redmond,
WA, USA). Double entries were compared using EpiInfo version 3.4.1 (Centers for Disease Control
and Prevention, Atlanta, GA, USA) and differences were adjusted according to the original records.
Data were analyzed with STATA version 13.1 (StataCorp LP; College Station, TX, USA). For the present
analysis, we applied the same statistical approach as for the published paper presenting all five study
groups, but restricted the analysis to the three groups receiving the nutritional intervention and
corrected for multiple comparison. Briefly, all children randomized into study groups 1, 2, and 5 were
analyzed (intention-to-treat). We analyzed the data with mixed (fixed and random) linear regression
models to account for random effects due to repeated measures within clusters. The effectiveness was
assessed by time-treatment interactions. For the between group comparison at follow-up, time was
considered as categorical variable (0, 6, and 9 months). A Bonferroni correction was applied to
multiple comparisons. Logistic regression models taking into account random effect were used for
analysis of prevalence (i.e., binary) data. Treatment assignment was the fixed effect, and age and CRP
concentration were the covariates in all models.

3. Results

3.1. Participant Characteristics and Compliance

We randomly assigned 378 children (mean age 29.8 (±8.4) months, 50.3% girls) to three study
groups. Table 1 shows the biochemical measurements and anthropometry of the children at baseline,
and after six months and nine months of intervention. The study period included almost the whole
rainy season starting in April and was completed about one month after the onset of the dry season
that begins in November. The only difference among the groups at baseline was a significantly higher
CRP concentration in the CF-FePP group compared to the control group (p = 0.009) and the CF-FeFum
group (p = 0.013), although the prevalence of inflammation (CRP > 5 mg/L and/or AGP > 1 g/L) did
not differ between groups. At baseline, the overall prevalence of anemia, ID, and P. falciparum infection
among all study children were 82.8%, 34.7%, and 62.0%, respectively. Nearly three-quarters (73%) of
the children had elevated inflammation biomarkers (CRP and/or AGP). Helminth infections were rare,
with only one child infected with Ascaris lumbricoides and another child with Schistosoma haematobium
at baseline.

The daily amount of uneaten porridge was estimated for each child to the nearest one quarter of a
serving. Overall, of the CF-FeFum and CF-FePP groups 92.5% and 94.8%, respectively, of the porridge
was consumed.
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Table 1. Between group comparison of anthropometric measures, P. falciparum infection prevalence,
P. falciparum parasitemia, and inflammation biomarkers and prevalence at baseline, six months, and
nine months in 12- to 36-month-old Ivorian children fed iron fortified complementary food (CF)
containing NaFeEDTA combined with either ferrous fumarate (FeFum) or ferric pyrophosphate (FePP).

Groups

Control CF-FeFum CF-FePP

Participants N =

Baseline 125 126 127

6 months 104 111 116
9 months 76 81 87

Height (cm, mean, SD)

Baseline 79.2 ± 9.8 78.5 ± 7.5 78.6 ± 6.8
6 months 86.2 ± 6.9 86.8 ± 6.9 85.8 ± 6.6
9 months 89.0 ± 6.6 89.3 ± 6.5 89.0 ± 6.3

Body weight (kg, mean, SD)

Baseline 10.7 ± 2.3 10.8 ± 2.9 10.7 ± 2.5
6 months 11.2 ± 2.0 11.1 ± 2.0 11.0 ± 1.8
9 months 11.7 ± 2.1 11.5 ± 1.9 11.4 ± 1.7

P. falciparum prevalence

Baseline 62.1% 57.7% 66.1%
6 months 62.5% 55.0% 64.7%
9 months 44.7% 46.9% 47.1%

P. falciparum parasitemia (parasites/μL blood, geometric mean, 95% confidence interval)

Baseline 1136 (729–1768) 896 (524–1534) 2182 (1409–3379)
6 months 3773 (2470–5762) 2268 (1427–3605) 2074 (1367–3146)
9 months 2820 (1460–5447) 2718 (1662–4445) 3130 (1913–5121)

CRP (mg/L, median, interquartile range 25th 75th)

Baseline 2.8 (1.0–11.1) 3.4 (1.4–8.7) 5.9 (1.9–21.3) *Ψ

6 months 5.1 (1.8–18.6) 4.6 (1.2–20.4) 4.8 (1.5–14.6) **
9 months 2.6 (1.0–7.3) 4.3 (1.0–13.2) 3.2 (1.3–14.8) Ψ

AGP (g/L, median, 25th 75th)

Baseline 1.12 (0.90–1.40) 1.27 (1.01–1.54) 1.26 (0.96–1.65)
6 months 1.13 (0.88–1.41) 1.25 (0.92–1.54) 1.10 (0.85–1.40)
9 months 1.07 (0.78–1.44) 1.13 (0.85–1.36) 1.06 (0.79–1.28) *

Prevalence of inflammation (CRP > 5 mg/L and/or AGP > 1 g/L)

Baseline 65.8% 76.8% 76.4%
6 months 72.1% 74.8% 65.5%
9 months 57.3% 64.2% 57.5%

Changes between baseline to six months and baseline to nine months were compared between groups with random
effect models. Abbreviations: AGP, α-1-acid-glycoprotein; CRP, C-reactive protein; Hb, hemoglobin; SD, standard
deviation. * p < 0.05 and ** p < 0.01 significant difference at baseline or increase/decrease in CF-FeFum or CF-FePP
significantly different compared to increase/decrease in control. Ψ p < 0.05 significant difference at baseline or
increase/decrease in CF-FePP significantly different compared to CF-FeFum.

3.2. Hb Concentration and Anemia Prevalence

There were no significant time by treatment interactions on Hb concentrations or anemia (Table 2).
There was, however, a significant time effect on Hb concentration and anemia. The increase in Hb of
the control group from 9.8 g/dL at baseline to 10.3 g/dL at nine months was not significantly different
compared to the increase from 9.9 g/dL to 10.4 g/dL in the CF-FeFum group (p = 0.861) and to the
increase from 9.6 g/dL to 10.5 g/dL in the CF-FePP group (p = 0.430). The change in Hb from baseline
to the 9-month follow-up was also not significantly different in both groups receiving iron fortified CF
(p = 0.535). The decrease of anemia prevalence from baseline to nine months in the CF-FePP group was
significantly greater than that in the control group (odds ratio (OR) = 0.42, 95% confidence interval (CI)
0.22–0.83, p = 0.036).
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3.3. PF and Prevalence of ID

There were no differences between PF concentrations in the study groups at baseline. There was
no significant time by treatment interaction on PF concentration, but a significant time effect (p < 0.001).
PF concentrations within groups increased significantly at the two follow-up time points in all study
groups. Although the overall time-treatment interaction was not significant, the increase in PF was
significantly higher in children from the CF-FeFum group than in the control group at six months
(p < 0.003), but was not any more significant at nine months of follow-up (p = 0.072). The increase of
PF concentrations in the FePP group was significantly greater at six months (p = 0.048), but was not
different from the control at nine months (p = 0.150) (Table 2).

There was a significant time by treatment interaction on IDA (p = 0.028) and a borderline significant
time by treatment interaction on ID (p = 0.068) (Table 2). IDA prevalence sharply decreased in the
FeFum (32.8% to 1.2%) and FePP groups (23.6% to 3.4%) (for both, p < 0.001). The prevalence of ID with
or without anemia decreased significantly in the groups receiving the iron fortified CFs; from 40.0%
to 3.7% in the group receiving CF-FeFum and from 26.7% to 10.3% in the group receiving CF-FePP
(for both, p < 0.001). The decrease in ID prevalence observed in the children from CF-FeFum group
was significantly greater than the decrease observed in the control group (OR = 0.06, 95% CI 0.02–0.25,
p < 0.003). Similarly, the decrease in ID prevalence observed in the CF-FePP group was significantly
greater than that observed in the control group (OR = 0.17, 95% CI 0.07–0.47, p < 0.003). The decreases
in ID prevalence observed in the CF-FeFum and CF-FePP were not significantly different from each
other (OR = 2.72, 95% CI 0.65–11.41, p = 0.171).

3.4. P. falciparum Prevalence and Inflammation

The prevalence of P. falciparum was around 60% in children from all groups at baseline and
the 6-month follow-up (Table 1). P. falciparum prevalencedecreased slightly to around 45% at study
completion during the dry season. Although there were some small differences in CRP and AGP values
in children from different groups at different time points (Table 1), the prevalence of inflammation
(CRP > 5 mg/L and/or AGP > 1 g/L) also remained high, ranging between 57.3% and 76.4% (p > 0.05),
over the 9-month intervention period in children in all groups.

4. Discussion

The main finding of this study is that, despite the high P. falciparum prevalence and elevated
inflammation biomarkers in 12- to 36-month-old children, consumption of iron fortified CF for nine
months significantly decreased the prevalence of IDA. Our results indicate that, despite previous
reports of decreased iron absorption from labelled single meal studies in adults and children infected
with P. falciparum [9,24], iron absorption from the iron fortified CF in this study was sufficient to
improve iron status and decrease IDA. Our findings suggest that, in the long term, the drive to increase
iron absorption during ID can overcome the restriction in iron absorption from inflammation. This
observation is consistent with previous studies showing that iron absorption is up-regulated in children
with low iron status regardless of their inflammation status [25,26]. In addition, in a recent study in
Gambian and Tanzanian children, hepcidin concentration was lower in iron deficient children infected
with P. falciparum than in children of normal iron status infected with P. falciparum [27].

Although there was a significant reduction in IDA in this study, there was no significant overall
reduction in anemia. This suggests that the major cause of anemia in this age group in this setting
is not iron deficiency (ID). We have previously reported that anemia prevalence was high in our
preschool-age children in rural Côte d’Ivoire and it was strongly linked to P. falciparum infection [2].
In our study, anemia prevalence was around 80% at baseline. Approximately 60% of our children
were infected with P. falciparum at baseline and parasitemia remained approximately at the same level
throughout the first six months during the rainy season. Plasmodium falciparum prevalence slightly
declined to less than 50% at the end of the study in the dry season (Table 1). Between 57% and 77% of
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the children presented with elevated CRP and/or AGP at baseline, after six months, and after nine
months. As inflammation, via its action on increasing hepcidin, would be expected to inhibit the
recycling of red cell iron [28], much of the anemia in our study children would be expected to be
anemia of inflammation, likely due to an infection with P. falciparum or other infectious agents. The
lack of a substantial rise in overall Hb concentrations over the nine months of the study, despite an
increase in iron stores, indicates that iron availability to the bone marrow for erythropoiesis was likely
limited in many children by high rates of infection leading to hepcidin-mediated iron sequestration
in macrophages of the reticulo-endothelial system. In addition, suppression of erythropoiesis and
shortening of the red blood cell life span by malaria and infectious inflammation likely contributes
to anemia in these children. High circulating hepcidin concentrations also decrease dietary iron
absorption by inactivating the iron export protein ferroportin in duodenal enterocytes [29]. Previous
absorption studies in women and children with P. falciparum parasitemia showed that iron absorption
is only about half of the absorption measured after receiving antimalarial treatment [9,10]. Moreover,
the malaria pigment hemozoin, a side product of the Hb digestion by P. falciparum, directly inhibits
the erythropoiesis in the bone marrow [30]. It remains unclear whether an increase in iron stores in
children in malaria-endemic settings, without an increase in Hb, will lead to an improvement in health.
It is likely that a portion of this extra iron would be utilized by the iron requiring enzymes of the brain,
energy metabolism, and immune system. Nevertheless, it appears that the children in our study were
still able to absorb some iron from the iron fortified CF, despite the inhibitory effects of malaria and
infectious inflammation.

At baseline, 24–33% of the children had ID in the presence of anemia. While ID could have been an
additional cause of the observed anemia, it is conceivable that a considerable amount of the observed
anemia is due to inflammation either separately or concurrent with IDA. Inherited hemoglobinopathies
are unlikely to contribute to anemia, as a previous study in the Taabo HDSS reported 83% of subjects
to have normal Hb genotype, and only 7%, 8%, and 1% carried the C allele, S allele, or had sickle cell
anemia, respectively [2]. Vitamin A deficiency has been reported to be prevalent, but was not associated
with anemia in young children [2] and infections with soil-transmitted helminths or Schistosoma spp.
were rare in our study cohort, and thus unlikely to contribute to anemia in a substantial manner.

The inability of iron fortified foods to impact on anemia in malaria-endemic settings may be
partly related to the relatively low amount of iron provided. The higher levels of iron used in iron
supplements [31] and added to micronutrient powders [32] used for home fortification have been
reported to decrease anemia prevalence in children in malaria-endemic areas. The lower levels of
iron in fortified foods have two advantages. First, unlike with iron supplementation, there is no
spike in iron absorption so there is little or no formation in plasma of non-transferrin bound iron,
which is considered responsible for increasing the severity of P. falciparum infection [33,34]. Second,
less unabsorbed iron reaches the colon, so there is a lower risk of changing the gut microbiome to
a more pathogenic profile [35].

The fortified CF provided each child with its RNI for iron (5.8 mg added iron) for six days each
week. Based mainly on adult absorption studies, the relative iron absorption from NaFeEDTA added
to cereal foods would be expected to be 2–3 times greater than that from FeFum and 4–6 times greater
than that from FePP [5]. It was somewhat surprising therefore that the CF fortified with FePP was as
efficacious in improving iron status as the CF fortified with FeFum. One likely explanation is that the
fortified CF provided considerably more iron than the gap between the child’s iron intake from their
regular diet and the child’s daily iron requirement. Earlier studies from our group in Côte d’Ivoire
reported that preschool-age children (2–5 years) consumed 5.5 mg Fe per day [20] which is close to the
RNI of 5.8 mg recommended for one- to three-year-old children and to the 6.3 mg iron recommended
for four- to six-year-old children assuming 10% iron absorption [7]. The iron bioavailability of the diet
is not known but could approach 10% as the main staples of cassava and plantain are low in PA. It is
possible therefore that the 2 mg of highly bioavailable iron from NaFeEDTA provided most or all of
the iron lacking in the diet, and that any difference in iron absorption from CF-FeFum and CF-FePP
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had little or no effect. In Côte d’Ivoire, the commercial CF is identical to the CF (FePP) used in the
present study. Our study confirms that this formulation will benefit the child’s iron status.

Our study has several strengths. It was conducted in infants and young children in a rural region of
West Africa where anemia and ID are very common and where P. falciparum is hyperendemic. We used
iron compounds with highly bioavailable NaFeEDTA, and we maximized its content and completed
with one of the two compounds, FeFum or FePP, which have relatively good bioavailability. It remains
unclear whether most of the iron was absorbed from NaFeEDTA and whether by only using NaFeEDTA
the effect would have been the same; this should be addressed in future research. Limitations of our
study include possible confounding by seasonal variations in malaria transmission, the use of a single
iron biomarker (PF) to define iron status, and the lack of plasma hepcidin measurements. A further
limitation is that we did not consistently record potential adverse events in the different intervention
groups because of limited financial and human resources and at times difficult access to some of the
most remote communities.

In conclusion, our study confirms the high prevalence of anemia (> 80%) and ID (> 30%) in
young children living in rural Côte d’Ivoire. This is a major public health concern that needs to be
urgently addressed. Iron fortified, cereal-based CFs are highly efficacious in correcting IDA in young
children living in malaria-endemic settings. Our study shows the usefulness of using the maximum
amount of NaFeEDTA as permitted by its acceptable daily intake and completing the iron fortification
level with other iron compounds. The current study, however, found that iron-fortified foods had
no significant overall impact on anemia, presumably because the anemia is mainly attributable to
malaria and infectious inflammation, and not ID. Our findings highlight the importance of assessing
the etiology of anemia in order to design and implement appropriate intervention(s) [36]. Further
research is needed to better understand the overlapping causes of anemia, and to develop methods to
quantify ID in the presence of malaria-induced inflammation.
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Fe iron
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ID iron deficiency
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NaFeEDTA sodium iron ethylenediaminetetraacetate
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WHO World Health Organization

References

1. World Health Organization (WHO). Worldwide Prevalence of Anaemia 1993–2005; World Health Organization:
Geneva, Switzerland, 2008.

2. Righetti, A.A.; Koua, A.Y.G.; Adiossan, L.G.; Glinz, D.; Hurrell, R.F.; N’Goran, E.K.; Niamké, S.;
Wegmüller, R.; Utzinger, J. Etiology of anemia among infants, school-aged children, and young non-pregnant
women in different settings of south-central Côte d’Ivoire. Am. J. Trop. Med. Hyg. 2012, 87, 425–434.
[CrossRef] [PubMed]

3. Lozoff, B.; Georgieff, M.K. Iron deficiency and brain development. Semin. Pediatr. Neurol. 2006, 13, 158–165.
[CrossRef] [PubMed]

4. Shafir, T.; Angulo-Barroso, R.; Jing, Y.; Angelilli, M.L.; Jacobson, S.W.; Lozoff, B. Iron deficiency and infant
motor development. Early Hum. Dev. 2008, 84, 479–485. [CrossRef] [PubMed]

5. Hurrell, R.; Egli, I. Iron bioavailability and dietary reference values. Am. J. Clin. Nutr. 2010, 91, 1461S–1467S.
[CrossRef] [PubMed]

6. Hurrell, R.F. Fortification: Overcoming technical and practical barriers. J. Nutr. 2002, 132 (Suppl. 4), 806S–812S.
[PubMed]

7. Food and Agriculture Organization (FAO)/World Health Organization (WHO). Guidelines on Food Fortification
with Micronutrients; World Health Organization: Geneva, Switzerland, 2006.

8. World Health Organization (WHO). Evaluation of Certain Food Additives and Contaminants; WHO Technical
Report Series Fifty-Third Report of the Joint FAO/WHO Expert Committee on Food Additives; World Health
Organization: Geneva, Switzerland, 2000.

9. Cercamondi, C.I.; Egli, I.M.; Ahouandjinou, E.; Dossa, R.; Zeder, C.; Salami, L.; Tjalsma, H.; Wiegerinck, E.;
Tanno, T.; Hurrell, R.F.; et al. Afebrile Plasmodium falciparum parasitemia decreases absorption of fortification
iron but does not affect systemic iron utilization: A double stable-isotope study in young Beninese women.
Am. J. Clin. Nutr. 2010, 92, 1385–1392. [CrossRef] [PubMed]

10. Glinz, D.; Hurrell, R.F.; Righetti, A.A.; Zeder, C.; Adiossan, L.G.; Tjalsma, H.; Utzinger, J.; Zimmermann, M.B.;
N’Goran, E.K.; Wegmüller, R. In Ivorian school-age children, infection with hookworm does not reduce
dietary iron absorption or systemic iron utilization, whereas afebrile Plasmodium falciparum infection reduces
iron absorption by half. Am. J. Clin. Nutr. 2015, 101, 462–470. [CrossRef] [PubMed]

11. Andang’o, P.E.; Osendarp, S.J.; Ayah, R.; West, C.E.; Mwaniki, D.L.; De Wolf, C.A.; Kraaijenhagen, R.;
Kok, F.J.; Verhoef, H. Efficacy of iron-fortified whole maize flour on iron status of schoolchildren in Kenya:
A randomised controlled trial. Lancet 2007, 369, 1799–1806. [CrossRef]

12. Wegmüller, R.; Camara, F.; Zimmermann, M.B.; Adou, P.; Hurrell, R.F. Salt dual-fortified with iodine and
micronized ground ferric pyrophosphate affects iron status but not hemoglobin in children in Côte d’Ivoire.
J. Nutr. 2006, 136, 1814–1820. [PubMed]

13. Zimmermann, M.B.; Wegmueller, R.; Zeder, C.; Chaouki, N.; Rohner, F.; Saissi, M.; Torresani, T.; Hurrell, R.F.
Dual fortification of salt with iodine and micronized ferric pyrophosphate: A randomized, double-blind,
controlled trial. Am. J. Clin. Nutr. 2004, 80, 952–959. [PubMed]

14. Rohner, F.; Zimmermann, M.B.; Amon, R.J.; Vounatsou, P.; Tschannen, A.B.; N’Goran, E.K.; Nindjin, C.;
Cacou, M.C.; Té-Bonlé, M.D.; Aka, H.; et al. In a randomized controlled trial of iron fortification,
anthelmintic treatment, and intermittent preventive treatment of malaria for anemia control in Ivorian
children, only anthelmintic treatment shows modest benefit. J. Nutr. 2010, 140, 635–641. [CrossRef] [PubMed]

15. Glinz, D.; Hurrell, R.F.; Ouattara, M.; Zimmermann, M.B.; Brittenham, G.M.; Adiossan, L.G.; Righetti, A.A.;
Seifert, B.; Diakité, V.G.; Utzinger, J.; et al. The effect of iron-fortified complementary food and intermittent
preventive treatment of malaria on anaemia in 12- to 36-month-old children: A cluster-randomised controlled
trial. Malar. J. 2015, 14, 347. [CrossRef] [PubMed]

13



Nutrients 2017, 9, 759

16. Fürst, T.; Silué, K.D.; Ouattara, M.; N’Goran, D.N.; Adiossan, L.G.; N’Guessan, Y.; Zouzou, F.; Koné, S.;
N’Goran, E.K.; Utzinger, J. Schistosomiasis, soil-transmitted helminthiasis, and sociodemographic factors
influence quality of life of adults in Côte d’Ivoire. PLoS Negl. Trop. Dis. 2012, 6, e1855. [CrossRef] [PubMed]

17. Koné, S.; Baikoro, N.; N’Guessan, Y.; Jaeger, F.N.; Silué, K.D.; Fürst, T.; Hürlimann, E.; Ouattara, M.;
Séka, M.C.; N’Guessan, N.A.; et al. Health & Demographic Surveillance System Profile: The Taabo Health
and Demographic Surveillance System, Côte d’Ivoire. Int. J. Epidemiol. 2015, 44, 87–97. [CrossRef] [PubMed]

18. Bassa, F.K.; Ouattara, M.; Silué, K.D.; Adiossan, L.G.; Baikoro, N.; Koné, S.; N’Cho, M.; Traoré, M.; Bonfoh, B.;
Utzinger, J.; et al. Epidemiology of malaria in the Taabo health and demographic surveillance system,
south-central Côte d’Ivoire. Malar. J. 2016, 15, 9. [CrossRef] [PubMed]

19. Righetti, A.A.; Wegmüller, R.; Glinz, D.; Ouattara, M.; Adiossan, L.G.; N’Goran, E.K.; Utzinger, J.; Hurrell, R.F.
Effects of inflammation and Plasmodium falciparum infection on soluble transferrin receptor and plasma
ferritin concentration in different age groups: A prospective longitudinal study in Côte d’Ivoire. Am. J.
Clin. Nutr. 2013, 97, 1364–1374. [CrossRef] [PubMed]

20. Staubli Asobayire, F. Development of a Food Fortification Strategy to Combat Iron Deficiency in the Ivory Coast;
ETH Zurich: Zürich, Switzerland, 2000; pp. 1–239.

21. Wegmüller, R. Dual Fortification of Salt with Iodine and Iron in Africa; ETH Zurich: Zürich, Switzerland, 2005;
pp. 1–211.

22. World Health Organization (WHO). Iron Deficiency Anaemia: Assessment, Prevention and Control: A Guide for
Programme Managers; World Health Organization: Geneva, Switzerland, 2001.

23. Word Health Organization (WHO). Assessing the Iron Status of Populations, 2nd ed.; Word Health Organization,
Centers for Disease Control and Prevention: Geneva, Switzerland, 2007.

24. Glinz, D.; Kamiyango, M.; Phiri, K.S.; Munthali, F.; Zeder, C.; Zimmermann, M.B.; Hurrell, R.F.; Wegmüller, R.
The effect of timing of iron supplementation on iron absorption and haemoglobin in post-malaria anaemia:
A longitudinal stable isotope study in Malawian toddlers. Malar. J. 2014, 13, 397. [CrossRef] [PubMed]

25. Bezwoda, W.R.; Bothwell, T.H.; Torrance, J.D.; MacPhail, A.P.; Charlton, R.W.; Kay, G.; Levin, J.
The relationship between marrow iron stores, plasma ferritin concentrations and iron absorption.
Scand. J. Haematol. 1979, 22, 113–120. [CrossRef] [PubMed]

26. Collings, R.; Harvey, L.J.; Hooper, L.; Hurst, R.; Brown, T.J.; Ansett, J.; King, M.; Fairweather-Tait, S.J. The
absorption of iron from whole diets: A systematic review. Am. J. Clin. Nutr. 2013, 98, 65–81. [CrossRef]
[PubMed]

27. Pasricha, S.R.; Atkinson, S.H.; Armitage, A.E.; Khandwala, S.; Veenemans, J.; Cox, S.E.; Eddowes, L.A.;
Hayes, T.; Doherty, C.P.; Demir, A.Y.; et al. Expression of the iron hormone hepcidin distinguishes different
types of anemia in African children. Sci. Transl. Med. 2014, 6, 235re3. [CrossRef] [PubMed]

28. Ganz, T. Macrophages and systemic iron homeostasis. J. Innate Immun. 2012, 4, 446–453. [CrossRef] [PubMed]
29. Drakesmith, H.; Prentice, A.M. Hepcidin and the iron-infection axis. Science 2012, 338, 768–772. [CrossRef]

[PubMed]
30. Skorokhod, O.A.; Caione, L.; Marrocco, T.; Migliardi, G.; Barrera, V.; Arese, P.; Piacibello, W.; Schwarzer, E.

Inhibition of erythropoiesis in malaria anemia: Role of hemozoin and hemozoin-generated 4-hydroxynonenal.
Blood 2010, 116, 4328–4337. [CrossRef] [PubMed]

31. Pasricha, S.R.; Hayes, E.; Kalumba, K.; Biggs, B.A. Effect of daily iron supplementation on health in
children aged 4–23 months: A systematic review and meta-analysis of randomised controlled trials.
Lancet Glob. Health 2013, 1, 77–86. [CrossRef]

32. De-Regil, L.M.; Suchdev, P.S.; Vist, G.E.; Walleser, S.; Pena-Rosas, J.P. Home fortification of foods with
multiple micronutrient powders for health and nutrition in children under two years of age. Evid. Based
Child Health 2013, 8, 112–201. [CrossRef] [PubMed]

33. Hurrell, R.F. Iron fortification: Its efficacy and safety in relation to infections. Food Nutr. Bull. 2007, 28
(Suppl. 4), S585–S594. [CrossRef] [PubMed]

34. Brittenham, G.M.; Andersson, M.; Egli, I.; Foman, J.T.; Zeder, C.; Westerman, M.E.; Hurrell, R.F. Circulating
non-transferrin-bound iron after oral administration of supplemental and fortification doses of iron to
healthy women: A randomized study. Am. J. Clin. Nutr. 2014, 100, 813–820. [CrossRef] [PubMed]

14



Nutrients 2017, 9, 759

35. Jaeggi, T.; Kortman, G.A.; Moretti, D.; Chassard, C.; Holding, P.; Dostal, A.; Boekhorst, J.; Timmerman, H.M.;
Swinkels, D.W.; Tjalsma, H.; et al. Iron fortification adversely affects the gut microbiome, increases pathogen
abundance and induces intestinal inflammation in Kenyan infants. Gut 2014, 64, 731–742. [CrossRef]
[PubMed]

36. Suchdev, P.S.; Namaste, S.M.; Aaron, G.J.; Raiten, D.J.; Brown, K.H.; Flores-Ayala, R. Overview of the
biomarkers reflecting inflammation and nutritional determinants of anemia (BRINDA) project. Adv. Nutr.
2016, 7, 349–356. [CrossRef] [PubMed]

© 2017 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/).

15



nutrients

Article

Iron Bioavailability Studies of the First Generation of
Iron-Biofortified Beans Released in Rwanda

Raymond Glahn 1,*, Elad Tako 1, Jonathan Hart 1, Jere Haas 2, Mercy Lung’aho 3 and

Steve Beebe 4

1 USDA-ARS Robert Holley Center for Agriculture and Health, Ithaca, NY 14853, USA;
elad.tako@ars.usda.gov (E.T.); jon.hart@ars.usda.gov (J.H.)

2 Division of Nutritional Sciences, 220 Savage Hall, Cornell University, Ithaca, NY 14853, USA;
jdh12@cornell.edu

3 International Center for Tropical Agriculture (CIAT), Regional Office for Africa, P.O. Box 823-00621,
Nairobi 00100, Kenya; m.lungaho@cgiar.org

4 International Center for Tropical Agriculture (CIAT), Km 17, Recta Cali–Palmira CP 763537,
Apartado Aéreo 6713, Cali, Colombia; s.beebe@cgiar.org

* Correspondence: raymond.glahn@ars.usda.gov; Tel.: +1-607-255-2452

Received: 22 June 2017; Accepted: 17 July 2017; Published: 21 July 2017

Abstract: This paper represents a series of in vitro iron (Fe) bioavailability experiments, Fe content
analysis and polyphenolic profile of the first generation of Fe biofortified beans (Phaseolus vulgaris)
selected for human trials in Rwanda and released to farmers of that region. The objective of the present
study was to demonstrate how the Caco-2 cell bioassay for Fe bioavailability can be utilized to assess
the nutritional quality of Fe in such varieties and how they may interact with diets and meal plans of
experimental studies. Furthermore, experiments were also conducted to directly compare this in vitro
approach with specific human absorption studies of these Fe biofortified beans. The results show
that other foods consumed with beans, such as rice, can negatively affect Fe bioavailability whereas
potato may enhance the Fe absorption when consumed with beans. The results also suggest that
the extrinsic labelling approach to measuring human Fe absorption can be flawed and thus provide
misleading information. Overall, the results provide evidence that the Caco-2 cell bioassay represents
an effective approach to evaluate the nutritional quality of Fe-biofortified beans, both separate from
and within a targeted diet or meal plan.

Keywords: beans; Phaseolus vulgaris; iron; bioavailability; biofortification

1. Introduction

Studies on iron (Fe) biofortification of the common bean were published as early as 2000,
approximately a year or two before the term “biofortification” was coined [1]. Prior to 2000,
experiments were primarily conducted in rodent models using intrinsically labelled crops, or in
humans with extrinsically labelled foods and meals [2]. The cost and limitations of such in vivo
studies often prevented the experimental approach from addressing important aspects of bean Fe
bioavailability, such as the effects of polyphenols, phytate, and the influence of other foods consumed
with beans. Since then, advances have been achieved that allow for more extensive screening of
foods and development of staple food crops and food products for improved nutritional quality of Fe.
The coupling of the in vitro digestion techniques with Caco-2 cell monolayers was a significant advance
that enabled direct in vitro examination of factors that influence Fe bioavailability [3]. This approach
utilizes Caco-2 cell ferritin formation as a marker of Fe uptake, which enables scientists to avoid the
cost and methodological issues associated with isotopic labelling. Moreover, the ferritin formation
approach is a sensitive, cost-effective marker of Fe uptake that dramatically increased the throughput
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of the system. As a result, this in vitro model has demonstrated the potential to be a tool that can be
effectively coupled with modern plant breeding approaches to identify regions of the genome that can
influence Fe bioavailability and identify varieties and processing effects that warrant further pursuit
to increase the nutritional quality of Fe [4–6]. When this in vitro approach is further coupled with
an established animal model of Fe bioavailability it represents an effective approach to refine the
experimental approach for human studies [7]. This combination of in vitro and in vivo animal studies
can also be used to address issues not feasible to conduct in human trials.

The present study is an excellent example of how the established Caco-2 cell bioassay can be
applied to evaluate key nutritional factors that could influence the effectiveness of Fe-biofortified
beans. Studies were designed to reflect bean consumption in the context of typical meals of Rwanda,
and more specifically to compare meals used in human absorption trials and efficacy studies which
used the same exact varieties and harvests of beans [8,9]. The objective of this work was to demonstrate
how the Caco-2 cell bioassay for Fe bioavailability can be applied to thoroughly and cost-effectively
evaluate Fe-biofortified crops prior to a human study or release in the food system. Where appropriate,
direct comparisons of the in vitro results to parallel or similar human studies are presented and
critically evaluated.

2. Materials and Methods

2.1. Chemicals, Enzymes, and Hormones

All chemicals, enzymes, and hormones were purchased from Sigma Chemical Co.
(St. Louis, MO, USA) unless stated otherwise.

2.2. Food Samples and Preparation

The normal and high Fe beans are the same varieties, and the same harvests were used for
an animal feeding trial and from a parallel a human efficacy trial in Rwanda [8,10]. These bean lines
are best described as “cream seeded carioca” varieties. Approximately 15 kg of the normal and high Fe
varieties were available, and subsamples were taken from this stock for the various studies presented
herein. For all studies, the bean samples were not pre-soaked, cooked by autoclave for 15 min in
a 3:1 volume of water:bean, then freeze-dried and ground into powder with a common coffee grinder.

The menu items from the human efficacy study, reported in Experiment 1, were samples taken
directly from the serving line used in the human study in Rwanda [8]. The samples were freeze dried
for shipment to the lab of the first author for assay. For the in vitro Fe bioavailability assay, 0.5 g of the
lyophilized sample were used for each replicate of the assay, as per the in vitro digestion procedure
described below.

The potato sample used in the results presented in Experiment 2 was an organically grown Idaho
white potato purchased at a local supermarket that was peeled and cooked by autoclave, then ground
to a powder. It was deemed to be nutritionally similar to the white potato served in the parallel human
trials. The rice sample used in this figure was polished, and of the Nishiki variety, and purchased at
a local supermarket. These test meals were designed to match the relative combinations of beans and
rice or beans and potato used in a similar human study. However, it is important to note that in the
results presented in Experiment 2, the additional amount of Fe added as a stable isotope in the human
study was not included in this in vitro study. This fact is important, as studies have shown, that the
primary assumption of extrinsic labelling studies (i.e., complete isotopic exchange and equilibration of
the extrinsic isotope) may not occur [11]. This point will be addressed in the discussion.

In the results presented in Experiments 3 and 4, extrinsic Fe the form of 58Fe was added to the
bean sample in the exact same relative ratio as done in similar human studies [9]. However, unlike
the human study, potato or rice were not included. The ratio was 0.4 mg 58Fe per 55 g of beans (dry
weight). At the in vitro level, these amounts correspond to 0.5 g of dry ground bean sample plus
4 μg 58Fe.
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2.3. Iron Content of Food Samples, and Caco-2 Cells

Dried, ground food samples (0.5 g) were treated with 3.0 mL of 60:40 HNO3 and HClO4 mixture
into a Pyrex glass tube and left for overnight to destroy organic matter. The mixture was then heated to
120 ◦C for two hours and 0.25 mL of 40 μg/g Yttrium added as an internal standard to compensate for
any drift during the subsequent inductively coupled plasma atomic emission spectrometer (ICP-AES)
analysis. The temperature of the heating block was then raised to 145 ◦C for 2 h. If necessary, more nitric
acid (1–2 mL) was added to destroy the brownish color of the organic matter. Then, the temperature of
the heating block raised to 190 ◦C for ten minutes and turned off. The cooled samples in the tubes
were then diluted to 20 mL, vortexed and transferred onto auto sampler tubes to analyze via ICP-AES.
The model of the ICP used was a Thermo iCAP 6500 series (Thermo Jarrell Ash Corp., Franklin, MA,
USA). For the measurement of 58Fe isotopes in Caco-2 cells, cell isolates were treated as described
above, and 58Fe was quantified using inductively coupled plasma mass spectrometry (Agilent Model
7500CS, Agilent Technologies, 5301 Stevens Creek Blvd, Santa Clara, CA 95051, USA).

2.4. Phytic acid Content of Food Samples

Phytic acid content was measured as phosphorous released by phytase and alkaline phosphatase
via a colorimetric assay kit (K-PHYT 12/12, Megazyme International, Wicklow, Ireland).

Phytate degradation was conducted via the methods of Petry et al. [9]. The maximal effect
achievable was a 66% decrease in total phytate phosphorous. To make the “68%” phytic acid
samples, a non-treated sample was mixed 50:50 with sample treated for maximal phytate degradation
(i.e., 34% phytate).

2.5. Polyphenol Analysis of Bean Samples

Seed coat extracts and polyphenol standards were analyzed with an Agilent 1220 Infinity UPLC
coupled to an Advion Expression L compact mass spectrometer (CMS). Two (2) μL samples were
injected and passed through an Acquity UPLC BEH Shield RP18 1.7 μm 2.1 × 100 mm column (Waters)
at 0.35 mL/min. The column was temperature-controlled at 45 ◦C. The mobile phase consisted of
water with 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid (solvent B). Polyphenols
were eluted using linear gradients of 86.7% to 77.0% A in 0.5 min, 77.0% to 46.0% A in 5.5 min,
46.0% to 0% A in 0.5 min, hold at 0% A for 3.5 min, 0% to 86.7% A in 0.5 min, and hold at 86.7% A for
3.5 min for a total 14 min run time. From the column, flow was directed into a variable wavelength
UV detector set at 278 nm. Flow was then directed into the source of an Advion Expression LCMS
(Advion Inc., Ithaca, NY, USA) and electrospray ionization (ESI) mass spectrometry was performed in
negative ionization mode using selected ion monitoring with a scan time of 50 msec for each of eight
polyphenol masses of interest. Capillary temperature and voltages were 300 C and 100 V, respectively.
ESI source voltage and gas temperature were 2.6 kV and 240 C respectively. Desolvation gas flow was
240 L/h. Liquid chromatography (LC) and CMS instrumentation and data acquisition were controlled
by Advion Mass Express software. Identities of polyphenols in bean samples were confirmed by
comparison of m/z and LC retention times with authentic standards. No “internal” standards were
used. External calibration standards were used for all polyphenolic compounds known to affect
Fe bioavailability.

2.6. In Vitro Digestion

The in vitro digestion protocol was conducted as per an established in vitro digestion model [12].
Briefly, exactly 1 g of each sample was used for each sample digestion. To initiate the gastric phase of
digestion, 10 mL of fresh saline solution (0.9% sodium chloride) was added to each sample and mixed.
The pH was then adjusted to 2.0 with 1.0 mol/L HCl, and 0.5 mL of the pepsin solution (containing 1 g
pepsin per 50 mL; certified > 250 U per mg protein; Sigma #P7000) was added to each mixture. The
mixtures were under gastric digestion for 1 h at 37 ◦C on a rocking platform (model RP-50, Laboratory
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Instrument, Rockville, MD, USA) located in an incubator. After 1 h of gastric digestion, the pH of the
sample mixture was raised to 5.5–6.0 with 1.0 mol/L of NaHCO3 solution. 2.5 mL of the pancreatin–bile
extract solution was added to each mixture. The pancreatin–bile extract solution contained 0.35 g
pancreatin (Sigma #P1750) and 2.1 g bile extract (Sigma #B8631) in a total volume of 245 mL. The pH
of the mixture was then adjusted to approximately 7.0, and the final volume of each mixture was
adjusted to 15.0 mL by weight using a salt solution of 140 mmol/L of NaCl and 5.0 mmol/L of KCl
at pH 6.7. At this point, the mixture was referred to as a “digest”. The samples were then incubated
for an additional two hours at 37 ◦C, at which point the digests were centrifuged, and supernatants
and pellet fractions collected and transferred to tubes for analysis. Three independent replications
of the in vitro digestion procedure were carried out for all of the food samples. For some samples,
as noted in the specific results section, Fe bioavailability was assessed in both the presence and absence
of ascorbic acid (AA). The AA was added to the digests at the start of the gastric digestion phase at
a concentration of 10 μmol/L. This treatment has been shown to expose some additional differences
between samples and thus provides further information on the matrix of the digest.

2.7. Statistical Analysis

Data were analyzed using the software package GraphPad Prism (GraphPad Software,
San Diego, CA, USA). Data were analyzed using analysis of variance incorporating normalization
of variance, if needed, and Tukey’s post test to determine significant differences (p < 0.05) between
groups. Unless noted otherwise values are expressed as mean ± standard error of the mean (SEM);
n = 3 independent replications.

3. Results

Compositional Analyses of Beans, Potato and Rice Samples

Iron and phytic acid levels for the ground bean, potato and rice samples used in experiments one
and two are supplied in Table 1. It is important to note that measurement of the Fe content of the bean
samples can vary substantially depending on the sub-sampling of the overall harvest. For example,
as shown in Table 2, from the same harvests of these lines we measured the Fe level in a separate
sub-sample to be 59.9 μg/g in the normal bean and 96.9 μg/g in the high Fe variety. A previously
published animal trial using the same harvest of these two lines yielded values of 58 and 106 μg/g for
the normal and high Fe varieties, respectively. From experience, we have found that such variation in
Fe content is quite common among sub-samples of bean harvests and is simply due to variance in the
individual bean Fe content. Thorough mixing of the harvest does not negate this variance; however,
the grinding of the sample for analysis makes the sample homogenous for Fe content, with variance of
less than 5% between replicates of the ground sample. The amount used for the sub-sampling of the
bean harvests of the bean samples should therefore be substantial whenever practical to do so. Based
on our observations, we recommend a sub-sample of 200–300 g from thoroughly mixed larger batches,
such as 5–10 kg.

Table 1. Iron (Fe) and phytic acid (PA) content of beans for Experiments 1 and 2. The rice and potato
samples were used in Experiments 3 and 4 1.

Food Sample Fe (μg/g) Phytic Acid g/100 g Molar Ratio PA:Fe

Normal Fe bean 47.5 1.21 22:1
High Fe bean 82.5 1.52 16:1

Potato 19.1 0.33 14:1
Rice 2.2 0.14 53:1

1 Values represent the average of three replicate measurements. Range of variance in measurement
was <5% for all samples.
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Iron analysis of cotyledon, seed coat and embryo fractions demonstrated that the increase in Fe
content was consistent across all of the major fractions.

Table 2. Iron content of cotyledon, embryo and seed coat of the normal and high Fe beans 1.

Bean Variety Cotyledon Fe (μg/g) Embryo Fe (μg/g) Seed Coat Fe (μg/g) Total Fe (μg/g)

Normal 51.5 (78.3%) 67.1 (1.2%) 156.4 (20.6%) 59.9
High Fe 81.6 (75.7%) 103.3 (1.5%) 255.9 (22.8%) 96.9

1 Values in parentheses represent the percent of the total Fe present in this fraction of the whole bean. Values
represent the average of three replicate measurements. Range of variance in measurement was <5% in all samples.

Polyphenolic compounds that are known to influence Fe uptake or that contrasted significantly
between the normal and high Fe lines are summarized in Table 3. It is important to note that although
other molecular weights were evident in the analyses, only compounds that could be identified
are included. Based on previous studies, kaempferol and glycosides thereof are possible Fe uptake
promoters, as are catechin and 3,4 di-hydroxybenzoic acid. Inhibitors of Fe uptake are quercetin and
procyanidin B [12].

The results in Table 4 represent a summary of Fe bioavailability, Fe content, and Al and Ti levels,
which are indicators of soil contamination. The green vegetables, cabbage and carrots, tomato sauce,
and sombe (a dish with cassava leaves) all appear to have some level of soil contamination. All of these
menu items were samples received directly from the cafeteria meal plan of the parallel human study.

Table 3. Polyphenolic profile of the seed coat of the normal and high Fe beans 1.

Compound Molecular Weight (m/z) Normal Bean High Fe Bean

Kaempferol-3-glucoside 447.0926 281 475
Kaempferol derivative 489.1030 108 251

Catechin 289.0710 237 182
AzIV 1083.5415 135 32

Kaempferol 285.0393 50 101
Procyanidin B 577.1348 106 84

Querctin-3-glucoside 463.0874 ND 81
Kaempferol-3-sambubioside 579.1354 ND 25
3,4-dihydroxybenzoic acid 153.0180 19 24

Quercetin 301.0347 ND 19
1 Values for compound levels represent ion intensity, and therefore represent only relative
differences in concentration. “ND” = non-detected.

Table 4. Experiment 1. In vitro Fe bioavailability, and mineral (Fe, Al, Ti) content of menu items from
human efficacy trial of normal and high Fe beans [8] 1.

Menu Item
Occurrence
on Menu (%)

Fe Bioavailability
(ng Ferritin/mg

Cell Protein)

Fe
(μg/g)

Al
(μg/g)

Ti
(μg/g)

Normal bean 100 5.01 ± 0.2 47.5 5.2 0.2
High Fe bean 100 5.9 ± 0.2 82.5 5.9 0.4
Tomato sauce 100 24.2 ± 1.1 120.8 76.8 0.5

Rice 85 0.9 ± 0.1 4.7 1.7 0.2
Cooked rice with curry unknown 1.7 ± 0.3 6.5 14.5 0.2

Cabbage + carrots 43 9.5 ± 0.3 80.0 80.2 1.8
Green vegetables 43 1.5 ± 0.3 312.7 448.1 14.4

Potato chips 28 20.9 ± 1.1 25.4 8.0 1.2
Banana chips unknown 1.8 ± 0.2 10.5 2.5 0.4

Fried sweet potatoes 14 7.3 ± 1.1 22.1 10.0 0.6
Cassava bread 14 5.69 ± 0.55 22.2 22.8 1.3

Macaroni 14 2.04 ± 0.26 34.3 5.8 0.3
Sombe 14 1.40 ± 0.21 81.0 168.1 0.8

Fried Irish potatoes 7 25.51 ± 1.33 30.4 8.6 1.3
Boiled Irish potatoes 7 41.77 ± 2.82 37.7 3.5 0.6

Banana with tomato sauce 14 1.91 ± 0.04 20.0 11.7 0.7
1 Fe bioavailability values are mean ± standard error, n = 3. Mineral content values are the mean of
three replicates.
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The results of Experiment 2 show two significant effects. First, the addition of rice to beans lowers
the Fe bioavailability, eliminating the increase in Fe uptake from the high Fe bean. The addition of
potato increases the overall Fe uptake from the meal. In both combinations, the bean is the major
source of Fe; however, the potato does contribute more Fe to the food matrix relative to rice. For each
condition, and it is important to note that the amount of rice or potato is the same as that published in
a human study where these lines of beans were evaluated. The second effect shown in Experiment 2 is
that the reduction of phytate results in a decrease in Fe uptake. This occurs for both the normal and
high Fe beans when evaluated alone or in combination with potato.

The results in Experiments 3 and 4 are from the same series of experiments. In these studies, efforts
were made to replicate the conditions of a human absorption study where the normal and high Fe beans
were treated with phytase, and the labelled extrinsically with 58Fe [9]. Similar to the results shown in
Figure 1, the high Fe bean resulted in significantly more ferritin formation (Fe uptake) than the normal
bean, regardless of the phytate content. The addition of the 58Fe resulted in significantly higher ferritin
formation (iron uptake) from the normal beans but not from the high Fe beans (Experiment 3; Figure 2).
Direct measurement of 58Fe in the Caco-2 cells showed significantly more 58Fe uptake from the normal
Fe beans vs the high Fe beans (Experiment 4; Figure 3). Decreased phytate content was associated with
decreased 58Fe uptake, exhibiting similar pattern of response in Fe uptake as measured via Caco-2 cell
ferritin formation.

Figure 1. Experiment 2. Iron uptake as measured by Caco-2 cell ferritin formation from beans
pre-treated with phytase. Values represent Fe uptake from normal or high Fe beans with normal
phytate (PA; 100%) levels, or PA levels reduced to low (34%) or mid (68%) of the normal PA content.
Bar values within food combination groups with no letters in common are significantly different
(p < 0.05). A single asterisk indicates significant inhibitory effect (p < 0.05) of the addition of rice,
whereas the double asterisk indicates significant promotional effect of the addition of potato.
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Figure 2. Experiment 3. Caco-2 cell Fe uptake as measured by ferritin formation from normal and high
Fe beans that were extrinsically labelled with 58Fe as per a published human study using the same
harvest of these bean varieties [9]. Values are mean ± SEM, n = 3. Bars with no letters in common
indicate significant difference (p < 0.05). Asterisks indicate significantly more ferritin formation relative
to samples without the 58Fe label.

Figure 3. Experiment 4. Caco-2 cell 58Fe content following exposure to in vitro digests of normal and
high Fe beans extrinsically labelled with 58Fe. Values are mean ± SEM, n = 3. Bars with no letters in
common indicate significant difference (p < 0.05). Asterisks indicate significantly more 58Fe (p < 0.05)
relative to the same phytate content in the high Fe beans.

4. Discussion

The in vitro methodology for measuring Fe bioavailability utilized in the present study was
first published in 1998 [3]. Since then it has been applied to estimate Fe bioavailability from
many food products [13], forms of Fe [14], diet plans [15] and staple food crops [16]. It has been
shown to be a robust model, capable not only of diverse application, but also able to handle high
throughput [4,6]. Over the past few years, it has been shown to predict the overall outcome of two
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published human efficacy studies of Fe biofortification and the parallel animal studies [7,8,10,17,18].
A recent review article demonstrates that when coupled with a poultry feeding model, it can now be
seen as an established and well-validated approach for the development of Fe-biofortified crops and
food products [7].

The observations of the present study clearly suggest that several factors should be considered
when evaluating and advancing Fe-biofortified beans for either human study or release to farmers.
First, it is important to consider how other foods commonly consumed with beans can affect the Fe
bioavailability. For example, Experiment 2 indicates that the consumption of beans with rice negates the
nutritional benefits of the higher Fe content, whereas the consumption of beans with potato appears to
enhance the Fe uptake from the meal. Consumption of beans with rice or potato has been documented
as common throughout countries such as Rwanda and other African nations. These combinations
were used as test meals in human absorption studies of these same lines of beans, yet it appears that
potential differences in these meal combinations were not considered by the investigators [9].

In the above-mentioned human studies, 58Fe was added extrinsically to the meal, at levels
equalling 11.9% of the total Fe for the normal Fe beans, and at 7.6% of the total Fe for the high Fe
variety [9]. Also, in this human study the investigators modified the levels of phytic acid in the bean
samples by pre-treating the beans with phytase, claiming to achieve >95% reduction of phytate content.
The present study mimicked these treatments using the exact same lines of beans, and used what
should be a very effective phytase treatment, but only achieved a maximum decrease in phytate
content of 66%. We also explored additional conditions such as increased enzyme concentration and
duration of exposure to phytase, but no additional decrease in phytate was observed. Thus, we do not
know how the other group was able to achieve almost complete removal of the phytate. This would be
of concern as more prolonged treatment could also be more likely to alter other factors in the bean
samples, such as polyphenolic profiles that would confound the results relative to the native phytate
and polyphenol profiles of these lines.

The present study yields some key observations on Fe bioavailability with the reduction of phytate
content. First, the decrease in phytic acid resulted in a surprising decrease in Fe uptake by the Caco-2
cells (Experiments 2–4), an observation which is in contrast to the claim from the human study that
dephytinization increased Fe uptake. One possible explanation for the in vitro decrease in Fe uptake
could be that the decrease in phytate facilitated greater opportunity for the seed coat polyphenols to
complex the Fe and inhibit Fe bioavailability. However, with the addition of 58Fe to the bean samples,
there is an interesting observation that could explain the apparent difference between the human study
results and this in vitro study when phytate content is decreased. Consider the following: the addition
of the extrinsic 58Fe was clearly associated with an increased ferritin formation effect (i.e., Fe uptake)
in the normal beans but not in the high Fe beans (Experiment 3). Indeed, for the normal bean samples,
where phytate values were reduced to 34% and 68% of the natural content, the addition of the 58Fe
approximately doubled the Caco-2 cell Fe uptake. A similar trend was evident in the high Fe beans
although the difference was not statistically significant. The lesser effect in the high Fe bean samples is
probably due to the increased intrinsic Fe content or possibly to other factors such as the differences in
polyphenol content (Table 3). Direct measurement of the 58Fe in the Caco-2 cells also indicates that
the increased ferritin formation is due to the extrinsic 58Fe (Experiment 4). Indeed, the addition of
an extrinsic Fe source at an amount equal to 11.9% of the total Fe approximately doubles the Caco-2
cell ferritin formation. Taken together, these observations indicate that the uptake of the extrinsic
Fe was much greater than that of the intrinsic Fe of the bean. In other words, the extrinsic 58Fe has
a different bioavailability relative to the intrinsic Fe of the bean and is clear evidence of incomplete
isotopic exchange and equilibration of the extrinsic label. It should be noted that previous studies have
shown that the cotyledon cell walls of beans are a potential barrier to Fe uptake from a bean meal, and
could also be a barrier that prevents equilibration of the extrinsic Fe with the intrinsic Fe [19].

As noted in studies decades ago, extrinsic labelling of food Fe is dependent upon the assumption
of complete isotopic exchange and equilibration [20]. Hence, the above observation indicates that
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extrinsic labelling of the bean samples as conducted in the human study would yield inaccurate
measurement of Fe bioavailability from the beans under these feeding conditions. It is therefore
entirely possible that in the human study, the decrease in phytate did indeed result in less overall Fe
uptake, an effect that would have been masked due a flawed assumption of complete extrinsic label
equilibration. The human study depends entirely upon this assumption, whereas the in vitro model
does not.

In consideration of the above, it is also important to note that the human study [9] did not separate
out the effects of rice versus potatoes on Fe uptake from the meals; thus, the Fe uptake in the human
study represents the combined effects of rice and potato on isotopic Fe uptake. This combined food
effect, plus the fact that the human study did not simply measure Fe uptake from just the beans, limits
further useful comparison of the in vitro and human results. Certainly, future studies should follow
up on the individual effects of rice and potatoes on bean Fe bioavailability as it negates the benefit of
a crop in a given food system. In regards to comparing the human absorption study with the in vitro
model, the question that remains is which approach is more accurate and effective at evaluating the
Fe bioavailability of beans? The human model is based on an assumption that has seen a fair share
of criticism and doubt by other scientists [11,20,21]; whereas, the in vitro approach bears the caveat
of simply being an in vitro model, albeit one that is now validated by direct comparison to human
efficacy and animal feeding trials [7].

The present study also demonstrates that the high Fe beans also contained higher levels of
uptake-inhibiting polyphenols in the seed coats (Table 2). For these bean varieties, the inhibitory
compounds of most significance are quercetin and quercetin-3-glucoside. These compounds have been
shown to be inhibitory of Fe uptake, even when potential promoting polyphenols, such as kaempferol
(and glycosides thereof) are present in greater amounts [12]. Increased inhibitory polyphenols
were also demonstrated in high Fe black beans and high Fe pearl millet [22,23]. This consistent
association of enhanced Fe content with greater polyphenol levels reinforces the need to perform
bioavailability assessments of lines targeted for biofortification. Moreover, the finding of increased
inhibitory polyphenols with increased Fe content is an example of how breeding solely for enhanced
Fe content could result in a misdirection of breeding. Such a misdirection could result in an end
product with no nutritional benefit, despite enhanced content, or one that achieves a less than maximal
benefit. It is important to note that the compounds listed in the present study represent the ones that
are currently known to be among the list of polyphenols found in bean seed coats and are known to
influence Fe bioavailability. There may be others, but this list is simply based upon what has been
identified and characterized from previous work that utilized the Caco-2 cell bioassay and LC-MS
technology [12].

Evaluation of the results presented on the menu items of the Rwandan human trial (Experiment 1)
must consider that these results are based on the dry weight of the menu items. We do not have data
for the water content of these menu items. In general, it could be expected that for items such as tomato
sauce the water content could be 90–95%, perhaps slightly less for items such as green vegetables,
cabbage, carrots, and banana. The potato items could be of key nutritional interest, depending on their
water content, as the Caco-2 cell ferritin formation and Fe content values were relatively high. The green
vegetables appear to be contaminated with soil Fe as Fe, Al and Ti values were very high and ferritin
values were low, measurements that are clear indicators of the presence of soil Fe. The occurrence of
the items on the menu are also potentially important; and although it was beyond the scope of the
present study, it should be noted that the experimental approach outlined in this manuscript could
certainly be applied to evaluate the meal plan in greater detail, provided that information such as
water content and consumption rate are available.

5. Conclusions

The present study clearly shows that the high Fe bean variety delivers more absorbable Fe relative
to the normal bean variety. Such observations agree with previous in vitro, animal and human studies
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of these particular varieties and harvests [8,10]. Indeed, the level of validation of this in vitro approach
is now quite extensive; hence, observations generated from its proper application should be confidently
applied to direct nutritional studies and bean breeding. In addition, the results from the present study
provide more evidence that the assessment of the Fe bioavailability of beans via extrinsic labelling
yields potentially inaccurate information.
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Abstract: Iron supplementation contributes an effort to improving iron status among athletes, but
it does not always prevent iron deficiency. In the present study, we explored the effect of three
consecutive days of endurance training (twice daily) on the hepcidin-25 (hepcidin) level. The effect of
iron supplementation during this period was also determined. Fourteen male endurance athletes were
enrolled and randomly assigned to either an iron-treated condition (Fe condition, n = 7) or a placebo
condition (Control condition; CON, n = 7). They engaged in two 75-min sessions of treadmill running
at 75% of maximal oxygen uptake on three consecutive days (days 1–3). The Fe condition took 12 mg
of iron twice daily (24 mg/day), and the CON condition did not. On day 1, both conditions exhibited
significant increases in serum hepcidin and plasma interleukin-6 levels after exercise (p < 0.05). In
the CON condition, the hepcidin level did not change significantly throughout the training period.
However, in the Fe condition, the serum hepcidin level on day 4 was significantly higher than that of
the CON condition (p < 0.05). In conclusion, the hepcidin level was significantly elevated following
three consecutive days of endurance training when moderate doses of iron were taken.

Keywords: iron related-hormone; endurance training; iron supplementation

1. Introduction

Iron deficiency (ferritin <20 ng/mL) is frequently observed among endurance athletes [1], as
it is more common than iron-deficient anemia and affects 13–22% of elite athletes [2,3]. Several
physiological mechanisms have been proposed to explain this phenomenon, including gastrointestinal
bleeding [4], hemolysis [5], lack of dietary iron [6], and iron loss in sweat [7]. Additionally, the
regulatory hormone hepcidin may be involved [8]. Hepcidin, a 25-amino acid peptide, is a crucial
mediator of iron homeostasis and may be associated with iron deficiency in response to exercise
training. Iron is taken up by enterocytes and is either bound to transferrin or stored as intracellular
ferritin [9]. Hepcidin internalizes (degrades) the ferroportin export channels of the small intestine
and macrophage surface, inhibiting gut absorption of dietary iron and preventing iron release by
macrophages [10]. Hepcidin expression is upregulated by increased iron intake and/or storage [10,11]
and inflammation [12,13]. In contrast, it is downregulated by iron deficiency anemia and hypoxia [14].

A low ferritin level with iron supplementation did not affect endurance performance (e.g.,
running economy, time to exhaustion) in iron-deficient non-anemic athletes [15,16]. In contrast,
iron treatments may improve the iron status and endurance performance even in iron-deficient
non-anemic athletes [17], although these findings are not consistent. Therefore, the question of
whether iron supplementation during intense training might improve endurance performance has
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not been fully explored [18]. A high dose of iron supplementation can be applied among some
competitive athletes [19,20], but high doses of iron supplementation may stimulate hepcidin production
to maintain iron homeostasis [10,11]. Such high-level supplementation (60–240 mg daily) increased the
serum hepcidin level after 24 h, and the fractional iron absorption fell by 35–45% [21]. However, the
influence of moderate iron supplementation during strenuous training on the hepcidin level remains
unclear. This is an important issue because iron supplementation is a widespread practice among
endurance athletes.

Previous studies exploring the influence of acute exercise on iron metabolism found that the
hepcidin level was transiently elevated about 3 h after exercise [8,22–24] and that this was associated
with increases in exercise-induced inflammation and hemolysis [24]. Strenuous exercise promotes
inflammation, as reflected by a marked increase in the interleukin-6 (IL-6) level [25]. Pro-inflammatory
cytokines (e.g., IL-6) stimulate hepcidin production [10,26,27], and sustained inflammation caused by
cumulative exercise may promote hepcidin production and iron deficiency. Peeling et al. [28] recently
reported that resting iron status, in addition to post-exercise IL-6 level and exercise intensity, accounted
for ~77% of the variance in post-exercise hepcidin elevation in elite athletes.

Two recent studies found that seven days of running and/or military training, followed by a
54-km skiing event, significantly increased the basal hepcidin level [29,30]. Furthermore, we previously
observed that augmented monthly training significantly increased the hepcidin level in long-distance
runner [31]. In contrast, other studies found that exercise did not significantly influence the hepcidin
level [23,32]. However, the effects of several consecutive days of strenuous endurance training have
not yet been determined.

In the present study, we investigated the impact of three consecutive days of endurance training on
the hepcidin level. Training was performed twice daily, because the typical training programs among
endurance athletes involve two daily sessions (with several hours of rest between). The influence of
iron supplementation during training was also determined. We hypothesized that three consecutive
days of endurance training would elevate the hepcidin level and that iron supplementation during
training would further augment this level.

2. Materials and Methods

2.1. Subjects

Fourteen male endurance athletes (long-distance runners and triathletes) participated (means ±
standard errors (SE): age: 19–22 years; height: 1.68 ± 0.01 m; weight: 55.9 ± 1.1 kg; maximal oxygen
uptake (

.
VO2max): 59.6 ± 0.8 mL/kg/min). All subjects were healthy and trained regularly on ≥4 days

a week. The exclusion criteria were smoking and the use of herbs or medications. All subjects were
informed about the study protocol, the possible benefits and risks, and they provided written informed
consent. The study was approved by the Ethics Committee for Human Experiments of Ritsumeikan
University, Japan (BKC-IRB-2015-023).

2.2. Experimental Design

This was a single-blinded placebo-controlled study. The 14 subjects were randomly assigned
to either an iron-treatment (Fe condition; n = 7) or a placebo (CON condition; n = 7) condition;
.

VO2max level were evaluated prior to the experiment. All subjects completed three consecutive days of
twice-daily endurance exercises (75 min bouts of treadmill running at 75% of

.
VO2max in the morning

(Ex 1; 8:30–10:45) and afternoon (Ex 2; 13:00–14:15). The Fe condition received 12 mg of iron in a
flavored drink (100 mL) before and immediately after Ex 1 (24 mg/day); CON subjects received the
drink only. Iron supplementation among athletes often features 24 mg Fe/day [33].

Blood samples were collected from the antecubital vein at 08:00 during the training period
(days 1–3) and on the next day (day 4).
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During the three days of training, all subjects arrived at the laboratory at 08:00 following an
overnight fast. Body weight, fatigue score, and muscle soreness were evaluated using a visual analog
scale. All subjects completed the six exercise sessions at 75% of the

.
VO2max. However, the running

velocity was reduced when a subject could not maintain the prescribed velocity because of accumulated
fatigue. Water was given ad libitum throughout all sessions, and standard meals were provided at
11:00, 13:30, and 19:00.

2.3. Measurements

2.3.1. Determination of Running Velocity

About two weeks prior to the training period, an incremental treadmill exercise test (Life Fitness
95T, Chicago, IL, USA) was used to assess

.
VO2max. The initial running velocity was 6 km/h and

was increased progressively by 2 km/h every minute. When the velocity attained 14.6 km/h, it was
further increased by 0.6 km/h every minute to exhaustion. The treadmill gradient was 0% (flat) [34].
Respiratory gases were collected using a breath-by-breath methods; we evaluated oxygen uptake
(

.
VO2), carbon dioxide output (

.
VCO2), ventilation volume (

.
VE), and the respiratory exchange ratio

(RER) using a metabolic cart (AE300S, Minato Medical Science Co., Osaka, Japan). The oxygen, carbon
dioxide, and flow sensors were calibrated before each test according to the manufacturer’s instructions.
The exercise test was terminated when the subject could not maintain the prescribed running speed or
when the

.
VO2 plateau was attained. The running velocity and

.
VO2 were used to calculate the running

speed associated with 75% of the
.

VO2max.

2.3.2. Blood Sampling and Analyses

Resting blood samples from the antecubital vein were collected after an overnight fast (at least
12 h) during the experimental period (days 1–4) and 3 h after Ex 2 on day 1. Serum and plasma samples
were stored at −80 ◦C after centrifugation for 10 min (3000 rpm, 4 ◦C). Two-milliliter samples were
transferred to ethylenediaminetetraacetic acid (EDTA) containing tubes immediately after sampling
for determination of hematological parameters; blood hemoglobin (Hb) levels were measured in
a clinical laboratory (Falco Holdings Co., Kyoto, Japan). Serum total iron binding capacity (TIBC)
and ferritin, iron, transferrin, creatine kinase (CK), high-sensitivity C reactive protein (hsCRP), and
myoglobin levels were measured in another clinical laboratory (SRL Co., Tokyo, Japan). Transferrin
saturation (TSAT) was calculated as the serum iron level/serum TIBC level × 100. Plasma IL-6 levels
were determined using a commercial enzyme-linked immunosorbent assay (ELISA) kit (R and D
Systems Inc., Minneapolis, MN, USA). Serum hepcidin levels were measured by cation-exchange
chromatography followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

The intra-assay coefficients of variation (CVs) were as follows: 0.6% for Hb, 3.8% for ferritin, 1.4%
for iron, 1.6% for the TIBC, 2.3% for CK, 3.2% for hsCRP, 3.4% for myoglobin, and 5.2% for IL-6.

2.3.3. Scores of Fatigue and Muscle Soreness

Subjective fatigue and muscle soreness levels were evaluated using a visual analog scale (VAS).
The subjects were instructed to draw lines on 100 mm scales that were marked with “not tired” or “no
pain” on the left and with “extremely tired” or “the worst pain ever” on the right [35].

2.3.4. Nutritional Assessment and Standard Meal

All subjects were asked to maintain their usual dietary intake during the month before
commencement of training. Regular food and nutrient consumption were calculated using dedicated
software (Excel Eiyo-kun FFQg version 4.0; Kenpaku-sha, Tokyo, Japan). The FFQg yields average
intake/week of 29 food groups and 10 forms of cookery in conventional units or portion sizes. No
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subject took an iron supplement. The standard meals were individually adjusted to reflect the usual
food and nutrient consumptions.

2.3.5. Statistical Analyses

All data are presented as means ± SE. Changes over time in blood variables were evaluated
using two-way analysis of variance (ANOVA) with repeated measures (condition (Fe, CON) × time
(days 1–4)). When the ANOVA revealed a significant interaction or a main effect, Tukey’s post-hoc
analysis was performed to explore where the difference was located. In addition to p-values, we
calculated Cohen’s d-values (on independent t-test) or the partial η2 values (when a two-way ANOVA
with repeated measures was performed) to determine effect size (ES). All analyses were performed with
the aid of SPSS version 22.0 software (SPSS Inc, Chicago, IL, USA). A p-value < 0.05 was considered to
reflect statistical significance.

3. Results

3.1. General Information during Training Sessions

The running distance and the mean heart rate during exercise are shown in Table 1. There was
no significant difference between the Fe and CON conditions for any variables. The total running
distance over the three days of training (six exercise sessions) was 101.9 ± 2.6 km in the Fe condition
and 98.0 ± 3.3 km in the CON condition; this difference did not reach statistical significance (p > 0.05).

Table 1. Running distances and HR during training period.

Condition Day 1 Day 2 Day 3

Running distance Fe 34.5 ± 0.9 34.5 ± 0.9 34.5 ± 0.9
(km) CON 33.3 ± 0.7 33.3 ± 0.7 33.3 ± 0.7

Heart rate (bpm)
Ex1 Fe 158 ± 4 157 ± 4 154 ± 3

CON 156 ± 5 156 ± 4 154 ± 2
Ex2 Fe 158 ± 4 154 ± 4 156 ± 4

CON 159 ± 5 158 ± 3 153 ± 3

The values are means ± SE.

3.2. Blood Parameters

3.2.1. Iron Parameter

The Hb level on day 1 did not differ significantly between the conditions (Fe: 15.4 ± 0.3 g/dL,
CON: 15.4 ± 0.5 g/dL, p > 0.05). Table 2 presents the serum ferritin, iron, and TSAT levels.

Table 2. Resting serum ferritin, iron, TSAT during training period (days 1–3) and on the following day
after training period.

Condition Day 1 Day 2 Day 3 Day 4

Ferritin Fe 47.9 ± 9.3 52.2 ± 9.3 56.9 ± 9.0 61.4 ± 10.0
(ng/mL) CON 38.0 ± 9.5 39.8 ± 10.8 44.9 ± 11.2 47.6 ± 11.1

Iron Fe 89.1 ± 11.5 115.6± 10.0 120.1± 9.3 91.3 ± 13.5
(μg/dL) CON 73.3 ± 15.8 143.1± 23.3 120.1± 13.9 129.7± 7.5

TSAT Fe 31.4 ± 5.0 40.9 ± 3.5 44.9 ± 5.6 34.1 ± 6.0
(%) CON 24.4 ± 4.7 50.2 ± 10.1 42.4 ± 6.2 46.5 ± 3.7

The values are means ± SE. Serum ferritin: interaction (condition × time): p = 0.504 (ES = 0.005), main effect for
condition: p = 0.445 (ES = 0.05), main effect for time: p = 0.008 (ES = 0.47). Serum iron: interaction (condition ×
time): p = 0.069 (ES = 0.19), main effect for condition (p = 0.321, ES = 0.08), main effect for time: p = 0.001 (ES = 0.36).
Serum TSAT: interaction: p = 0.056 (ES = 0.19), main effect for condition: p = 0.598 (ES = 0.02), main effect for time: p
= 0.001 (ES = 0.38).
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3.2.2. Muscle Damage and Inflammatory Parameters

Figure 1 shows the serum myoglobin, CK and hsCRP levels over time. The myoglobin level
exhibited no significant interaction or main effect for condition, and there was a significant main
effect for time. The serum CK and hsCRP levels did not show significant interaction or main effect for
condition, with a main effect for time.
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Figure 1. Serum myoglobin (A); CK (B); and hsCRP (C) levels on days 1–4. The values are means ± SE.
* Significant difference from day 1.

Figure 2 shows the plasma IL-6 levels. The plasma IL-6 level did not show significant interaction
or main effect for condition, with only a significant main effect for time.
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Figure 2. Plasma IL-6 levels during days 1–4. The values are means ± SE.
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3.2.3. Serum Hepcidin Level

Figure 3 shows the serum hepcidin levels. The serum hepcidin level exhibited significant
interaction (condition × time) over days 1–4. On day 4, the serum hepcidin level was significantly
higher in the Fe condition (12.6 ± 1.9 (range: 3.2–20.5) ng/mL) than the CON condition (6.9 ± 1.9
(range: 2.5–14.5) ng/mL).
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Figure 3. Serum hepcidin levels during days 1–4. The values are means ± SE. * Significant difference
from day 1. † Significant difference between conditions.

3.3. Score of Fatigue and Muscle Soreness

Table 3 presents the fatigue and muscle soreness scores. The score of fatigue and muscle soreness
exhibited no significant interaction or main effect for condition, and there was a significant main effect
for time.

Table 3. Scores of fatigue and muscle soreness during training period.

Condition Day 1 Day 2 Day 3 Day 4

Fatigue Fe 25 ± 7 30 ± 7 41 ± 10 42 ± 6
(mm) CON 26 ± 4 39 ± 9 43 ± 7 42 ± 7

Muscle Soreness Fe 16 ± 5 36 ± 6 57 ± 9 55 ± 7
(mm) CON 23 ± 4 43 ± 9 59 ± 5 53 ± 7

The values are means ± SE. Fatigue: interaction (condition × time): p = 0.889 (ES = 0.02), main effect for condition:
p = 0.690 (ES = 0.01), main effect for time: p = 0.020 (ES = 0.61). Muscle soreness; interaction (condition × time):
p = 0.881 (ES = 0.02), main effect for condition: p = 0.498 (ES = 0.04), main effect for time: p < 0.001 (ES = 0.55).

3.4. Dietary Intake during the Training Periods

Table 4 presents the data on dietary intake. We found no significant differences in energy,
carbohydrate, protein, or fat intake during training between the conditions. The average carbohydrate
intake over the three days were 7.0 ± 0.2 g/kg (Fe condition) and 6.9 ± 0.3 g/kg (CON condition).
Due to iron supplementation during training period, the Fe condition exhibited a significantly higher
Fe intake than the CON condition (p < 0.001, ES = 2400).
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Table 4. Total energy and macronutrient intakes during training period.

Condition Day 1 Day 2 Day 3

Total energy Fe 10,850 ± 130 11,005 ± 110 10,761 ± 136
(KJ) CON 10,560 ± 65 10,621 ± 74 10,661 ± 71

CHO Fe 395.3 ± 7.8 402.5 ± 7.7 388.2 ± 6.8
(g) CON 378.4 ± 3.4 381.0 ± 3.7 383.7 ± 3.7

Protein Fe 87.0 ± 0.2 87.9 ± 0.8 88.9 ± 1.4
(g) CON 86.8 ± 0.2 88.0 ± 0.7 87.2 ± 0.2
Fat Fe 65.2 ± 0.04 65.9 ± 0.47 65.3 ± 0.04
(g) CON 65.2 ± 0.04 65.2 ± 0.04 65.3 ± 0.04

Iron Fe 30.5 ± 0.01 30.5 ± 0.01 30.5 ± 0.01
(mg) CON 6.5 ± 0.01 6.5 ± 0.01 6.5 ± 0.01

The values are means ± SE.

4. Discussion

This is the first study to explore the effect of iron supplementation on the hepcidin level during
three consecutive days of endurance training. Our principal finding is that three days of training
(twice daily) did not significantly change the hepcidin level in the CON condition without iron
supplementation. However, in the Fe condition, hepcidin levels were significantly elevated after
training accompanied by moderate iron supplementation (24 mg/day). Contrary to our hypothesis, no
change in the serum hepcidin level was observed throughout training in the CON condition. Although
the hepcidin level is commonly elevated after a single bout of exercise [21,22], the cumulative effect of
daily endurance training on the hepcidin level has not previously been fully evaluated. Sim et al. [29]
found that that seven consecutive days of running training significantly increased the resting urine
hepcidin level. McClung et al. [30] reported that seveb days of winter training (four days of military
training followed by three days of cross-country skiing) significantly elevated the serum hepcidin
level. Moreover, increases in training intensity and duration elevated the serum hepcidin level in
athletes [31,36,37]. In contrast, eight weeks of endurance training (continuous or interval running) did
not increase the hepcidin level [32]. Similarly, the serum hepcidin level was not affected by nine weeks
of basic combat training in female soldiers [38]. Thus, the cumulative effects of endurance training on
the hepcidin level remain unclear. In consequence, our present findings suggest that three consecutive
days of such training (75 min of running twice daily) did not strongly impact the serum hepcidin level.
Erythropoiesis is one of the stimulating factors of hepcidin expression [39], and hypoxia augments
erythropoiesis [40]. However, because all exercises were conducted under normoxic conditions, it is
unlikely that erythropoiesis was augmented in the Fe condition.

The exercise-induced increase in the IL-6 level has been suggested to stimulate hepcidin
production [41,42]. Although we did not measure IL-6 levels immediately after exercise, several studies
have found that the levels become markedly elevated at this time [43–45]. The exercise-induced IL-6
elevation was followed by an increase in the hepcidin level, peaking about 3 h later [8,21,22,41,42,45].
On day 1, we observed a significant increase in the hepcidin level 3 h after Ex 2, which was
consistent with previous findings (data not shown). We also measured the serum myoglobin and CK
levels (indirect markers of muscle damage) because sustained muscle damage and/or inflammation
have been suggested to increase the hepcidin level [46]. Both the myoglobin and CK levels were
significantly elevated on days 2 and 3 in both conditions and did not differ significantly between the
conditions. Furthermore, the myoglobin level peaked on day 2, and the CK level peaked on day 3;
it tended to return to normal on day 4. It is, thus, possible that the duration of augmented muscle
damage/inflammation was too short to alter the hepcidin level in the CON condition.

Hepcidin production is affected by the energy balance; a lower energy balance and/or depletion
of muscle glycogen may increase the hepcidin level, which is attributable to an increase in IL-6
production [47,48]. In a previous study by Badenhorst et al. [49], subjects performed intensive running
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to deplete muscle glycogen, and they were then given either a low (3 g kg−1) or a high (8 g kg−1) CHO
diet during the next 24 h. On the following day, both the pre- and post-exercise hepcidin levels were
significantly elevated in those who had consumed the lower CHO diet. Therefore, high CHO intake
may inhibit hepcidin elevation, although any benefit thus afforded was not fully evident in recent
studies [49–52]. In the present study, all subjects consumed prescribed diets during training; the CHO
intake was about 7 g kg−1/day. However, as training was conducted twice daily (150 min of running
per day),the negative CHO balance during training would be equal in the two conditions. Therefore,
the elevated hepcidin level on day 4 in the Fe condition cannot be associated with a lower energy
balance and/or a decreased muscle glycogen level compared to the CON condition.

Running transiently increases the serum iron level, and this is attributable to hemolysis [53].
Furthermore, an elevated iron level, per se, upregulates hepcidin production [54]. Thus, the
post-exercise hepcidin elevation may reflect the iron homeostasis. Exercise-induced IL-6 elevation is
the most significant factor for increasing the post-exercise hepcidin level. However, Peeling et al. [28]
recently reported that iron status plays a more important role in the post-exercise hepcidin elevation
seen in elite athletes; lower serum ferritin and iron levels attenuate the exercise-induced rise in
hepcidin. Therefore, an elevated iron level due to iron supplementation in the Fe condition may
explain the observed increase in the hepcidin level. However, the serum iron levels were elevated
in both conditions during days 2–4. Moreover, the serum ferritin levels did not differ significantly
between the conditions, suggesting that the altered iron status caused by iron supplementation did not
affect the hepcidin level in the Fe condition.

We performed a unique exploration of the impact of iron supplementation during training on
hepcidin level. During the three consecutive days of training, subjects in the Fe condition received a
moderate dose (24 mg) of iron supplementation. The daily absorption of iron supplements ranges from
2.3% to 8.5% when the supplement is taken with and without food, respectively [55]. Thus, only small
proportions of the iron are absorbed. Higher iron doses may be toxic, as iron catalyzes the production of
reactive oxygen products. Hence, iron supplementation theoretically increases the hepcidin level [56].
An earlier study found that higher-dose iron (>40 mg) augmented the hepcidin level in females [23].
Moreover, Deli et al. [57] indicated that a moderate dose of iron supplementation over three weeks
promoted pro-oxidant action, and augmented inflammation. Although the detailed mechanism still
remains unclear, the findings in the Fe condition on day 4 suggests that even a moderate dose of iron
supplementation during short-term endurance training may augment the hepcidin level.

One limitation of our present study is the relatively small sample size. However, we confirmed
that the hepcidin level was significantly elevated in the Fe condition; the ES for reflecting condition
difference was sufficient (p = 0.025, ES = 0.90). Another limitation is the short-term (three consecutive
days) nature of the training; further work is needed to explore whether our findings are relevant to
long-term training. We used short-term endurance training in an effort to mimic a realistic situation
featuring a rapid increase in training stress. Moreover, since we strictly controlled daily energy and
iron intake, it was not easy to prepare a long–term training period. Additionally, long-term iron
supplementation may be associated with a risk of gastrointestinal disease.

5. Conclusions

The hepcidin level was significantly elevated after three consecutive days of endurance training in
subjects taking moderate (24 mg/day) iron supplementation. The results suggest that moderate doses
of iron supplementation during consecutive days of endurance training may increase resting hepcidin
levels. The present findings would also provide an important message that even a moderate dose of
iron supplementation during endurance training may not be a recommendable treatment to improve
physical condition in athletes. Future work should explore effect of long-term iron supplementation
during training on hepcidin. Moreover, whether other nutritional interventions (e.g., increased CHO
intake, antioxidant supplementation) during training attenuate the rise of hepcidin level in endurance
athletes would be a valuable topic to explore.
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Abstract: Iron (Fe) deficiency is a major human health concern in areas of the world in which
diets are often Fe deficient. In the current study, we aimed to identify appropriate methods and
optimal dosage for Fe fortification of lentil (Lens culinaris Medik.) dal with FeSO4·7H2O (ferrous
sulphate hepta-hydrate), NaFeEDTA (ethylenediaminetetraacetic acid iron (III) sodium salt) and
FeSO4·H2O (ferrous sulphate mono-hydrate). We used a colorimetric method to determine the
appearance of the dal fortified with fortificants at different Fe concentrations and under different
storage conditions. Relative Fe bioavailability was assessed using an in vitro cell culture bioassay.
We found that NaFeEDTA was the most suitable fortificant for red lentil dal, and at 1600 ppm,
NaFeEDTA provides 13–14 mg of additional Fe per 100 g of dal. Lentil dal sprayed with fortificant
solutions, followed by shaking and drying at 75 ◦C, performed best with respect to drying time
and color change. Total Fe and phytic acid concentrations differed significantly between cooked
unfortified and fortified lentil, ranging from 68.7 to 238.5 ppm and 7.2 to 8.0 mg g−1, respectively.
The relative Fe bioavailability of cooked fortified lentil was increased by 32.2–36.6% compared to
unfortified cooked lentil. We conclude that fortification of lentil dal is effective and could provide
significant health benefits to dal-consuming populations vulnerable to Fe deficiency.

Keywords: lentil; iron; fortification; NaFeEDTA; FeSO4·7H2O; FeSO4·H2O

1. Introduction

Lentil (Lens culinaris Medikus) is an important legume crop, cultivated for food and feed since
prehistoric times. As a source of dietary protein, lentil can be combined with cereals to prepare human
diets and animal feeds that provide a balance of essential amino acids and essential micronutrients
such as iron, zinc and selenium [1,2]. Lentil is a good source of non-heme iron, ranging from 73 to
90 mg kg−1 [3]. The crude protein content (N × 6.25) of Western Canadian lentil is reported to range
from 25.8 to 27.1% [4]. Lentil also is considered to be a starchy legume as it contains 27.4–47.1% starch,
with a significant level of amylose (23.5–32.2)% [5,6]. Although lentil is a good source of intrinsic Fe,
the bioavailability/absorption is low [7]. These authors reported that the mean Fe absorption from
lentil dal was 2.2%, which was significantly lower than the 23.6% observed for a similar amount of
Fe given as ferrous sulphate to women with poor Fe status. Low bioavailability may be due to the
presence of phytic acid and polyphenols in the lentil dal [7,8].

Nutrients 2017, 9, 863; doi:10.3390/nu9080863 www.mdpi.com/journal/nutrients39
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Iron (Fe) is the most abundant element in the earth′s crust and is an essential micronutrient for
both plants and animals. In plants, Fe deficiency affects key metabolic processes such as the electron
transfer system for photosynthesis and respiration [9]. Iron deficiency in humans refers to a condition
in which an insufficient amount of bioavailable Fe results in Fe deficiency anemia [10]. This deficiency
has become a major nutritional disorder, widespread in both developing and developed countries [11].
The major consequences of Fe deficiency are reduction of physical activity, fitness and work capability,
a reduced ability to maintain body temperature, a lowered resistance to infection, and an increase in
mortality during pregnancy and in newborns [12]. According to Food and Agriculture Organization
(FAO) and World Health Organization (WHO) recommendations, the estimated daily average Fe
requirements for females and males 19–50 years of age are 29.4 mg and 10.8 mg, respectively, based on
10% bioavailability [13].

Several strategies are used around the world to address micronutrient malnutrition. Micronutrient
supplementation, dietary diversification, biofortification, food fortification, nutrition education, public
health interventions and food safety measures are approaches that can solely or in combination be
applied to address micronutrient deficiency in a target population [14]. Supplementation is an effective
means of providing immediate benefits to “at risk groups” but not for other household or community
members [15] since it requires supplemental Fe consumption on a long-term basis, in tablet form
for example. Dietary improvement through supplementation requires a change in dietary behavior,
and this process also requires changes in food supply and availability that may require a long time to
achieve success [14]. Also, public health intervention can help prevent micronutrient malnutrition,
but micronutrient malnutrition can also be associated with a high prevalence of microbial infection
that causes a variety of different diseases. Food fortification can overcome this limitation due to its
sustainability in improving the dietary quality of a targeted group or population without changing
dietary habits. Food fortification is a potentially cost-effective way to add micronutrients to processed
foods in a way that can rapidly mitigate micronutrient malnutrition [13].

A successful Fe fortification program was first reported in Canada in 1944, when the government
began fortifying wheat flour with Fe along with thiamine, riboflavin and niacin [14]. A remarkable
reduction in child mortality was observed from 102/1000 live births in 1944 (first year) to 61/1000
in 1947 in Canada [16]. During the twentieth century, Fe fortification became mandatory in several
developing countries, including Bolivia, Chile, Colombia, Costa Rica, Ecuador, Guatemala, Indonesia
and others [17]. In every country, either wheat or maize flour was chosen as the food vehicle.
The requirements for selecting an appropriate food vehicle for fortification were established by FAO in
1995 [17]. In 1980, the FDA (U.S. Food and Drug Administration) established a “Food Fortification
Policy” that was guided by six basic principles [18]. The WHO has recommended Fe compounds and
concentration for fortification of wheat flour in 13 countries [19]. To optimize iron bioavailability and
maintain the organoleptic attributes that influence consumer acceptability of fortified foods, selected
food vehicles and Fe fortificants need to be well matched. The food vehicle should be safe, widely
accepted by the target consumers, have good storage capability after fortification, and the added Fe
should be stable with high bioavailability [20].

Fortifying lentil with suitable Fe fortificants is a research area with potential application to reduce
Fe deficiency. We hypothesized that it would be possible to increase the amount of bioavailable Fe
in dehulled (decorticated) pulses (dal) such as lentil, in a biologically and culturally meaningful way,
to a level that could prevent Fe deficiency in humans. Our experimental approach had two main
objectives, first, to determine the most suitable iron fortificant and the appropriate dose of Fe for
dehulled lentil based on ease of fortification, and second, to determine the optimal processing
technology to fortify iron in dehulled lentil based on current processing practices. To fulfill the first
objective, research was focused on selection of the appropriate genotype and product type of dehulled
lentil, and identifying the best form of Fe solution with which to fortify dehulled lentil products. The Fe
fortificants, ferrous sulphate heptahydrate (FeSO4·7H2O), NaFeEDTA (ethylenediaminetetraacetic acid
iron (III) sodium salt) and ferrous sulphate monohydrate (FeSO4·H2O), are acceptable fortificants that
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have potential for fortifying dehulled lentil seed [13]. The second objective was fulfilled by conducting
studies to help standardize the protocol for lentil fortification. These included assessments of the
appropriate dose of Fe solution, selection of the most appropriate fortification method in the context
of changes in organoleptic properties and storage capability, assessment of the best temperature for
drying lentil after the addition of fortificants, and the effect of fortification on boiling time.

2. Materials and Methods

The procedure followed for development of a lentil fortification protocol is shown in Figure 1,
and is discussed below.

 

Figure 1. Flow chart for development of a lentil fortification protocol. a Oven dried, soaked and oven
dried (DSD); sprayed followed by shaking and drying (SSD); rinsed, oven dried, soaked, and oven
dried (RDSD); directly soaked in Fe solution (SD) and rinsed, soaked, and oven dried (SRD).

2.1. Selection of Lentil Genotype and Dehulled Lentil Product Type

Fifteen red cotyledon lentil cultivars/genotypes were analyzed to estimate the concentration
(ppm) of Fe in seeds (data not shown). One widely grown and popular cultivated red lentil cultivar,
CDC (Crop Development Centre) Maxim, developed at the Crop Development Centre, University of
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Saskatchewan, Saskatoon, SK, Canada, was selected for fortification studies due to its having a high Fe
concentration (75–90 ppm) compared to other red lentil cultivars grown in Saskatchewan [21].

Four different types of dehulled lentil products are usually available in the red lentil market:
polished football (dehulled, unsplit), polished splits, unpolished football and unpolished splits
(Figure 2a). The Fe concentration in each product type was measured to determine the range of
variability in Fe concentration. The product types then were used in a fortification study and samples
of 200 g of each product type were mixed with 20 mL of NaFeEDTA solution (1600 ppm Fe) with four
replications. The best product type in relation to uniformity of absorption of Fe solution, drying time
and concentration of Fe in the fortified product was selected. The statistical analysis was conducted
using SAS version 9.4 (SAS Inc., Cary, NC, USA). One-way analysis of variance (ANOVA) was used to
compare the Fe concentration of unfortified and fortified red lentil product types. The least significant
difference (LSD) was calculated and the level of significance set at p < 0.05.

 

Figure 2. (a) Four dehulled, red lentil product types; (b) Fe concentration (ppm) in four dehulled,
unfortified, red lentil product types; and (c) Fe concentration (ppm) in red lentil product types fortified
with FeSO4·7H2O solution (400 ppm Fe). Different letters within each figure represent significant
differences (p < 0.05).

42



Nutrients 2017, 9, 863

2.2. Selection and Evaluation of the Most Suitable Fe Fortificant for Lentil

The selection of the most appropriate Fe fortificant is challenging due to possible interactions
between the food product and the Fe compound. Three water-soluble Fe compounds, FeSO4·7H2O,
NaFeEDTA and FeSO4·H2O were selected from a list of iron fortificants published in the WHO and
FAO document “Guidelines on Food Fortification with Micronutrients” [13]. The FeSO4·7H2O and
FeSO4·H2O were supplied by Crown Technology, Inc., Indianapolis, IN, USA, and NaFeEDTA by
Akzo Nobel Functional Chemicals, LLC, Chicago, IL, USA. The three fortificants were food grade and
were selected on the basis of their relative bioavailability, interaction with the food vehicle and cost of
fortification [14].

2.3. Selection of an Appropriate Method of Fortification

2.3.1. Techniques Used for Lentil Fortification

An experiment was designed to determine the most appropriate method for fortifying dehulled,
polished, football lentil dal with an Fe solution prepared with FeSO4·7H2O, one of the three
Fe fortificants studied. Five methods were used to fortify lentil dal with FeSO4·7H2O solution
(1600 ppm Fe) at 10 mL fortificant solution/100g dal. The 1600 ppm Fe concentration was selected
with the aim that this concentration may provide a major part of the recommended daily allowances
(RDAs) for humans. However, each method to fortify lentil dal is described below.

Method 1 (Dry-Soak-Dry). Lentil dal was oven dried at 80 ◦C for 10 min, soaked in 10 mL of
fortificant solution for 2 min, and then dried again at 80 ◦C to obtain a moisture content of 14%.

Method 2 (Spray-Shake-Dry). Lentil dal was sprayed with fortificant solution using a 473 mL
clear, fine-mist spray bottle (SOFT ′N STYLE, Product Code VO-302564, SKS Bottle and Packaging,
INC., Watervliet, NY, USA), shaken using a Barnstead Thermolyne M49235 Bigger Bill Orbital Shaker
(Sigma-Aldrich Corp., St. Louis, MO, USA) at 400 rpm for 10 min to mix the solution with the
dal sample, and subsequently dried to 14% moisture under a 250-watt electric heat lamp (NOMA
incandescent, clear, 130 V heat lamp, Trileaf Distributors, Toronto, ON, Canada) which produced
a temperature of approximately 70 ◦C at the surface of the fortified dal.

Method 3 (Rinse-Dry-Soak-Dry). The third method consisted of rinsing 100 g dal samples under
a continuous flow of deionized water for 30 s followed by oven drying at 80 ◦C for 10 min. The dried
sample then was soaked in the fortificant solution (10 mL fortificant solution/100 g lentil) for 2 min
and then placed in the oven again for 15 min at 80 ◦C to reduce the moisture level to 14%.

Method 4 (Soak-Dry). Lentil dal was soaked in fortificant solution followed by oven drying at
80 ◦C to 14% moisture.

Method 5 (Soak-Rinse-Dry). Lentil dal was soaked in fortificant solution and then rinsed with
deionized water for 30 s, followed by oven drying at 80 ◦C to 14% moisture.

2.3.2. HunterLab Colorimetric Measurements of Fe-Fortified Lentil Samples

The color of the Fe-fortified lentil sample from each of the five fortification methods was
measured using a HunterLab instrument (Hunter Associates Laboratory Inc., Reston, VA, USA)
to allow comparison with unfortified control samples. For each method, four samples were assessed.
The dimensions L*, a* and b* were compared with those of the control sample, where L* indicates
lightness (ranging from 0 to 100), a* indicates red (+) and green (−) and b* indicates yellow (+) and
blue (−) with a range of +80 to −80 [22]. The L*, a* and b* values were analyzed using ANOVA in
SAS 9.4.

2.3.3. Assessment of Appropriate Temperature and Duration for Drying Fortified Lentil Dal

Electric heat lamps of three power levels (100, 200 and 250 watts) (Trileaf Distributor) were used to
dry fortified football dal after spraying with fortificant solution. The distance between the bulb and the
lentil dal surface was 15 cm. Samples of 100 g of dal were fortified with 10 mL of FeSO4·7H2O solution
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(1600 ppm Fe concentration). The maximum temperature (◦C) in the middle of the fortified dal sample
during drying with the three bulb types and shaking using a Barnstead Thermolyne M49235 Bigger
Bill Orbital Shaker (Sigma-Aldrich Corp.) was assessed using a thermometer (VWR Scientific, Chicago,
IL, USA). The time to achieve 14% moisture for each sample was recorded for each treatment method.
Both temperature and drying time were assessed three times and the mean temperature and drying
time were calculated.

2.4. Estimation of Fe Concentration in Fortified Lentil Dal Samples by Flame Atomic Absorption
Spectrophotometry (F-AAS)

The iron concentration in the fortified lentil dal was analyzed by flame atomic absorption
spectrophotometry (F-AAS, Nova 300, Analytic Jena AG, Konrad-Zuse-Strasse, Neu-Ulm, Germany).
Each sample was sub-sampled and 0.5 g was digested in a 30-mL digestion tube with HNO3-H2O2

using an automatic digester (Vulcan 84, Questron Technology, Ontario, CA, USA). All chemicals
(nitric acid (70%), hydrogen peroxide (30%) and hydrochloric acid (37%)) used for digestion were of
analytical grade. The digestion was repeated twice, with three technical replications per repeat. In the
digestion chamber, a total of 72 samples were digested in each run, along with eight standards (yellow
lentil laboratory check) and four blanks. Samples were first digested with HNO3 at 90 ◦C for 45 min,
followed by addition of 5 mL of 30% H2O2 and then further digested for another 65 min. The solutions
were then reduced with 3 mL of 6 M HCl, followed by heating at 90 ◦C for 5 min prior to cooling to
room temperature. All sample solutions were then diluted with deionized water to a volume of 25 mL.
Six mL of each of the digested samples was then used to determine the Fe concentration as described
previously [23]. The Fe concentration values were analyzed using ANOVA in SAS 9.4 to determine
differences for Fe concentration among the fortified lentil samples within each of the three fortificants
at concentrations ranging from 100 to 3200 ppm. The LSD was calculated and the level of significance
set at p < 0.001.

2.5. Assessment of the Appropriate Dose of Fe Solution

A total of 51 different solutions of the three fortificants (17 solutions of each fortificant with Fe
concentrations of 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200, 2400, 2600, 2800,
3000 and 3200 ppm) were prepared to fortify dehulled lentil dal samples. Ten mL of each fortificant
solution at each Fe concentration was added to a 100-g dal sample and processed using the SSD
(Spray–Shake–Dry) method described earlier. Twenty-five Fe solutions were prepared using the
three Fe fortificants at eight concentrations (200, 400, 800, 1200, 1600, 2000, 2800 and 3200 ppm of Fe
plus deionized water as the control) to assess the effect of increasing fortificant concentration on the
pH of the solutions, which was measured three times for each solution using a pH meter (Oakton H2O
proof BNC pH tester, Cole-Parmer Scientific Experts, Montreal, QC, Canada). Data were analyzed
using SAS 9.4.

2.6. HunterLab Colorimeter Measurements of Stored Fe-Fortified Dal Samples

The initial color of Fe-fortified lentil dal samples was measured using a HunterLab (Hunter
Associates Laboratory Inc., Reston, VA, USA) instrument. Twenty-seven samples (nine concentrations
of each of the three Fe fortificants) and one control (unfortified lentil dal) with four replications
were scored for their L*, a* and b* values. Samples of each treatment were stored individually at
room temperature (25 ◦C) for one year in clear plastic bags (Ronco, Toronto, ON, Canada), similar to
methods traditionally used to store dal products. After six months and one year of storage, the L*, a*
and b* values of the lentil dal again were measured to determine if any color change had occurred.
The one-year storage period was considered an approximate maximum storage period from processing
to consumption by dal consumers. The L*, a* and b* values were analyzed using ANOVA in SAS 9.4.
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2.7. Boiling Time Estimation of Fortified Lentil Dal Samples

Three fortified dal samples (FeSO4·7H20, NaFeEDTA and FeSO4·H2O at 1600 ppm Fe
concentration) and one unfortified control were used to determine if differences existed in boiling
time between fortified samples and the control. Two hundred fifty grams of each of the lentil dal
samples were cooked in 1L of deionized water containing 5 g of NaCl on a single burner gas stove at
104 ◦C. The boiling time was recorded as the point when >90% of the dehulled lentils were softened to
the point that the mixture with water produced a thickened soup, a method of preparation like that
commonly used in the South Asian Region [24]. This study was replicated three times and data were
analyzed using SAS 9.4.

2.8. Relative Fe Bioavailability and Phytic Acid Content of Fortified Lentils

Lentil dishes were prepared for four different samples, including Fe-fortified lentil and the control
(unfortified lentil). Both fortified and control samples were rinsed with 18 MΩ deionized water.
A traditional Bangladeshi lentil dish (dal) was prepared in stainless steel cookware using a traditional
Bangladeshi recipe [24] where salt, turmeric powder, onion, canola oil and deionized water were
used as ingredients at a 15:75:5:3:2 ratio. The prepared dish was cooled to room temperature for
2 h, frozen at −80 ◦C for 24 h, freeze dried using a FreeZone 12 Liter Console Freeze Dry System
with Stoppering Trays (Labconco, model 7759040, Kansas City, MO, USA) for 72 hand stored at room
temperature [25]. Ten grams of freeze-dried dal from each dish was finely grounded and sent to the
USDA-ARS Robert Holley Center for Agriculture and Health (Ithaca, New York, NY, USA) to assess
iron concentration and bioavailability using an in vitro digestion/Caco-2 cell culture bioassay [26].
Total Fe concentration from the cooked lentil samples was measured using a standard HNO3-HClO4

method and atomic absorption spectrophotometry [23]. The phytic acid (total phosphorus) test kit
(Megazyme International, County Wicklow, Ireland), a simple, quantitative, colorimetric and high
throughput method [25,27], was used for the measurement and analysis of phytic acid in the four
cooked lentil samples used for the bioavailability assessment. The ANOVA was conducted using
SAS 9.4 to determine differences in iron concentration, relative iron bioavailability and phytic acid
concentration among the cooked fortified lentil dishes. The LSD was calculated and the level of
significance set at p < 0.001.

3. Results and Discussion

3.1. Selection of Dehulled Lentil Product Type for Fortification

Prior to fortification, no significant differences in Fe concentration existed among product types
(70–73 ppm Fe) (Figure 2b). After fortification with 200 ppm of Fe, significant differences in Fe
concentration were observed among product types (Figure 2c). The highest Fe concentrations were
observed in fortified unpolished split (196.7 ppm) and polished football (191.5 ppm) dal. Polished
football dal, which is typically polished with water and/or vegetable oil after milling, performed best
in the context of uniformity of mixing with the fortificant solution and drying in the shaker-when
placed in the shaker, the polished football dal moved more and agitated more quickly in the mixing
trays. This helped to distribute the heat over the surface of the dal, hence it dried more uniformly
and did not stick to the tray surface when wet. Selection of dehulled lentil rather than whole lentil
was important, because removal of the seed coat has a significant effect on reducing the levels of
polyphenolic compounds, thereby increasing Fe bioavailability [21].

For commercial-scale fortification, any of the four lentil product types potentially could be fortified.
Consumer demand and the relative cost and availability of the various processing techniques would be
important considerations. Successful fortification to produce fortified food depends on the interactions
among the food vehicle, fortificant and the fortification technique. Dehulled lentil dal is available
in three colors—red, yellow and green. Red cotyledon lentil was selected for fortification since it is
the most widely consumed form of lentil dal, with wide acceptability in South Asia and the Middle

45



Nutrients 2017, 9, 863

East [28]. Consumers from some countries in these regions consume lentil as an essential component
of their typical daily diet. Yellow and green lentil dal samples also were fortified and no significant
differences were observed for final Fe concentration when fortified with similar concentrations of Fe
fortificants (data not shown). Hence, any of red, yellow or green lentil dal could be fortified with the
Fe fortificants.

3.2. Selection and Evaluation of the Most Suitable Fe Fortificant for Lentil

The success of food fortification programs is based on the chemistry between food vehicles and the
fortificant selected to fortify foods [29]. Different food vehicles may contain different moisture levels
and oxidizing agents that can react with fortificants and develop rancidity, metallic taste, off-color or
degradation of vitamins, all factors that can influence bioavailability [30,31].

NaFeEDTA was shown previously to be two to four times more effective for increasing absorption
of dietary Fe in humans compared to FeSO4 and ferrous fumarate [32]. It also was reported that
Fe absorption was increased by using a mixture of FeSO4 and NaFeEDTA, instead of NaFeEDTA
alone [33]. In another study, NaFeEDTA was proven to be a promising cost effective, water-soluble and
highly bioavailable Fe fortificant that improved the Fe status of Vietnamese woman when consumed
for 6 months (10 mg Fe for 6 days/week) [33]. These authors also reported that the prevalence
of Fe deficiency and Fe deficiency anemia were reduced from 62.5% to 32.8% and from 58.3% to
20.3%, respectively.

The effect of NaFeEDTA-fortified wheat flour on urinary zinc extraction was studied and
no effect was found in children [34]. Another study revealed no significant negative effects of
NaFeEDTA-fortified bread (bread made with 100 g of NaFeEDTA-fortified wheat flour that contained
5 mg of Fe and was consumed as a single meal per day) consumption on Zn and Ca metabolism,
and that NaFeEDTA might increase Zn absorption and Fe bioavailability from the low bioavailability
diets [35]. In another study, NaFeEDTA was shown to have no influence on absorption or urinary
excretion of Mn [36]. NaFeEDTA-fortified fish sauces also increased significantly the amounts of Hb
and serum ferritin when provided to iron-deficient, anemic school children in Cambodia [37].

The review of the safety and efficacy of different dietary strategies for improving Fe status revealed
that there are no reported data that demonstrate specific adverse effects of iron-fortified food items [38].
Moreover, the daily dose of Fe is much lower from fortified food than on supplementation [39].
The joint FAO/WHO Expert Committee on Food Additives (JECFA) summarized data on the basis
of acute and chronic toxicity, reproduction, carcinogenicity, genotoxicity and teratogenicity of EDTA
and its salts, such as NaFeEDTA [40]. The Committee also evaluated biochemical and toxicological
aspects of using NaFeEDTA as a fortificant and stated that: (i) Fe from NaFeEDTA is released from the
chelate to the common non-heme iron pool before Fe absorption; (ii) a very small fraction (1–2%) of
NaFeEDTA is absorbed intact and is rapidly and completely excreted via the kidneys in the urine; (iii)
dietary Fe fortification with NaFeEDTA does not increase the risk of iron accumulation in iron-replete
individuals, and has no negative influence on the absorption of other micronutrients, such as Zn;
and (iv) NaFeEDTA has low oral toxicity and does not induce gene mutations when tested with
bacterial and mammalian cells in vitro. In addition, considering the cost of fortificant, NaFeEDTA is
more expensive compared to FeSO4·7H2O and FeSO4·H2O, but its extra cost can be offset by its higher
bioavailability in phytate-rich foods such as lentil [14].

3.3. Selection of Appropriate Methods for Fortification

3.3.1. Techniques Used for Lentil Fortification

Significant variation in Fe concentration was found among the five methods used to fortify lentil
dal. The highest concentrations of Fe were found with the DSD (lentil dal oven dried, soaked, followed
by oven drying) and SSD (lentil dal sprayed with fortificant solution followed by shaking and drying)
methods (Figure 3). Although the highest Fe absorption into the lentil seed was observed with DSD,
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the discoloration (increased darkness) of the final product may cause concern in the context of expected
consumer preferences and longer fortification time (Figure 4). The homogeneity of Fe concentration
was tested by randomly selecting six samples from the mixing tray. All samples contained similar
amounts of Fe (215–220 ppm) after fortification.

3.3.2. HunterLab Colorimetric Measurements of Fe-Fortified Lentil Samples

The HunterLab results indicated significant variation for all three scales (L*, a* and b*), indicating
off-color development due to fortification (Figure 4b-1–b-3). The highest values for all three scales
were found for the unfortified control lentil dal sample. The lowest L* value was found for the DSD
sample, whereas the lowest a* and b* values were found for the samples produced by the SD, RDSD
and DSD methods. The L*, a* and b* values ranged from 46.3 to 52.8, 25.3 to 33.1 and 36.6 to 44.6,
respectively. The shortest processing time was required with the SSD method (Figure 4b-4), which also
generated off- color but significantly less compared to the SD, RDSD and DSD methods.

3.3.3. Assessment of Appropriate Temperature and Duration for Drying Fortified Lentil Dal

Temperature has been shown to have a significant effect on the drying time required to achieve
a level of moisture suitable for safe storage [41]. The results from the assessment of appropriate
temperature and duration for drying fortified lentil dal showed that with an increase in temperature
caused by raising the light bulb wattage, there was an increase in the temperature (◦C) of both
the aluminum foil tray used for fortification and the fortified lentil seed. An inverse relationship
was observed between total drying time and temperature (Figure S1). The temperature used to dry
fortified lentil dal should be optimized to avoid off-color development, as a relationship between
temperature and off-color development in fortified foods has been observed [30]. Using the 250-watt
bulb, the temperature rose to 75 ◦C, which dried the fortified lentil dal in the shortest time (12–14 min).
The moisture content of the fortified dal was approximately 14%, which is similar to the moisture
content (%) of dehulled lentil dal (13–14)% that is commercially available in the local market [42].
During fortification, lentil dal was treated with fortificant solution and then heat was applied to
dry the product. This process might reduce the level of phytate and phenolics level to some extent,
and enhance the bioavailability of both Fe and Zn [43].

Figure 3. Iron concentration in polished football lentil dal fortified with FeSO4·7H2O solution
(1600 ppm Fe) at 10 mL/100 g lentil dal using five different techniques. DSD = lentil dal oven
dried for 10 minutes followed by soaking in fortificant solution and drying at 80 ◦C; SSD = lentil dal
sprayed with fortificant solution followed by shaking and drying; RDSD = lentil dal rinsed, oven
dried, followed by soaking in fortificant solution and then drying; SD = lentil dal directly soaked
in fortificant solution followed by drying; SRD = lentil dal soaked in fortificant solution followed
by rinsing with deionized water and drying. Different letters within the figure represent significant
differences (p < 0.05).
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Figure 4. (a) Fe-fortified lentil developed by five different fortification methods: SRD = lentil dal soaked
in fortificant solution followed by rinsing with deionized water and drying; SSD = lentil dal sprayed
with fortificant solution followed by shaking and drying; SD = lentil dal directly soaked in fortificant
solution followed by drying; RDSD = lentil dal rinsed, oven dried, followed by soaking in fortificant
solution and then drying; DSD = lentil dal oven dried for 10 minutes followed by soaking in fortificant
solution and drying at 80 ◦C; (b1–b4) Effect of different fortification methods on changes in lightness
(L*), yellowness (b*) and redness (a*) score of Fe-fortified lentil dal and on the fortification process.
Different letters within each figure represent significant differences (p < 0.05).

3.4. Assessment of the pH of Solutions Prepared with Three Fe Fortificants over a Range of Concentrations

Measurement of pH over a range of concentrations of the Fe fortificants showed an inverse
relationship between pH and an increase in the concentration of Fe in the solution. The pHs of the
three fortificant solutions were lower (<5) than that of deionized water (6.7). The rate of decrease
of pH with an increase in Fe concentration was highest for FeSO4·H2O, followed by FeSO4·7H2O
and NaFeEDTA (Figure 5). The pH of the fortificant solution would have an effect on the solubility
of Fe [44]. Both pH and redox potential influence the oxidation state of Fe, and both the Fe+2 and
the Fe+3 form are used for fortification. Both have unfilled orbits that can react with electron-rich
components, thus influencing organoleptic attributes and bioavailability [45]. The oxidation-reduction
reactions (redox potential) in fortified foods, due to the addition of Fe that can react with phenolic
compounds, cause off-color development [43]. Ferrous ion oxidizes to the ferric form as redox potential
increases, but remains constant at a lower redox potential [30,44]. The solubility of FeSO4 in 0.1 M HCI
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was reported to decrease by 74% with changes in pH over the range of 2–6, but remained constant
for NaFeEDTA [45]. In this study, an increase in FeSO4 concentration resulted in a faster rate of pH
reduction in comparison to NaFeEDTA. Moreover, to obtain a similar amount of soluble Fe at a specific
pH, more FeSO4 is required than NaFeEDTA. This may cause a major change in the organoleptic
characteristics of lentil dal. This study showed that NaFeEDTA would be a better choice than FeSO4

for fortification of lentil dal.

Figure 5. pH of Fe solutions prepared with three fortificants (NaFeEDTA, FeSO4·7H2O, and FeSO4·H2O)
ranging in concentration from 200 to 3200 ppm. Different letters within each figure represent significant
differences (p < 0.05).

3.5. Estimation of Fe Concentration in Fortified Lentil Dal Samples Using F-AAS

The concentration of Fe in fortified lentil dal increased with an increase in Fe concentration in the
fortificant solution (Table 1). Off-color development also increased gradually with an increase in the Fe
concentration of the fortificant (Table 2).

Table 1. Fe concentration (ppm) in polished football lentil dal samples prepared using three fortificants
(FeSO4·7H2O, NaFeEDTA and FeSO4·H2O) at concentrations ranging from 100 to 3200 ppm.

Fe Concentration in Fortificant Solution (ppm)
Fe Concentration in Fortified Lentil Dal

FeSO4·7H2O NaFeEDTA FeSO4·H2O

Control 69.0 ± 0.9 a 69.0 ± 0.9 a 65.6 ± 0.8 a

100 76.0 ± 1.9 a 83.7 ± 2.5 a 71.8 ± 0.7 b

400 132.5 ± 3.2 b 113.2 ± 4.2 b 108.6 ± 1.1 c

800 147.9 ± 4.7 c 182.9 ± 5.8 c 151.4 ± 2.8 d

1200 157.8 ± 4.3 c 185.3 ± 5.6 c 185.0 ± 6.6 e

1600 203.6 ± 3.9 d 205.3 ± 2.8 d 207.5 ± 3.9 f

2000 217.5 ± 8.2 d 274.7 ± 5.6 e 261.8 ± 3.9 g

2400 246.6 ± 9.3 e 309.7 ± 10.0 f 322.3 ± 3.7 h

2800 286.7 ± 6.0 f 346.7 ± 5.2 g 363.5 ± 6.2 i

3200 349.0 ± 1.8 g 326 ± 3.1 h 381.7 ± 3.6 j

a Mean ± SD. Mean scores for Fe concentration followed by different letters within columns are significantly
different (p < 0.001).
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3.6. Assessment of the Appropriate Dose of Fe

Consideration of the appropriate dose of Fe is important for optimizing the amount of fortificant
required to provide a major part of the estimated average requirement (EAR) for available Fe. The WHO
has suggested suitable iron compounds to fortify specific food vehicles [13]. For instance, NaFeEDTA
was suggested to fortify high extraction wheat flour, sugar, soy sauce, and fish at different rates.
The bioavailability of Fe depends on the levels of various compounds present in the food vehicle,
e.g., phytate, dietary fiber, tannins and other polyphenols [25,46]. These components can reduce
the absorption of micronutrients, e.g., Fe, Zn. Moreover, Fe of plant origin is exclusively non-heme
Fe, which is less bioavailable than the heme Fe from animal sources [46,47]. In this study, lentil dal
fortified with three different fortificants showed an increase in Fe concentration with an increase
in the Fe concentration in the fortificant solution. Lentil seed may exhibit a wide range in Fe
concentration [7]. According to the FAO and WHO, EARs for iron having 10% bioavailability are 29.4
and 10.8 mg Fe day−1 for females and males, 19–50 years of age, respectively [13]. Therefore, 50 g of
unfortified dehulled lentil could provide approximately 3.5 mg of Fe, based on the Fe concentration
in the control lentil dal sample. The bioavailability may decrease if the dal is prepared with spices
or condiments and is eaten with other foods such as rice, bread or vegetables, which may contain
phytate, polyphenols or other components that reduce the absorption of Fe. To obtain a major portion
of daily Fe from food fortificants, an optimum dose should be recommended. In this study, it was
shown that lentil dal fortified with 1600 ppm of Fe could provide approximately 130–140 ppm of Fe
per 100 g of lentil. Therefore, 50 g of fortified lentil could provide approximately 10 mg of Fe (6.5–7 mg
of Fe from the fortificant + 3.5 mg from the lentil). This could provide a major portion of the EAR.
Currently, 30–45 mg kg−1 ferrous sulphate and 250 mg kg−1 NaFeEDTA are used to fortify wheat flour
and soy/fish sauce, respectively [13].

3.7. HunterLab Colorimeter Measurements of Stored Fe-Fortified Dal Samples

Color attributes influence the acceptability of a food product to consumers. The L*, a* and
b* scores were significantly decreased with an increase in Fe concentration provided by any of the
fortificants. Significant variation in color was observed among lentil dal samples fortified with the
three fortificants at any concentration. Samples fortified with NaFeEDTA had higher L*, a* and b*
scores, similar to those of the control, indicating less off-color development when compared to dal
samples fortified with FeSO4·7H2O or FeSO4·H2O (Figure 6).

The usual expectation for any Fe-fortified food product is that it does not exhibit any off-color.
The dark color of the micropylar area of fortified lentil dal possibly could be used as an indicator to
help consumers distinguish between fortified and unfortified lentil dal, where the micropylar region
is white. The L*, a* and b* color values for the fortified lentil dal samples showed some inverse
relationships with the progress of storage time (Table 2). Lightness (L*) increased slightly, but a* and b*
decreased in all of the fortified lentil dal samples over time. Initially, just after fortification, the L* value
ranged from 50.6 (unfortified control) to 42.2 (fortified with 3200 ppm of FeSO4·7H2O), which was
similar to the samples fortified with FeSO4·H2O (42.6). The range was narrower for the L* value of
samples fortified with NaFeEDTA (50.6 to 46.4) (Table 2). For all three fortificants, after 6 months
and one year of storage of fortified lentil dal, there was an increasing trend in L*, but a decreasing
trend for the a* and b* values (Table 2). The non-significant differences in the L*, a* and b* scores for
the unfortified and fortified lentil samples provides assurance that the minor changes observed will
not influence consumer acceptability. The L*, a* and b* values for fortified lentil dal, prepared with
the three fortificants at 1600 ppm of Fe, showed numerical decreases, but these were not significant
for the three storage periods, except for the L* and b* scores for the FeSO4·7H2O-fortified and the
NaFeEDTA-fortified samples, respectively (Figure 7). These small changes may be caused by the
presence of very small amounts of lipid (1.52–2.95%) [48] that could increase the likelihood of lipid
oxidation and result in off-color development over time.
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Figure 6. Effect of increasing Fe concentration on lightness (L*), redness (a*) and yellowness scores
(b*) of lentil dal samples fortified with FeSO4·7H2O, NaFeEDTA and FeSO4·H2O at five different
concentrations ranging from 200 to 3200 ppm. Different letters within each figure represent significant
differences (p < 0.05).
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Figure 7. Effect of storage time on changes in L*, a* and b* score of football lentil samples fortified with
1600 ppm of Fe using FeSO4·7H2O, NaFeEDTA and FeSO4·H2O. Different letters within each figure
represent significant differences (p < 0.05).

3.8. Boiling Time Estimation of Fortified Samples Compared to the Unfortified Control

The boiling time of lentil dal is important and may influence consumer acceptability due to energy
and time consumption during cooking. Compared to unfortified lentil dal, the fortified lentil dal
should take equal or less time to cook, and have similar texture, taste and appearance after cooking.
Among the four samples that were cooked to determine the variability in boiling time, all had similar
cooking times (Figure S2). Fortification had no significant influence on the boiling time of FeSO4·7H2O-,
FeSO4·H2O- or NaFeEDTA-fortified samples compared to the control.
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3.9. Iron Concentration, Relative Fe Bioavailability and Phytic Acid Concentration of Fortified Lentils

Significant differences were observed among fortified and unfortified lentil samples in Fe
concentration, relative Fe bioavailability and phytic acid concentration (Table 3). Similar iron and phytic
acid concentrations were observed in FeSO4·7H2O- and NaFeEDTA- fortified samples. The unfortified
lentil samples were statistically different than the three fortified samples for all four measurements.
The relative bioavailability was similar for all three fortified lentil dal samples. Iron concentration and
relative Fe bioavailability ranged from 68.7 to 238.5 ppm and 68.3 to 104.9, respectively. The relative Fe
bioavailability of the three cooked fortified lentil dal samples was 1.4 to 1.5 times higher than that of
unfortified cooked lentil sample (control). Phytic acid concentration ranged from 7.2 to 8.0 mg g−1.

Table 3. Mean iron (Fe) concentration (ppm), relative bioavailability (ng ferritin (mg protein)−1) and
phytic acid concentration (mg g−1) of four cooked freeze-dried lentil samples.

Cooked Lentil Sample
Fe

Concentration
(ppm) a

Ferritin Formation
(ng Ferritin (mg

Protein)−1) a

Relative Fe
Bioavailability (%
Control Lentil) a

Phytic Acid
(mg g−1) a

Unfortified dehulled lentil 68.7 ± 0.3 a 12.7 ± 1.0 a 68.3 ± 14.8 a 8.0 ± 0.1 a

NaFeEDTA fortified (1600 ppm Fe) 230.8 ± 8.5 b 17.4 ± 2.7 b 100.5 ± 7.5 b 8.0 ± 0.2 a

FeSO4·H2O fortified (1600 ppm Fe) 220.5 ± 2.1 c 17.6 ± 2.2 b 104.9 ± 16.7 b 7.2 ± 0.1 c

FeSO4·7H2O fortified (1600 ppm Fe) 238.5 ± 4.7 b 21.2 ± 1.9 b 103.4 ± 10.4 b 7.4 ± 0.1 b

a Mean ± SD. Mean scores for Fe concentration, bioavailability (ng ferritin (mg protein)−1), relative Fe bioavailability
(% control lentil) and phytic acid (mg g−1) followed by different letters within columns are significantly different
(p < 0.001).

Fortification of lentil dal is more complex than fortifying flour, beverages and most other food
products due to the requirement to apply fortificant solution to the surface of the dal. Considering all
of the results from the various experiments, it was concluded that lentil dal could be used as a vehicle
for Fe fortification and that NaFeEDTA was the most suitable Fe fortificant for lentil dal. These results
represent baseline data for the commercial production of Fe-fortified lentil dal. This research is unique
in the context of lentil dal fortification, and will be followed by sensory evaluation to select the
most appropriate fortificant after evaluation of overall acceptability. Results from sensory evaluation
with both uncooked and cooked fortified lentil dal compared favorably with the control and will
be described in a subsequent manuscript. Community-based efficacy and effectiveness studies with
fortified lentil in the target populations will be required. The bioavailability of fortified lentil in
a large-scale human trial also could be evaluated to obtain an empirical estimate of the amount of Fe
required to provide a major portion of the EARs for Fe in regions where Fe deficiency exists.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/8/863/s1,
Figure S1: Effect of increasing light bulb wattage on temperature (◦C) and drying time (min) of fortified
lentil samples, Figure S2: Effect of the three fortificants solution used to prepare three fortified lentil samples
(FeSO4·7H2O, NaFeEDTA and FeSO4·H2O) on boiling time compared with one unfortified control sample.
Different letters within each figure are significantly different (p < 0.05).
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Abstract: Iron deficiency is a major public health concern and nutritional approaches are required to
reduce its prevalence. The aim of this study was to examine the iron bioavailability of a novel home
fortificant, the “Lucky Iron Fish™” (LIF) (www.luckyironfish.com/shop, Guelph, Canada) and the
impact of dietary factors and a food matrix on iron uptake from LIF in Caco-2 cells. LIF released a
substantial quantity of iron (about 1.2 mM) at pH 2 but this iron was only slightly soluble at pH 7 and
not taken up by cells. The addition of ascorbic acid (AA) maintained the solubility of iron released
from LIF (LIF-iron) at pH 7 and facilitated iron uptake by the cells in a concentration-dependent
manner. In vitro digestion of LIF-iron in the presence of peas increased iron uptake 10-fold. However,
the addition of tannic acid to the digestion reduced the cellular iron uptake 7.5-fold. Additionally,
LIF-iron induced an overproduction of reactive oxygen species (ROS), similar to ferrous sulfate,
but this effect was counteracted by the addition of AA. Overall, our data illustrate the major influence
of dietary factors on iron solubility and bioavailability from LIF, and demonstrate that the addition of
AA enhances iron uptake and reduces ROS in the intestinal lumen.

Keywords: iron bioavailability; iron fortification; simulated gastrointestinal digestion

1. Introduction

The World Health Organization (WHO) estimated in 2010 that iron deficiency anemia (IDA) affects
one third of the world’s population [1]. IDA is particularly prevalent in developing countries [2] and
therefore represents a heavy economic burden. Amongst the strategies used to reduce the prevalence
of iron deficiency, food-based or home fortification strategies can be very cost-effective [3].

Cooking in iron pots has been proposed as a strategy for improving the iron status of iron deficient
populations [4]. However, its effectiveness is somewhat reduced by a lack of acceptability [5]. A recent
study carried out in three refugee camps in Tanzania reported low acceptability for using iron and
iron-alloy cooking pots due to a number of factors including rusting, heavy weight, difficulty in use
and cleaning [6]. A new home fortification approach uses an iron ingot, the “Lucky Iron Fish™” (LIF),
and has recently been tested in a Cambodian population [7–9]. It is based on the principle of releasing
iron during cooking, as occurs with iron pots, but the LIF is much smaller, only weighing approximately
200 g, and has been shaped as a fish, a symbol of luck in Cambodian culture, in an attempt to improve
its acceptability in this population [10]. Three randomised clinical trials (RCT) have been performed
evaluating the effectiveness of LIF in reducing iron deficiency [7,8,11], with conflicting results. Apart
from compliance issues related to its acceptability, other parameters, such as the composition of the diet
or genotype, may have influenced the outcome of those trials. Therefore, there is a need to study the
cellular iron bioavailability of this novel home fortificant and potential interactions with dietary factors.

Nutrients 2017, 9, 1005; doi:10.3390/nu9091005 www.mdpi.com/journal/nutrients58
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The in vitro digestion/Caco-2 cell model has been extensively used to predict iron bioavailability
from food and iron supplements and to investigate the intestinal cellular mechanisms of iron
uptake [12–15]. Therefore, the aims of the present study were to use this model to evaluate the
potential bioavailability of iron from LIF, taking into consideration the impact of dietary factors, and to
examine oxidative stress initiated by the iron released from LIF, in order to provide new insights into
this novel home iron fortificant.

2. Materials and Methods

2.1. Samples and Reagents

The iron-ingot, Lucky Iron Fish™ (Figure 1), was purchased through an e-commerce online shop
(www.luckyironfish.com/shop, Guelph, Canada). The same iron ingot was used for all experiments,
cleaned in Milli-Q H2O, and dried at the end of each experiment. Chemicals, enzymes and hormones
were purchased from Sigma-Aldrich, (Gillingham, UK) unless otherwise stated. Frozen petit pois peas
(Pisum sativum) were obtained from a local supermarket, microwaved, lyophilized, finely ground and
stored in a desiccator at 4 ◦C over silica gel.

 

Figure 1. Iron ingot (Lucky Iron Fish™ (LIF)) used to treat iron deficiency. The selected picture
background shows the relative size of LIF compared to petit pois peas.

2.2. Cell Culture and LIF Treatments

Caco-2 cells (HTB-37) were obtained from the American Type Culture Collection (Manassas, VA,
USA) at passage 20 and stored in liquid nitrogen. Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 25 mM HEPES solution, 10% fetal bovine serum, 1% penicillin
(5000 μ/mL), 1% L-glutamine (200 mM) (ThermoFisher Scientific, Loughborough, UK) and 1% MEM
non-essential amino acids solution (Sigma-Aldrich, Gillingham, UK). Cells were maintained at 37 ◦C
in a humidified incubator containing 5% CO2 and 95% air. Cells between passages 30–36 were
seeded onto collagen-coated 6-, 12-, 24- or 96-well plates (Bio-Greiner, Stonehouse, UK) at a density
of 5 × 104 cells/cm2 depending on the experiment and the media was replaced every 2 days. For all
experiments, cells were post-confluent and used at 13–15 days post-seeding. In order to ensure low
basal iron levels, 24 h prior to the initiation of the experiments, the DMEM medium was replaced with
Eagle’s minimum essential medium (MEM), without fetal bovine serum, and supplemented with 10
mmol/L PIPES (piperazine-N,N’-bis-(2-ethanesulfonic acid)), 26.1 mM NaHCO3, 19.4 mmol/L glucose,
1% antibiotic-antimycotic solution, 11 μmol/L hydrocortisone, 0.87 μmol/L insulin, 0.02 μmol/L
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sodium selenite (Na2SeO3), 0.05 μmol/L triiodothyronine and 20 μg/L epidermal growth factor as
previously reported [16].

LIF was boiled for 10 min in 1 L of Milli-Q (18.2 MΩ) H2O at acidic pH (pH 2) for maximal iron
release. An acid-washed beaker was used to avoid external iron contamination. Samples of 25 mL were
placed in polypropylene tubes, cooled to room temperature, and ascorbic acid (AA) added to obtain a
final concentration of 0, 1 and 10 mM, respectively. The pH of the solutions was gradually increased to 7
with 0.1 M NaHCO3. The iron released from LIF (LIF-Iron) with or without added AA was determined at
this stage prior to further dilution in MEM (LIF-Iron:MEM, 1:1, 1:3, or 1:10, depending on the nature of
each experiment). Subsequently, cells were exposed to the different treatments for the indicated times.
For iron uptake experiments, Caco-2 cells were subjected to the LIF-iron treatments and to a set of controls
including blanks with/without AA and a positive control (0.05 mM FeSO4 plus 0.5 mM AA, (FeSO4)).
When simulated digestion was performed, different methods were used (see next section).

2.3. In Vitro Simulated Gastrointestinal Digestion

The simulated gastrointestinal digestion was performed as described by Glahn et al. [16] with
minor modifications to adjust for the addition of iron from LIF. A pH 2 saline solution (140 mmol/L
NaCl, 5 mmol/L KCl) was used to initiate the simulated digestions. For all the experiments, the saline
solution without any added iron was used as a blank digestion control to ensure no iron contamination
in the in vitro digestion/cellular system. Additionally, 1 g of freeze-dried peas (containing 51 μg Fe/g
dry weight, analysed by ICP-OES as previously described [13]) was added to the saline solution as
a reference digestion of the pea matrix sample. To ensure that all of the iron released from the peas
during digestion remained in solution when the pH was increased to duodenal levels, ascorbic acid
(AA) was added at the gastric step of digestion at a final concentration of 0.5 mM (molar ratio of 1:10,
Fe:AA). LIF was boiled for 10 min in 1 L of the pH 2 saline solution and samples of 10 mL were used
for digestions (see below). To evaluate the effect of the pea matrix on LIF-iron bioavailability, 10 mL of
LIF-iron samples was added to 1 g of pea sample. The impact of dietary iron inhibitors (as found in a
meal) on LIF-iron bioavailability was examined by adding tannic acid (TA) or phytic acid (PA) at 0.05
and 0.5 mM, as indicated.

To simulate gastric conditions, pepsin (0.04 g/mL) was added and the samples were incubated
for 60 min on a rolling table at 37 ◦C. After 60 min, the pH of the samples was gradually adjusted to
pH 5.5 with 0.1 M NaHCO3, and bile (0.007 g/mL) and pancreatin (0.001 g/mL) enzymes were added.
The samples were further readjusted to pH 7, and incubated for 30 min on a rolling table at 37 ◦C
to mimic intestinal conditions. At the end of the simulated gastrointestinal digestion, 1.5 mL of the
digestate was placed on top of an upper chamber consisting of a Transwell insert fitted with a 15 KDa
molecular weight cut-off dialysis membrane (Spectra/Por 7 dialysis tubing, Spectrum laboratories,
Europe) suspended over Caco-2 cell monolayers grown in collagen-coated 6-well plates. The digestates
were incubated with the cells for 2 h at 37 ◦C in a humidified incubator containing 5% CO2 and 95% air.
Inserts were removed, an additional 1 mL of supplemented MEM was added, and cells were incubated
for a further 22 h prior to harvesting for ferritin analysis.

2.4. Analysis of Soluble and Total Iron Released from LIF

The total iron content of freshly prepared LIF-iron solution was measured using Ferene-S
(3-(2-Pyridyl)-5,6-bis(5-sulfo-2-furyl)-1,2,4-triazine disodium salt hydrate), which binds ferrous iron,
forming a deep blue complex. Freshly prepared solutions of LIF-iron were used to determine total
iron. The soluble iron content was determined by centrifuging 1 mL aliquots of LIF-iron solution at
10,000 g for 5 min, and supernatants were collected for iron analysis. Samples (100 μL) were digested
in 100 μL 1% HCl for 10 min in a shaker water bath at 80 ◦C. After 10 min, samples were briefly cooled
on ice and the following reagents were added sequentially and vortexed after each addition: 500 μL
7.5% ammonium acetate, 100 μL AA, 100 μL 2.5% sodium dodecylsulphate (SDS), and 100 μL 1.5%
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ferene. Samples were centrifuged at 13,400× g for 5 min and the absorbance of the supernatant was
measured at 593 nm against an iron standard curve (0–20 nmol Fe as ammonium iron (II) sulfate).

2.5. Determination of Ferritin Formation

Ferritin formation was measured 24 h after treatment. Cells were rinsed with Milli-Q (18.2 MΩ)
H2O and subsequently lysed by scraping in 100 μL (12-well plates) or 200 μL (6-well plates) of CelLytic
M (Sigma-Aldrich, Gillingham, UK). Cell lysates were kept on ice for 15 min and stored at −80 ◦C.
For analysis, samples were thawed and centrifuged at 14,000× g for 15 min. Cellular debris was
discarded and the supernatant containing the proteins was analysed for ferritin using the Spectro
Ferritin ELISA assay (Ramco Laboratories Inc., Stafford, TX, USA). The ferritin concentration in the
samples was determined using a microplate reader at an excitation wavelength of 500 nm according to
the manufacturer’s protocol. Ferritin concentrations were normalized to total cell protein using the
Pierce Protein BCA protein assay (ThermoFisher Scientific, Loughborough, UK).

2.6. Determination of Cellular Viability

Cell viability was determined using the CellTiter 96® Aqueous One Solution colorimetric assay
(Promega, Southampton, UK) according to the manufacturer’s protocol. This method is based on the
measurement of the colored product of MTS tetrazolium, which is bio-reduced by cells into formazan.
NADPH or NADH produced by dehydrogenase enzymes facilitates the bio-reduction in metabolically
active cells. Briefly, Caco-2 cells seeded in 96-well plates and grown for 14 days, were treated with
the LIF treatments for 24 h. A cell lysis solution, Triton-X (10%), was used as a positive control to
produce physical disruption of cell membranes and subsequent cell death. After 24 h, treatments were
removed, replenished with fresh MEM containing 20% MTS solution, and cells were incubated for
15 min, prior to reading the absorbance of each well using a microplate reader at 490 nm.

2.7. Determination of the Reactive Oxygen Species (ROS) Generation

Cellular ROS generation was determined using the dichlorofluorescin-diacetate (DCFH) assay
as previously described [17] with minor modifications. Caco-2 cells were seeded in collagen-coated
24-well plates and grown for 12 days. On the day prior to LIF treatments, the media was replaced
with MEM. On the day of the experiment, 10 μM of DCFH was added to each well for 30 min at
37 ◦C. Cells were washed with PBS and treated with LIF-iron (with or without AA) diluted in MEM
(LIF-iron:MEM, 1:10) or FeSO4 in equimolar concentrations (100 μM Fe). After being oxidized by
intracellular oxidants, DCFH converts to dichlorofluorescein and becomes fluorescent. ROS generation
was measured over time (up to 2 h) using a fluorescent microplate reader with an excitation of 485 nm
and an emission of 530 nm.

2.8. Analysis of Iron Content in the Cellular Lysates Samples

The content of iron in the cellular lysates were determined using an Inductively Coupled Plasma
Optical Emission Spectroscopy (Varian Vista Pro CCD Axial simultaneous ICP-OES) equipped with a
glass expansion Seaspray concentric nebulizer (2 mL/min sample flow rate), a 50 mL glass cyclonic
spray chamber and an Axial torch with a 2.3 mm i.d. quartz injector. Sample solutions were introduced
using a SDS5 Autosampler. White/white and Blue/Blue PVC acct pump tubing was used. Running
conditions are described in Supplementary Table S1. The cellular lysates were 4-fold diluted HNO3

(10%) to a final acid concentration of 7.5%. Then, samples were centrifuged 14,500× g for 10 min and
the supernatants were used for the analysis. Blank controls and internal quality controls were prepared
alongside the cell lysates and analysed with the samples. A series of external calibration standards
containing iron were prepared from commercial standard stock solutions (Centi Prep), with final
concentrations ranging from 0 to 1000 ppb in a diluent with a final concentration of 7.5% HNO3.
The iron concentrations were calculated against the linear regression obtained from the calibration
standards at wavelength of 259.9 nm.
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2.9. Statistical Analysis

Data are presented as mean values with the standard errors of the means (SEM). Homogeneity of
variances was evaluated by the test of Levene. For multiple comparisons, one-way ANOVA followed
by a Bonferroni test was used when variances were homogeneous or by Tamhane test when variances
were non-homogeneous. Statistical significance was set at p ≤ 0.05. The statistical analysis was
performed using the SPSS package (version 23; SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Effect of pH and AA on the Quantity of Iron Released from LIF

To evaluate the reproducibility of iron released from LIF, four independent iron extractions were
performed in 1 L of water at pH 2. As shown in Figure 2a, similar iron concentrations with a mean
of 1.2 mM were obtained at pH 2. However, when the LIF solution was increased to pH 7, a 25%
reduction was observed in the total iron concentration. The addition of AA at 1 and 10 mM produced
a concentration-dependent increase in the soluble iron in water treated with LIF, from 2.5 to 5.4 fold
respectively (Figure 2b). In addition, when the pH of the water was increased from 2 to 7, the addition
of 10 mM of AA prevented the precipitation of iron from LIF.
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Figure 2. Concentration of total and soluble iron from the iron ingot (Lucky Iron Fish™ (LIF)) at
(a) pH 2 and (b) pH 7 with or without AA. Data represent means ± SEM (n = 4). Means without a
common letter differ (p < 0.05). n.d. means not statistically different.
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3.2. Effect of Iron Released from LIF on Cell Viability

Next, we investigated whether the soluble iron released from LIF in water resulted in changes to
the viability of the Caco-2 cell monolayer. As shown in Figure 3, the addition of iron from LIF with
AA at different molar ratios Fe:AA, (1:0, 1:1 and 1:10) did not induce changes in cell viability when
the LIF treatments were 10-fold diluted in MEM (LIF:MEM, 1:10). However, a modest increase in
cell proliferation (30% and 16%) was observed when cells were treated at higher concentrations of
LIF-iron with AA (molar ratio, Fe:AA (1:10)) using less diluted treatments (dilution LIF:MEM, 1:3 and
1:1). This increase in cell proliferation was even more pronounced in cells treated only with AA at the
highest concentration (5 mM), highlighting the proliferative effects of AA on differentiated Caco-2
cells. Therefore, subsequent experiments using AA were performed at concentrations ≤1 mM to avoid
any effects on cellular proliferation.
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Figure 3. Effect of iron ingot (Lucky Iron Fish™ (LIF)) on cellular viability. Caco-2 cells were treated
with the iron released from LIF (LIF-iron) plus the final indicated concentration of ascorbic acid
(AA) diluted in MEM (LIF-iron:MEM, 1:10, 1:3 and 1:1) for 24 h. Data represent means ± SEM
(n = 8). Different letters indicate statistically significant differences (p < 0.05). n.d. means not
statistically different.

3.3. Effect of AA on Cellular Iron Uptake from LIF

In order to investigate whether the increase in soluble iron associated with AA was bioavailable
to intestinal cells, the cellular ferritin response, a surrogate marker of iron uptake, was measured in
Caco-2 cells (Figure 4). No significant difference was found between blank controls with/without
AA at 0, 0.1 and 1 mM, with 8.1, 9.1 and 17.1 ng/mg of protein respectively, whereas a high ferritin
response (122 ng/mg of protein) was observed for FeSO4. LIF treatment without AA did not result in
a significant increase in the ferritin response (18.9 ng/mg of protein). However, the addition of AA in
0.1 and 1 mM amounts to LIF significantly increased the ferritin response by 100 and 480 ng/mg of
protein respectively. In addition, the analysis of the iron content of the Caco-2 cell lysates by ICP-OES
confirmed the effect of AA on the cellular iron uptake from LIF (Supplementary Figure S1).
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Figure 4. Cellular ferritin response, as a surrogate of the iron uptake, from the iron ingot (Lucky Iron
Fish™ (LIF)) with or without ascorbic acid (AA). Caco-2 cells were exposed for 24 h to the LIF-iron
(0.1 mM Fe) with the indicated concentration of AA. Data represent means ± SEM (n = 6–8). Different
letters indicate statistically significant differences (p < 0.05).

3.4. Effect of Including Food Matrix Dietary Factors in a Simulated Gastrointestinal Digestion on Cellular Iron
Uptake from LIF

LIF is designed for home fortification of cooked foods. We thus assessed the impact of a pea food
matrix (a common staple food) on the iron uptake from LIF in Caco-2 cells after an in vitro digestion.
Cells were exposed to digestates of LIF, peas or the combination of LIF plus peas as presented in
Figure 5a. We found a significantly increased ferritin response with LIF and peas compared to the
blank control (35 and 28 vs. 11 ng/mg of protein, respectively). Surprisingly, the combination of LIF
plus peas produced an increase in ferritin response by about 10-fold compared to the treatment in
isolation (Figure 5a and Supplementary Figure S2).

 

a)

Figure 5. Cont.

64



Nutrients 2017, 9, 1005
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Figure 5. Iron uptake in Caco-2 cells exposed to simulated gastrointestinal digestates of peas and
different dietary factors combined with the (Lucky Iron Fish™ (LIF))-iron. Cellular ferritin response
exposed for 24 hour incubation with the in vitro gastrointestinal digestion containing LIF-iron plus
ascorbic acid (0.5 mM) (a) with or without 1g of pea; and (b) with pea plus added tannic acid or phytic
acid at the indicated concentrations. Data represent means ± SEM (n = 6–8). Means without a common
letter differs (p < 0.05).

In order to simulate the effect of a mixed-diet containing iron chelators, we added phytic and
tannic acid, two well-known dietary inhibitors of iron absorption, to the in vitro digestion containing
the combination of LIF plus peas (Figure 5b). We found that tannic acid at 0.5 mM reduced the ferritin
response from LIF plus peas by 75%, but no significant changes were observed at a lower concentration
of tannic acid or at any concentration of phytic acid.

3.5. Effect of Iron Released from LIF on ROS Generation

Finally, we explored the possibility that the iron released from LIF could generate oxidative
stress similar to FeSO4, a widely used iron supplement. We observed that the addition of iron from
LIF induced a 2-fold increase in ROS generation after 30 min, which was similar to FeSO4 (added
in a similar iron concentration (0.1 mM)). These levels were sustained for at least 2 h. However,
the addition of AA, with its potent antioxidant behaviour, at a Fe:AA molar ratio of 1:1, significantly
reduced oxidative stress caused by the iron released from LIF (Figure 6).

Figure 6. Effect of the iron ingot (Lucky Iron Fish™ (LIF)) on reactive oxygen species (ROS) generation.
Cells were exposed to FeSO4 (0.1 mM) or a similar LIF-iron concentration with or without AA.
The intracellular ROS production was evaluated at 0, 30, 60 and 120 min. Data represent means
± SEM (n = 8). Different letters indicate statistically significant differences at each time point (p < 0.05).
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4. Discussion

In this study, we provide the first direct evidence of the potential bioavailability of iron from
the LIF home fortificant, using a widely used in vitro digestion/Caco-2 cell model for assessing iron
uptake at the intestinal level. Furthermore, we explored the effect of dietary factors and an example of
a food matrix on iron uptake from LIF. In particular, we found (1) a dose-response with AA in relation
to iron solubility and iron uptake in Caco-2 cells from LIF; (2) a high ferritin response from LIF in
the presence of peas when they were subjected to simulated digestion; and (3) a reduction in iron
availability from LIF when tannic acid was added to the digestion. Finally, we demonstrated that LIF
induced an overproduction of ROS, similar to FeSO4, which was counteracted by AA without causing
cellular cytotoxicity at the concentrations used in our cellular model.

Previous studies investigating the total iron released by LIF in water at different pH values
reported that the amount of iron was higher at lower pH [9,10]. Armstrong et al. [10] reported that
LIF released similar amounts of iron (about 80 μg/mL Fe) in acidic conditions (pH 3.5) towards
more neutral pH conditions. However, at pH 7, the total iron released significantly decreased to
30 μg/mL Fe. The amount of iron released in our experiments was in agreement with this study,
with 1.2 mM (67 μg/mL) and 0.85 mM (47 μg/mL) of iron at pH 2 and pH 7, respectively. There is
also evidence that water weakly acidified (pH 3.2–4.5) with lemon juice or other foods, can have a
differential effect on the quantity of iron released from LIF [9]. However, specific dietary factors or
the extent to which these factors impact LIF iron solubility have not been investigated. We studied
the influence of AA, an enhancer of iron absorption, on the soluble and total iron released from LIF
in water. We observed that AA facilitated iron solubility in water with increasing pH (pH 2 to pH 7)
in a concentration-dependent manner, providing further evidence for the potential efficacy of AA on
maintaining LIF-iron in a form that can be absorbed in the small intestine.

Three RCTs [7,8,11] have been carried out in Cambodia investigating the effect of using the LIF
ingot in food and drinking water. Results from these trials were conflicting. In the first trial, LIF
significantly improved the hemoglobin levels of women after 3 months, but these levels reverted
back to baseline after 6 months [8]. In the follow-up trial, both hemoglobin and serum ferritin were
measured at 3, 6, 9 and 12 months. LIF increased hemoglobin levels after 9 months (118 vs. 123 g/L)
and both hemoglobin (120 vs. 130 g/L) and serum ferritin (66 vs. 102 ng/mL) levels after 12 months [7].
The authors suggested that the lack of efficacy of LIF at 6 months in the first RCT might be due
to seasonal variations in the water parameters that could reduce iron bioavailability. A third RCT
reported no changes in hemoglobin after 6 or 12 months of using LIF [11]. However, in this trial the
prevalence of structural hemoglobin variants was about 70%, and only 9% of participants had serum
ferritin concentrations indicative of iron deficiency, which suggests that this population was not ideal
for evaluating the efficacy of LIF.

As far as we are aware, no studies have examined whether the iron released from LIF itself is
bioavailable in the small intestine after exposure to gastrointestinal digestion. This requires the use
of in vitro models to assess the impact of different dietary factors on iron uptake from LIF. Here,
we have demonstrated that while LIF released a high amount of iron in acidic conditions, it is poorly
bioavailable in Caco-2 cells in the absence of iron enhancers at neutral pH conditions found in the
intestine. Nevertheless, the addition of AA increased the amount of soluble iron and iron uptake in
Caco-2 cells. Yun et al. [15] examined the effect of AA on iron bioavailability, comparing the Caco-2
cell response with previously published human absorption data. In their study, AA ranging from 25 to
500 mg added to semisynthetic meals, increased iron absorption in Caco-2 cells and was predictive of
its effect in human trials. Hence, we suggest that the addition of AA to LIF during food preparation
can have a major role in improving iron absorption in vivo, especially in iron-deficient populations.

In order to determine the impact of the food matrix on iron bioavailability from LIF, we undertook
a simulated gastrointestinal digestion with peas (a staple food) plus LIF-iron. We observed that this
combination produced a much greater (10-fold) ferritin response in cells compared to pea and LIF-iron
individually. According to its nutritional composition [18], peas contain about 0.22 mg/g of AA,
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so it is highly unlikely that the quantity of endogenous AA provided from the peas could account
for more than 0.5 mM in our simulated digestion. Therefore, we suggest that other dietary factors
from the pea matrix contributed to the increase in iron uptake of the digestate with LIF-iron and peas.
For example, peas contain a high amount of sucrose (66 mg/g fresh weight) [18]. There is evidence for
an enhancing effect from sugars, and in particular fructose, on iron uptake in Caco-2 cells [19]. Thus,
it is possible that some sucrose could be hydrolysed into glucose and fructose by the sucrase activity
of differentiated Caco-2 monolayers [20] thereby enhancing iron absorption. However, we cannot
rule out other dietary factors from the pea matrix, which can result in promoting iron absorption.
Considering the high levels of total iron from LIF in the digestates (approximately 1 mM), even a small
amount of enhancer would result in a considerable quantity of iron being taken into the cells. Further
research is warranted to elucidate the reasons for the unexpected positive interaction between peas
and LIF. The addition of exogenous (0.5 mM) tannic acid but not phytic acid to the simulated digestion
mixture reduced iron uptake by 75%, which is in agreement with studies which showed that tannic
acid is a much more potent inhibitor of non-heme iron uptake than phytic acid in Caco-2 cells [21].
All of these data suggest that the iron bioavailability from LIF can be modulated differently depending
on the dietary factors present in the food matrix during cooking and digestion.

The manufactured LIF ingot contains a mixture of predominately ferrous iron, trace amounts
of ferric iron, and iron complexed to other minerals [10]. Forms of ferrous iron are widely used as
oral supplements due to their relative high bioavailability. However, they are also associated with
gastrointestinal side effects, which result in non-adherence to the treatment [22,23]. Oxidative stress
generated by ferrous iron salts has been proposed as one of the main reasons for GI intolerance [22,23].
Cellular death was not evident with LIF when cells were exposed to our iron uptake treatments with
or without AA. However, we observed that the addition of LIF-iron generated an overproduction of
ROS to the same extent as FeSO4, which indicates that they have similar iron chemistry. In contrast,
the addition of AA (in a molar ratio Fe:AA 1:1) ameliorated the increase in ROS generation. There
is evidence suggesting that intracellular ROS generation induced by iron could be modulating
divalent metal transporter-1 (DMT-1) internalization as a redox sensor to control iron uptake [24].
Esparza et al. [24] demonstrated that DMT-1 internalization induced by Fe2+ was prevented by
pre-incubation with the antioxidant N-acetyl-L-cysteine (NAC), suggesting that iron-induced ROS was
counteracted by NAC. This is in agreement with our results. Thus, the most plausible explanation
is that free iron transported inside the cells produced an increase in ROS, which in turn internalised
DMT-1 and reduced iron uptake. However, by complexing/binding ferrous iron [25] or neutralising
free radicals [23], AA is likely to have prevented the intracellular environment from further oxidation,
resulting in the increase in iron uptake. Therefore, all the above suggests that AA could enhance iron
uptake not only through an increase in soluble iron but also through intracellular redox mechanisms
that are DMT-1 dependent.

Despite the fact that LIF could ameliorate iron deficiency in the short term, especially if our
findings are taken into account when providing instructions for the use of LIF, further studies on the
long-term effect of this iron fortificant must be performed to assess possible adverse consequences.
For example, the daily use of micronutrient powders for four months as an in-home fortification
strategy has been associated with changes in the gut microbiome profile of weaning infants and an
increased abundance of enteropathogens bacteria, which in turn was associated with inflammation [26].
Likewise, the use of home-fortification strategies should be very tightly controlled in anemic
populations where genetic hemoglobin disorders (i.e., mild thalassemia) or inflammation, rather
than dietary iron deficiency, are the main causes of anemia, as in such cases it could lead to iron
overload [27–29].

In conclusion, this study demonstrates that dietary factors can modulate the solubility and
bioavailability of LIF-iron forms. The addition of AA resulted in greater iron solubility, was associated
with lower ROS production, and enhanced iron uptake in Caco-2 cells. The wider use of AA and the
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selection of foods with recognised iron enhancing properties in the guidelines for LIF might help to
make this strategy more effective for reducing iron deficiency.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/9/1005/s1,
Figure S1: Iron content in cellular lysates of Caco-2 cells after treatment with the iron ingot (Lucky Iron FishTM

(LIF)) with or without ascorbic acid (AA), Figure S2: Iron content in cellular lysates of Caco-2 cells exposed to
simulated gastrointestinal digestates of peas combined with the (Lucky Iron FishTM (LIF))-iron, Table S1: Running
conditions used for ICP-OES.
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Abstract: Anaemia is the most frequent, though often neglected, comorbidity of inflammatory
bowel disease (IBD). Here we want to briefly present (1) the burden of anaemia in IBD, (2) its
pathophysiology, which mostly arises from bleeding-associated iron deficiency, followed by
(3) diagnostic evaluation of anaemia, (4) a balanced overview of the different modes of iron
replacement therapy, (5) evidence for their therapeutic efficacy and subsequently, (6) an updated
recommendation for the practical management of anaemia in IBD. Following the introduction of
various intravenous iron preparations over the last decade, questions persist about when to use these
preparations as opposed to traditional and other novel oral iron therapeutic agents. At present, oral
iron therapy is generally preferred for patients with quiescent IBD and mild iron-deficiency anaemia.
However, in patients with flaring IBD that hampers intestinal iron absorption and in those with
inadequate responses to or side effects with oral preparations, intravenous iron supplementation
is the therapy of choice, although information on the efficacy of intravenous iron in patients with
active IBD and anaemia is scare. Importantly, anaemia in IBD is often multifactorial and a careful
diagnostic workup is mandatory for optimized treatment. Nevertheless, limited information is
available on optimal therapeutic start and end points for treatment of anaemia. Of note, neither
oral nor intravenous therapies seem to exacerbate the clinical course of IBD. However, additional
prospective studies are still warranted to determine the optimal therapy in complex conditions such
as IBD.

Keywords: anaemia; Crohn’s disease; IBD; iron deficiency; therapy; ulcerative colitis

1. Introduction

Anaemia and iron deficiency are global health issues and a recent analysis estimated that
approximately one-third (i.e., >2.5 billion individuals) of the world’s population is anaemic [1].
Furthermore, it is assumed that more than half the cases of anaemia are caused by an iron-deficient
erythropoiesis [1]. Iron deficiency is therefore considered one of the most prevalent global nutritional
deficiencies [2]. However, there is a huge geographic variation in prevalence due to a range
of sociodemographic factors (i.e., industrialized versus developing countries) [1]. Nevertheless,
in addition to anaemia, iron deficiencies cause decrements in energy metabolism, daily activities,
quality of life, cognitive and sexual function, cardiac performance and work productivity. However,
excess iron can cause cellular oxidative stress and damage by catalysing the formation of toxic radicals
via Fenton chemistry [1–6].
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1.1. Anaemia in Inflammatory Bowel Disease

In inflammatory bowel disease (IBD) [7,8], which shows increasing worldwide incidence and
prevalence rates [9–11] and which affects up to 0.5% of the population in some countries [12], anaemia
is a frequent comorbidity. A recent nationwide Portuguese cross-sectional study of 1287 patients with
either Crohn’s disease (CD) (n = 775) or ulcerative colitis (UC) (n = 512) revealed that flaring disease is
the parameter most consistently related to the presence of anaemia, with no differences between CD and
UC, although anaemia is more frequent among women [13], especially in CD [14]. Further, an analysis
of 171 adult patients with CD showed that iron deficiency was present in 78% with active inflammation
but in only 21% with quiescent disease (p < 0.001) [15]. It was noticed that markers of CD severity, such
as stricturing disease and the need for tumour necrosis factor (TNF) inhibitors and surgery, appeared
to be significantly associated with iron deficiency [15]. Moreover, a 2014 systematic review of tertiary
referral centres showed a prevalence of anaemia in patients with CD of 27% (95% confidence interval
(CI) 19–35%) and in patients with UC of 21% (95% CI 15–27%) [7]. The observed variation mirrored
differences in the study populations (e.g., hospitalized patients versus outpatients) as well as the
applied definition of anaemia in the studies included. Hence iron deficiency deserves attention in IBD,
where the mean prevalence is shown to be 20% among outpatients [16] and 68% among hospitalized
patients [17], exceeding by far the frequencies of other extraintestinal manifestations (e.g., rheumatic,
dermatologic and ophthalmologic) commonly associated with IBD [18,19].

The pathogenesis of anaemia in IBD is multifactorial and results mainly from intestinal blood
loss in inflamed mucosa and impaired dietary iron absorption [20]. The chronic inflammatory state
impairs duodenal iron uptake via induction of hepcidin expression in the liver [21] but inflammatory
cytokines also have a negative impact on the duodenal uptake of nutrients. Moreover, loss of
appetite during flaring disease and a range of other factors such as medications used for IBD
treatment (e.g., proton pump inhibitors, sulfasalazine, methotrexate and thiopurines) also have a
negative effect on iron absorption and erythropoiesis [22,23]. Vitamin deficiencies, concomitant
medical conditions (e.g., renal insufficiency, congestive heart failure, haemolysis, diabetes and innate
hemoglobinopathies) [24,25], inflammatory cytokines and acute-phase reactants during flaring disease
additionally impair iron availability for erythropoiesis and/or aggravate anaemia by other mechanisms.
This blunts the biological response to erythropoietin as well and drives an inflammation-dependent
impairment of erythroid progenitor cell proliferation [26–28]. Additionally, a predisposition to the
development of anaemia may be caused by polymorphisms of iron metabolism genes as well as
hormonal factors [29–31]. In essence, if the absorptive capacity of iron from the diet does not meet the
body’s requirement, iron deficiency develops.

1.2. Anaemia in Other Chronic Diseases

Apart from IBD, anaemia is observed in a number of chronic inflammatory disorders. These
include autoimmune disorders (e.g., rheumatoid arthritis and celiac disease), cancer and infections.
This so-called anaemia of chronic disease (ACD) or anaemia of inflammation is more prevalent in
patients with advanced disease and in those responding poorly to therapy [28].

1.3. General Health Effects of Anaemia

Treatment of iron-deficiency anaemia in IBD is of importance because of the possible consequences
on multiple organs and biological processes. These include cellular dysfunctions comprising
impaired mitochondrial respiratory capacity and metabolic impairments that translate into specific
organ dysfunctions, for example, in the central nervous system (e.g., impaired cognitive function,
fatigue, restless legs syndrome and depression), immune system (e.g., immune cell proliferation and
differentiation and regulation of innate and adaptive immune responses), cardiorespiratory system
(e.g., reduced exercise capacity, exertional dyspnea, tachycardia, palpitations, cardiac hypertrophy,
systolic ejection murmur and risk of cardiac failure), vascular system (e.g., hypothermia and skin
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pallor), genital tract (e.g., loss of libido and menstrual problems) and gastrointestinal tract (e.g.,
anorexia, nausea and motility disorders) [32,33]. Collectively, anaemia has a direct impact on the
quality of life of affected patients [34–37].

The perception that anaemia in IBD needs specific treatment apart from regular control of IBD is
still underdeveloped. Thus anaemia is neither diagnostically worked up nor do the majority of anaemic
patients receive any specific treatment [17], although such an approach is strongly recommended
by expert boards and clinical societies [25,38,39]. At present, a great many physicians are uncertain
about applicable diagnostic procedures and treatment regimens for their patients with IBD and
iron-deficiency anaemia [40]. The aims of this paper therefore are to explore the latest knowledge
concerning the pathophysiology of anaemia, diagnostic evaluations, available iron replacement
methods and evidence of clinical efficacy in order to provide updated recommendations for the
management of iron-deficiency anaemia in IBD.

2. Pathophysiology of Anaemia in IBD

Iron constitutes a key part of haemoglobin in erythrocytes and of myoglobin in muscles, which in
combination contain approximately two-thirds of the total body iron. In addition, iron is crucial to a
wide range of biological processes [41,42]. The average adult harbours more than 3–4 g of iron, which is
balanced between physiologic iron loss and dietary uptake. About 20–25 mg of iron is needed daily for
the synthesis of heme. Thus approximately 1–2 mg originates from dietary intake and the remainder is
acquired by recycling of iron from senescent erythrocytes by macrophages [41,43]. The total loss of
iron averages 1–2 mg/day, mostly through desquamation of intestinal enterocytes or skin, whereas
much higher amounts are lost during menstruation [44,45].

2.1. Structure of Iron

Dietary iron is available in two forms: heme and non-heme-bound iron. Within heme, iron
is complexed as ferrous iron (Fe2+) to the protoporphyrin ring, which is abundant in animal food
products such as meat, poultry and seafood [46]. Most dietary iron is abundant as nonheme iron (Fe3+

or ferric iron) and is present in foods of vegetable origin (e.g., nuts, beans, vegetables and fortified grain
products). Heme iron is assumed to constitute 10–15% of total iron intake in meat-eating populations
but because of its higher bioavailability (estimated absorption rate of 15–35%) than nonheme iron
(5–15%), it accounts for more than 30% of the total absorbed iron [47].

2.2. Iron Homeostasis

Body iron homeostasis is regulated systemically by several mechanisms, among which is the
pivotal interaction of the liver-derived peptide hormone hepcidin with the major cellular iron exporter
ferroportin [48]. Ferroportin is found primarily on intestinal epithelium (mostly in the duodenum),
macrophages and hepatocytes, which constitute the major cellular iron stores. Ferroportin thus
enables the transport of iron from cells into the circulation to maintain adequate systemic iron
levels (Figure 1) [49]. Targeting of ferroportin by hepcidin results in ferroportin internalization,
degradation and blockage of cellular iron egress into the serum, thus resulting in a reduced availability
of iron for erythroid progenitor cells [49]. Synthesis and release of hepcidin and therefore cellular
accumulation of iron and development of a low serum iron concentration, are induced by both
a high concentration of iron in the liver and plasma and by inflammatory cytokines such as IL-1
(IL: interleukin) and IL-6 [50]. In contrast, during states of iron deficiency, hypoxia and anaemia,
the synthesis of hepcidin is blocked in order to increase serum iron levels [29,49,51]. Of note, sexual
hormones, alcohol, hepatic function and hypoxia-derived factor all affect hepcidin expression and
thus the circulating iron levels [41–43]. The efficacy of orally administered iron therapy depends on
circulating hepcidin levels. Thus, high hepcidin concentrations may predict nonresponsiveness to oral
iron therapy [52]. Hepcidin levels may also control the response to intravenous iron administration,
including high-molecular-weight preparations, which are taken up by macrophages and then
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delivered to the circulation via ferroportin-mediated iron export (Figure 1) [2,21,53]. This is in
line with experimental data demonstrating reduced ferroportin expression in the duodenum and
decreased iron absorption in individuals with increased hepcidin levels—primarily as a consequence
of inflammation [21]. The development of inflammatory anaemia is thus characterized by low
circulating iron levels and an iron-restricted erythropoiesis in the presence of high iron stores in
the reticuloendothelial system, reflected by normal or elevated levels of ferritin.

Figure 1. Pathogenesis of iron-deficiency anaemia and methods for supplementation and treatment
in inflammatory bowel disease (IBD). IL: interleukin; DMT1: divalent metal-ion transporter 1; MΦ:
macrophage; IV: intravenous.

Between 1 and 2 mg of iron is taken up daily from the diet, which is balanced by its secretion
mainly through intestinal and skin epithelial desquamation. Intestinal bleeding in patients with
IBD increases iron loss. With the majority of iron being taken up in the duodenum through heme
and nonheme iron transporters (elementary iron is reduced to Fe2+ before uptake) with animal data
showing some absorption from the large bowel as well [54], the iron enters the epithelial cells. Iron
might be stored in the cells as mucosal ferritin or is exported to the circulation through the transporter,
ferroportin and oxidized to Fe3+. Circulating iron forms complexes with transferrin and is delivered
as transferrin-bound iron to cells and tissues. Most of the iron needed for metabolic purposes and
erythropoiesis (approximately 20–30 mg/day) originates from macrophages that engulf senescent
erythrocytes and reuse iron that is returned to the circulation via ferroportin. During systemic
inflammation and increased levels of inflammation-induced hepatic hepcidin secretion, the iron
transporter ferroportin found in cells of the reticuloendothelial system and in enterocytes is degraded
and cellular iron export is reduced. This results in iron retention in cells of the reticuloendothelial
system and impaired dietary iron absorption, subsequently resulting in low serum iron levels with
all the clinical consequences mentioned in the text. To overcome iron deficiency in patients with
IBD, iron supplementation in the form of oral or intravenous iron can be applied. Novel approaches
include inhibition of hepcidin itself or its expression. The most important preventive intervention for
long-term well-being of the patients, however, is to efficiently treat the underlying condition, in this
case the intestinal inflammatory process. The asterisk indicates points of therapeutic intervention.

2.3. Inflammatory Modulators in Anaemia

Cytokine-driven induction of hepcidin expression and the direct effects of cytokines on iron
trafficking in macrophages and duodenal enterocytes play a decisive role in the development of
ACD) or anaemia of inflammation by retaining iron in the reticuloendothelial system and blocking
iron absorption, causing an iron-limited erythropoiesis [28,55]. Thus, ACD is more prevalent in
patients with advanced disease and in those responding poorly to therapy [28]. In addition, cytokines
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and chemokines further contribute to anaemia by negatively influencing the biological activity of
erythropoietin, by inhibiting the proliferation and differentiation of erythroid progenitor cells and by
reducing the circulatory half-life of erythrocytes [28].

However, patients with flaring IBD experience chronic blood loss due to intestinal mucosal
bleeding, which often causes true iron deficiency in conjunction with inflammatory anaemia (mirrored
by low to normal ferritin levels) [22,56]. Of note, while hepcidin levels are increased in patients with
ACD, concomitant true iron deficiency results in hepcidin suppression [21]. On the one hand, this
is due to the fact that iron deficiency inhibits SMAD-mediated signalling pathways in hepatocytes,
thereby blocking hepcidin expression even in the presence of inflammatory stimuli such as IL-6 [57].
On the other hand, anaemia and hypoxia result in activation of hormones that have a negative
impact on hepcidin formation. These include erythroferrone produced by erythroblasts in response
to erythropoeitic stress [58], as well as other mechanisms, including growth differentiation factor
15 (GDF-15), which is seen mainly in patients with hemoglobinopathies. Further, a hypoxia-driven
blockade of hepcidin formation is induced via platelet-derived growth factor-BB (PDGF-BB) and/or
hypoxia-inducible factors (HIFs) [58–62]. Together these mechanisms result in increased circulating
iron levels via stimulation of iron absorption and redelivery from macrophages. Thus, in the presence of
both inflammation and true iron deficiency due to intestinal bleeding in IBD, circulating hepcidin levels
decrease because anaemia and iron-deficiency regulatory signals dominate over inflammation-driven
hepcidin induction [62,63]. Therefore, truly iron-deficient patients, even in the presence of systemic
inflammation, are able to absorb considerable amounts of iron from the intestine [21,49].

Finally, vitamin deficiencies (e.g., vitamin B12, folic acid and vitamin D) due to either intestinal
inflammation or extensive bowel resection can also contribute to the development of anaemia [22,64],
as do specific medications for the treatment of IBD (as listed earlier).

3. Diagnostic Investigations

According to the World Health Organization (WHO), adult males and females with a blood
haemoglobin concentration below 13 and 12 g/dL, respectively, are considered anaemic (<11 g/dL
during pregnancy) [31]. Thresholds for defining the state of anaemia apart from sex and pregnancy,
however, depend on such factors as age, altitude and ethnicity. The diagnosis of iron deficiency and
anaemia is based on measurements of the blood haemoglobin concentration but some additional
basic analyses are required for a diagnostic workup and for tailoring optimal therapy in patients with
IBD [29,38,65]. During flaring IBD, measurements of iron status may be difficult to interpret because
parameters relating to iron metabolism are influenced by the inflammation per se [66].

3.1. Transferrin and Transferrin Saturation

As a consequence of chronic inflammation, patients with active IBD may show reduced levels
of transferrin, which is contrary to the definition of patients with iron deficiency [67]. Importantly,
patients with inflammatory anaemia with or without true iron deficiency are characterized by reduced
serum iron and a low transferrin saturation (TfS) (i.e., the quotient of iron concentration (μmol/L)
divided by transferrin concentration (mg/dL) in fasting blood samples multiplied by 70.9 and stated
as a percentage) [68]. Accordingly, a number of studies have used TfS as an indicator for low iron
status and for determining appropriate initiation of iron supplementation therapy [37,38,69–71]. A TfS
of 16% is generally used as a threshold when screening for iron deficiency, although a 20% threshold is
often applied in the context of coexisting inflammatory disorders [65].

3.2. Ferritin

Serum ferritin concentration, which generally correlates with body iron stores, is the most
widely used surrogate marker of stored iron and works nicely in patients without any concomitant
inflammatory condition. Circulating ferritin levels, however, are influenced by inflammation;
in fact, several proinflammatory cytokines stimulate ferritin expression, leading to measurements
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in the normal or even elevated range during chronic inflammation, even in the presence of true
iron deficiency [66,72,73]. Thus, in situations of concomitant inflammation, chronic liver disease,
or malignancy, ferritin levels may increase independently of iron status. Thus, independent of
inflammation, a ferritin concentration below 30 μg/L is indicative of true iron deficiency [74,75],
whereas this threshold may be higher in patients with inflammation, although prospective and
interventional studies examining this issue in detail are lacking. In clinical practice, a ferritin level of
up to 100 μg/L in the setting of an inflammatory disease and anaemia may be associated with true iron
deficiency, whereas functional iron deficiency may be present with ferritin levels exceeding 100 μg/L in
such conditions [68]. Currently, no standard clinical tests exist for the assessment of true iron deficiency
in patients with concomitant inflammation and thus a combination of various paraclinical tests is often
required to provide clinical evidence of iron deficiency and to guide therapy [68,76].

3.3. Soluble Transferrin Receptor

Serum-soluble transferrin receptor (sTfR), a proteolytic derivative of the membrane-bound
transferrin receptor, is another marker of iron status. With true iron deficiency, increased synthesis
of transferrin receptors is observed along with a corresponding increase in sTfR levels. Nevertheless,
the sTfR concentration might also rise during disorders associated with increased erythropoiesis,
including chronic lymphatic leukaemia, whereas it can be reduced by the actions of cytokines
during inflammation. Therefore, no consensus currently exists as to a standardized cut-off value
for sTfR [77]. To distinguish between patients with inflammation-driven ACD and patients with ACD
and concomitant true iron deficiency, determination of the ratio between sTfR and the logarithm of
serum ferritin concentration (i.e., the sTfR-F index) has been recommended [78]. A sTfR-F index above
two is indicative of true iron deficiency among ACD patients, whereas a ratio below one is suggestive
of ACD alone without concomitant iron deficiency [68,77].

3.4. Red Cell Indices

Based on erythrocyte analyses of full blood samples from anaemic patients, information
about mean cellular haemoglobin concentration (MCHC, hypochromia) and mean cell volume
(MCV, microcytosis) can be obtained. The values of these indices are decreased by iron deficiency.
In the case of microcytosis in patients with an appropriate ethnic background, haemoglobin
electrophoresis may be considered to rule out hemoglobinopathies such as sickle-cell disease and
thalassemia [77]. Microcytosis or MCHC reductions thus may indicate true iron deficiency in patients
with inflammation-associated ACD because classical ACD is characterized as normochromic and
normocytic [66,67,70,76]. Among patients with chronic kidney disease, measuring the percentage of
circulating hypochromic red cells as a proportion of total red blood cells can indicate the presence
of iron deficiency using a cut-off value of 6% [79]. Unfortunately, freshly drawn blood samples and
specific equipment are required for this analysis [80]. Accordingly, prospective evaluations of this
parameter, as well as of the reticulocyte haemoglobin content in clinical situations, including patients
with anaemia and inflammatory disorders, are scarce [68,81].

3.5. Bone Marrow Analyses

Bone marrow aspiration for diagnosing iron deficiency appears to be the gold standard. This
method is thought to be unaffected by inflammation but it is invasive in nature, uncomfortable for the
patient, expensive and might be affected by concomitant treatment with recombinant erythropoietin.
Thus, bone marrow aspiration should be reserved for specific situations where other techniques are
either unavailable or conflicting [77].

3.6. Hepcidin

Hepcidin has a key regulatory role in iron homeostasis as an inhibitor of cellular iron export [77].
Measurements of hepcidin may be an attractive tool to diagnose true iron deficiency in patients with
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inflammation-driven anaemia because its expression in vivo appears to be more affected by iron
deficiency than by the inflammatory response [62,82]. Recently, commercially available tests have
been introduced into clinical practice [83] but the usefulness of hepcidin determination to correctly
indicate iron deficiency in patients with inflammation needs to be tested prospectively in future studies.
Of note, concomitant pathologies that may contribute to the development and severity of anaemia,
including folic acid, cobalamin, or vitamin D deficiency and haemolysis and erythropoietin deficiency
per se, as well as any renal insufficiency, must be identified and treated properly, if possible.

It is of great importance to establish the presence of true iron-deficiency anaemia in patients to
avoid any unnecessary treatment. The assessment should be guided by predictive serum parameters
such as hepcidin, soluble transferrin receptor and others including red cell indices but no gold standard
is available at present [76,84]. The success of treatment with either oral or intravenous iron is mirrored
by an increase of haemoglobin levels or by increased levels of circulating ferritin.

4. Treatment of Anaemia

The primary treatment of ACD is to cure the underlying pathology or other easily treatable
conditions contributing to anaemia, such as vitamin deficiency, which often leads to improvement in
haemoglobin levels unless other pathophysiologic factors or deficiencies are present [14,25,28,29,33,85].
In cases of severe anaemia (i.e., haemoglobin < 7–8 g/dL) [2,86], especially when it is rapidly
developing, as in association with acute gastrointestinal bleeding, or if the patient suffers from
comorbidities such as coronary heart disease or chronic pulmonary disease, a rapid correction
of haemoglobin levels may be indicated, which can best be achieved with red blood cell
transfusions [25,28,33,87]. However, the use of blood transfusions must be considered carefully because
negative effects are well documented [87,88] and a liberal application of transfusions is associated with
higher mortality in patients with acute gastrointestinal bleeding [89]. Moreover, transfusions have
been associated with an increased risk for nosocomial infections and mortality rates among intensive
care patients [90], as well as a higher frequency of surgical-site infections [91]. Additionally, a risk
of transfusion-related anaphylactic reaction, together with a small but residual risk for transmitting
infectious disease, does exist [92–94].

5. Iron Replacement Formulations

Imbalances of iron homeostasis are the major reason for anaemia in patients with IBD.
The currently available options for iron supplementation to balance iron intake and iron loss consist of
oral and intravenous administration and their pros and cons are listed in Table 1.

Table 1. Main principles of iron supplementation and their pros and cons.

Iron Administration Pros Cons

Oral

Low cost
Convenient

Available over the counter
Efficient when intestinal absorption

is not impaired

Mucosal injury
Alteration of microbiota

Various disorders may impair uptake, e.g.,
celiac disease, ACD *, autoimmune gastritis

High intestinal iron concentrations due to low
bioavailability cause gastrointestinal side
effects (nausea, vomiting, abdominal pain

and constipation) and limit compliance

Intravenous

Fast repletion of iron stores
Safe if formulations with dextran are

avoided
Effective even when intestinal

absorption is impaired

Higher expenses, including need for
administration by a healthcare professional

Potential risk for iron overload that in excess
may contribute to oxidative stress

Potential risk for anaphylactic reactions using
dextran-containing formulations

Hypophosphatemia with some preparations

* Anaemia of chronic disease (ACD).
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5.1. Oral Regimen

The bioavailability of “traditional” oral iron preparations is relatively low but nevertheless is
the first-line therapy in iron-deficiency anaemia. Oral iron has a well-established safety profile,
is easy to administer and comes with a generally low cost—with the latter being important in a
pharmaco-economical setting [26]. Oral iron supplements are available as divalent Fe2+ (ferrous) or
trivalent Fe3+ (ferric) salts coupled with sugar complexes or protein succinylate [95,96]. The most
widely used preparations are ferrous sulphate, ferrous gluconate and ferrous fumarate, which
all contain the ferrous form of iron, which has a better bioavailability than ferric-containing
formulations [96]. Prior to absorption by enterocytes in the duodenum, iron is reduced to its ferrous
state (Fe2+)—A process catalysed by membrane-bound ferric reductase. Divalent metal transporter-1
(DMT1) facilitates iron uptake in the acidic environment [97]. Ascorbic acid (or vitamin C) dose
dependently facilitates absorption of oral iron [98] by providing reducing equivalents for ferric
reductase, thus enhancing the reduction of Fe3+ to Fe2+ prior to epithelial uptake [99]. Further,
vitamin C suppresses the negative effects on iron absorption of inhibitors such as phytate and
calcium [47] (Figure 2).

Recently, a study in children has shown that supplementation of vitamin D facilitates increased
haemoglobin levels. Here plasma concentrations of 25-hydroxyvitamin D (25(OH)D) below 30 ng/mL
(i.e., vitamin D deficiency) were associated with increased hepcidin concentrations and reduced
haemoglobin concentrations compared with individuals with plasma 25(OH)D concentrations above
30 ng/mL [100]. Because vitamin D deficiency is frequent in IBD [101] and because vitamin D has been
shown to inhibit hepcidin expression [102] and to possess important immunologic effects of benefit in
the clinical course of patients with IBD [103–105], normalization of vitamin D is important for elevating
the haemoglobin level in these patients. Specifically, vitamin D binds to vitamin D response elements
(VDREs) in the promoter region of hepcidin (hepcidin antimicrobial peptide, HAMP) and thereby
reduces hepcidin expression [102,106–108]. Supplementing healthy adults with vitamin D decreased
hepcidin levels by 73% [109] and significantly increased haemoglobin levels in critically ill patients
following administration of up to 100,000 IU of vitamin D daily for 5 days [107]. These recent results
highlight the importance of vitamin D in the context of anaemia (Figure 2).

Figure 2. Importance of vitamins C and D in the treatment of iron-deficiency anaemia.

Dietary vitamin C enhances iron absorption by providing reducing equivalents for Fe3+ reduction
by the enzyme ferric reductase to enhance its activity. Vitamin C also suppresses the inhibitory features
of phytate and calcium on iron uptake. Vitamin D obtained from the diet or generated in the skin
through ultraviolet-induced photolysis of vitamin D precursors augments iron absorption by lowering
mRNA expression of hepcidin mediated by the presence of vitamin D response elements (VDREs)
identified in the promoter region of the hepcidin gene. Additionally, vitamin D inhibits the release of
IL-1 and IL-6 and increases erythroid progenitor proliferation.
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Recently, new orally available products have been introduced into clinical practice. One of these,
ferric maltol, has been successfully studied in a phase III trial in IBD patients with iron-deficiency
anaemia who had previously been either intolerant or unresponsive to oral ferrous products [110].

Although the optimal dose of oral iron supplements in patients with IBD and iron deficiency has
not been established, a dose of 50–200 mg/day of elemental iron is often recommended [111]. Only
10–25% of the dosed iron is expected to be absorbed in iron-deficient patients [71,97]. Because oral iron
induces the expression of hepcidin, it appears reasonable to dose oral iron only once daily to circumvent
the inhibitory effects of hepcidin on iron transfer from duodenal enterocytes to the circulation. A recent
observational trial confirmed this notion. It was shown that oral administration of iron reduced the
level of iron absorption on the following day and that application of iron twice daily resulted in a
significant reduction in oral iron bioavailability. Of note, the relative percentage of absorbed iron could
be increased even by administration every second day [112]. This observation, combined with a very
recent study in women with depleted iron stores demonstrating that alternate-day administration of
oral iron supplementation resulted in higher fractional as well as total iron absorption compared with
daily administration [113], may alter the current practice of oral iron administration.

Given the low absorption of oral iron, a high proportion remains in the gut and is associated with
the development of gastrointestinal side effects, including nausea, dyspepsia, diarrhoea, abdominal
discomfort, vomiting and constipation in up to 20% of patients—often resulting in nonadherence to
therapy [26,114]. Generally, nausea and abdominal discomfort occur within 1–2 h of drug intake and
appear to be dose related, whereas other gastrointestinal side effects such as diarrhoea and constipation
are idiosyncratic [71,111]. In patients reporting such intolerances, a delayed-release enteric-coated
iron tablet may be prescribed. However, the bioavailability of iron from these formulations is reduced
compared with standard preparations because almost all the iron is absorbed in the duodenum and
not in distal part of the gastrointestinal tract [45,47]. Moreover, because oral iron is poorly absorbed in
the setting of ongoing inflammation [21], IBD patients with increased C-reactive protein (CRP) levels
often show a diminished response to oral iron therapy [115].

Most of the reservations regarding oral iron therapy in IBD come from studies in animal models,
which have shown contradictory evidence regarding the impact of oral iron on ongoing intestinal
inflammation [35,116]. In humans, the clinical evidence for the effects of oral iron in patients with
flaring IBD is also controversial [38,117]. It is, however, established that iron therapy significantly
affects the composition of the microbiome [118,119]. This is of interest because the composition of the
microbiome is regarded as an important factor in the pathogenesis of IBD [120]. A recent open-label
clinical trial showed a significant impact of iron supplementation (both oral and intravenous) on the
phylogenetic composition and faecal metabolite landscape in patients with IBD and iron deficiency
or anaemia [118]. A difference between the impact of orally and intravenously administered iron on
bacterial phylotypes and faecal metabolites seems to exist and this may relate to differences in iron
pharmacokinetics and iron availability for gut bacteria. Moreover, patients with CD appear to be more
prone to changes in microbiome composition following iron replacement therapy and intravenous iron
therapy might in fact benefit such anaemic patients with an unstable microbiota [118]. Based on these
findings, iron ingestion may potentially influence the disease course in patients with IBD [118,121].

5.2. Intravenous Regimen

Parenteral iron administration more rapidly increases haemoglobin levels than oral delivery [122,123]
and this option traditionally has been reserved for patients who are intolerant to or respond
inadequately to oral iron supplementation, as well as for patients in whom a rapid iron replenishment
is desired (e.g., patients scheduled for surgery) [25,85,114]. This approach is reflected by the
indications approved by the U.S. Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) for a number of intravenous iron preparations [124,125]. In the past, when
high-molecular-weight dextrans were used for intravenous iron therapy, infrequent severe or
life-threatening anaphylactic reactions were reported following intravenous administration [126].
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However, the risk of these severe adverse events is lower today with the currently used preparations
including high-molecular-weight iron components [127]. Compared with oral administration,
intravenous iron increases haemoglobin levels and iron storage and improves quality of life more
rapidly but not always more effectively [119,128,129]. The disadvantages—apart from a higher cost
of therapy—include a risk of infusion-related anaphylaxis, which means that equipment to manage
such potentially life-threatening situations must be in place [127]. Moreover, intravenous iron has been
recommended in favour of oral iron therapy in patients with more advanced inflammation to bypass
the blockade of iron absorption by hepcidin, although clinical data are scarce in proof of concept of
this suggestion. Patients with more advanced inflammation/severe disease activity have often been
excluded from prospective clinical trials evaluating the efficacy of intravenous iron in IBD. Of note,
a retrospective analysis of results from various clinical trials suggested that pre-treatment CRP levels
are not significantly associated with therapeutic responses to intravenous iron [115].

Six intravenous iron preparations are available at present. These include iron dextran, iron
gluconate and iron sucrose, as well as the more recently licensed high-molecular-weight compounds
ferumoxytol, iron isomaltoside 1000 and ferric carboxymaltose [26,130,131]. The structural stability of
these high-dose preparations is high and allows only the release of a low level of labile iron into the
circulation, resulting in improved safety profiles and infusion of higher iron dosages. In most patients,
the total iron dose required therefore can be provided in a single infusion.

5.2.1. Low-Molecular-Weight Iron

The iron dextran compounds exist in two forms that are stable: A low- (73 kDa) and a
high-molecular-weight (165 kDa) complex. Because the latter has been linked to an increased risk of
both anaphylactic and anaphylactoid reactions [132–135], only the low-molecular-weight iron dextran
is currently marketed in Europe [136]. This form can be administered as a single dose of up to 200 mg
over a minimum infusion period of 30 min [137]. Previously it was recommended first to administer a
test dose to check for the risk of anaphylactic reactions (i.e., 0.5 mL over 2–5 min) before providing the
full dose but this precaution is no longer recommended by the EMA [124].

The stability of both iron gluconate (37 kDa) and iron sucrose (43 kDa) is lower than that of iron
dextran and these two iron compounds can be administrated at a maximal single dose of 200 mg of
iron gluconate (300 mg in some countries) over a minimum infusion time of 30 min [138] or 62.5 mg of
iron sucrose (125 mg in some countries) over an infusion time of 5–10 min [139] without requiring a
test dose. Increasing the dosages [140] or the infusion rates [53] enhances the risk of adverse events
such as transient hypotension due to the release of labile iron. Accordingly, iron dextran, iron sucrose
and iron gluconate preparations usually will require multiple rounds of administration with lower
doses to replenish iron stores.

5.2.2. High-Molecular-Weight Iron Compounds

The introduction of more stable iron complex formulations for intravenous iron administration
has permitted the infusion of higher single doses with minimal side effects and no need for test
doses because of the marginal release of labile iron during administration. The highly stable 150 kDa
complexes ferric carboxymaltose [141–145] and iron isomaltoside 1000 [146,147] allow for controlled
and safe delivery of higher doses of molecular iron per infusion. Ferric carboxymaltose may be
administered effectively at a dose up to 1000 mg over a period of at least 15 min once per week [146].
Iron isomaltoside 1000, because of its stable structure, can be administrated in single doses of up to 20
mg/kg of body weight within a period of 15 min [146]. Currently, limited data exist on iron isomaltoside
1000 for the treatment of iron-deficiency anaemia in patients with IBD [129,147], although clinical trials
are currently ongoing. Ferumoxytol has a molecular weight of 721 kDa, which allows for rapid dosing
of relatively large doses [148]. A recent phase III randomized, double-blind, placebo-controlled trial
conducted at 182 sites in the United States, India and Europe evaluated administration of 510 mg doses
of ferumoxytol followed by a second dose 2–8 days later in 231 patients with various gastrointestinal
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conditions (including IBD, polyps and colon cancer). In this study, ferumoxytol was efficacious and
generally well tolerated in patients with iron-deficiency anaemia along with underlying gastrointestinal
disorders who had a history of unsatisfactory oral iron supplementation [149]. However, with respect
to IBD, it has been suggested that the paramagnetic nature of ferumoxytol might lead to interference
during magnetic resonance imaging (MRI) examinations [150] and such interference might hamper its
use in a subset of IBD patients because MRI examinations are an important diagnostic tool in their
management. Further, a comparison of different intravenous iron products in the United States showed
that ferumoxytol, per sold unit, had the highest rate of adverse events [151], impeding its benefit-risk
ratio. In addition, since March 2015, a boxed warning by the FDA has been attached to this product
regarding potentially life-threatening allergic reactions.

Although different side-effect profiles are associated with various preparations of large-molecule
iron complexes [133], the most frequently reported complaints after infusion are itching, dyspnea,
wheezing and myalgia [152]. Moreover, it should be noted that acute myalgia following a first
intravenous iron administration (without any other symptoms) ceases spontaneously within minutes
(i.e., the so-called Fishbane reaction) and does not recur at re-challenge [152,153]. In addition, more
specific side effects include hypotension, tachycardia, dyspepsia, diarrhoea, stridor, nausea, skin
flushing and periorbital oedema. Serious side effects are rare following intravenous iron infusion [154]
but can include cardiac arrest [155]. The risk is increased among elderly patients and has been observed
most often following infusion of high-molecular-weight dextran-containing preparations that are no
longer in clinical use [156]. Accordingly, an initial low infusion rate is advisable, as well as a close
monitoring of patients for signs of hypersensitivity both during administration of an intravenous iron
formulation and for at least 30 min thereafter [124].

Based on our expanding knowledge of the pathways underlying inflammatory anaemia and
specifically the role of hepcidin, new therapeutic strategies are emerging that attempt to block hepcidin
activity either by directly interfering with hepcidin synthesis by affecting different inflammation- or
iron-driven signalling pathways that regulate hepcidin expression (such as SMAD, STAT3, BMP, BMPR,
or TMPRSS6) or by neutralizing hepcidin in the circulation [57,157–160] (Figure 1). Such interventions
are currently under clinical investigation but they can only be effective in patients with inflammation-
or renal insufficiency- driven hepcidin elevation and subsequent iron retention in macrophages, where
hepcidin antagonization will result in redistribution of iron to the circulation and delivery of the metal
to erythroid progenitors. In patients with true iron deficiency in the setting of inflammation, which is
often the case in IBD, such therapies will not work and iron supplementation will remain the treatment
of choice. Another set of new drugs has arisen from the development of prolyl-hydroxylase inhibitors.
These therapeutic agents cause stabilization of HIFs, resulting in increased endogenous erythropoietin
formation and stimulation of iron uptake based on the regulatory effects of HIFs on the expression
of transmembrane iron transporters. These agents are currently being investigated in clinical trials
mainly to combat renal anaemia [161–163].

6. Evidence of Management

Members of our group previously performed a systematic search that yielded a total of 632
studies concerning iron therapy in IBD published from January 2004 to March 2015 (i.e., in a time
frame with novel high-dose intravenous iron preparations), of which 13 prospective trials met the
inclusion criteria as randomized, controlled trials and included 2906 patients in total [164]. This
systematic review indicated that administration of intravenous iron in IBD patients with mild anaemia
(haemoglobin ≥ 10 g/dL) frequently resulted in higher ferritin levels but not in higher haemoglobin
concentrations compared with oral iron supplementation at short-term follow-up [129,144,145,165].
In more aggravated iron-deficiency anaemia, intravenous iron supplementation was superior to oral
treatment when the evaluation was based on the increase in haemoglobin [128,134,145,165].

Comparative studies of intravenous versus oral iron supplementation in the systematic review
did not demonstrate any significant difference in haemoglobin normalization favouring the use of
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intravenous iron therapy unless considered for patients with intolerance or an inadequate response to
oral supplementation [164]. In patients undergoing biological therapy with TNF inhibitors, concomitant
iron supplementation may be prescribed without affecting the disease course/activity. Moreover,
another recent systematic review of randomized, controlled trials with the aim of assessing drug safety
demonstrated that intravenous iron therapy may increase the risk of infection [166]. This issue has
also been evaluated in predialysis and dialysis patients indicating differences in the risk of infection
based on baseline ferritin levels, mode of administration (intermittent or bolus) and the specific drugs
used [167–171].

It is known that apart from the WHO definitions of anaemia [31], a low TfS in fasting blood
samples (<20%) and a serum ferritin concentration of less than 30 μg/L (with a serum CRP level within
the normal range or a ferritin concentration of less than 100 μg/L with an elevated serum CRP level)
are suitable laboratory tests for the diagnosis and assessment of iron deficiency in IBD used in the
randomized, controlled studies [164].

Only nine randomized, controlled trials investigating oral iron supplementation in IBD patients
were published between 2004 and 2017 [35,110,128,129,134,138,144,145,165]. Oral supplementation
appears to be well tolerated and has a positive effect on both haemoglobin levels and body iron
parameters. From these studies, it seems that milder side effects (i.e., abdominal discomfort,
diarrhoea, nausea and vomiting) occur less often after intravenous therapy than after oral
therapy [128,134,138,144,165], although one study did not report any differences [129]. No comparison
of side effects based on the various forms of oral supplementation was, however, performed. From
an examination of the available data, it was apparent that there are no indications that oral iron
supplementation exacerbates symptoms of the underlying IBD. Only one study in this systematic
review [164] reported worsening of disease activity in 2 of 33 patients with UC (but not in patients with
CD). However, in this study, the IBD quality-of-life scores improved significantly (p = 0.016) at the same
time [35] and when the eight studies using oral iron supplementation were evaluated, it was apparent
that an adequate level of evidence is provided to verify the safety of oral iron supplementation in IBD.
Of note, a study with oral ferric maltol has suggested that this drug may be an alternative for patients
who are unresponsive to or intolerant of formulations containing ferrous salts [110], an observation
that needs to be confirmed in future studies, though.

A very recent systematic review and Bayesian network meta-analysis performed on the five
eligible randomized, controlled trials with a total population of 1143 patients has shown ferric
carboxymaltose to be the most effective preparation for the treatment of iron-deficiency anaemia
in IBD, followed by iron sucrose, iron isomaltoside and oral iron in fourth place [172]. This analysis
incorporated all currently available evidence on intravenous iron replacements in IBD patients with
iron-deficiency anaemia and is the first attempt to systematically and quantitatively review the
literature in the field.

It is generally accepted that individuals with iron deficiency and coexisting anaemia need
treatment. It is, however, a subject of debate whether treatment of iron deficiency should be initiated
before the development of anaemia—a condition that recently was reported to occur in 37% of IBD
patients in a Spanish outpatient cohort [173]—because data from clinical trials on this issue are scarce.
Thus, a placebo-controlled, double-blinded, randomized study in women with iron deficiency but
without anaemia indicated that intravenous iron administration resulted in an improvement of fatigue
in 82% of patients in the intervention group compared with 47% in the placebo group and that the
effect of iron supplementation on fatigue was most pronounced in women with an initial ferritin
concentration of less than 15 ng/mL [174]. Similar beneficial effects of intravenous iron administration
regarding quality of life in non-anaemic patients with IBD have recently been published [175,176]. Thus,
none of these observational, single centre studies included a placebo control given the high incidence of
placebo mediated benefits on quality of life in such patient cohorts [174,177]. Nevertheless, it has to be
kept in mind that uncritical iron supplementation or iron overloading may have several adverse effects
described herein, including allergic reactions, risk of infections or intravascular oxidative stress as well
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as impairment of mitochondrial function with subsequent fatigue [178]. This leads to the yet unsolved
question of therapeutic start and end points in terms of target haemoglobin and/or sTfS/ferritin levels
and whether or not full correction of anaemia is optimal for patients with inflammation-associated
anaemia. Nevertheless, patients with concomitant diseases such as congestive heart failure and fatigue
due to true iron deficiency may benefit from such iron supplementation [70].

7. Recommendations for Clinicians

The cause of anaemia and specifically of concomitant iron deficiency should be identified in
every patient with IBD. Thus, the recurrence of iron deficiency following successful treatment is often
due to persistence or relapse of the initial inciting cause (e.g., recurrent gastrointestinal or urogenital
bleeding), which should be managed appropriately. Further, in patients who have failed to respond to
either oral or parenteral iron therapy, the cause for this failure should be carefully determined.

Previously it was accepted that clinical symptoms of anaemia occurred only when the
haemoglobin level dropped abruptly [37] and, conversely, that patients would adapt to low
haemoglobin levels if the anaemia developed slowly. This led to the concept of asymptomatic anaemia.
In truth, the term asymptomatic seems to reflect the fact that impairments in physical condition,
quality of life, cardiovascular performance and cognitive function may have been neglected by both
patients and their physicians. Therefore, the process of adaptation in chronic anaemia seems to be
an acceptance/toleration of impaired quality of life [37] and chronic fatigue and reduced physical
activity/cardiovascular performance caused by anaemia may actually debilitate and even worry
patients with IBD as much as abdominal pain or diarrhoea [37]. Accordingly, the beneficial effect on
quality of life and metabolic processes derived from the correction of anaemia in patients with IBD
may be just as important as the control of their intestinal disease [37].

7.1. Oral versus Intravenous Iron Supplementation

Clinical guidelines often emphasize that because of the ease of treatment, patients with
uncomplicated iron-deficiency anaemia should be treated with oral rather than intravenous iron
formulations [179]. In this context, an appropriate dosage for treatment of iron deficiency in adults
is usually recommended in the range of 100–200 mg/day of elemental iron but guidelines do not
consider that a number of side effects are dose related and might be prevented by reducing the dosage
to as low as 50 mg of elemental iron per day in selected patients, which, in fact, may be sufficient to
correct mild iron-deficiency anaemia [180].

Indications for intravenous iron administration include severe anaemia (haemoglobin < 10 g/dL),
intolerance of or inappropriate response to oral iron administration, severe intestinal disease activity
and concomitant therapy with an erythropoiesis agent or patient preference. Oral iron supplements
can be used if these indications for intravenous therapy are not met.

If intravenous iron supplementation is considered, the use of low-dose regimens is not
recommended from the point of view of clinical efficacy because a number of infusions might be
needed over several days or weeks. Instead, high-dose regimens that result in fewer infusions and
increase both convenience and cost-effectiveness of intravenous iron repletion should be considered.

The optimal dosing strategy for intravenous iron compounds depends on the type of preparation,
the body weight of the patient and the haemoglobin concentration. The amount of iron needed to
correct the haemoglobin can be calculated using the Ganzoni equation [181], often regarded as the
gold standard, although this formula might underestimate the iron needed when a target haemoglobin
of 13 g/dL and stored iron of 500 mg are used to determine individual iron deficits [129]. Because this
formula is inconvenient in clinical practice [129,144], simpler schemes for the estimation of total iron
need have been published [38,182], including a simple regimen to predict individual iron requirements
for ferric carboxymaltose [142] that may also be used in clinical practice for dosing of other intravenous
iron preparations [38]. It should be mentioned that patients with iron-deficiency anaemia who are
unresponsive even to intravenous iron supplementation (i.e., haemoglobin increase ≤ 2 g/dL within
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4 weeks) may in addition need recombinant erythropoiesis-stimulating agents after ruling out other
causes of anaemia such as vitamin deficiencies [183–185].

7.2. Surveillance of Patients Following Iron Supplementation

Last but not least, it should be kept in mind that iron deficiency in IBD often relapses after
iron replenishment [143]. Consequently, periodic monitoring, for example, every 3 months during
treatment and again after a year once the haemoglobin value is normalized and iron stores are
replenished (i.e., preventive treatment), is essential to assess whether retreatment is required [73]. Such
a proactive concept of anaemia management not only could improve the quality of life for patients
with IBD but also could be of economic benefit. However, we lack solid data on when to stop iron
supplementation therapy in order to avoid iron overloading, which may cause side effects due to
iron-catalysed formation of toxic radicals [31]. Recent guidelines on the management of anaemia
among dialysis patients suggest that ferritin levels of up to 500 ng/mL appear to be safe and this also
might be a useful upper threshold in the management of patients with IBD and anaemia [186].

This leads to the questions of (1) therapeutic start and end points (i.e., when should iron
supplementation therapy be initiated and when it should be discontinued?) and (2) whether or
not iron-deficiency anaemia should be treated differently depending on the underlying disease?
To start with the latter point, in general, subjects with pure iron-deficiency anaemia on the basis of an
inadequate dietary iron intake and/or increased blood losses and iron-deficient IBD patients with no or
minimal signs of inflammation should initially be recommended to oral iron therapy. However, such a
recommendation might have some caveats. Oral iron replacement therapy may be of limited efficiency
in the setting of concomitant inflammation, which is usually associated with increased hepcidin
concentrations resulting in an impaired response to iron therapy [84,187]. Yet true iron deficiency in
the setting of inflammation causes hepcidin reduction and enables duodenal iron absorption, although
to a lesser extent than in healthy control individuals [21,62,63]. Second, iron supplementation may be
a problem in areas with an endemic burden of infectious disease or in patients with active infections
because iron is an essential growth factor for many microbes and also has an impact on antimicrobial
immune responses [188]. Thus, dietary iron fortification strategies were associated with an increased
risk of infections such as malaria, bacterial meningitis, bacterial pneumonia and viral diarrhoea along
with a rise in infection-related mortality [189,190].

7.3. General Precautions for Iron Supplementation

While normalization of haemoglobin appears to be a reasonable readout in subjects with
iron-deficiency anaemia in the absence of inflammation [31], retrospective data, mainly from patients
with chronic kidney disease, who are also characterized by a low-grade inflammation, indicate that
haemoglobin normalization seems to be associated with an increased mortality compared with subjects
with mild anaemia [28,191,192]. This has resulted in recommendations from different societies that
in the presence of an inflammatory disease, including cancer or autoimmune disorders, the target
haemoglobin concentration should be slightly below normal [28,31]. However, this is an extrapolation
of data from observational studies and it is still unknown whether this is also true for patients with IBD.

Importantly, life-threatening reactions possibly caused by release of free iron are rare
after administration of intravenous iron supplementation therapies [127,193]. Thus, practical
recommendations for minimizing the risk of hypersensitivity reactions, for example, by assessing
any previous adverse reactions, multiple drug allergies, or severe atopy, should be applied. Also,
decreasing the infusion rate as well as maintaining an appropriately staffed site equipped with
resuscitation facilities may be considered [127]. An incompletely understood issue is the development
of hypophosphatemia in some patients specifically in association with ferric-carboxymaltose
administration. Infrequently, hypophosphatemia may become severe and life threatening and may
be linked to alterations of the FWF23 and vitamin D pathways, although the details of that network,
as well as measures to identify patients at risk, are not available thus far [194].
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Patients with inflammatory diseases will respond poorly to oral iron therapy unless the iron
deficiency is severe. Newer iron formulations, such as ferric maltose, have been shown to correct mild
anaemia in patients with quiescent IBD [110] but whether this is also true in flaring IBD still remains
to be established. Nevertheless, in patients with inflammation and anaemia based on iron-limited
erythropoiesis and in patients with non-inflammatory-driven severe iron-deficiency anaemia, in whom
a fast recovery of depleted iron stores is desired, intravenous iron appears to be the treatment of choice.
Still, the evidence from studies in proof of this latter concept is rather scare [179] and we still lack
data from prospective trials on the efficacy of intravenous iron preparations in patients with more
advanced inflammation.

8. Conclusions

Here we have summarized the impact and pathophysiology of iron deficiency in the setting
of IBD. Diagnostic criteria are provided as well as methods to differentiate between functional and
true iron deficiency. We also discussed the currently available drugs and commented on issues that
should be considered by physicians treating patients with IBD. Thus, treating physicians need to pay
more attention to the management of anaemia and iron deficiency for improvement of the general
well-being of their patients with IBD—a matter that actually does not gain the attention it deserves.
Although we lack knowledge on the effects of iron repletion strategies on the course of IBD, the control
of inflammation is pivotal in the management of anaemia in this intestinal disorder.

Given the novel intravenous high-dose iron replacement regimens introduced within the last
decade, oral iron therapy should be preferred for IBD patients with mild and uncomplicated
iron-deficiency anaemia (haemoglobin ≥ 10 g/dL) in quiescent disease stages unless previous
complications have been observed, including an inadequate response (haemoglobin increase < 2 g/dL
within 4 weeks) [195]. Intravenous iron supplementation may be of advantage in patients with
aggravated iron-deficiency anaemia or flaring IBD (haemoglobin < 10 g/dL) because inflammation
hampers intestinal iron absorption [27,196,197]. Further, based on the available data, iron therapy
can be administered concomitantly with TNF inhibitors [198], a class of drugs widely used in the
management of IBD [199]. When using intravenous iron preparations, physicians must be aware of
infusion-related side effects and the risk of hypophosphatemia. Further, efficacy studies of intravenous
iron preparations in patients with more advanced inflammation are urgently desired.

Finally, it should be emphasized that iron deficiency may relapse often after iron
replenishment [143], specifically when IBD activity is not well controlled and consequently, periodic
monitoring should be highlighted to assess whether retreatment is required [73]. However, we still
lack solid data on when to stop iron supplementation therapy in order to avoid side effects due to
iron overloading. Thus large, well-designed collaborative prospective trials involving scientists and
physicians from different disciplines are warranted to assess the true impact on the management of
IBD associated with iron-deficiency anaemia.
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Abstract: Iron deficiency is a frequent and multifactorial disorder in the career of athletes, particularly
in females. Exercise-induced disturbances in iron homeostasis produce deleterious effects on
performance and adaptation to training; thus, the identification of strategies that restore or maintain
iron homeostasis in athletes is required. Hepcidin is a liver-derived hormone that degrades the
ferroportin transport channel, thus reducing the ability of macrophages to recycle damaged iron, and
decreasing iron availability. Although it has been suggested that the circulating fraction of hepcidin
increases during early post-exercise recovery (~3 h), it remains unknown how an acute exercise bout
may modify the circulating expression of hepcidin. Therefore, the current review aims to determine
the post-exercise expression of serum hepcidin in response to a single session of exercise. The review
was carried out in the Dialnet, Elsevier, Medline, Pubmed, Scielo and SPORTDiscus databases, using
hepcidin (and “exercise” or “sport” or “physical activity”) as a strategy of search. A total of 19 articles
were included in the review after the application of the inclusion/exclusion criteria. This search
found that a single session of endurance exercise (intervallic or continuous) at moderate or vigorous
intensity (60–90% VO2peak) stimulates an increase in the circulating levels of hepcidin between 0 h
and 6 h after the end of the exercise bout, peaking at ~3 h post-exercise. The magnitude of the
response of hepcidin to exercise seems to be dependent on the pre-exercise status of iron (ferritin) and
inflammation (IL-6). Moreover, oxygen disturbances and the activation of a hypoxia-induced factor
during or after exercise may stimulate a reduction of hepcidin expression. Meanwhile, cranberry
flavonoids supplementation promotes an anti-oxidant effect that may facilitate the post-exercise
expression of hepcidin. Further studies are required to explore the effect of resistance exercise on
hepcidin expression.

Keywords: iron metabolism; anemia; endurance; exercise; sport performance
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1. Introduction

Iron deficiency is one of the most prevalent nutritional disturbances in the world [1]; in 2008, it
affected 24.8% of the global population [2]. Exercise has been shown to play a regulative role in iron
metabolism; in fact, the prevalence of iron deficiency is higher in physically active individuals and
athletes, in comparison to the sedentary population [3,4]. Notably, higher deficiencies in iron storage
have been reported in adolescents [5], and especially in female athletes [6], who exhibit a prevalence of
iron disorders that is up to five to seven times higher than their male homologues [7].

Iron is an essential component of hemoglobin and myoglobin, which ensure oxygen supply
to the skeletal muscle [8]. In the myocyte, iron is a component of several mitochondrial proteins
that are integral parts of the electron transport chain, and facilitate the activation of oxidative
phosphorylation [9]. Hence, the deficiency of this mineral may compromise the energy metabolism
system by increasing the contribution of glycolysis [9], and reducing energy efficiency [10,11],
performance [9–13], and adaptations to training [14–16].

The absorption–degradation rate determines iron status [17]. In humans, the dietary reference
for iron intake is estimated to be 8 mg·day−1 and 18 mg·day−1 for adult males and females,
respectively; while the degradation rate is ~0.896 mg·day−1 and ~1.42 mg·day−1 for men and women,
respectively [18]. Nonetheless, both iron intake and degradation are affected by several factors,
particularly in physically active individuals where hemolysis, hematuria, gastrointestinal bleeding
and sweat are frequent and promote the loss and degradation of iron [19].

In response to hyperthermia, acidosis, hypoglycemia, and hemoconcentration, induced by
exercise, an increase in osmotic resistance [20] and erythrocyte elasticity loss may occur [21].
Traditionally, exercise-induced hemolysis has been documented in those exercise modes or sports
that involve a continuous mechanical impact, thus promoting the compression of red blood cells [22].
Nevertheless, some studies have found that hemolysis can be produced by other exercise activities, such
as rowing [7] or cycling [23], which do not entail mechanical impacts. In hemolysis, iron is released
from damaged erythrocytes, and although some can be recycled, a great amount is excreted [24].
This iron degradation increase the daily intake needed of this mineral to ensure the homeostasis of the
absorption–degradation rate.

Furthermore, blood flow redistribution during exercise leads to hypoxia and necrosis of the
digestive tract cells by stimulating iron degradation via gastrointestinal bleeding [25]. Exercise
intensity and volume play a crucial role in iron loss through gastrointestinal bleeding [26] and
hematuria [27]. Hence, exercise demands determine the iron degradation rate and subsequently
modulate the necessity of increasing iron intake to ensure a homeostasis of iron concentration in the
organism. The elevated iron demand during exercise apparently coincides with lower heme and
non-heme iron absorption [28,29]; therefore, the identification of the mechanisms by which exercise
regulates iron metabolism, particularly in physically active individuals, will enable the elaboration of
strategies to restore or maintain the homeostasis of this mineral.

Dietary iron is absorbed in the duodenum by enterocytes of the duodenal lining, which is a
process mediated by the heme carrier protein 1 (HCP1) [30]. Before being absorbed, a ferric reductase
enzyme on the enterocyte brush border, the duodenal cytochrome B561 (DcytB), is required to reduce
the ferric ions (Fe3+) to a ferrous form (Fe2+) [31]. Then, the protein divalent metal transporter 1
(DMT1) transports the Fe2+ across the enterocyte’s cell membrane into the cell [32]. Inside the
enterocyte, iron can be either be stored as ferritin [33] or transported across the cell membrane
by ferroportin action [34,35] in cooperation with hephaestin (HP) [36] and possibly plasma homologue
ceruloplasmin [37]. Once in circulation, iron is transported by transferrins that allow its uptake
by different tissues. Among them, the red bone marrow uptakes iron via the transferrin receptor,
and promotes red blood cells formation [38]. Moreover, iron derived from hemolysis caused by
macrophages is recycled and returned into the circulation via HP, prior to the ferroportin reductase
activity. All of these processes are mediated by hepcidin, which is an essential protein in human iron
metabolism [39]. Hepcidin is an antimicrobial peptide hormone codified by the hepcidin antimicrobial
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peptide (HAMP) gene and mainly synthesized by hepatocytes, although macrophages, neutrophils,
and cancerous cells can express hepcidin as well [40,41]. Hepcidin stimulates the degradation of
ferroportin and the divalent metal transporter 1 (DMT1) by endocytosis [42], which reflects the ability
of hepcidin to reduce iron absorption and recycling mechanisms [39,43], compromising the formation
of new erythrocytes in the bone marrow. Consequently, a chronic elevation of hepcidin concentrations
leads to iron-deficient states [44], while the decrease in this peptide hormone is associated with
high levels of iron [45], as is found in hemochromatosis patients [44]. Therefore, hepcidin and iron
storage work in a control feedback system by which the elevation of iron regulates the synthesis of
hepcidin [46]; while a decrease in the concentrations of this mineral (e.g., anemia) promotes a reduction
in hepcidin production, facilitating iron absorption from the diet and reutilization from hemolysis,
and increasing erythropoiesis and iron reserves [47].

Iron metabolism is also mediated by oxygen availability. Under an oxidative stress-induced
condition (e.g., high-intensity exercise), the increased reactive nitrogen and oxygen species (RNOS)
production causes a reduction in iron due to the affinity of iron for H2O2, which stimulates the
formation of free radicals [48,49]. Inflammation and hypoxic exposure promote RNOS production,
which regulates the expression of hepcidin [50]. Besides, the upregulation of pro-inflammatory
cytokines under an inflammatory or hypoxic condition also enables the iron/H2O2-based formation
of hydroxyl radicals, inducing ferritin degradation and iron release in erythrocytes [51,52]. Thus,
the circulating concentrations of pro-inflammatory cytokines such as interleukin (IL)-6 may play a
regulative role in iron metabolism [53,54], and as a consequence in hepcidin synthesis [55].

Therefore, regular physical activity has been proposed as a confounding variable that mediates
the iron–hepcidin balance in humans [3,4,56]. However, the effects of a single session of exercise on the
circulating expression of hepcidin have been scarcely analyzed before 2010 [28,57]. In those pioneer
studies, an increase in urine concentrations of hepcidin at 3 h to 24 h after an exhausting exercise
bout [28,57] suggest that circulating hepcidin and iron expressions could be modulated by acute bouts
of exercise. Since chronic exercise bouts can promote an upregulation of hepcidin concentrations,
compromising iron reserves and decreasing dietary iron absorption [19], this review aims to explore
the potential regulative role of a single session of exercise on the serum hepcidin levels as a mediator
of the iron absorption–degradation rate in humans.

2. Materials and Methods

Two researchers utilized the Dialnet, Elsevier, Medline, Pubmed, Scielo, and SPORTDiscus
databases to search for articles published between 2010 and 1 August 2017. The strategy employed was
hepcidin (Concept 1) AND “exercise” OR “sport” OR “physical activity” (Concept 2). The following
exclusion criteria were used to ensure the purpose of the present review:

- Date of publication: before 2010.
- Language: publication in other language than English or Spanish.
- Type of manuscript: others than experimental studies, such as editorials, letters to the editor,

congress or meetings abstracts, reviews, or meta-analyses.
- Type of study: other studies than those performed in an adult population (>18 years old) in

which serum hepcidin had been analyzed in response to an acute exercise bout, such as in vitro
or in vivo studies in animals, studies in children or an adolescent population, or studies in which
serum hepcidin was either not measured or reported in response to an acute exercise bout.

The flow diagram of the inclusion/exclusion process of the systematic review is illustrated in
Figure 1. A total of 313 studies were obtained from the initial search. Initially, articles published in
a language other than Spanish or English, before 2010, non-experimental studies (duplicates, letters,
proceedings of congresses, and reviews or meta-analyses) or duplicated articles (n = 140) were excluded.
Then, the full-text examination of the 82 potentially eligible studies retrieved 21 articles that satisfied
the inclusion/exclusion criteria. A brief description of the studies included in the current review
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is presented in Table 1, where the pre-exercise versus post-exercise differences of the circulating
concentration of hepcidin are reported for each study.

Figure 1. Flow diagram of the inclusion/exclusion process of the systematic review.

From the articles included, the following information was obtained: authors, date of publication,
sample size, population characteristics, exercise protocol, pre-exercise conditions, and time-points at
which circulating levels of hepcidin were measured.

3. Results

3.1. Population Characteristics

A total of 321 participants were recruited in the 21 studies included in the present review (Table 1).
Notably, the majority of the participants were males (n = 272) compared to females (n = 50), and the
fitness stratification revealed the inclusion of athletes (n = 224), physically active (n = 38) participants,
and sedentary participants (n = 10). Although the athlete population included judokas (n = 11), the
vast majority of them performed endurance modalities (n = 222). Among the endurance athletes,
162 participants reported having a moderate–high level of training (VO2peak, from 60.1 ± 1.4 to
69.8 ± 5.7 mL·kg−1·min−1), while 60 individuals took part in international competitions (walkers,
n = 24; rowers, n = 36).
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3.2. Measurements of Serum Hepcidin Levels

The majority of the studies included in the present review, 15 out of the 21 studies, assessed the
circulating expression of hepcidin at 3 h post-exercise [23,58–71]. Moreover, the circulating fraction
of serum hepcidin levels was evaluated immediately [63,64,70], as well as at 1 h [72,73], 5 h [59],
6 h [63,71], 9 h [63], 10 h [64], 14 h [74], 24 h [62,72,75,76], and five days after the exercise bout [72].

3.3. Serum Hepcidin Levels in Response to Exercise

An upregulation of the circulating expression of hepcidin was observed in 20 of the 21 studies
analyzed [23,58–73,75–77]. Regarding the different time-points utilized, hepcidin increased
immediately post-exercise in four out of five studies [66,75–77]; while after 1 h [72,73], 3 h [23,58–71],
and 5 h [59], all of the studies reported a significant increase compared to baseline levels.

In addition, Diaz et al. [67] found an elevated hepcidin expression at 6 h post-exercise, while
Newlin et al. [63] reported no significant increase. However, during the late recovery period
post-exercise (>6 h), hepcidin concentration was not altered in any of the time-points analyzed at
9 h [63], 10 h [67], 14 h [74], 24 h [62,72,75,76], and five days after the exercise bout [72].

3.3.1. Effect of Exercise Type on Serum Hepcidin Levels

In all of the 21 studies included, the circulating hepcidin expression was measured in response to
endurance exercise. Running was the endurance exercise utilized in the majority of the studies (16 out
of 19) [23,58–68,70,71,74,77], while cycling [23,72,73], rowing [75,76], and athletic walking were used
as well [61]. Continuous and intervallic endurance exercise strategies were carried out, and all of the
studies reported a significant upregulation of serum hepcidin, except Kasprovicz et al. [74], where an
ultramarathon did not modify hepcidin concentrations in blood during or after the race. No human
studies assessed hepcidin expression after a resistance exercise session.

3.3.2. Effect of Exercise Intensity on Serum Hepcidin Levels

After an incremental exercise up to exhaustion, plasma hepcidin levels were upregulated in
physically active males at 1 h post-exercise [73], while in national and international athletes, this effect
was observed at 3 h post-exercise, but only in the group that was injected with iron [65]. In response
to supramaximal intensity, three consecutive 30 s all-out sprints (Wingate test, 4.5 min recovery)
reported a hepcidin elevation at 1 h post-exercise in untrained males and judokas [72]. Moreover,
Skarpanska-Stejnborn et al. [75,76] examined the response of hepcidin to a 2000 m rowing race in elite
rowers. Both studies found a significant increase in circulating hepcidin immediately post-exercise;
however, that effect was attenuated after the administration of a cranberry extract [76].

Submaximal intensity also increased hepcidin levels. A single session of 40 min to 120 min of
endurance exercise performed at 60% [77], 65% [23,61,63,64], or 75% VO2peax [62,64,67–69] upregulated
the expression of hepcidin. On the other hand, Kasprovicz et al. [74] did not find an elevation of
hepcidin levels at 25 km, 50 km, 75 km, and 100 km of an ultramarathon race.

In addition to continuous exercise, different intensities of intervallic endurance exercise were
evaluated. The most extended protocol utilized was eight series of 3 min running at 85% VO2peak
followed by 1.5 min at 60% VO2peak, which reported a significant increase in hepcidin levels from 3 h to
5 h post-exercise [23,58–60,64,66]. Similarly, four more intervallic protocols were undergone [64,70–72].
In Peeling et al. [64] and Govus et al. [70], five series of 4 min each of running at 90% VO2peak were
performed, Govus et al. [71] analyzed six series of 1000 m at 90% VO2peak, while in the previously
mentioned study from Antosiewicz et al. [72], three consecutive Wingate tests were carried out. These
four studies reported a significant upregulation of hepcidin concentration in blood from 1 h to 3 h
post-exercise [64,70–72].

Finally, only two studies compared the effects of different exercise intensities on hepcidin
expression [23,64]. In Peeling et al. [64], according to pre-exercise levels of iron, five running sessions
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were evaluated: (1) eight series of 3 min at 85% VO2peak; (2) five series of 4 min at 90% VO2peak;
(3) 90 min at 75% VO2peak; (4) 40 min at 75% VO2peak; and (5) 40 min at 65% VO2peak. In this study, the
ferritin levels in blood determined the circulating concentrations of hepcidin post-exercise. While in
Sim et al. [23], two sessions of cycling and running of 40 min at 65% or 85% VO2peak were compared,
and no differences were observed between groups or modalities.

3.3.3. Effect of Exercise Duration on Serum Hepcidin Levels

The duration of a single session of exercise on the serum hepcidin levels was also examined.
Peeling et al. [64] did not find significant differences in the circulating levels of hepcidin of endurance
athletes after a running session composed of 40 min or 90 min at 75% VO2peak. Meanwhile, Newlin
et al. [63] observed higher hepcidin levels in physically active females after 120 min of running at
65% VO2max compared to 60 min at the same intensity. Similarly, an increase in hepcidin levels was
observed after 40 min [64,68], 45 min [61], 60 min [23,63], 90 min [62,64,67], and 120 min [63,77] of
endurance exercise performed at 60% to 75% VO2peax. However, Kasprovicz et al. [74] did not report
any significant alteration of hepcidin levels during or after a 100 km ultramarathon race (~10 h long).

3.3.4. Effect of Diet and Supplementation on the Response of Serum Hepcidin Levels to Exercise

In 10 of the 19 studies, the serum hepcidin levels were investigated in response to a diet
or supplementation administration. Carbohydrates (CHO) ingestion was manipulated in seven
studies [59–62,66,73,77]. During the 24 h before the exercise session, Badenhorst et al. [60] observed
that a low CHO diet (3 g of CHO/kg of body mass) stimulated a higher response of serum hepcidin
compared to a high CHO diet (10 g of CHO/kg of bm). However, later studies did not find significant
differences on serum hepcidin levels after the ingestion of either 3 g, 4 g, or 8 g of CHO/kg of
body mass [53,63]. The ingestion of CHO during exercise (6% CHO beverage) [62,77] or 2 h to 4 h
post-exercise (1.2 g of CHO/kg of bm) [59] were not effective strategies to alter serum hepcidin in
response to endurance exercise. Equally, CHO with protein supplementation alone or in combination
with vitamins D and K did not modify the expression of serum hepcidin [66].

The effect of iron [65], vitamins C and E [66], and cranberry extract supplementation [76] on the
response of serum hepcidin to endurance exercise were also investigated. As expected, iron injection
treatment over seven weeks (500 mg·day−1 of intravenous iron) increased the circulating expression of
hepcidin compared to a placebo [65]. Besides, cranberry extract (648 mg·day−1) supplementation over
six weeks caused an attenuation of hepcidin increase in response to an incremental test [76]. In contrast,
four weeks supplementation with vitamin C (500 mg·day−1) and E (400 international units·day−1) did
not alter the circulating expression of hepcidin post-exercise.

3.3.5. Effect of Hypoxia on the Response of Circulating Hepcidin to Exercise

In two different experimental designs, Govus et al. [70,71] did not find significant differences in
serum hepcidin levels after intervallic endurance exercise (five series of 4 min or six series of 1000 min
at 90%, respectively) performed in severe acute hypoxia (fraction of inspired oxygen, FIO2 ~0.145 and
~0.155, respectively) compared to normoxic conditions. In fact, in Govus et al. [71], prior exposure to a
hypoxia condition (11 days) did not alter the exercise-induced response of serum hepcidin.

In contrast, Badenhorst et al. [58] observed that acute hypoxia exposure (FIO2 ~0.1513) during
passive recovery after eight series of 3 min running at 85% VO2peak followed by 1.5 min at 60% VO2peak
produced an attenuated response of serum hepcidin at 3 h post-exercise compared to normoxic
conditions (FIO2 ~0.2093).
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4. Discussion

4.1. Effect of Exercise Type, Intensity, and Duration on the Circulating Expression of Hepcidin

Although hemolysis has been traditionally associated with the mechanical impact produced in
some types of exercise (e.g., running) [78], other exercise modes (e.g., swimming, cycling, or rowing)
have also been shown to promote the lysis of erythrocytes [22]. Thus, the amount of exercise-induced
red blood cells determines the rupture of these cells, in a process that allows iron to be released. Since
elevated concentrations of free iron stimulate the hepatic production and the release of hepcidin, several
studies have investigated the effects of different exercise types on circulating hepcidin expression.
Endurance exercise upregulates the circulating fraction of hepcidin after running [23,58–68,74,77],
cycling [23,72,73], rowing [75,76], or walking [69]. However, only one study compared two endurance
exercise types, running and cycling, in response to moderate and high-intensity exercise protocols [23].
The study did not observe significant differences between any of the experimental groups, supporting
the theory that that exercise-induced hepcidin upregulation may occur in response to hemolysis not
promoted by mechanical impact.

In contrast, evidence is scarce regarding the effects of resistance exercise on hepcidin concentrations.
In rodents, compared to endurance, resistance training has been presented as a better strategy for
improving blood hemoglobin concentration in iron-deficient rats, potentially due to an increased heme
synthesis [79,80]. Remarkably, this type of exercise seems to promote an elevation of iron absorption
caused by an increase of recycled iron [81]. Nevertheless, despite the promising results of resistance
exercise in iron metabolism [82], the effects of this exercise type—whether alone or in combination with
endurance exercise—on hepcidin concentrations remains to be elucidated in humans.

In general, endurance exercise induced an increase on serum hepcidin levels during the early
recovery phase post-exercise (~3 h). The present review supports that pattern of response, since
an upregulation of hepcidin was found in the 13 studies in which hepcidin was evaluated at 3 h
post-exercise [23,58–71]. Nonetheless, several studies reported increases in hepcidin concentrations
before and after 3 h post-exercise; in fact, an upregulation of hepcidin levels was found in close
proximity to the end of the exercise session (≤1 h) [64,72,73,75–77], as well as during the late recovery
phase post-exercise (5–6 h) [59,67]. These studies suggest that the response of serum hepcidin levels
to exercise may occur immediately post-exercise, peaking at ~3 h and returning to baseline levels at
~6 h post-exercise.

Intensity is another variable that modifies the magnitude of the adaptations promoted by
exercise [83,84]. In this regard, continuous and intervallic endurance exercise sessions were performed
at different intensities to determine the response of hepcidin to exercise. Sim et al. [23] compared two
sessions of 40 min at 65% or 85% VO2peak of both cycling and running, and reported a significant
increase in circulating hepcidin at 3 h post-exercise. However, no intensity effect was found in
either of the two endurance exercise modalities [23]. Likewise, in response to different exercise
intensities, from 60% to 90% of VO2peak, a similar elevation of circulating hepcidin concentration
was reported [23,58–61,63–67,69–73,75–77]. Thus, moderate-to-high-intensity endurance exercise
stimulates an analogous hepcidin response, suggesting that intensity may not be a major determinant of
hepcidin response to endurance exercise. Nevertheless, it remains unknown whether lower intensities
(<60 VO2peak) may provoke an upregulation of serum hepcidin levels.

On the other hand, the duration of the endurance exercise session has been proposed to play
a role in exercise-induced hepcidin. Newlin et al. [63] compared the duration of two endurance
exercise sessions, 120 min versus 60 min, at the same intensity—65% VO2max—in physically active
women (52.1 ± 3.9 mL·kg−1·min−1 VO2peak). After the 120 min session, participants reported an
elevation of hepcidin concentrations, while no differences between groups were observed for iron
or ferritin status [63]. In contrast, Peeling et al. [64] did not find such an exercise duration-response
of the circulating levels of hepcidin, when 40 min versus 90 min of endurance exercise at 75%
VO2peak were compared in athletes, who were previously divided according to their baseline levels
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of serum ferritin. Since 120 min of endurance exercise at 65% VO2max may be an exhausting task for
a physically active population compared to 90 min at 75% VO2peak in athletes, fatigue-dependent
mechanisms (e.g., reduced muscle glycogen availability) may explain the divergent response of
circulating hepcidin in both studies. Nevertheless, in Kasprowicz et al. [74], hepcidin expression was
not significantly modified during or after a 100-km ultramarathon run (~10 h), which seems to discard
the fatigue-dependent mechanisms of hepcidin release. Therefore, exercise-induced hepcidin may not
respond in a duration-dependent manner; in fact, the baseline status of some factors (e.g., ferritin) may
play a critical role.

4.2. Effect of Diet and Supplementation on the Response of Circulating Hepcidin to Exercise

The influence of diet or supplementation strategies on the exercise-induced hepcidin expression
have also been investigated [59,62,65–67,73,76,77].

In rodents, iron retention is decreased by lactose, sucrose, glucose, and starch ingestion [85], while
fructose increased iron deposition, potentially due to a chelation-related mechanism. In humans,
the influence of CHO on iron absorption and as a modifier of iron storage has been evaluated
as well [59–62,66,73,77]. In contrast to animal studies, the pre-exercise manipulation of CHO in
diet [52,53,63] or as a supplement during [62,77] or post-exercise [59] did not significantly alter the
hepcidin expression in response to endurance exercise. Notably, Tomczyk et al. [73] compared three
days of supplementation (4 g·kg−1·day−1) of glucose and fructose on an incremental test, and no
increase in hepcidin levels were observed in any of the groups. Thus, the role of CHO in iron absorption
and deposition may not be mediated by hepcidin in humans.

Furthermore, several vitamins have been administrated as potential modulators of serum hepcidin.
At baseline, vitamin D was shown to reduce serum hepcidin expression by ~30% in a healthy
population [86] and in patients with chronic renal diseases [87], while vitamin K may also act in
decreasing inflammatory markers and its deleterious effects [66,88]. However, only one study analyzed
the effects of these two vitamins on the exercise-induced concentrations of hepcidin. In highly-trained
cyclists (67.4 ± 4.4 mL·kg−1·min−1 VO2max), Dahlquist et al. [66] observed a similar increase in
hepcidin levels after a single session of intervallic endurance exercise prior to CHO and protein
supplementation alone or in combination with vitamins D and K. Also, the antioxidant effects of
vitamin C and E were evaluated, and non-significant differences in the hepcidin response to exercise
after 28 days of supplementation with vitamin C (5 mg·day−1) and E (400 IU·day−1) were reported [67].
Consequently, the anti-toxicity and antioxidant capacity of these vitamins (C, D, E, and K) may not
interfere with serum hepcidin levels rising post-exercise.

In contrast, cranberry flavonoids may mediate in the hepcidin response to exercise.
Skarpanska-Stejnborn et al. [76] found that six weeks of cranberry extract supplementation
(648 mg·day−1) abrogated the increased expression of circulating hepcidin at 3 h after an extenuating
2000 m rowing test. Flavonoids are an abundant nutraceutical compound of cranberries that have
been shown to promote oxidative [89], antioxidant, and anti-inflammatory effects [90,91]. Thus,
despite the lack of effects reported by vitamin C and E supplementation [67], hepcidin production
may be regulated by a decreased oxidative stress [48], caused by the administration of cranberry
flavonoids [66]. Nonetheless, further studies are required to delineate how polyphenols may regulate
hepcidin and iron metabolism in response to exercise.

Finally, since hepcidin and iron storage work in a controlled feedback system [46,47], it is expected
that a diet or a supplement rich in iron may produce an upregulation of the post-exercise levels
of hepcidin as an attempt to ensure iron homeostasis. Accordingly, in iron-deficient athletes, the
intravenous injection of iron (500 mg·day−1 over seven weeks) stimulated an increased response
of serum hepcidin and ferritin expressions post-exercise compared to a placebo, an effect that was
preserved at four weeks post-treatment [65]. Previously, iron supplementation has been used as strategy
to improve ventilatory thresholds, VO2max, and energetic efficiency in iron-deficient athletes [92,93];
still, the effect of iron supplementation on performance has been questioned [94]. In this regard,
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the Burden et al. [65] study seems to suggest that in iron-deficient athletes, iron supplementation
(500 mg·day−1) provokes a transitory elevation of this mineral, despite the absence of a direct
improvement in performance [65,95]. Of note, moderate doses of iron supplementation (24 mg·day−1)
have also been reported as effectively increasing serum hepcidin in iron deficient-athletes [96]. Thus,
these findings indicate that ferritin deficiency determines the response of hepcidin to endurance
exercise, and accordingly, iron supplementation may activate a counter-regulative mechanism by
which hepcidin is released into circulation after a single session of endurance exercise.

4.3. A Mechanistic Approach to Exercise-Induced Hepcidin Expression

4.3.1. Iron Status

The increase of the serum hepcidin in response to exercise has been commonly attributed to an
increased inflammatory status [50]. In iron-deficient rodents, lipopolysaccharide treatment produced a
reduction on the mRNA expression of hepatic HAMP, IL-6, and TNF-α, suggesting that an iron deficit
may blunt hepcidin expression in response to inflammatory inducers [97]. In humans, the anemia of
inflammation patients showed greater circulating hepcidin concentrations at baseline, as compared
to their healthy iron-deficient homologues [98,99]. In fact, under an elevated inflammatory state,
non-anemic individuals reported higher hepcidin levels compared with an anemic population [100].
In regards to exercise, Peeling et al. [64] found that hepcidin did not respond to exercise in those athletes
with pre-exercise levels of serum ferritin < 30 μg·L−1, but in contrast, an upregulation of hepcidin
concentrations post-exercise was observed in those individuals who reported higher levels of ferritin
at baseline [64]. Supporting this idea, in iron-deficient athletes (serum ferritin < 30–40 μg·L−1 and
hemoglobin > 12.0 g·L−1), iron supplementation facilitates the post-exercise elevation of hepcidin in
blood [65]. Therefore, these studies, together with those in which iron supplementation have induced a
greater increase in hepcidin response to exercise compared to placebo, indicate that despite the relevant
role of inflammation as a hepcidin activator, the pre-exercise iron status may be a master regulator of
this exercise-induced liver-derived hormone. Hence, when a pathological or non-pathological iron
deficit occurs, exercise-induced hepcidin is blunted, at least in part. Consequently, since the magnitude
of response of hepcidin to exercise seems to be dependent on ferritin levels and subsequently to iron
stores, the normalization of these parameters is essential in order to further explore the effects of
exercise in the regulation of the iron-hepcidin relationship.

4.3.2. Inflammation

Although iron deficit appears to determine post-exercise hepcidin expression, an increase in the
inflammatory status also mediates the exercise-induced upregulation of hepcidin in non-iron deficient
populations [50,57].

In hepatocyte cells, systemic inflammation diseases or infections facilitate the activation of
hepcidin via the IL-6/STAT3 signaling pathway [50,101]. The Jak/STAT signaling pathway is
stimulated by several cytokines (e.g., IL-6 or IL-15) in different cell types that mainly promote
pro-inflammatory and anti-inflammatory effects [53]. In rodents, cyclosporine A administrated after
an exhausting endurance exercise session produced a decrease in plasma IL-6 and the transcriptional
expression of IL-6 inhibitory signaling (SOCS3 and IL-6 receptor alpha) and hepcidin in hepatocytes,
immediately and 2 h post-exercise, respectively [102]. However, in the study, the mRNA and protein
expression of IL-6, the protein expression of hepcidin, and the iron status were not reported [92], which
confounds the role of pro-inflammatory factors as mediators of exercise-induced hepcidin. Adding an
extra layer of complexity, cyclosporine A produces diverse effects depending on the cell type [103,104].
While in macrophages, cyclosporine A administration stimulates a downregulation of IL-6 protein, it
does not stimulate mRNA expression [103]; in human skeletal muscle, cyclosporine A promotes an
upregulation of the IL-6 expression, and a decrease of the TNF-α expression [105], thus questioning
the role of IL-6 as a pro-inflammatory activator of hepcidin expression.
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In the past decade, IL-6 was identified as a myokine that is increased in response to exercise,
depending on glucose availability, and the intensity and duration of the exercise bout [106–108]. IL-6
has been shown to exert several endocrine effects when it is released by skeletal muscle in response to
exercise; among them, IL-6 promotes anti-tumorigenic [99,109] and anti-inflammatory effects [110,111].
In humans, the acute elevation of the circulating expression of IL-6 is associated with increased
IL-1rα and IL-10 expressions [111], and reduced TNF-α production [110]. These studies suggest a
critical role for skeletal muscle-derived IL-6 in leukocyte trafficking, promoting anti-inflammatory
effects. Thus, the elevation of the circulating fraction of IL-6 in response to exercise may not reflect a
pro-inflammatory function of this cytokine. In fact, the transcriptional upregulation of IL-6 inhibitory
signals (SOCS3 and IL-6rα) in hepatocyte cells, observed by Banzet et al. [102], may be interpreted as a
counteracting mechanism by which in response to an elevation of muscle-derived IL-6 in blood, these
cells acutely reduce IL-6 uptake, thereby allowing the anti-inflammatory effects of this myokine.

Nevertheless, although the post-exercise elevation of the circulating fraction of IL-6 may
have an anti-inflammatory function, the chronic increase of this cytokine is known to be an
inflammatory marker found in different populations [112,113]. The coexisting pro-inflammatory
and anti-inflammatory roles have been observed in other myokines. IL-15 has been shown to exert
pro-inflammatory effects when this cytokine is chronically elevated at baseline [114]; however, in
response to a single session of exercise, serum IL-15 is upregulated [115,116], and instead of showing
a pro-inflammatory function, this myokine exerts oxidative effects in adipose tissue [117]. In fact,
in physically active individuals, the baseline concentration of IL-15 and its cognate alpha receptor
were decreased in a population with inflammatory-related diseases [118], potentially suggesting an
anti-inflammatory effect of IL-15 in response to chronic exercise bouts.

Consequently, instead of the post-exercise increase, the chronic elevation of IL-6 at baseline may
be interpreted as a pro-inflammatory signal that may activate the inflammatory-induced expression
of hepcidin observed in vitro and in vivo [46,119]. Supporting this idea, only one study has reported
a correlation between circulating IL-6 and hepcidin levels immediately post-exercise [77], while the
majority of the studies did not find such a relationship [23,59–64,66,68,69,72,75] or showed contrasting
results between these two factors [58,64,65,67,73,74,76]. Therefore, pre-exercise iron status and IL-6
levels may be responsible for the association reported by Robson-Ansley et al. [77] immediately
post-exercise. Thus, in addition to the iron status, pre-exercise IL-6 concentrations need to be monitored
in order to understand the hepcidin response to exercise.

4.3.3. Hypoxia

Endurance athletes are routinely exposed to hypoxic environments in order to improve
performance (VO2max) due to the increase in red blood cell population induced by this
condition [120,121]. Intriguingly, hypoxia is another regulator of hepcidin synthesis [50]. Cell culture
studies have found that the activation of the hypoxia-induced factors (HIF-1α and HIF-2α) suppress
hepcidin activity, and increase the bioavailability of iron-stimulating erythropoiesis [122]. Moreover,
in rodents, an increased erythropoiesis stress has shown to stimulate the expression of erythroferrone
(ERFE), a hormone that suppresses serum hepcidin, facilitating iron mobilization and absorption [123].
In humans, prolonged exposure to a reduced fraction of inspired oxygen has been shown to attenuate
hepcidin expression [124], and thus increase ferroportin and DMT1 expressions [125].

This reduction in hepcidin may be solely attributed to the iron requirements of erythropoietin
(EPO) stimulation in the bone marrow to promote erythrocytes production [125–128]. Hence, the
regulative role of hypoxia-inducible factors in hepcidin synthesis has been questioned, since EPO
is a key activator of HIF-1α and HIF-2α [129]. Nevertheless, the hypoxia-inducible factor may be
stimulated by different signaling mechanisms [130], and potentially have an EPO-independent effect
on hepcidin production [126,131]. HIF-1α and HIF-2α are considered sensors of iron and oxygen status;
thus, when the availability of iron or oxygen is reduced, for instance in response to high-intensity
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exercise, these two factors are upregulated [21]. In addition, ERFE may also play a critical role in
hepcidin metabolism [123]; however, human studies are required to evaluate this idea.

In this context, Badenhorst et al. [58] analyzed the effect of exposure to a severe acute hypoxia
(FIO2 ~0.1513, simulated altitude of ~2900 m) compared to normoxia (FIO2 ~0.2093) during the
recovery period of an intervallic endurance exercise session (eight series of 3 min of running at 85%
VO2peak followed by 1.5 min at 60% VO2peak). The study found a decreased in serum hepcidin levels
at 3 h post-exercise, which supports the suppressing effects of hypoxia in the synthesis of hepcidin.
In contrast, Govus et al. [70] observed that exposure to severe acute hypoxia (FIO2 ~0.1450, simulated
altitude of ~3000 m) during intervallic endurance exercise (five series of 4 min of running at 90%
VO2peak) increased serum hepcidin levels at 3 h post-exercise, similar to the normoxic condition. A
potential explanation for these apparently opposing studies may reside in the exposure time to the
hypoxic gas mixture. While in Govus et al. [70], participants were only exposed to hypoxia during the
exercise session (~31 min), in Badenhorst et al. [58], participants were exposed during 3 h post-exercise.

Live high–train low (LHTL) is a recurrent strategy among athletes to improve their endurance
performance [132]. To assess the effect of this strategy on hepcidin metabolism, Govus et al. [71]
analyzed serum hepcidin responses to an intervallic endurance session (six series of 1000 m of running
at 90% VO2peak) in hypoxia (FIO2 ~0.155) or normoxic conditions (600 m of altitude), before and after
11 days of LHTL. Supporting the previous work performed by this research group [70], the exposure
to either hypoxia or normoxia during exercise produced a similar increase in serum hepcidin at 3 h
post-exercise in trained runners [71]. Despite the lack of an acute response, Govus et al. [71] found
that the LHTL strategy increased serum hepcidin levels at baseline, but not in response to exercise.
This suppression of serum hepcidin levels may be interpreted as a mechanism to facilitate dietary
or recycled (hemolysis) iron in order to maintain the erythropoietic demands promoted by hypoxia
exposure [125]. Interestingly, in Govus et al. [71], pre-exercise serum ferritin levels seem to influence
the hepcidin response to exercise after LHTL, which supports that the magnitude of response of serum
hepcidin to exercise performed in either normoxia [56,57] or hypoxia, Govus et al. [71] is dependent
on pre-exercise ferritin levels.

Therefore, exercise-induced disturbances in oxygen availability or the upregulation of
hypoxia-inducible factors may attenuate hepcidin synthesis at baseline, while in response to exercise,
the normalization of serum ferritin is required in order to examine the effect of hypoxia in human
hepcidin metabolism.

4.3.4. Oral Contraceptives

Iron deficiency is five to seven times more prevalent in female than in male athletes [6,7], at least
in part as a consequence of elevated iron losses due to menstruation [133]. Besides, differences in sex
hormones may also explain the gender difference in iron deficit, since estrogen hormones have shown
to stimulate hepcidin synthesis [134], while testosterone promotes an inhibition of hepcidin [135,136].

In this regard, in an attempt to regulate menstrual bleeding, some female athletes use contraceptive
pills, despite them containing estradiol, a sex hormone belonging to the subgroup of estrogens, which
may affect the expression of hepcidin. In this regard, Sim et al. [68] assessed the effect of contraceptive
pills administration on the hepcidin response in a group of physically active women after 40 min of
endurance exercise at 70% VO2peak, during days 2–4 and 12–14 of the menstrual cycle. A significant
increase in serum hepcidin was found 3 h post-exercise in the two periods of the menstrual cycle
measured, and no interaction of contraceptive pill was reported. Although this study did not reveal
significant differences, the circulating concentrations of sex hormones deserve further attention as a
potential hepcidin synthesis modulator.

5. Conclusions

Iron deficiency is a frequent event in the career of athletes, and it may cause deleterious effects
on endurance performance, reducing oxygen availability, and exercise economy. Hepcidin has been
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presented as a crucial regulator of the iron absorption–degradation rate, which may be mediated
by exercise. The current review revels that a single session of 30 min to 120 min of endurance
exercise (intervallic or continuous) at moderate or high intensity (60% to 90% of VO2peak) facilitates
the upregulation of the circulating expression of hepcidin between 0 h and 6 h post-exercise, peaking
after 3 h of the end of the exercise session.

The magnitude of response of hepcidin to exercise seems to be dependent on the pre-exercise
status of iron (ferritin levels) and the circulating expression of pro-inflammatory cytokines (prominently
IL-6). Moreover, oxygen disturbances and the upregulation of hypoxia-inducible factors during or
post-exercise may also regulate the expression of hepcidin. Lastly, iron and cranberry flavonoid
supplementation have been found to modulate the post-exercise circulating expression of hepcidin,
while vitamins C, D, E, or K, and CHO supplementation, did not alter the expression of hepcidin.
Further studies are required to explore the effect of different exercise types (resistance exercise),
intensities (<60 VO2peak), and volumes (chronic exercise bouts) on the circulating fraction of hepcidin.

Author Contributions: R.D. and F.M.-O. conceived and designed the review; A.F.-M. and M.G.-P. selected the
articles included; A.J.S.-O., A.F.-M., M.G.-P. and A.P.-L. analyzed the articles included and prepared figures
and tables; R.D., A.J.S.-O., F.M.-O., A.L.-S. and A.P.-L. drafted the manuscript; A.F.-M. and M.G.-P. revised
the manuscript; R.D., A.J.S.-O., F.M.-O., A.F.-M., M.G.-P., A.L.-S. and A.P.-L. approved the final version of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Umbreit, J. Iron deficiency: A concise review. Am. J. Hematol. 2005, 78, 225–331. [CrossRef] [PubMed]
2. De Benois, B.; McLean, E.; Egli, I.; Cogswell, M. Worldwide Prevalence of Anaemia 1993–2005. WHO Database

on Anaemia; World Health Organization: Geneve, Switzerland, 2008.
3. Gropper, S.S.; Blessing, D.; Dunham, K.; Barksdale, M. Iron status of female collegiate athletes involved in

different sports. Biol. Trace Elem. Res. 2006, 109, 1–14. [CrossRef]
4. Woolf, K.; St Thomas, M.M.; Hahn, N.; Vaughan, L.A.; Carlson, A.G.; Hinton, P. Iron status in highly active

and sedentary young women. Int. J. Sport Nutr. Exerc. Metab. 2009, 1, 519–535. [CrossRef]
5. Zoller, H.; Vogel, W. Iron supplementation in athletes-first do no harm. Nutrition 2004, 20, 615–619. [CrossRef]

[PubMed]
6. Sinclair, L.M.; Hinton, P.S. Prevalence of iron deficiency with and without anemia in recreationally active

men and women. J. Am. Diet. Assoc. 2005, 105, 975–978. [CrossRef] [PubMed]
7. DellaValle, D.M.; Haas, J.D. Impact of iron depletion without anemia on performance in trained endurance

athletes at the beginning of a training season: A study of female collegiate rowers. Int. J. Sport Nutr.
Exerc. Metab. 2011, 21, 501–506. [CrossRef] [PubMed]

8. Lukaski, H.C. Vitamin and mineral status: Effects on physical performance. Nutrition 2004, 20, 632–644.
[CrossRef] [PubMed]

9. Hinton, P.S. Iron and the endurance athlete. Appl. Physiol. Nutr. Metab. 2014, 39, 1012–1018. [CrossRef]
[PubMed]

10. DellaValle, D.M. Iron supplementation for female athletes: Effects on iron status and performance outcomes.
Curr. Sports Med. Rep. 2013, 12, 234–239. [CrossRef] [PubMed]

11. DellaValle, D.M.; Haas, J.D. Iron supplementation improves energetic efficiency in iron-depleted female
rowers. Med. Sci. Sports Exerc. 2014, 46, 1204–1215. [CrossRef] [PubMed]

12. Garvican, L.A.; Lobigs, L.; Telford, R.; Fallon, K.; Gore, C.J. Haemoglobin mass in an anaemic female
endurance runner before and after iron supplementation. Int. J. Sports Physiol. Perform. 2011, 6, 137–140.
[CrossRef] [PubMed]

13. Latunde-Dada, G.O. Iron metabolism in athletes—Achieving a gold standard. Eur. J. Haematol. 2013, 90,
10–15. [CrossRef] [PubMed]

14. Brownlie, T.T.; Utermohlen, V.; Hinton, P.S.; Giordano, C.; Haas, J.D. Marginal iron deficiency without
anemia impairs aerobic adaptation among previously untrained women. Am. J. Clin. Nutr. 2002, 75, 734–742.
[CrossRef] [PubMed]

110



Nutrients 2018, 10, 209

15. Brownlie, T.T.; Utermohlen, V.; Hinton, P.S.; Haas, J.D. Tissue iron deficiency without anemia impairs
adaptation in endurance capacity after aerobic training in previously untrained women. Am. J. Clin. Nutr.
2004, 79, 437–443. [CrossRef] [PubMed]
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Abstract: Iron deficiency is the most common micronutrient deficiency in the world. Women of
reproductive age and young children are particularly vulnerable. Iron deficiency in late prenatal
and early postnatal periods can lead to long-term neurobehavioral deficits, despite iron treatment.
This may occur because screening and treatment of iron deficiency in children is currently focused
on detection of anemia and not neurodevelopment. Anemia is the end-stage state of iron deficiency.
The brain becomes iron deficient before the onset of anemia due to prioritization of the available
iron to the red blood cells (RBCs) over other organs. Brain iron deficiency, independent of anemia,
is responsible for the adverse neurological effects. Early diagnosis and treatment of impending
brain dysfunction in the pre-anemic stage is necessary to prevent neurological deficits. The currently
available hematological indices are not sensitive biomarkers of brain iron deficiency and dysfunction.
Studies in non-human primate models suggest that serum proteomic and metabolomic analyses
may be superior for this purpose. Maternal iron supplementation, delayed clamping or milking
of the umbilical cord, and early iron supplementation improve the iron status of at-risk infants.
Whether these strategies prevent iron deficiency-induced brain dysfunction has yet to be determined.
The potential for oxidant stress, altered gastrointestinal microbiome and other adverse effects
associated with iron supplementation cautions against indiscriminate iron supplementation of
children in malaria-endemic regions and iron-sufficient populations.

Keywords: iron; iron deficiency; iron supplementation; infants; children; neurodevelopment;
brain dysfunction

1. Introduction

Iron is essential for the normal development and function of all tissues in the body. Iron-containing
heme proteins (Hemoglobin [Hgb] and cytochromes) participate in tissue oxygen delivery and energy
metabolism. In the brain, iron and iron-containing enzymes are necessary for neuronal and glial
energy metabolism, myelin synthesis and neurotransmission [1]. From a public health point of
view, iron deficiency is the most common micronutrient deficiency in the world [2]. Women of
childbearing age and preschool age children are particularly vulnerable. In addition to being the most
common cause of anemia, iron deficiency during the late prenatal and early postnatal periods is a
risk factor for long-term neurodevelopmental abnormalities [1,3,4]. Thus, early detection and prompt
treatment of iron deficiency is of public health significance. Conversely, excess iron supplementation
is associated with growth failure, altered gastrointestinal microbiome and other adverse effects in
children, suggesting the need for a balanced approach. In the following sections, we review the
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causes and adverse neurological consequences of iron deficiency in infants and children, the current
screening and treatment recommendations, and recent advances in diagnosis and treatment strategies
for preventing iron-deficiency-induced adverse neurological effects.

2. Children At-Risk of Iron Deficiency

Children are at risk of iron deficiency at three time points: in the late prenatal and neonatal
period; between 6 and 24 months of age; and at adolescence. The former two time periods (first
1000 days; hereafter called early-life iron deficiency) coincide with the period of rapid brain growth
and development and can negatively impact neurodevelopment. The common causes of iron deficiency
in the fetal and neonatal period are maternal iron-deficiency anemia, preterm birth, and gestational
complications such as maternal diabetes mellitus, intrauterine growth restriction, maternal smoking,
maternal obesity and inflammation. Consumption of a diet that is low in iron and/or contains
iron binders and chronic gastrointestinal blood loss due to cow milk intolerance or hookworm
infestation are the common causes of iron deficiency in the post-neonatal period. Iron deficiency
during adolescence is common in female athletes due to a combination of insufficient dietary iron
intake, menstrual blood losses and exercise-induced hepcidin upregulation [5]. In contrast to early-life
iron deficiency, the neurological effects of iron deficiency at adolescence and beyond are reversible
with iron supplementation [6], likely because the brain is fully developed by this age.

3. Early-Life Iron Deficiency and Brain Dysfunction

3.1. Inter-Organ Prioritization of Iron in Early-Life Iron Deficiency

The majority (60–70%) of the total body iron is in the red blood cells (RBCs) as Hgb; the rest is in
tissues and storage form [7]. During negative iron balance in early life, available iron is prioritized to
the RBCs over all other organs, including the brain [8–11]. This risk is greatest in the late fetal through
infancy periods when the iron needs of growth competes with those of erythropoiesis. Studies in infant
humans [8,12], monkeys [13], lambs [9,14] and rats [15] demonstrate that brain iron is reduced prior
to the appearance of anemia. Similar prioritization (RBC before brain) also occurs during recovery
from iron deficiency. The Hgb is normalized before the brain becomes iron replete in anemic infant
rats and monkeys during treatment [13,15]. The slower recovery of brain iron is of concern, because
iron transport across the blood–brain barrier is developmentally regulated [16] and delaying iron
treatment misses out this window of opportunity, leaving the brain iron deficient [17]. Residual brain
iron deficiency is likely responsible for the persistent neurological deficits in children with a history of
early-life iron deficiency [3,4].

3.2. Neurological Sequelae of Early-Life Iron Deficiency

An in-depth review of the neurological effects of early-life iron deficiency is beyond the scope
of this review. Excellent reviews are available elsewhere [1,18]. Briefly, late prenatal and neonatal
iron deficiency is associated with altered temperament [19], abnormal recognition memory [20,21],
and mental and psychomotor deficits in full-term infants [22], and abnormal neurological reflexes [23]
and auditory brain-stem response in preterm infants [24]. An association between fetal iron deficiency
and schizophrenia has been reported [25]. Postnatally, iron deficiency between 6 and 24 months of
age is associated with lower IQ, slower processing speed, deficits in attention, motor, cognitive and
behavioral functions, and disrupted sleep–wake rhythm [26]. While early treatment improves motor
performance, behavioral deficits often persist into adulthood [27].

3.3. Biology of Abnormal Neurodevelopment in Early-Life Iron Deficiency

Rodent and non-human primate models demonstrate that early-life iron deficiency anemia causes
impaired cerebral energy metabolism [15,28], hypomyelination, altered monoamine metabolism [29],
abnormal synaptic architecture, and suppression of growth factor expression [15,30–34]. The hippocampus,
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striatum and cerebellum are targeted. Similar effects are seen with non-anemic hippocampus-specific
iron deficiency, suggesting that brain tissue iron deficiency is primarily responsible for the adverse
effects. The animal studies also highlight the importance of timing iron treatment for reversing the
adverse neurological effects. Whereas early iron treatment corrects brain iron deficiency and restores
brain metabolism and function [35], late treatment after the onset of anemia fails to produce similar
beneficial effects [36], even when higher than the standard iron doses are used [36,37]. Thus, early
detection and treatment is important for ensuring the normal neurodevelopment of children at risk of
early-life iron deficiency.

4. Screening and Treatment Strategies

4.1. Current Recommendation

The American Academy of Pediatrics currently endorses universal screening for anemia at
12 months of age through the determination of Hgb and an assessment of risk factors for iron
deficiency [38]. If anemia (Hgb < 110 g/L) is present, then additional screening for iron deficiency
by measuring serum ferritin and C-reactive protein (CRP) levels (to rule out false elevation in serum
ferritin due to inflammation) or reticulocyte Hgb concentration is recommended [38]. This strategy
is unlikely to ensure neuroprotection. As mentioned above, anemia is the end-stage state of iron
deficiency due to the prioritization of iron to the RBCs over other organs [8,14,39,40]. The brain is
already iron deficient by the time anemia is diagnosed. Animal studies show that it is brain-tissue iron
deficiency, independent of anemia, that is responsible for the neurological deficits [17,41]. Screening
for anemia also fails to detect non-anemic iron deficiency, which is 3-fold more common than iron
deficiency anemia even in the United States [42], and a risk factor for neurological impairments [43].
Furthermore, the laboratory tests used for screening (Hgb, ferritin and reticulocyte Hgb) are biomarkers
of hematological changes. Our recent study in non-human primates demonstrates that these
hematological and iron panel biomarkers are not sensitive for detecting brain iron deficiency and
cerebral metabolic dysfunction in the pre-anemic period [44]. Finally, starting iron treatment after the
onset of anemia does not correct the adverse neurological effects, even when an extended duration of
iron therapy is used [45].

4.2. Potential Biomarkers of Brain Dysfunction in Early-Life Iron Deficiency

We have previously reported that a cord blood ferritin < 35 μg/L predicts brain iron deficiency and
dysfunction as indexed by impaired recognition memory at birth, and lower psychomotor development
at 1 year of age in full-term infants with iron deficiency due to maternal gestational diabetes [20]. A cord
blood ferritin concentration ≤75 μg/L correlates with slower auditory brainstem-evoked responses
that are suggestive of reduced auditory tract myelination in the newborn period [24,46]. A cord
blood zinc protoporphyrin/heme (ZnPP/H) ratio > 118 μM/M predicts worse recognition memory
at 2 months [21]. Unfortunately, a similar association between a serum iron panel index and brain
iron deficiency and dysfunction beyond the newborn period has yet to be determined. Reticulocyte
Hgb content is the strongest predictor of iron deficiency and response to iron supplementation in
children [47,48]. Unpublished studies in neonatal rats from our lab suggest that reticulocyte Hgb is
a sensitive peripheral biomarker of impending brain iron deficiency. Validation in human infants
is necessary before reticulocyte Hgb could be recommended as a screening tool. Our studies in
non-human primate models of infantile iron deficiency suggest that proteomic and metabolomic
analysis of biofluids (serum and cerebrospinal fluid) may provide sensitive biomarkers of impending
brain metabolic dysfunction in the pre-anemic period [44]. It is important to note, however, that
while all of these biomarkers appear to be sensitive for detecting early-life iron deficiency-induced
brain dysfunction, currently there is no evidence that instituting iron supplementation based on these
biomarkers will prevent or reverse the adverse neurological effects.
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5. Prevention of Early-Life Iron Deficiency-Induced Brain Dysfunction

Given the difficulties with early detection of brain dysfunction and the ineffectiveness of iron
treatment started after the onset of anemia in reversing the neurological deficits, strategies aimed at
prevention of early-life iron deficiency are of the utmost importance and potentially should begin
with ensuring adequate iron accretion by the fetus. Currently, routine iron supplementation via
diet (e.g., iron-fortified cereal) or medicinal iron is recommended for full-term breastfed infants
from 4 months of age [38]. In children aged 4–24 months, daily iron supplementation improves
hematological status [42,49]. Mental and psychomotor performances are not affected. This lack of
beneficial effect on neurodevelopment with iron supplementation has been used as an argument for
continuing with the current screening recommendation [50]. However, it is also possible that waiting
until 4 months of age to begin iron supplementation may have been too late for preventing brain iron
deficiency and associated adverse effects in those at risk of early-life iron deficiency (e.g., those born
with low iron stores). Consistent with this possibility, previous studies have demonstrated that iron
supplementation using an iron-containing formula within a month of birth improves psychomotor
development of at-risk infants [51,52]. Since low iron endowment at birth predisposes to iron deficiency
in early-infancy [53], measures that enhance iron stores before and/or soon after birth are likely to
be beneficial.

5.1. Ensuring Early-Life Iron Sufficiency

5.1.1. Maternal Iron Supplementation

Maternal iron supplementation during pregnancy is a cost-effective method of ensuring iron
sufficiency in the mother–infant dyad. The Institute of Medicine recommends that women consume
27 mg/day of iron during pregnancy [54]. However, most women in low- and middle-income countries
need additional iron to prevent iron deficiency and maintain adequate stores. Typically, 30–60 mg
of elemental iron per day is recommended, with up to 120 mg of elemental iron daily for those with
anemia [55,56]. A meta-analysis of 44 trials involving more than 40,000 women in 2015 showed that
daily oral iron supplementation during pregnancy reduces maternal anemia by 70%, iron-deficiency
anemia by 67%, and iron deficiency by 57% at term gestation [56]. Women receiving iron were
more likely to have higher Hgb at delivery and in the postpartum period, and less likely to have
low birth weight and preterm infants, compared with those not receiving iron supplementation [56].
An additional theoretical benefit of maternal iron supplementation is better mother–infant interaction
due to an improved iron status of the mother. However, compliance with iron supplementation
may be poor due to a lack of education and side effects associated with enteral supplementation.
In a prospective study in north-east India, the incidence of maternal anemia during pregnancy was 90%
due to a combination of the consumption of an iron-poor diet, the habit of drinking large quantities of
black tea (which binds to iron in the intestinal lumen and prevents its absorption) with meals, and poor
compliance with recommended iron supplementation [57]. There is also a potential for adverse effects
with excessive iron supplementation during pregnancy. The above-mentioned meta-analysis found
that mothers on iron supplementation were more likely to have Hgb concentration of 130 g/L, a value
associated with maternal and fetal adverse effects [56]. Thus, there is a need for considering methods
beyond maternal iron supplementation for enhancing offspring’s iron stores. Two examples of such a
strategy are delayed clamping or milking of the umbilical cord and early iron supplementation.

5.1.2. Delayed Clamping or Milking of the Umbilical Cord

Delaying clamping of the umbilical cord for 30–45 s after birth is an effective method of increasing
Hgb concentration and iron stores in healthy full-term infants. Whereas the improvement in Hgb is
limited to the first 24–48 h after birth, the beneficial effects on iron stores last at least until 6 months
of age [58]. A similar beneficial effect on iron stores is also seen with immediate clamping of a long
segment of the umbilical cord followed by milking it towards the infant [59]. This strategy is useful
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in situations where delayed clamping of the umbilical cord is not feasible (for example, when there
is a need for resuscitation of the infant at birth). The beneficial effects on iron stores were present in
infants of both anemic mothers and non-anemic mothers [59], suggesting that the procedure could be
undertaken universally in areas where maternal gestational iron deficiency is common. An association
between delayed cord clamping and improved scores in fine motor and social domains at 4 years of
age in boys has been reported [60].

5.1.3. Initiation of Supplementation Earlier than the Recommended Period

Beginning iron supplementation earlier than the recommended 4 months of age may be beneficial
in infants at risk of early-life iron deficiency. In full-term breastfed infants, 7–7.5 mg per day of
elemental iron from 1 to 6 months of age leads to higher Hgb and improved iron status at 6 months of
age, and better visual acuity and psychomotor development at 13 months of age [52,61]. In areas where
iron deficiency is prevalent, starting iron supplementation even earlier may be beneficial. Unpublished
data suggest that iron supplementation in a dose of 2 mg/kg daily started on the second day after
birth and continued until 6 months improves iron stores and motor development at 6 months of
age in breastfed full-term infants in regions with high prevalence of iron deficiency (Bora, personal
communication). Whether such supplementation leads to better long-term neurodevelopment has yet
to be determined.

6. Potential Risk with Universal Iron Supplementation in Children

Public policy approaches to address common and potentially dangerous nutrient deficiencies
include fortification and universal supplementation. Folate supplementation of grains and iodide
supplementation of salt represent two such successful campaigns that have resulted in subsequent
reductions in morbidity from neural tube defects and hypothyroidism/goiter. The decision to
universally supplement or fortify with a nutrient takes into consideration the risks and benefits
of the nutrient. While no apparent harm has occurred through folate and iodide supplementation,
the case for universal supplementation of iron is more difficult because of emerging evidence of the
potential toxicities of iron. Two populations at risk of this complication are discussed below.

6.1. Iron Supplementation of Children in Malaria-Endemic Areas

In many of the same regions where iron deficiency is most prevalent, malaria is also endemic.
The potential danger of giving iron to children living in malaria-endemic regions was brought to the
world’s attention by a large, randomized, placebo-controlled trial of prophylactic iron supplementation
for young children living on malaria-endemic Pemba Island, Tanzania [62]. This trial was the first
large-scale study to test the former recommendation of the World Health Organization (WHO) for daily,
universal iron supplementation of children living in areas where the prevalence of anemia was 40%
or greater. The Pemba study was stopped early due to an observed increased risk of hospitalizations
and deaths among children who received iron. The results of a sub study of the larger study, which
included more specific iron-status measures such as ZnPP, as well as more immediate access to prompt
malaria diagnosis and treatment, demonstrated that children who were anemic or who had an elevated
ZnPP (reflective of iron deficiency) had a significantly lower rate of serious adverse events compared
with iron-deficient children who did not receive iron.

With more than 30,000 children enrolled, the Pemba trial was a landmark study, and its results
shook the global nutrition world, changing the policy and practice of giving iron to the tens of
millions of children around the world who live in malaria-endemic areas. The most recent of three
Cochrane reviews on the topic that were conducted after the Pemba study found (as did the other
two reviews) no harmful effect of iron in malaria-endemic area when iron is given in conjunction
with malaria management services [63], subsequent studies continued to underscore the potentially
dangerous interaction of iron with malaria and other infections. One study of iron-containing
multiple micronutrient supplementation reported an increased risk of malaria episodes in iron-deficient
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Tanzanian children [64], and another study of iron-containing micronutrient powder supplementation
reported an increased risk of diarrhea and respiratory illness among Pakistani children [65]. A large
birth cohort study in a malaria-endemic area of Tanzania in which no iron was given found an increased
risk of all-cause mortality among children who remained iron-replete in the first four years of life
compared with children who developed iron-deficiency [66]. More than a decade later, the best way
to help young children living in malaria-endemic areas to safely maintain a healthy iron status in
order to protect brain development thus remains unclear, although significant research has helped
elucidate the pathophysiology of the interaction between iron and malaria, clarifying several potential
intervention strategies.

A meta-analysis of more than 55 randomized controlled trials of iron supplementation in children
reported that the Hgb response to iron is diminished in malaria-endemic areas [67]. This finding is
in line with malaria itself as an important cause of anemia among children in endemic regions and
the diminished iron absorption that accompanies malaria infection. There are more than 200 million
cases of uncomplicated malaria among children in sub-Saharan Africa each year alone. Young children
in malaria-endemic areas have multiple, recurring malaria infections throughout childhood, likely
leading to varying levels of chronic inflammation. The inflammatory response that accompanies
malaria and other infections leads to increased production of the hepatic protein hepcidin, which cause
the degradation of ferroportin, the iron efflux protein that permits dietary iron to be released from
intestinal cells into the circulation and iron that would be recycled from senescent red blood cells to be
released from macrophages [68]. Recent work suggests that hepcidin is lowest at the end of a malarial
season in areas of seasonal transmission and best predicts the response to iron therapy, causing some
to suggest timing the administration of iron to the end of the malaria season [69,70].

Low hepcidin also best predicted successful incorporation of dietary iron into red blood cells
in an iron-stable isotope study in Gambian children [71,72]. This study also confirmed that dietary
iron incorporation—an indirect measure of absorption—into red blood cells is diminished in children
recovering from post-malarial anemia as compared with children recovering from iron-deficiency
anemia alone. However, children recovering from malarial anemia had a greater Hgb gain than
children recovering from iron-deficiency anemia, leading researchers to conclude that immediate
iron needs in these children were initially met by iron trapped in reticuoendothelial stores during
the inflammation of malaria, but then released for supporting Hgb synthesis following antimalarial
treatment [71].

Delaying the start of iron therapy until after effective treatment of malaria and an accompanying
reduction in inflammation and hepcidin thus may be another strategy to safely increase iron absorption
and utilization. We recently reported that iron therapy begun 28 days after antimalarial treatment
in children with iron deficiency and malaria was more than twice as well incorporated (16.5% vs.
7.9%) as iron therapy that was started concurrently with antimalarial treatment per the current WHO
standard of care [73]. In accordance with the greater incorporation, hepcidin concentrations were
also significantly lower in the delayed iron group as compared with the immediate iron group at day
28. At day 56, after all children had received the same length of iron therapy, Hgb and iron markers
(ferritin, soluble transferrin receptor, ZnPP) were equivalent between the two groups.

An additional finding was that children in the delayed iron group had a significantly lower
incidence of all-cause sick-child visits to the study clinic during the 56-day follow-up period [74].
The most common diagnosis was upper respiratory infection, followed by malaria. Although the
mechanism behind the lower morbidity associated with delayed iron therapy is unclear, it follows
that the greater percentage iron incorporation that we observed with delayed treatment would be
accompanied by less unabsorbed iron in the intestinal lumen. In multiple studies of iron-fortified
micronutrient powder, unabsorbed iron has been associated with a shift in the composition of the
intestinal microbiome of young children living in malaria-endemic areas, shifting from predominant
beneficial barrier strains (e.g., bifidobacteriaceae), to more pathogenic strains (e.g., enterobacteria),
and leading to intestinal inflammation [75–77].
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Recent work suggests that this shift to pathogenic strains may be mitigated by the addition of
prebiotic galacto-oligosaccharides (GOS) to micronutrient formulations. In a randomized controlled
trial in Kenyan infants, infants who received daily supplementation with multiple micronutrient
powder fortified with 5 mg of iron and GOS had no increase in pathogenic bacteria and a lower
incidence of respiratory infections compared to children who received iron-fortified power without
GOS [78]. The increased incidence of respiratory tract infections with iron reported in this study [78],
the Soofi study [65], and in our recent work [74] is in line with pre-clinical evidence demonstrating
that the gut microbiome is an important modulator of immunity. Of note, associations between the gut
microbiome and respiratory infections are described, with pathogenic shifts in the gut microbiome
associated with an increased risk of a range of respiratory tract infections, including pneumococcal
pneumonia [79].

Many questions remain after the Pemba study on how to optimize the iron status in children living
in malaria-endemic areas. Recent in vitro evidence suggests that iron-deficient RBCs resist invasion
of the malaria parasite [80,81], but iron deficiency cannot be a malaria-control strategy because of
the risk it poses to the developing brain described above. Establishment of a safe and effective
management strategy to address both iron deficiency and malaria when they coexist is thus a public
health imperative.

6.2. Iron Supplementation of Iron-Sufficient Pediatric Populations

As noted previously, iron deficiency is the most common nutrient disorder worldwide.
The estimated prevalence is 2 billion cases, a number that exceeds the rate of iodine deficiency
for which universal supplementation policies have been implemented. However, given that the world
population now exceeds 7 billion, more than 5 billion people are not iron deficient. The situation
is further enhanced in developed countries. For example, in the United States, the prevalence of
total body iron deficiency is 15% in toddlers, and 10–16% in women of reproductive age [82], which
means that the majority population is iron sufficient. Thus, careful consideration must be given to the
balance between potential risks and benefits. Studies clearly indicate that iron supplementation of
iron-deficient individuals and populations improves iron status, and in some cases, neurodevelopment
(see above). Conversely, little, if any, evidence suggests that iron supplementation of iron-sufficient
populations improves hematologic or neurodevelopmental status.

Acute toxicity (poisoning) from iron overdose is well described and is characterized by acute liver
failure. Small children are at highest risk through accidental ingestion of maternal iron supplements.
Questions remain whether routine iron supplementation in therapeutic or preventative doses is a risk
to the health of pregnant women and young children. The concerns revolve around the theoretical
health risks of iron and the epidemiological and clinical trials in which iron supplementation was
associated with adverse outcomes.

The main theoretical risks of iron supplementation in general, but particularly of iron-sufficient
populations are the generation of reactive oxygen species, alteration of the intestinal microbiome
toward a more “pathogenic” profile with or without an increase in diarrheal diseases, and an increased
risk of non-gastrointestinal infections [83,84]. In contrast to the large preclinical and clinical research
literature on the negative effects of early-life iron deficiency, the literature on the potential negative
effects of iron supplementation of iron-sufficient populations is relatively limited. Further investigation
of the topic seems imperative given the theoretical risks and the small amount of data in humans.

Typically, iron is protein-bound both in the serum, where it is attached to transferrin and other
members of the total iron-binding protein family, and in the tissues to storage and chaperone molecules.
Non-protein bound iron (NPBI) can mediate cellular DNA damage under prooxidant conditions. NPBI
appears in the serum when the iron-binding capacity (TIBC) is overwhelmed, which can occur with
a rapid release of iron during hemolysis or with rapid infusions of iron. Since enteral iron uptake is
well regulated by the hepcidin system from a very early age, the chances of NPBI being present with
enteral iron supplementation are low. Nevertheless, Brittenham et al. have recently demonstrated
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that in healthy women iron given at the standard treatment dose on an empty stomach can result in
measurable NPBI in the serum, although no evidence of oxidative stress was observed [85].

Pediatric populations that would be at risk of NPBI and oxidative stress when given enteral iron
include premature infants, because of their immature antioxidant systems and low serum transferrin
concentrations and consequently, low TIBC. Studies of premature infants given up to 18 mg of
iron/kg of body weight daily have failed to demonstrate increased oxidative stress [86]. Only one
clinical trial in full-term infants suggests that enteral iron may be detrimental to a relevant health
outcome such as neurodevelopment when given to an iron-sufficient population. In one arm of
a trial of formula iron supplementation in Chile, Lozoff et al. gave an iron-fortified formula to
iron-sufficient infants at 6 months of age and found poorer neurodevelopmental outcomes at 10 years
of age, compared with infants given a low-iron formula [87]. Interestingly, the authors indicated
that within this trial, it was only the infants who had higher than normal Hgb concentrations that
demonstrated the negative neurodevelopmental effects with the iron-supplemented formula. Since the
trial was targeted more toward providing iron-fortified formula to a population with a high rate of
iron deficiency, supporting evidence regarding NPBI or oxidative stress markers was not available
for this unanticipated finding. Nevertheless, this trial has been cited as evidence that enteral iron
supplementation to iron-sufficient individuals may be problematic. Preclinical studies to support the
notion have been scarce. Iron-sufficient rat pups given iron in doses between 2.5 mg/kg and 30 mg/kg
body weight showed increased risk to memory performance as adults as a function of iron dose [88].
Again, no brain-tissue evidence of global or regional iron overload or oxidative stress was provided,
making it difficult to assess the causative link between iron dosing and biologically plausible specific
brain pathology.

The concern about enteral iron altering the intestinal microbiome to a more pathogenic state
mentioned above in the context of malaria-endemic areas also extends to other areas. Prior to the
recent advent of microbiome analyses, concerns of iron supplementation increasing the risk of diarrhea
from siderophilic organisms such as E. coli and Salmonella had been raised. Yip et al. reported no
increase in diarrheal disease in US breastfed infants supplemented with iron [89]. The concern about
enteral iron supplementation in iron-sufficient individuals with intact hepcidin regulation of intestinal
absorption is that an iron-sufficient individual absorbs less than 20% of enteral iron. The unabsorbed
iron progresses downstream in the intestine to the colon and results in a high intraluminal iron
concentration that fosters the growth of siderophilic bacteria. Lactobacillus, which is gut-protective,
is not siderophilic and thrives in a low-iron environment compared with E. coli. A recent study in
Africa, while performed in children at risk for iron deficiency, emphasized this shift in intestinal
microbiota [90]. Other populations that may be at greater risk from this type of microbiome shift
include premature infants with their higher risk of necrotizing enterocolitis. No studies have yet
assessed whether unabsorbed enteral iron plays any role in this devastating disease. Similarly, whether
the risk of non-diarrheal disease, such as upper respiratory tract infections mentioned above, is present
in iron-sufficient populations supplemented with iron remains to be tested.

It is reasonable to postulate that the newborn infant is “set up” to require minimal exposure to
enteral iron in the first months after birth when it is most vulnerable to infection and yet maintains
iron sufficiency at the tissue level in order to maintain growth and development [91]. The appropriate
weight for a gestational age full-term infant with no risk factors for iron deficiency during gestation [92]
who undergoes “delayed” cord clamping, is breastfed and grows at the standard velocity on WHO
curves has enough iron to meet its requirements until at least 4 months and likely 6 months of age.
Thus, there appears to be little need for a large source of dietary iron in these otherwise iron-sufficient
babies. Indeed, human milk provides very little iron and that iron is tightly bound by lactoferrin and
thus not readily available for the pathophysiological processes described above [91].
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7. Summary and Conclusions

Early-life iron deficiency is common and can negatively affect the brain development of children.
Therefore, approaches aimed at reducing the risk of early-life iron deficiency and brain dysfunction are
of public health importance. Ensuring maternal iron sufficiency during pregnancy, delayed clamping
or milking of the umbilical cord, and promotion of breastfeeding are the most cost-effective approaches
for ensuring that the infant begins postnatal life with sufficient iron stores. While current screening
and treatment recommendations may suffice for iron-sufficient populations, biomarker-based early
screening and treatment strategies may be necessary for those at risk of early-life iron deficiency.
Routine iron supplementation is a cost-effective method of improving iron nutrition of at-risk children,
but indiscriminant iron supplementation of children in malaria-endemic regions and iron-sufficient
populations should be avoided.
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Abstract: Due to low Fe bioavailability and low consumption per meal, lentil must be fortified to
contribute significant bioavailable Fe in the Bangladeshi diet. Moreover, since red lentil is dehulled prior
to consumption, an opportunity exists at this point to fortify lentil with Fe. Thus, in the present study,
lentil was Fe-fortified (using a fortificant Fe concentration of 2800 μg g−1) and used in 30 traditional
Bangladeshi meals with broad differences in concentrations of iron, phytic acid (PA), and relative Fe
bioavailability (RFeB%). Fortification with NaFeEDTA increased the iron concentration in lentil from
60 to 439 μg g−1 and resulted in a 79% increase in the amount of available Fe as estimated by Caco-2
cell ferritin formation. Phytic acid levels were reduced from 6.2 to 4.6 mg g−1 when fortified lentil
was added, thereby reducing the PA:Fe molar ratio from 8.8 to 0.9. This effect was presumably due to
dephytinization of fortified lentil during the fortification process. A significant (p ≤ 0.01) Pearson
correlation was observed between Fe concentration and RFeB% and between RFeB% and PA:Fe
molar ratio in meals with fortified lentil, but not for the meal with unfortified lentil. In conclusion,
fortified lentil can contribute significant bioavailable Fe to populations at risk of Fe deficiency.

Keywords: lentil; iron; fortification; bioavailability; Bangladesh

1. Introduction

Iron (Fe) deficiency is a public health problem and more than 30% of the world population
(two billion) is anaemic, mainly due to Fe deficiency [1]. Fe deficiency is considered the major
cause of anaemia, which mostly affects young children and pregnant and post-partum women [2].
In Bangladesh, anaemia is a public health concern and 40% of adolescents are anaemic [3]. In 2011,
the national prevalence of anaemia in Bangladesh was 51% in children aged 6–59 months and 42%
in non-pregnant women [4]. One of the major causes of Fe deficiency is low bioavailability of
dietary Fe, especially in developing countries such as Bangladesh where diets are mostly cereal-
and legume-based [5].

Among legumes, lentil is one of the oldest and most important cultivated crops. Lentil is
consumed in both developed and developing countries around the world, and is a potential whole
food source that can provide micronutrients such as Fe, zinc (Zn), and selenium (Se) [6]. In some
developing countries, lentil is considered a staple food due to its nutritive value, especially as an
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inexpensive protein source compared to animal protein. Studies investigating ways to increase Fe
content and bioavailability have focused mainly on biofortification strategies using marker-assisted
breeding, improved agronomic practices, and removal of the seed coat from lentil seed [7–9].
However, Fe biofortification of food crops has several drawbacks, such as low bioavailability,
limitations to increasing the total content in food crops, and insufficient consumption to show
significant health benefits. The bioavailability of Fe from lentil is often compromised due to the
presence of antinutritional factors (e.g., phytate, polyphenols, cotyledon cell wall) in the seed [10,11].
Fortification, on the other hand, often can overcome the inhibitors and provide significant bioavailable
Fe [12] as long as the addition of Fe does not alter the appearance and taste of the target food product.

The main objective of any fortification program is to improve nutrient content and the nutritional
quality of the added nutrients and thus help to eliminate or prevent deficiencies in the target population.
Different strategies have been adopted to combat micronutrient deficiencies, such as biofortification,
fortification, supplementation, dietary diversification, and nutrition education [13]. All of these
strategies have limitations depending on sociocultural and economic factors as well as the age and
gender of the target population. These may be overcome by food fortification, which has proven
to be a cost-effective way to add micronutrients to processed food and improve the dietary quality
of a target population without changing their food habits [14]. A systematic review of intervention
of micronutrient fortified food and its impact on women and child health revealed that fortification
with micronutrients, including Fe, significantly increased serum Fe concentrations with no significant
adverse effect on hemoglobin levels [15].

Biofortification of lentil is not likely to have an impact on much of the Bangladeshi population as
the consumption rate of pulses for the population of Bangladesh is 12 g/day/person [16], which is far
below the desirable intake of 50 g/day/person that has been reported on the basis of previous studies
and the current consumption pattern of the Bangladeshi population [17]. To address this shortfall,
improving the nutritional quality of lentil by Fe fortification could provide a significant amount of the
required daily Fe from a minimum amount of lentil dal, without having to increase the quantity of
lentil in a given meal. To enable this approach, we previously developed a laboratory-scale protocol for
fortifying de-hulled lentil seed (dal) using three Fe fortificants. NaFeEDTA was the most effective; at a
fortificant Fe concentration of 1600 μg g−1, NaFeEDTA provided 13–14 mg of additional Fe per 100 g
of cooked lentil dal [18]. The United States Food and Drug Administration (FDA) published a food
fortification policy featuring six principles for food fortification [19,20]. These are: “(1) the nutrient
intake without fortification is below the desirable content for a significant portion of the population;
(2) the food being fortified is consumed in quantities that would make a significant contribution to
the population’s intake of the nutrient; (3) the additional nutrient intake resulting from fortification is
unlikely to create an imbalance of essential nutrients; (4) the nutrient added is stable under proper
conditions of storage and use; (5) the nutrient is physiologically available from the food to which it is
being added; and (6) there is reasonable assurance that it will not result in potentially toxic intakes.”
All of these principles have been considered with respect to lentil fortification.

We also investigated the sensory acceptability of fortified lentil dal with respect to appearance,
odor, taste, texture, and overall acceptability by lentil consumers [21]. Fortification of lentil with NaFeEDTA
minimally affected consumer perception of appearance, taste, texture, odour, and overall acceptability of
cooked lentil compared to fortification with FeSO4·7H2O or FeSO4·H2O. Sensory acceptability was
statistically similar to that of non-fortified lentil for almost all of the attributes.

The present study aimed to determine the concentration and relative bioavailability of Fe in
different traditional Bangladeshi meal plan models featuring fortified and unfortified lentil dal.
A Caco-2 cell bioassay was used to assess relative Fe bioavailability (RFeB%), expressed as a percentage
of that of an unfortified control red lentil sample that was included in each run of the bioassay.
This lentil sample had an Fe concentration of 50 μg g−1. Ferritin formation by Caco-2 cell monolayers
is a sensitive and accurate measurement tool for in vitro assessment of Fe bioavailability in food [22].
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The concentration of phytic acid (PA), a known inhibitor of Fe bioavailability, also was determined in
the meal plan models.

2. Materials and Methods

2.1. Preparation of Meal Models

A total of 30 meal combinations were prepared and assessed with respect to Fe concentration,
RFeB%, and PA concentration (Table S1). Among these, models 1 to 11 and 15 to 25 featured either
unfortified or fortified lentil dal, respectively, in different amounts (% by weight) along with other
meal components. Three models (models 12 to 14) contained no lentil. The remaining five models
(models 26 to 30) were prepared with only rice (model 26), vegetables (model 27), fish (model 28),
unfortified cooked dal (model 29), or NaFeEDTA-fortified cooked dal (model 30). The fortified lentil
had been treated with 2800 μg g−1 ppm NaFeEDTA, which in previous work comparing various
fortificants and concentrations thereof, was determined to have the least effect on appearance and
consumer acceptability measures such as taste and texture [18,21]. Lentil dal was prepared according to a
traditional Bangladeshi recipe [23] where lentil, deionized water, canola oil, salt, turmeric powder and onion
were used as ingredients in a 15:70:4:3:2:6 ratio, by weight. Along with the dal, rice (white, boiled and
unenriched), vegetables (mixture of carrot, cauliflower, brinjal, potato, sweet potato, onion, salt,
turmeric, garlic, oil, and water at a 10:10:8:10:5:2:1:1:1:12:40 ratio, by weight) and fish (fish fillets, salt,
turmeric, and oil at a 90:2:3:5 ratio, by weight) were used in different ratios to prepare the meal models.
All foods were cooked with 18 MΩ deionized water. Rice, fish, and vegetables were cooked in a
traditional Bangladeshi fashion. Stainless steel cookware was used to prepare all meal components.
Prepared dishes were cooled at room temperature for 2 h, frozen at −80 ◦C for 24 h, freeze-dried using
a FreeZone 12 L Console Freeze Dry System with Stoppering Tray Dryers (Labconco, model 7759040,
Prospect Avenue, Kansas City, MO, USA) for 72 h, and stored at room temperature [24]. A 10-g sample
from each freeze-dried cooked dish (models 1 to 30) was finely ground and sent to the USDA-ARS
Robert Holley Center for Agriculture and Health (Ithaca, NY, USA) to determine Fe concentration,
phytic acid concentration, and RFeB%. From the 10-g sample, 0.5 g of each of the three repetitions was
used in the Caco-2 cell bioassay to estimate the RFeB% [24,25].

2.2. Assessment of Fe Concentration, RFeB%, and PA Concentration

The concentrations of Fe for the 30 meal models were quantified with an inductively coupled
argon-plasma emission spectrometer (iCAP 6500 series, Thermo Jarrell Ash Corp., Franklin, MA,
USA) following the procedure of Glahn et al. (2017) [26]. Ferric chloride (FeCl3) was used as the
certified reference material in the iCAP analysis. Relative bioavailability of Fe for the 30 meal models
was assessed using an established Caco-2 cell bioassay, where Caco-2 cell ferritin formation is used
as the measure of cell Fe uptake and bioavailability [7,22,27]. The bioavailability assessment was
conducted on three replicates for each cooked lentil sample. Ferritin values from the fortified lentil
samples were compared with the control lentil (CDC Robin; Fe concentration of 50 μg g−1) to calculate
the RFeB%, using the following equation: Relative Fe bioavailability (RFeB %) = ((ng ferritin of the
lentil sample/mg protein of the lentil sample)/(ng ferritin/mg protein of the control lentil)) × 100 [8].
The resulting index of relative Fe bioavailability (RFeB%) is used hereafter. Phytic acid content was
measured as phosphorous released by phytase and alkaline phosphatase via a colorimetric assay kit
(K-PHYT 12/12, Megazyme International, Wicklow, Ireland) [26].

2.3. Data Analysis

Data were analyzed statistically using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
One-way analysis of variance (ANOVA) was used to verify differences in Fe concentration, RFeB%, and PA
concentration among different meal models. The outcomes for the three variables (Fe concentration,
RFeB%, and PA concentration) represented the three replicates of each sample. Fisher’s least significant
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difference (LSD) was calculated with the level of significance set at p < 0.05. Paired t-test analysis was
used to assess differences in the five variables in the meal models featuring fortified vs. unfortified lentil.
The associations among Fe concentration, RFeB%, and PA concentration were assessed using Pearson
correlations at a p < 0.05 significance level [7]. Fe concentration, ferritin formation (ng ferritin/mg
protein), RFeB%, PA, and PA:Fe molar ratio were compared to assess the effect of NaFeEDTA-fortified
lentil (meal models 15 to 25) vs. unfortified lentil (meal models 1 to 11). A correlation analysis also was
conducted for Fe concentration, PA concentration, and RFeB% to determine the relationships among
these measures.

3. Results

3.1. Fe Concentration, RFeB%, and PA Concentration

The average Fe concentration, RFeB%, and PA concentration of 30 meal model samples prepared
with unfortified and fortified lentil are shown in Figure 1 and in Table S2. Significant differences
were observed for Fe concentration, RFeB%, and PA concentration. The Fe concentration of the 30
meal plan models ranged from 2.1 μg g−1 (model 26; 100% rice) to 439.2 μg g−1 (model 30; 100%
NaFeEDTA fortified lentil) and the PA concentration ranged from 1.2 mg g−1 (model 26; 100% rice) to
6.2 mg g−1 (model 29; 100% unfortified dal). RFeB% ranged from 3.7% (model 27; 100% vegetable) to
48.6% (model 15; 50% rice + 50% NaFeEDTA-fortified lentil); the control lentil had an RFeB% value of
30.9%. The highest Fe concentration, PA concentration, and RFeB% were found for meal models 30, 29,
and 15, respectively. Among the 11 meal models (models 1 to 11) where unfortified lentil was used as
a meal component (usage ranged from 5–50%, by weight), the highest Fe and PA concentrations were
found in model 1, whereas the highest RFeB% was observed in model 2 (Figure 1). In meal models 15
to 25, where fortified lentil was used, the highest Fe and PA concentrations and RFeB% were observed
in meal model 15 (Figure 1).

The iron concentrations for model 29 (100% unfortified lentil; Fe concentration 60 μg g−1) and
model 30 (100% NaFeEDTA-fortified lentil; Fe concentration 439.2 μg g−1) indicate that lentil was
the main component providing Fe across all of the meal plans (Figure 1). This also is reflected in the
six models (12, 13, 14, 26, 27, 28) that contained no lentil and had low Fe concentrations (Figure 1)
compared to models containing either fortified or unfortified lentil. Fish, vegetables, and rice did
not notably affect Fe concentration as these components contain low amounts of Fe. The vegetable
curry contained a higher amount of Fe (19.4 μg g−1) than did fish (11.4 μg g−1) or rice (2.1 μg g−1).
The main component of meal models 2 to 14 and 16 to 25 was rice, ranging from 75 to 85%, by weight.
Although the largest amounts of PA were found in unfortified lentil (6.2 mg g−1) followed by fortified
lentil dal (4.6 mg g−1), the contribution of PA would have been mainly from rice, which comprised
the major part of most meal models. For instance, meal models 9 and 23 had similar amounts of
rice (85%) and lentil dal (15%), but the former contained unfortified dal and the latter, fortified dal.
PA concentrations in meal models 9 and 23 were 2.4 and 1.7 mg g−1, respectively, of which 1.02 mg g−1

was contributed by rice.
Among the six meal models (1, 5, 9, 15, 19, 23) in which rice and lentil were the only ingredients,

increasing the amount of rice generally decreased the Fe concentration, PA concentration, and RFeB%.
The meal model that included rice (50%), fish (25%), vegetables (25%), and no lentil (model 13)
contained a very low amount of Fe (8.7 μg g−1) but it was of higher relative bioavailability, which could
be due to the low amount of PA in the meal. Models 4, 8, 18, and 22 contained similar amounts of
vegetable (5%), but model 8 and 22 contained 10% more rice and 5% less fish and dal compared to
models 4 and 18. This resulted in decreased Fe concentration, PA concentration, and RFeB%.
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Figure 1. Relative iron bioavailability (RFeB%) and Fe concentration (μg g−1, above each bar) of 30
traditional Bangladeshi meal plan models containing unfortified lentil (meal models 1–11), no lentil
(meal models 12–14), fortified lentil (meal models 15–25) and single components (meal models 26–30),
assessed using a Caco-2 cell bioassay.

3.2. Comparison between Meal Models Containing Unfortified vs. Fortified Lentil

A comparison of Fe concentration, ferritin formation (ng ferritin/mg protein), relative Fe
bioavailability (% of control lentil), PA concentration, and PA:Fe molar ratio between meal model
groups featuring unfortified lentil (models 1 to 11) vs. fortified lentil (meal models 15 to 25) revealed
significant differences for all parameters considered. Specifically, the average Fe concentration was
significantly (p ≤ 0.001) higher in meal models with fortified lentil (136.2 μg g−1) compared to those
with unfortified lentil (13.5 μg g−1). Ferritin formation (52.5 vs. 15.8 ng ferritin/mg protein) and
RFeB% (290.0 vs. 51.2%) also were significantly (p < 0.001) higher in meal models with fortified lentil.
PA concentration (2.1 vs. 2.4 mg g−1, p = 0.03) and PA:Fe molar ratio (1.5 vs. 16.9) were significantly
(p ≤ 0.001) lower in meal models with fortified lentil.

3.3. Correlations between Measured Variables

Correlation coefficients between measured variables are presented in Table 1. Significant correlations
were observed between Fe concentration and RFeB%, RFeB% and PA:Fe molar ratio, and Fe
concentration and PA:Fe molar ratio when all meal models were considered. Significant correlations
between Fe concentration and RFeB% as well as between RFeB% and PA:Fe molar ratio were observed
for meal models with fortified lentil (models 15 to 25) but not unfortified lentil (models 1 to 11).
Fe concentration and PA:Fe molar ratio had an inverse relationship for all meal models containing
either unfortified or fortified lentil.
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Table 1. Pearson correlation coefficients for iron (Fe) concentration vs. relative Fe bioavailability
(RFeB%), bioavailability vs. phytic acid (PA):Fe molar ratio, and Fe concentration vs. PA:Fe molar ratio.

Meal Model (Fe) vs. RFeB% RFeB% vs. PA:Fe Molar Ratio (Fe) vs. PA:Fe Molar Ratio

All (models 1 to 30) 0.832 ** −0.722 ** −0.627 **
(n = 30) (<0.001) (<0.001) (<0.001)

Unfortified lentil (models 1 to 11) −0.142 0.351 −0.628 *
(n = 11) (0.685) (0.299) (0.0364)

Fortified lentil (model 15 to 25) 0.801 ** −0.763 ** −0.628 *
(n = 11) (0.001) (0.004) (0.036)

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).

4. Discussion

Lentil fortification programs have been initiated with the aim of improving the Fe content in
lentil because lentil serves as a major side dish in many countries, including Bangladesh. Due to
poor absorption of intrinsic Fe from lentil, improvement in the Fe concentration in lentil dal and
the increased absorption of Fe through fortification is a potential strategy to combat micronutrient
malnutrition. In this study we assessed the bioavailability of Fe, using a Caco-2 cell bioassay, from a
variety of traditional Bangladeshi meal models that contained either Fe-fortified or unfortified lentil.

In Bangladesh, the prevalence of anaemia in adolescent girls is ~30%, with iron deficiency
considered the main cause [3]. Socioeconomic conditions also are reported to be a factor that, along with
nutritional deficiency, influence dietary problems in rural Bangladeshi women, who consume lentil three
(60%) or four (12%) times per week [28]. Lentil consumption is also increasing with the increasing
price and reduced availability of animal protein. One study of the dietary habits of 384 rural women
from northern Bangladesh revealed that 92% of respondents eat hotchpotch, a typical and traditional
Bangladeshi dish with a pulse (usually lentil) and rice [28]. Thus, lentil fortification could be a
potential approach to supplying a major part of the required amount of Fe to vulnerable people with
Fe deficiency in Bangladesh.

Micronutrient bioavailability from fortified food depends on its absorption through the
gastrointestinal tract for systemic utilization [29]. Bioavailability is the result of three major steps:
digestibility (solubility of Fe in digesta), absorbability in the circulation system, and final processing
and incorporation into a functional compartment of the body [30,31]. Different approaches, such as
the chemical balance method, solubility or dialyzability, Caco-2 cell bioassay, hemoglobin repletion
method, isotopic methods, and area under the curve for serum iron have been used to estimate
non-heme iron absorption [32]. Other algorithms or combinations thereof have been used to assess
Fe uptake based on Fe absorption from a single or complete meal [32]. In this study, a Caco-2 cell
bioassay was used to measure Fe absorption. This model mimics conditions in the small intestine,
and ferritin formation in the Caco-2 cell monolayers is considered as a marker for iron uptake [24].
Some limitations have been reported for the in vitro Caco-2 cell bioassay, for example, the in vitro
model cannot fully mirror the human gut system that involves the effect of body Fe status and gut
microflora on Fe uptake [24]. Considering these limitations, although this in vitro model is not a
substitute for an in vivo model, it is a highly sensitive, cost-effective, and quick tool to measure Fe
availability in foods [22,24]. Moreover, this model was found to be strongly correlated (R = 0.968,
p < 0.001) with human Fe absorption studies [33], and with human and animal efficacy studies of Fe
absorption from biofortified crops [34]. This model, therefore, can be considered to be thoroughly
validated as a predictor of Fe absorption by humans. PA content was measured using a colorimetric
assay kit, which is widely used as it gives accurate and reliable data, and saves cost and time [35].
Sometimes this kit gives a more accurate result than HPLC and quality controlling is easier than using
HPLC if the person running the system is less experienced [36]. However, a limitation to the use of this
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kit is that it cannot measure myo-inositol in either its free or phytase/alkaline phosphatase released
forms [35].

Iron absorption is influenced by both endogenous and exogenous factors [37]. The recipe used to
prepare the various meal models used herein included different spices (turmeric, onion, garlic) and
fat (canola oil). Bio-accessibility of Fe increased by 26.3% and 17.2% when 3.0 g of onion and 0.5 g
of garlic, respectively, were cooked with 10 g of chickpea [38,39]. This could be due to the presence
of sulfur-containing amino acids in Allium species that are reported to influence mineral status in
animals. Moreover, spices also may contain phytic acid (inositol hexakisphosphate) and polyphenolic
compounds (e.g., tannic acid and chlorogenic acid) [40]. The fortified and unfortified lentil used in the
meal preparations are non-heme iron sources. Most polyphenols are located in the lentil seed coat, and
the dehulled lentil used in this study would contain a low level of polyphenols, which would contribute
to increased non-heme iron absorption in populations with limited Fe storage [41]. Turmeric is used
extensively in countries of the Indian sub-continent, including Bangladesh. The most active constituent
of turmeric is curcumin, a polyphenolic diketone. Curcumin forms a complex with solubilized Fe in
aqueous solution with either Fe(II) or Fe(III) ion [42–44] and does not inhibit Fe absorption in young
women [24]. Vegetables also contain significant amounts of vitamin A, carotenoids, and indigestible
carbohydrates and the effect of these components on Fe absorption is unresolved [45]. Some vegetables
used in this study to prepare vegetable curry, such as potato and sweet potato, contain a higher amount
of Fe compared to the fish and the other vegetables used. This may explain the higher amount of Fe in
vegetable (19.4 μg g−1; meal model 27) than in fish (11.4 μg g−1; meal model 28). A similar result also
was found in another study conducted with traditional Bangladeshi meals [24].

Lentil consumption varies with age, gender, food habit, price, and availability of lentil in the
market. The amount of vegetables in the meal models ranged from 5 to 25%, similar to traditional
Bangladeshi meals. Fish comprised only 5 or 10% of the meals because the fish price in local markets is
high and the consumption rate much lower than for other food items in the regular meal. Two meal
models (models 3 and 17) are unique and represent hotchpotch, a ubiquitous meal for 1- to 5-year-olds
and school-aged children in Bangladesh. In suburban areas of Bangladesh, “dal vaat” (rice and
lentil or other pulses) is a common meal. Dried fish also is prevalent, and small amounts of dried
fish with rice and lentil (models 6, 11, 20, and 25) also is a popular and widespread meal for local
people in Bangladesh. The 30 meal models considered herein were designed with either unfortified or
fortified lentil in varying amounts (5, 10, 15, 25, or 50%). Preliminary data (not shown) indicated that
consumers prefer a thicker soup, which requires more lentil. This is favourable, as a higher amount
of lentil dal in a meal will help to provide more of the required supply of Fe, and will increase the
relative bioavailability.

The choice of NaFeEDTA-fortified lentil was based on the results of our two previous studies
with respect to consumer acceptability [18,21]. Moreover, in the context of bioavailability, NaFeEDTA
has proven to be more suitable than FeSO4 as a fortificant in legume-based flours [46]. In cowpea
flour, higher PA:Fe molar ratios (3.0:1 to 3.3:1) are related to low iron absorption [46]. PA chelates
with positively charged multivalent cations such as Fe, Zn, Mg, and Ca, forming insoluble complexes
that precipitate in the neutral pH condition of the small intestine, thus decreasing Fe absorption [47].
In models 29 (100% unfortified lentil) and 30 (100% NaFeEDTA-fortified lentil), the PA content was
6.2 and 4.6 mg g−1 and the RFeB% was 50.6 and 349.2%, respectively (Table S2). These differences
could be attributed to: (i) the higher Fe concentration in the NaFeEDTA-fortified lentil; (ii) the lower
PA content in the NaFeEDTA-fortified lentil; or (iii) the fortification process, as dephytinization can
inactivate phytates to a large extent [47].

In this study, PA concentration was assessed using a PA (total P) test kit (Megazyme International,
Ireland). However, the concentration of polyphenolic components also could differ between fortified
and unfortified lentil dal due to the effect of the fortification process. The PA concentration in the
unfortified lentil meal (model 29) was significantly higher than in the fortified lentil dal meal (model
30). Thus, the PA:Fe molar ratio also was reduced from 8.8 in meal model 29 to 0.9 in meal model 30
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(Table S2). This could be due to dephytinization during the fortification process. A previous study
reported that for Fe-fortified fonio porridge, dephytinization and fortification reduced the PA:Fe molar
ratio from 24:1 to 0.3:1 [48]. Again, a significant inverse correlation was found between RFeB% and
the PA:Fe molar ratio. A similar result with respect to RFeB% and PA:Fe molar ratio was observed for
meal models prepared with dehulled lentil and whole lentil [24].

Although no recommendations are in place for lentil fortification, the World Health Organization
(WHO) has recommended some Fe fortificants and appropriate doses for fortification of wheat flour
in 13 countries [49]. The Food and Agriculture Organizations of the United Nations/World Health
Organization recommended nutrient intakes (RNIs) of Fe (mg) for females and males 19–50 years of
age are 29.4 and 13.7 mg, respectively, based on 10% bioavailability [14]. In this study, the amount of
fortified lentil ranged from 5–50% in meal models 15 to 25. These meal models feature the fortified
lentil as part of the meal, and not as a supplement. The meal model with fortified lentil only (model
30; 100% NaFeEDTA-fortified lentil) can provide ~43.9 mg of Fe from 100 g of cooked dal (dry basis).
This means that 100 g (dry basis) of meal model 19, which contains 25% fortified lentil, would contain
~11 mg of Fe. This could provide a major portion of the recommended nutrient intakes (RNIs) of Fe for
adult males and females aged 19–50 (mentioned in [14]). Because the tolerable upper intake level of Fe
for adults is 45 mg/day [50], the meal model with fortified lentil only (50 g person−1) is also safe for
human consumption.

The study results showed that lentil was the major contributor of Fe and that the relative
bioavailability of Fe increased when NaFeEDTA-fortified lentil was used in different meal models.
Since different amounts of either fortified or unfortified lentil were used in different meal
models, and the RNIs are advised on the basis of age, gender, pregnancy, and lactation period,
recommendations for use of appropriate amounts of Fe-fortified lentil can be given for target
populations. In this study, PA content was measured and considered to be the key inhibitor of
Fe absorption. Since the PA concentration was significantly lower in the fortified lentil, it may be
possible that levels of inhibitory polyphenols were also reduced in the fortified lentil, thereby increasing
Fe absorption. However, it has been shown recently that not all polyphenols inhibit Fe absorption,
and some have been identified as potential promoters of Fe uptake [51,52]. As we did not measure
polyphenols in the meal models, our study cannot address this point.

5. Conclusions

Per capita global consumption of lentil is increasing rapidly. In some regions, however, the per
capita consumption rate is actually decreasing due to higher demand. Fe-fortified lentil can provide a
higher amount of Fe from a smaller amount of fortified lentil compared to unfortified lentil. This study
demonstrated that lentil fortification is a promising and simple approach to help alleviate Fe deficiency,
especially for countries in the developing world like Bangladesh, where most of the population
consumes lentil in their daily meals.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/3/354/s1. Table S1:
Description of the 30 meal models, Table S2: Iron (Fe) concentration, relative Fe bioavailability (RFeB%), and
phytic acid (PA) concentration (mean ± SD) and PA:Fe molar ratio of 30 meal plan models composed of varying
percentages by volume of the amounts of rice, vegetable curry, fish and dal (lentil dish prepared with either
fortified or unfortified lentil).
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Abstract: Background: We determined optimal serum ferritin for oral iron therapy (OIT) in
hemodialysis (HD) patients with iron deficiency anemia (IDA)/minor inflammation, and benefit
of intravenous iron therapy (IIT) for OIT-nonresponders. Methods: Inclusion criteria were IDA
(Hb <120 g/L, serum ferritin <227.4 pmol/L). Exclusion criteria were inflammation (C-reactive protein
(CRP) ≥ 5 mg/L), bleeding, or cancer. IIT was withheld >3 months before the study. ΔHb ≥ 20 g/L
above baseline or maintaining target Hb (tHB; 120–130 g/L) was considered responsive. Fifty-one
patients received OIT (ferrous fumarate, 50 mg/day) for 3 months; this continued in OIT-responders
but was switched to IIT (saccharated ferric oxide, 40 mg/week) in OIT-nonresponders for 4 months.
All received continuous erythropoietin receptor activator (CERA). Hb, ferritin, hepcidin-25, and CERA
dose were measured. Results: Demographics before OIT were similar between OIT-responders and
OIT-nonresponders except low Hb and high triglycerides in OIT-nonresponders. Thirty-nine were
OIT-responders with reduced CERA dose. Hb rose with a peak at 5 months. Ferritin and hepcidin-25
continuously increased. Hb positively correlated with ferritin in OIT-responders (r = 0.913, p = 0.03)
till 5 months after OIT. The correlation equation estimated optimal ferritin of 30–40 ng/mL using tHb
(120–130 g/L). Seven OIT-nonresponders were IIT-responders. Conclusions: Optimal serum ferritin
for OIT is 67.4–89.9 pmol/L in HD patients with IDA/minor inflammation. IIT may be a second line
of treatment for OIT-nonreponders.

Keywords: ferritin; hemodialysis; hepcidin-25; inflammation; iron deficiency anemia; oral iron therapy

1. Introduction

Iron deficiency anemia (IDA) is a common problem, which causes resistance to erythropoietin-
stimulating agents (ESAs), is associated with patients on chronic hemodialysis (HD), and increases
morbidity and mortality, whereas correction of anemia improves these events in HD patients [1].
IDA is generally defined by serum ferritin of <67.4 pmol/L and transferrin saturation (TSAT) <16%,
while higher cutoffs of serum ferritin and TSAT are used to define IDA under inflammatory conditions
such as chronic kidney disease (CKD) [2]. The Kidney Disease Improving Global Outcome (KDIGO)
guidelines recommend that iron therapy should be initiated if CKD patients have serum ferritin
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≤1123.5 pmol/L and TSAT ≤30% [3]. In Europe, it is recommended that serum levels of ferritin should
be maintained at 898.8–1348.2 pmol/L for the management of IDA in HD patients [4]. However, the
Japanese Society for Dialysis Therapy (JSDT) guidelines use more conservative criteria for IDA (serum
ferritin <227.4 pmol/L and TSAT <20%) probably due to lower prevalence of inflammation in the
Japanese HD patients [5]. In fact, prevalence of increased C-reactive protein (CRP) levels, a marker of
inflammation, in HD patients was higher in Western countries than in Japan [6,7] and of catheter use
for HD and obesity, which can increase inflammation, was lower in HD patients of Japan than those of
Western countries [6].

Intravenous iron therapy (IIT) has been proposed to have superior benefit over oral iron therapy
(OIT) for the management of IDA and efficient maintenance of target hemoglobin (tHb) in HD
patients [8]. Recently, the majority of HD patients receiving IIT and ESAs have been shown to have
hepatic iron overload evaluated by magnetic resonance imaging (MRI) [9,10]. A risk of hospitalization,
cardiovascular events, infection, and mortality was significantly higher in HD patients receiving higher
doses of IIT [11,12] and ESAs [13] than in those receiving lower doses [14]. Mortality was significantly
higher in HD patients receiving an IV iron dose of >300 mg/month than in those receiving iron dose
of <299 mg/month [11]. The MRI study suggested that the standard maximal amount of iron infused
per month should be lowered to <250 mg/month in order to reduce a risk of iron overload and allow
safer use of parenteral iron products [9]. These findings may call for a revision of clinical guidelines
of the management of IDA in patients with chronic kidney disease (CKD), especially in HD patients,
including the root and dose of iron supplementation.

Iron supplementation with avoidance of iron overload is crucial for the management of IDA in
HD patients. For the purpose of appropriate management of IDA in CKD patients, rapid, accurate
and noninvasive methods for monitoring iron stores in the body are mandatory, but unfortunately not
available except the measurement of total body iron by MRI. Serum ferritin is a most commonly
used and reliable biomarker of iron status in the absence of inflammation [2]. Serum levels of
ferritin were positively correlated with liver iron content in HD patients [9,10]. High serum levels of
ferritin reflected iron overload [10], resulting in iron toxicity and high mortality in CKD patients [15].
However, as acute reactants, serum ferritin and CRP are up-regulated by inflammation, which is
frequently associated with CKD [2,16]. Thus, interpretation of data for serum ferritin should be with
caution. Furthermore, both parameters were frequently increased in HD patients with functional IDA
(FIDA) [17], accompanied by high inflammation, and HD patients with FIDA required higher dose of
IIT than those without [18]. On the contrary, lower levels of CRP were predictive of a greater response
to OIT in HD patients [19]. Taken together, these data suggest that therapeutic strategy for IDA should
differ between HD patients with and without high inflammation.

Serum levels of ferritin were higher in HD patients treated with IIT than those with OIT [20],
suggesting a possible risk of iron overload in HD patients receiving IIT compared to those receiving OIT.
OIT is less toxic than IIT [8,21] and may reduce a risk of iron overload which leads to cardiovascular
events, infection and mortality [22]. OIT has recently been shown to be as effective as IIT for the
management of IDA in non-dialysis CKD [21] and HD patients [23–26] with relatively lower serum
levels of ferritin and normal CRP. In the former study [21], IIT was associated with an increased risk of
serious adverse events, including cardiovascular events and infectious disease. We have previously
reported that OIT was beneficial for IDA in HD patients with minor inflammation and that ferritin and
hepcidin-25 could be predictive of the OIT response [25]. However, it remains elusive what levels of
serum ferritin are optimal for the management of IDA during iron supplementation in CKD patients to
reduce a risk of iron overload-related adverse effects [2]. This prospective study was thus undertaken
to determine the following, (1) what levels of serum ferritin are optimal for OIT in HD patients with
IDA and minor inflammation receiving a continuous erythropoietin receptor activator (CERA)? And
(2) whether IIT could be a second line of treatment for IDA in HD patients who are refractory to OIT.
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2. Materials and Methods

Inclusion criteria of the study were adult HD patients (≥18 years of age) and IDA (hemoglobin;
Hb < 120 g/L and ferritin <227.4 pmol/L). Exclusion criteria were inflammation as defined by the presence
of C-reactive protein (CRP) ≥ 5 mg/L, bleeding, cancer or poor adherence. Iron supplementation was
withheld >3 months prior to the study.

At the initiation of the present study, there were 70 patients on maintenance HD in our hospital.
Of these, 51 consecutive HD patients with IDA fulfilled the inclusion criteria and were enrolled in
the study. This study was non-randomized and prospective study performed at our single center.
All patients received oral ferrous fumarate (50 mg/day) for the first 3 months (Figure 1). The response
to OIT was determined at 3 months after OIT since serum ferritin started to rise within this period
(see in Section 3). At this time point, the patients were classified into two groups; OIT-responders and
OIT-nonresponders. In OIT-responders, oral ferrous fumarate was continued for another 4 months.
In OIT-nonresponders, OIT was switched to IIT (40 mg of saccharated ferric oxide), which was given
13 times during another 4 months. The dose and duration of this IIT protocol has been recommended
by the JSDT guidelines [5]. All patients simultaneously received a CERA (epoetin β pegol) during the
study period. The response to OIT or IIT was defined by the change in Hb levels before and after iron
supplementation (ΔHb) of ≥200 g/L above baseline or maintenance of target Hb (tHb; 120~130 g/L).
Since ΔHb of ≥10 g/L was used as an index of the response to iron therapy [4], the number of the
patients with ΔHb of <20 g/L, but ≥10 g/L were also presented.

Figure 1. Protocol of iron therapy. Fifty-one consecutive hemodialysis (HD) patients with iron
deficiency anemia (IDA) and minor inflammation were first treated with oral ferrous fumarate
(50 mg/day). At 3 months after oral iron therapy (OIT), the patients were classified into two groups;
OIT-responders and OIT-nonresponders. OIT was continued in 39 OIT-responders for another 4 months.
OIT was switched to intravenous iron therapy (IIT; saccharated ferric oxide: 40 mg × 13 times for
another 4 months) in the remaining 12 OIT-nonresponders. All patients simultaneously received a
continuous erythropoietin receptor activator (CERA) during the study period.

The levels of Hb and serum levels of ferritin, as measured by standard laboratory methods, were
analyzed every month after the initiation of iron supplementation. Serum levels of hepcidin-25, a key
regulatory hormone of iron metabolism, were measured by liquid chromatography tandem-mass
spectrometry (LC-MS/MS) at 0, 6, and 7 months after iron supplementation as described in our
previous study [25]. To determine optimal levels of serum ferritin in OIT-responders, correlation
between the levels of Hb and serum ferritin was determined, and then optimal serum levels of ferritin
were calculated by the correlation efficient using tHb of 120–130 g/L. The dose of CERA was measured
at 0, 3, and 6 months after iron supplementation, and compared between groups. Written informed
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consent was obtained from all participants prior to entering the study. Our institutional research and
ethics review board approved the study (approval code: 28-1).

Statistical Analysis

Data are expressed as median (interquartile) in table, mean ± standard deviation (SD) in text and
mean ± standard error of the mean (SEM) in figures. Comparison of two nonparametric data groups
was performed using the Mann–Whitney U test. Comparison of nonparametric data in 3 groups was
determined by Tukey–Kramer test, and that of two proportions was performed using the Fisher’s
exact test. The linear correlation between Hb and serum ferritin levels was determined using Pearson’s
correlation coefficient test. A p value < 0.05 was considered significant.

3. Results

Of the 51 HD patients, 39 patients (77%) responded to OIT (OIT-responders), and the remaining
12 patients (OIT-nonresponders) failed to respond to a 3-month-course of OIT (Figure 1 and Table 1).
Demographic and baseline laboratory data before starting OIT in both the OIT-responders and the
OIT-nonresponders are summarized in Table 1. There was no difference between the two groups
in the variables except low Hb levels (p < 0.05) and high levels of serum triglycerides (p < 0.05) in
the OIT-nonresponders. In the absence of apparent inflammation, serum hepcidin-25 is positively
correlated with Hb till iron-repletion state is achieved. Thus, as Hb, the baseline hepcidin-25 levels
tended to be lower in the OIT-nonresponders than in the OIT-responders. When ΔHb ≥ 10 g/L was
used as criteria for the response to iron therapy, prevalence of OIT response was 44 of 51 patients
(86.3%). At the end of the study, only one IIT-nonresponder achieved ΔHb <20 g/L but ≥10 g/L.

Table 1. Demographic and laboratory data in OIT-responders and OIT-nonresponders.

OIT-Responders
(n = 39)

OIT-Nonresponders
(n = 12)

p Value

Age (years) 66.0 (18.0) 62.5 (13.8) 0.46
Female (%) 52 33 0.32

Body mass index (kg/m2) 21.3 (4.0) 21.9 (3.6) 0.84
HD vintage (years) 4.5 (10.5) 4.0 (7.8) 0.50

spKt/V 1.49 (0.4) 1.35 (0.59) 0.65
Hb (g/L) 10.3 (1.4) 9.2 (1.3) * 0.04
MCV (fL) 84.8 (8.1) 85.9 (8.6) 0.49

Serum ferritin (pmol/L) 39.8 (51.2) 29.2 (53.4) 0.47
Serum iron (μmol/l) 12.5 (10.7) 8.3 (8.2) 0.13

TSAT (%) 18.2 (14.5) 15.5 (13.8) 0.71
Serum hepcidin (nmol/L) 5.1 (10.1) 2.8 (6.7) 0.25

Serum creatinine (μmol/L) 1034 (309) 919 (265) 0.50
Serum albumin (g/L) 35 (5) 36 (2) 0.34

Serum triglycerides (mmol/L) 0.95 (0.44) 1.42 (0.96) * 0.02
Serum calcium (mmol/L) 2.4 (0.1) 2.4 (0.4) 0.35

Serum phosphorus (mmol/L) 1.7 (0.6) 1.8 (0.5) 0.66
i-PTH (ng/L) 62.0 (82.0) 50.5 (84.5) 0.62
CRP (mg/L) 0.4 (0.9) 0.6 (0.8) 0.69

CERA dose (μg/week) 150 (50) 150 (62.5) 0.73
Comorbidities (%)
Diabetes mellitus 32 33

Hypertension 85 67
Coronary artery disease 26 25
Congestive heart failure 0 0

Vascular disease 8 8

Data are expressed as median (interquartile). OIT, oral iron therapy; CRP, C-reactive protein; HD, hemodialysis;
CERA, continuous erythropoietin receptor activator; i-PTH, intact parathyroid hormone; MCV, mean corpuscular
volume; TSAT, transferrin saturation. Comparison of two nonparametric data groups were determined by the
Mann-Whitney U test. * p < 0.05, vs. OIT responders.
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In the OIT-responders, mean levels of Hb rose from a baseline of 99 ± 11 g/L to 120 ± 6 g/L
(p < 0.05) at 3 months and 126 ± 12 g/L (p < 0.05) at 6 months after OIT (Figure 2). The ΔHb at 3
and 6 months after OIT were 17 ± 6 g/L (p < 0.01) and 27 ± 19 g/L (p < 0.01), respectively, and the
ΔHb at 6 months was higher (p < 0.01) than that at 3 months after OIT. The ΔHb were 30 ± 11 g/L at
3 months and 40 ± 13 g/L at 6 months after OIT in the 21 OIT-responders with ΔHb ≥ 20 g/L, and
10 ± 6 g/L at 3 months and 12 ± 11 g/L at 6 months after OIT in the remaining 18 OIT-responders who
achieved the tHb but ΔHb < 20 g/L. In the 12 OIT-nonresponders, the baseline Hb was 92 ± 11 g/L,
the Hb was 98 ± 8 g/L at 3 months after OIT, and the ΔHb remained unchanged (6 ± 12 g/L). In the
OIT-nonresponders (n = 12), after switching to IIT, the ΔHb significantly rose at 6 months after OIT
(16 ± 20 g/L, p < 0.01) compared to that at 3 months after OIT (6 ± 12 g/L).

Figure 2. Change of Hb levels in OIT-responders and OIT-nonresponders. The Hb levels were increased
at 3 and 6 months after OIT in OIT-responders. In OIT-nonresponders, the Hb levels remained
unchanged at 3 months after OIT but increased with IIT at the end of the study as a whole IIT-group.
Data are expressed as mean ± standard error of the mean (SEM). Comparison of two nonparametric
data groups was analyzed by the Mann-Whitney U test. * p < 0.01, vs. data at 0 month, ** p < 0.01, vs.
data at 3 months, *** p < 0.05, vs. data at 3 months, # p < 0.05, vs. OIT-nonresponders.

In the OIT-responders, the CERA dose significantly decreased from baseline of 135 ± 45 μg/
4 weeks to 111 ± 49 μg/4 weeks (p < 0.05) at the end of the study, while it remained unchanged in the
OIT-nonresponders (152 ± 57 μg/4 weeks at baseline vs. 160 ± 56 μg/4 weeks at 6 months).

Of the 12 OIT-nonresponders receiving IIT, seven patients (58%, IIT-responders) responded to
IIT, and the remaining 5 failed to respond (IIT-nonresponders, Figure 3). In the IIT-responders, the
ΔHb significantly rose from the value for 11 ± 13 g/L at 3 months to 17 ± 5 g/L (p < 0.05) at 6 months,
respectively, whereas ΔHb at 3 and 6 months after iron therapy was 1 ± 9 g/L and −1 ± 10 g/L in
the IIT-nonresponders.

To determine optimal serum levels of ferritin during OIT for the management of IDA in HD
patients, we first analyzed sequential changes in the levels of Hb, serum ferritin and hepcidin-25 during
OIT in the OIT-responders (Figure 4). The levels of Hb rose linearly with a peak at 5 months, and then
slightly decreased till the end of the study. Serum levels of ferritin were decreased from the baseline
at 1 month, and then rose continuously from 2 to 7 months after OIT. Serum levels of hepcidin-25 at
6 months (8.0 ± 7.2 nmol/L) were similar to the baseline data (8.1 ± 9.1 nmol/L) but significantly
increased (21.6 ± 16.2 nmol/L, p < 0.001) at the end of the study. Serum levels of hepcidin-25 were
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positively correlated with those of ferritin in the OIT-responders (r = 0.852, p < 0.0001) at the start
of OIT.

Figure 3. Change of Hb levels in IIT group before and after IIT. Of the 12 OIT-nonresponders, the levels
of Hb were significantly increased in seven (58.3%) of the 12 patients at the end of the study, whereas
the Hb levels remained unchanged in the five IIT-nonresponders. Data are expressed as mean ± SEM.
Comparison of two nonparametric data groups was analyzed by the Mann–Whitney U test. * p < 0.01,
vs. IIT-nonresponders.

Figure 4. Sequential change in the levels of Hb, serum ferritin and hepcidin-25 in OIT-responders
during OIT. The levels of Hb rose linearly with a peak at 5 months after OIT and then slightly decreased
at the end of the study. Serum levels of ferritin were decreased from baseline at 1 month, and then
rose continuously from 2 to 7 months after OIT. Serum levels of hepcidin-25 were similar to baseline at
6 months but significantly increased at the end of the study. Serum levels of hepcidin-25 were positively
correlated with those of ferritin in the OIT-responders (r = 0.869, p = 0.0002). Data are expressed as
mean ± SEM. Comparison of 2 means was determined by the Man–Whitney U test. # p < 0.01, vs. data
at 0 month.

We next examined correlation between the levels of Hb and serum ferritin in the OIT-responders
using mean values of Hb and serum ferritin in the OIT responders at every month during the study
period. Despite no correlation was found between these parameters during 4–7 months after OIT, the
levels of Hb were positively correlated with those of serum ferritin during 1 to 5 months after OIT
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(r = 0.913, p = 0.03, Figure 5). The correlation equation calculated by Peason’s correlation coefficient
test was y = 0.0945x + 9.23, where y = Hb and x = serum ferritin. Based on this equation, optimal levels
of serum ferritin for the management of IDA were estimated to be 67.4–89.9 pmol/L when the tHb
was 120–130 g/L.

Figure 5. Correlation of Hb and serum ferritin between 1 and 5 months after OIT in OIT-responders.
Ccorrelation between the levels of Hb and serum ferritin was analyzed in 39 OIT-responders using
mean values for Hb and serum ferritin at every month obtained from OIT-responders as a whole.
The levels of Hb were positively correlated with serum levels of ferritin till 5 months after OIT in
39 OIT-responders. The correlation equation calculated by Pearson’s correlation coefficient test was
y = 0.0945x + 9.23, where y = Hb: x = serum ferritin.

To determine whether high serum levels of ferritin are predictive of hyporesponsiveness to iron
supplementation, serum levels of ferritin at 0 and 6 months after the initiation of iron supplementation
were compared among the OIT-responders, IIT-responders, and IIT-nonresponders. Serum levels of
ferritin at 6 months were significantly higher in the IIT-nonresponders (299.5 ± 247.8 pmol/L) than in
the IIT-responders 142.0 ± 69.9 pmol/L, p < 0.05) and the OIT-responders (99.8 ± 54.8 pmol/L, p < 0.01,
Figure 6). At the end of the study, serum iron levels were adequate and not statistically significant in
the three groups; 13.3 ± 5.8 μmol/L in the OIT-responders, 9.8 ± 5.4 μmol/L in the IIT-responders,
and 11.2 ± 3.3 μmol/L in the IIT-nonresponders. Despite no statistical difference in serum levels of
hepcidin-25 between the groups at the start of the study, serum hepcidin-25 levels tended to be higher
in the IIT-nonresponders (8.1 ± 10.5 nmol/L) than in the IIT-responders (4.1 ± 5.0 nmol/L). Similarly,
at 6 months after iron therapy, serum levels of hepcidin-25 tended to be higher in the IIT-nonresponders
(8.5 ± 9.0 nmol/L) than in the IIT-responders (2.0 ± 2.0 nmol/L). In addition, TSAT improved in
the OIT-responders (30.3 ± 13.6%) and 20.1 ± 12.5% in the IT-responders, whereas it remained low
(15.2 ± 0.9%) in the IIT-nonresponders at the end of the study.

We next examined whether the values for hepcidin-25 are predictive of the response to iron
supplementation. In the 51 patients, serum levels of hepcidin-25 at the start of OIT were negatively
correlated with ΔHb at 3 months (r = −0.282, p < 0.05, Figure 7A) and ΔHb at 6 months (r = −0.392,
p < 0.01, Figure 7B), respectively. When correlation between the two parameters were determined
only in the OIT-responders, a more significant correlation was noted between hepcidin-25 and ΔHb at
3 months (r = −0.525, p < 0.01) and 6 months (r = −0.578, p < 0.01).

Serum levels of hepcidin-25 were significantly lower in the 21 OIT-responders with ΔHb ≥ 20 g/L
(5.1 ± 7.6 nmol/L, p < 0.05, Figure 8) than in the remaining 18 OIT-responders with ΔHb < 20 g/L
(8.9 ± 2.2 nmol/L). Serum levels of hepcidin-25 at the start of OIT tended to be lower in the
IIT-responders (n = 7, 4.1 ± 5.0 nmol/L) than in the IIT-nonresponders (n = 5, 8.1 ± 10.5 nmol/L). There

149



Nutrients 2018, 10, 428

was a similar trend for decreased serum levels of hepcidin-25 in the OIT-responders plus IIT-responders
(n = 46, 4.6 ± 6.9 nmol/L) compared to those in the IIT-nonresponders (n = 5, 8.1 ± 10.5 nmol/L).

Figure 6. Change in serum levels of ferritin at 0 and 6 months after initiation of the study in
OIT-responders, IIT-responders and IIT-nonresponders. Serum levels of ferritin were significantly
higher in the IIT-nonresponders than in the OIT-responders and the IIT-responders, whereas there
was no difference in serum ferritin levels between the OIT-responders and the IIT-responders.
Comparison of three nonparametric data groups was analyzed by the Tukey–Kramer test. * p < 0.05, vs.
IIT-responders, # p < 0.01, vs. OIT-responders.

Figure 7. Cont.
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Figure 7. Correlation between serum levels of hepcidin-25 at the start of OIT and ΔHb at 3 and
6 months after OIT. Serum levels of hepcidin-25 at the start of OIT were negatively correlated with
ΔHb at 3 months (r = −0.282, p < 0.05) (A) and at 6 months (r = −0.392, p < 0.01) (B) in 51 HD
patients. The correlation equation was calculated by Pearson’s correlation coefficient test. White circle:
OIT-responders, black circle: OIT-nonreponders.

Figure 8. Serum levels of hepcidin-25 at the start of OIT between 21 OIT-responders with ΔHb ≥ 20 g/L
and 18 OIT-responders achieving target Hb but ΔHb < 20 g/L at 3 months after OIT. Serum levels of
hepcidin-25 at the start of OIT were significantly lower in the 21 OIT-responders with ΔHb ≥ 20 g/L
than those in the 18 OIT responders who achieved target Hb (120–130 g/L) but ΔHb < 20 g/L.
Comparison of two nonparametric data groups was analyzed by the Mann–Whitney U test. White
circle: OIT-responders with ΔHb ≥ 20 g/L, black circle: the 18 OIT-responders with ΔHb < 20 g/L.
* p < 0.05 vs. OIT-responders with ΔHb < 20 g/L.

Finally, we examined whether serum triglycerides can indicate the response to OIT due to higher
serum triglycerides associated with the OIT-nonresponders (see Table 1). Despite a very weak negative
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correlation between serum triglycerides and hepcidin-25 (r = −0.319, p = 0.02), there was no significant
correlation between serum triglycerides and ferritin (r = 0.224, p = 0.08) and ΔHb at 3 months (r = −0.08,
p = 0.59).

There were no serious adverse effects associated with OIT or IIT and iron supplementation was
well tolerated.

4. Discussion

There is a concern about a link between serum levels of ferritin and a risk of mortality in HD patients
with IDA. Some investigators in the U.S. proposed that serum ferritin levels of 1123.5–2696.4 pmol/L
were not associated with increased risk of mortality in HD patients receiving IIT and ESA if
malnutrition and inflammation were controlled [27], while the same research group reported a trend
for higher mortality in non-dialysis CKD patients with serum ferritin >561.8 pmol/L [28]. International
guidelines for the management of IDA recommend that IV iron should be discontinued when serum
ferritin is >1123.5–2696.4 pmol/L [3,29]. However, high levels of CRP [6,30] and serum ferritin of
>179.8–1797.6 pmol/L were associated with worse outcome in HD patients [14,31–34]. In addition,
serum ferritin levels of >1123.5–1797.6 pmol/L were associated with high mortality in HD patients in
Europe, the U.S. [34,35] and Taiwan [31]. In these studies [31,34,35], the levels of CRP were high in the
majority of the HD patients. In contrast, relatively lower serum ferritin levels (>179.8–1114.5 pmol/L)
were associated with a significant risk of mortality in Japanese HD patients with minor inflammation
receiving IIT and ESAs [14,32,33,36], suggesting that cutoff of serum ferritin to predict a risk of iron
overload and mortality in HD patients may be lower in HD patients in the absence of inflammation.
Aggressive IIT has been used in HD patients of Western countries probably due to high prevalence
of inflammation, which increases serum ferritin and hepcidin-25, thereby inhibiting iron efflux and
absorption for erythropoiesis and requiring higher dose of IV iron. In support of this finding, it was
shown that if the CRP increased by 1 mg/L, possibilities to achieve tHb were reduced by 7.5% in
HD patients with IDA [37]. High dose of IIT may increase a risk of infection-related mortality [38],
cardiovascular events and high mortality in HD patients [12], although it was challenged [11]. On the
other hand, low ferritin levels (<47.2–67.4 pmol/L) were also associated with a higher risk of mortality
in HD patients receiving IIT and ESA [14,33], suggesting that both low and high serum ferritin are at a
risk of mortality in HD patients.

The present study showed optimal serum ferritin levels of 67.4–89.9 pmol/L for the management
of IDA with OIT in HD patients with minor inflammation. The serum ferritin levels in our patients are
likely to represent more accurately iron status because of no overt inflammation. Further increment of
serum ferritin was accompanied by increased levels of hepcidin-25 (see Figure 4), which can inhibit
iron absorption and efflux, resulting in reduced iron availability for erythropoiesis and subsequent
decrease in Hb levels [39]. This may explain a linear correlation between Hb and serum ferritin during
1–5 months in the OIT-responders, while no correlation was found when serum ferritin rose more than
the threshold levels thereafter. In support of this finding, elevated iron indices failed to increase Hb
in non-dialysis CKD patients with iron repletion (Hb > 110 g/L) [40]. The HD patients with serum
ferritin of 67.4–179.8 pmol/L receiving IIT and ESA had better outcome than those with serum ferritin
<67.4 pmol/L or >179.8 pmol/L [14]. The MRI study reported that optimal levels of serum ferritin
were 359.5 pmol/L for liver iron content (LIC) >50 μmol/g (mild iron overload) and 651.6 pmol/L for
LIC >200 μmol/g (severe iron overload) [10]. Thus, our optimal levels of serum ferritin in HD patients
with minor inflammation receiving OIT and CERA are far less than these serum ferritin levels that
might cause iron overload [10]. Our data support that therapeutic strategy for IDA in HD patients
should include minimization of a risk of inflammation including infection that increases the required
iron dose for IDA in HD patients [41].

Our study suggested that OIT was as effective as IIT in HD patients [23–25], that the response to
OIT could reduce the dose of CERA in HD patients [8,24], and that in the absence of inflammation,
low serum levels of ferritin and hepcidin-25 could be predictive of the response to OIT or IIT as reported
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in non-dialysis CKD [42] and our previous HD patients [25]. Iron absorption was not impaired in HD
patients [43] but reduced when high inflammation was present [44]. This supports the efficacy of OIT
for the management of IDA in our HD patients with minor inflammation. Of note is that the dose
of OIT in our study is very low as compared to that in other studies showing similar benefit of OIT
in HD patients [23,24]. Thus, in the absence of inflammation, low dose OIT may be adequate for the
management of IDA in the majority of HD patients.

It remains elusive why some HD patients respond to OIT and others not. Inflammation is
associated with obesity, diabetes mellitus and malnutrition, which are frequently seen in CKD patients.
It is possible that these conditions could affect the response to iron therapy by increasing ferritin and
hepcidin-25. In fact, increased levels of ferritin and hepcidin-25 were associated with obesity [45] and
malnutrition [46]. In our study, however, no difference was found in prevalence of these conditions
between the OIT-responders and the OIT-nonresponders. Our study confirmed our previous finding
that ferritin and hepcidin-25 could be predictive factors for the response to OIT in HD patients in the
absence of inflammation [25]. Serum levels of hepcidin-25 were positively correlated with triglycerides
and interleukin (IL-6) and CRP in HD patients [47,48]. In addition, high serum levels of triglycerides
were associated with hyporesponsiveness to IIT in HD patients [19]. Despite high levels of serum
triglycerides in the OIT-responders compared to the OIT-nonresponders, no correlation was found
between serum triglycerides and ferritin and ΔHb in our patients. Thus, it remains to be determined
whether serum triglycerides is a predicting factor of the response to iron therapy in HD patients.
Our study also showed that the IIT-nonresponders were associated with increased serum ferritin
and adequate serum iron, whereas TSAT remained low at the end of the study, suggesting that the
IIT-nonresponders may have non-inflammatory FIDA [49]. If this is the case, a more dose of IV iron
may be required for the management of FIDA in these patients.

As other causes that may affect the response to iron therapy, reactive oxygen species (ROS)
generation, reduced anti-oxidants, and increased IL-6 were associated with the HD patients who had
even normal CRP [50,51]. These factors can increase ferritin and hepcidin-25, leading to reduced
iron availability for erythropoiesis [39]. In fact, serum levels of IL-6 were correlated with those of
ferritin and hepcidin-25 in CKD patients [17,46,48]. Regardless of ferritin and inflammation markers
(CRP and IL-6), the levels of anti-oxidant glutathione peroxidase in erythrocytes were lower in the
IIT-nonresponders than in the IIT-responders [52]. In HD patients, serum and erythrocyte folate
concentrations were inversely correlated with serum ferritin in the IIT-responders [53]. CKD is
associated with hypoxia which can increase hypoxia-inducible factor (HIF). HIF prolyl hydroxylase
(HIF-PHD) inhibitors, which stabilize HIF, can increase Hb by inhibiting hepcidin-25 regardless of iron
status in HD patients [54]. In fact, urine HIF-α mRNA was increased in CKD patients than controls [55].
Further studies are needed to determine the predictive values of these factors for the response to iron
therapy in HD patients.

Little is known about early change of serum ferritin following iron supplementation in CKD
patients. Our study demonstrated that serum ferritin first fell and started to rise at 2–3 months
following OIT in HD patients. Kapoian et al. showed that despite an early increase in Hb levels,
a decrease in ferritin levels was noted in HD patients at 1 month following IIT [56]. In CKD patients
treated with oral ferric citrate or liposomal iron, decreased or unchanged serum ferritin was noted at
1 month after iron therapy [57]. In support of our finding, serum ferritin started to rise at 3 months
after oral ferric citrate in HD patients and a decrease in the rate of rise of ferritin was noted among
subjects on ferric citrate, probably due to stability of intestinal absorption of iron [58].

Although serum ferritin quickly rose after IIT in CKD patients due to direct infusion of iron
into vessels [57], intestinal iron absorption after OIT was impaired in HD patients as compared to
healthy controls [44]. Intestinal iron absorption became stable at 4 months after OIT in HD patients [59].
Bone marrow response to iron is limited to 20 mg/day of elemental iron, and an increase in Hb of
1 g/dL occurs every two to three weeks on iron therapy [60]. However, it may take up to 4 months for
the iron stores to return to normal after the Hb has corrected [60]. In addition, intestinal absorption
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of oral iron fumarate used in our study is lower than oral ferrous sulphate [61]. In support of these
findings, in healthy individuals receiving OIT after blood donation, serum ferritin recovered after
107 days [62]. These observations may explain a transient decrease in serum ferritin at early phase
after starting OIT despite an increment of Hb in HD patients.

Finally, our study suggested that low dose of IIT could be a second line of iron supplementation for
IDA in HD patients with minor inflammation who were resistant to OIT. IIT with ferrous saccharated
(300–800 mg bolus once a month followed by 50 mg weekly for 3 months) were beneficial for IDA in
13 (76.4%) of the 17 HD patients who failed to maintain the tHb (10–11 g/dL) after the treatment with
OIT and ESA [63]. However, higher dose of IV iron could increase a risk of systemic inflammation,
cardiovascular events, infection and mortality in HD patients through iron overload-induced immune
dysfunction, generation of reactive oxygen species and mitochondrial dysfunction [1,11,22]. Total doses
of IIT in our protocol is lower than the low-dose maintenance IIT (31.25 mg/week over 1 year) that
failed to prevent a risk of iron overload in HD patients with moderate anemia [64]. Our protocol (OIT
and IIT) were well tolerated probably due to the low dose of iron used. However, the IIT-nonresponders
who are likely to have non-inflammatory FIDA [49] may require higher dose of IV iron for the
management of anemia.

5. Conclusions

OIT is beneficial for the management of IDA in Japanese HD patients with minor inflammation.
Optimal levels of serum ferritin appear to be 67.4–89.9 pmol/L when tHb is 120–130 g/L, and further
increment of serum ferritin is accompanied by increased levels of hepcidin-25, which inhibits iron
availability for erythropoiesis, resulting in subsequent decrease in Hb. IIT can be a second choice of
treatment for IDA in HD patients who are resistant to OIT. Limitations of our study include a small
sample size and exclusion of HD patients with high inflammation and those with FIDA. Therapeutic
strategy for IDA should be different among HD patients with high inflammation and those without,
and include minimization of a risk of inflammation that increases ferritin and hepcidin-25, leading
to hyporesponsiveness to iron therapy. Further studies using a large number of HD patients would
be necessary to determine the benefit of OIT, optimal levels of serum ferritin to avoid a risk of iron
overload, the benefit of IIT in patients who are resistant to OIT, and whether the response to iron
therapy is different in HD patients with and without inflammation as well as whether predictive
values of ferritin and hepcidin-25 for the response to iron therapy are dependent on inflammation.
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Abstract: Dietary iron requirements in patients with sickle cell disease (SCD) remain unclear.
SCD is a neglected hemoglobinopathy characterized by intense erythropoietic activity and anemia.
Hepcidin is the hormone mainly responsible for iron homeostasis and intestinal absorption. Intense
erythropoietic activity and anemia may reduce hepcidin transcription. By contrast, iron overload
and inflammation may induce it. Studies on SCD have not evaluated the role of hepcidin in the
presence and absence of iron overload. We aimed to compare serum hepcidin concentrations among
individuals with sickle cell anemia, with or without iron overload, and those without the disease.
Markers of iron metabolism and erythropoietic activity such as hepcidin, ferritin, and growth
differentiation factor 15 were evaluated. Three groups participated in the study: the control group,
comprised of individuals without SCD (C); those with the disease but without iron overload (SCDw);
and those with the disease and iron overload (SCDio). Results showed that hepcidin concentration
was higher in the SCDio > C > SCDw group. These data suggest that the dietary iron intake of the
SCDio group should not be reduced as higher hepcidin concentrations may reduce the intestinal
absorption of iron.

Keywords: sickle cell anemia; hepcidin; iron overload

1. Introduction

Sickle cell disease (SCD) is an inherited hemoglobinopathy caused by the substitution of glutamic
acid by valine at the 6th position of the beta globin chain. This modification induces the formation of
hemoglobin S (Hb S), causing red blood cells to acquire the sickle shape and, consequently, leading to
chronic hemolysis and the occurrence of vessel occlusion phenomena, pain episodes, and injury of
organs and tissues [1].

Blood transfusions are administered in order to treat manifestations of the disease, improve the
capacity of oxygen transport and minimize hemolysis, as in splenic sequestration crises [2], or to
prevent complications and disease progression, as in the prevention of stroke in children [3,4]. Despite
the benefits, regular transfusions can lead to iron overload, since each unit of transfused blood contains
about 200–250 mg of this mineral [5,6]. In healthy people, the body’s iron content is around 4 g [7],
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while chronically transfused individuals can store 5 g to 10 g per year [8]. With the progression of
iron overload, iron becomes potentially toxic, due to its tendency to catalyze the formation of reactive
oxygen species, consequently leading to oxidative stress and culminating in cellular damage [9].

Hepcidin—a polypeptide hormone formed by a sequence of 25 amino acids, from the transcription
of the HAMP (hepcidin antimicrobial peptide) gene—plays a significant role in iron homeostasis through
its binding to ferroportin, a protein responsible for the export of iron from various cell types, especially
enterocytes and macrophages of the reticuloendothelial system [10]. The hepcidin–ferroportin complex is
internalized by these cells, and ferroportin undergoes degradation, blocking iron output and consequently
leading to a reduction in the absorption of intestinal iron and its bioavailability [11,12].

The intense but ineffective erythropoiesis and anemia inherent to the SCD are factors that
potentially lead to reduced hepcidin concentration [13], leading to increased intestinal absorption of
this micronutrient. In contrast, the characteristic inflammatory feature as well as the increased serum
iron concentration can induce the transcription of this hormone [14], reducing iron absorption.

As the factors that activate and inhibit hepcidin synthesis may be simultaneously present in
patients with SCD, the common nutritional approach used by health professionals to treat individuals
with iron overload is the restriction of the most abundant food sources of this mineral, such as meats,
mainly viscera, and legumes. However, these actions may also reduce the bioavailability of other
minerals, such as zinc, present in foods that are also sources of iron. Patients with the disease usually
have reduced plasma zinc concentrations [15].

Hepcidin has not yet been sufficiently studied in SCD. A few existing studies present inconclusive
data regarding hepcidin concentration, as most studies do not differentiate patients with SCD in
relation to the presence or absence of iron overload, nor do they compare these concentrations with
healthy control groups [16–23]. Thus, it is difficult to define the appropriate iron-related nutritional
care for this group as data regarding the behavior of hepcidin are limited. Hence, this study aimed
to compare the serum hepcidin concentration in people with sickle cell anemia, with or without iron
overload, and to a control group without the disease. Markers of iron metabolism and erythropoietic
activity were also evaluated.

2. Materials and Methods

2.1. Study Participants

Adult patients aged 18–59 years old, of both genders, with sickle cell anemia (Hb SS genotype)
were recruited from the hematology and hemolytic anemia outpatient clinics, respectively, at the
Pedro Ernesto University Hospital and Arthur Siqueira de Cavalcanti State Institute of Hematology
(Hemorio) (Rio de Janeiro, Brazil). The control group was composed of healthy volunteers without
sickle cell anemia (Hb AA genotype).

Participants with sickle cell trait, those with other hemoglobinopathies and hematological diseases,
pregnant women, patients with SCD who had been hospitalized, and/or those who received blood
transfusions 15 days prior to blood collection were excluded from this study.

In patients without SCD (control group), those with serum ferritin <10 ng/mL (for women) and
<20 ng/mL (for men) were excluded from the study. Participants who used medications for treatment
of diabetes and hypo/hyperthyroidism were also excluded.

Participants were divided into three groups: sickle cell disease with iron overload (SCDio)
group, consisting of patients with SCD and serum ferritin ≥1000 ng/mL; sickle cell disease without
iron overload (SCDw) group, those with SCD and ferritin <1000 ng/mL; and the control (C) group,
composed of individuals without SCD. To compare the results without differentiating the presence of
iron overload, the SCDio and SCDw groups were merged and named sickle cell disease group (SCD).
Serum ferritin ≥1000 ng/mL was adopted based on the cut-off point referenced by the study by Porter
and Garbowski [24].
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All study participants received and signed the informed consent form before taking part in the
study. The study was approved by the Research Ethics Committees of Pedro Ernesto University Hospital
(number: 758.174) and Arthur de Siqueira Cavalcanti State Institute of Hematology (number: 391/15).

2.2. Anthropometry and Nutritional Assessment

Body mass and height were determined using a 0.1 kg portable precision scale (Filizola,
São Paulo, Brazil). The participants’ body mass index (BMI) was calculated (body mass/height2).
Participants with BMI between 18.5 kg/m2 and 24.9 kg/m2 were considered eutrophic [25].

2.3. Blood Sampling and Analysis

Participants’ blood was collected by venipuncture in the morning for routine hematological and
biochemical analyses. For hematological analysis, the blood was collected in tubes with anticoagulant
ethylenediamine tetraacetic acid (EDTA). For serological and biochemical analyses, collection tubes
with clot activator gel were used to extract the serum.

Except for the samples collected in EDTA tubes, the others were centrifuged at 700× g for 10 min,
aliquoted into microtubes, and stored in a freezer at a temperature of −80 ◦C until analysis.

2.4. Hematological Measurements and Biochemical Analysis

Hemoglobin, hematocrit, and leukocytes were analyzed using the automated counter Horiba®

Pentra 60 C+ (Horiba ABX Diagnostics, Pentra 60 C+, Montpellier, France), which combines the
principles of electrical impedance, flow cytometry, cytochemistry, and spectrophotometry.

To confirm the genotypes of the study participants, the determination and quantification of
normal hemoglobin and variants were performed through ion-exchange high-performance liquid
chromatography using the VariantTM equipment (Bio-Rad Laboratories, Hercules, CA, USA).

Serum ferritin levels were analyzed using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (Symbiosys, ALKA Tecnologia®, São Paulo, Brazil).

The serum concentration of bioactive hepcidin-25 (DRG Instruments GmbH, Marburg, Germany),
growth differentiation factor 15 (GDF-15) (Sigma Aldrich Inc., Saint Louis, MO, USA) and Interleukin
6 (IL-6) (Merck Millipore, Darmstadt, Germany) were also analyzed using ELISA.

Serum iron and total iron-binding capacity (TIBC) were analyzed by a colorimetric method using
Ferrozine®(Labtest, Belo Horizonte, Brazil). Transferrin saturation (TS) index is calculated as follows:
serum iron/TIBC× 100.

The lactate dehydrogenase (LDH) analysis was performed by continuous ultraviolet kinetics method
(pyruvate-lactate method) using the Labmax Plenno automatic analyzer (Labtest, Belo Horizonte, Brazil).

Analyses were performed according to the manufacturers’ instructions.

2.5. Statistical Analysis

The distribution of variables was analyzed for normality using the Shapiro–Wilk test. As most of
the variables did not present a Gaussian distribution, we chose to use non-parametric tests.

Measures of central tendency and dispersion were expressed as median and interquartile ranges
(1st–3rd quartile). In the descriptive analysis, data were expressed as frequencies (n) and percentages (%).

The Mann–Whitney U test was used to assess the differences of continuous variables between
the two groups and the Kruskal–Wallis test for the three study groups (p < 0.05). Subsequently,
the Mann–Whitney U test with Bonferroni correction (p < 0.017) was used to compare the pairs
of groups.

The statistical analysis was performed using the Statistical Package for Social Science software
(IBM SPSS® Inc., version 22.0, Chicago, IL, USA).
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3. Results

A total of 158 individuals participated in the study; 115 met the inclusion criteria, 72 had SCD
(54.2%, male), and 43 were included as a control group (41.9%, male).

The median age of patients with SCD was 29.5 years (Interquartile Range, IQR: 18–59 years),
while the control group was 26.0 years (IQR: 19–54 years), denoting homogeneity among individuals.
However, the median age of the SCDio group was higher than the other groups (38.5; IQR: 22–59 years).

Most of the participants with SCD (62.5%) were classified as eutrophic, whereas those in the
control group had similar percentages of eutrophy and overweight (48.8%) (Table 1).

Table 1. Frequency of the general characteristics of patients with sickle cell disease (n = 72) and the
control group (n = 43).

General Characteristics Patients with SCD n (%) Control n (%)

Gender, male 39 (54.2%) 18 (41.9%)

Underweight 14 (19.4%) 1 (2.4%)
Eutrophic 45 (62.5%) 21 (48.8%)

Overweight 10 (13.9%) 16 (37.2%)
Obese type I 3 (4.2%) 4 (9.3%)
Obese type II 0 (0%) 0 (0%)
Obese type III 0 (0%) 1 (2.3%)

Biochemical data obtained from a single group of individuals with SCD, without separation of the
groups into SCDw and SCDio, are presented in Table 2. As expected, individuals with SCD presented
lower hematocrit and hemoglobin concentrations when compared with the control group. However,
the SCD group had significantly lower serum hepcidin concentrations. Regarding other markers of
iron metabolism, ferritin, serum iron, and TS levels were higher in the SCD group than in the control
group, while the TIBC values were higher in the control group than in the SCD group. Regarding
parameters related to hemolysis and erythropoietic activity, the SCD group had higher median values
for both LDH and GDF-15 than the control group. This result was expected, since SCD is a disease that
presents with intense hemolysis and erythropoiesis.

Table 2. Comparison of laboratorial parameters between the control and SCD groups (SCDw + SCDio).

Laboratorial Parameters
Control Group n = 43 SCD Groups n = 72

p Value
Median IQR (P25–P75) Median IQR (P25–P75)

Hemoglobin (g/dL) 13.5 12.8–14.7 8.0 7.1–9.3 <0.001
Hematocrit (%) 40.1 38.7–44.1 23.6 21.4–28.1 <0.001

Leukocytes (×103/mm3) 5.8 4.9–6.6 10.7 7.6–13.9 <0.001
Lymphocytes (%) 37.1 33.0–42.1 38.4 30.8–46.0 0.676

Hepcidin (ng/mL) 7.2 5.6–11.6 5.3 2.5–10.9 0.014
Ferritin (ng/mL) 29.8 17.1–68.5 228.7 69.4–703.5 <0.001

Ferritin/Leukocytes ratio 6.3 3.1–13.2 27.5 7.2–77.0 <0.001
Serum iron (μg/dL) 105.0 69.0–129.0 119.0 92.0–158.8 0.012

TIBC (μg/dL) 333.0 301.0–383.0 293.0 233.3–347.0 0.001
TS (%) 31.4 20.5–41.8 43.1 30.1–62.5 <0.001

LDH (U/L) 349.0 293.0–391.0 818.0 619.8–1198.0 <0.001
GDF-15 (pg/mL) 504.8 396.0–652.4 1299.2 618.4–1553.1 <0.001

IL-6 (pg/mL) 0.0 0.0–2.5 3.8 2.4–8.9 <0.001

Results are expressed as median and interquartile ranges (IQR); P25–P75: 25th–75th percentile. Differences were
tested using Mann–Whitney U test, p < 0.05. SCD: sickle cell disease groups, SCDw: sickle cell disease without iron
overload, SCDio: sickle cell disease with iron overload, TIBC: total iron-binding capacity, TS: transferrin saturation,
LDH: lactate dehydrogenase, GDF-15: growth differentiation factor 15, IL-6: interleukin-6.
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Regarding serum ferritin levels, participants with SCD were then divided into SCDio group
(individuals with SCD and ferritin ≥1000 ng/mL; n = 14) and SCDw group (individuals with SCD and
ferritin <1000 ng/mL; n = 58) (Table 3). The concentrations of hemoglobin and hematocrit markers in
the SCDw and SCDio groups were lower than in the control group (p < 0.001), in agreement with what
had already been observed in the SCD group. These parameters did not differ between the SCDw
and SCDio groups. The same was observed for leukocytes, which presented higher medians in both
SCDw and SCDio groups (10.7 × 103/mm3 vs. 10.9 × 103/mm, respectively) than the control group
(5.8 × 103/mm3) but did not present statistical difference when compared among them.

Table 3. Comparison of laboratorial parameters between the control, SCDw, and SCDio groups.

Laboratorial Parameters

Control SCDw SCDio

p Valuen = 43 n = 58 n = 14

Median IQR (P25–P75) Median IQR (P25–P75) Median IQR (P25–P75)

Hemoglobin (g/dL) 13.5 a 12.8–14.7 8.2 b 7.2–9.4 7.3 b 6.0–8.3 <0.001
Hematocrit (%) 40.1 a 38.7–44.1 24.4 b 21.7–28.3 22.2 b 18.5–26.1 <0.001

Leukocytes (×103/mm3) 5.8 a 4.9–6.6 10.7 b 7.2–13.7 10.9 b 9.5–14.6 <0.001
Lymphocytes (%) 37.1 a 33.0–42.1 39.5 a 31.0–47.7 35.0 a 26.7–41.5 0.167

Hepcidin (ng/mL) 7.2 a 5.6–11.6 4.2 b 2.2–7.8 11.6 c 9.8–23.0 <0.001
Ferritin (ng/mL) 29.8 a 17.1–68.5 167.8 b 60.3–436.3 1986.4 c 1379.7–2261.6 <0.001

Ferritin/Leukocytes ratio 6.3 a 3.1–13.2 14.1 b 6.4–33.8 172.7 c 127.0–249.3 <0.001
Serum iron (μg/dL) 105.0 a 69.0–129.0 111.5 a,b 92.0–146.8 158.5 b 97.3–204.0 0.006

TIBC (μg/dL) 333.0 a 301.0–383.0 293.0 b 244.8–349.0 270.5 b 202.8–321.0 0.001
TS (%) 31.4 a 20.5–41.8 38.4 b 29.3–58.0 55.6 b 38.7–81.4 <0.001

LDH (U/L) 349.0 a 293.0–391.0 894.0 b 596.5–1328.5 730.5 b 684.3–997.5 <0.001
GDF-15 (pg/mL) 504.8 a 396.0–652.4 1227.3 b 593.7–1496.7 1643.7 c 1299.8–1702.3 <0.001

IL-6 (pg/mL) 0.0 a 0.0–2.5 3.7 b 2.4–8.3 4.3 b 2.9–15.2 <0.001

Results are expressed as median and interquartile ranges (IQR); P25–P75: 25th–75th percentile. Differences
between three groups were tested using Kruskal–Wallis test (p < 0.05). Post hoc analysis was performed using the
Mann–Whitney U test for two groups with Bonferroni correction (p < 0.017), different letters indicate statistical
difference between groups; SCDw: sickle cell disease without iron overload, SCDio: sickle cell disease with iron
overload, TIBC: total iron binding capacity, TS: transferrin saturation, LDH: lactate dehydrogenase, GDF-15: growth
differentiation factor 15.

Furthermore, the three groups had significantly different serum hepcidin concentrations.
The SCDio group presented the highest levels of this hormone (11.6 ng/mL) in comparison to the
other groups, while the SCDw group had the lowest median values (4.2 ng/mL), both in relation to
SCDio and in the control group (7.2 ng/mL). This result could only be evidenced by the separation of
the groups into SCDio and SCDw (Table 3).

The concentration of serum iron in the SCDio group was higher than that in the control group,
due to the excessive iron load to which they were exposed due to blood transfusions. However,
no difference was observed between the SCDw and SCDio groups and neither between the SCDw
group and control group.

The values of TIBC and TS variables (Table 3) in the control group were lower than those presented
by the SCDio and SCDw groups, the same as observed in Table 2.

LDH levels were higher in the SCDw and SCDio groups than in the control group (Table 3).
However, the GDF-15 marker presented a statistically significant difference between the three
groups analyzed, with higher concentrations in the SCDio group (1643.7 pg/mL) than in the SCDw
(1227.3 pg/mL) and control groups (504.8 pg/mL).

SCD is characterized by the presence of low-grade chronic inflammation, which may be evidenced
by interleukin-6 (IL-6) and leukocyte concentrations (Table 2). For this reason, we evaluated whether
the differences in ferritin concentrations between the control group and the SCD groups would be
maintained when corrected for the leukocyte (ferritin/leukocyte ratio) value. The comparative analysis
showed that the ferritin/leukocyte ratio is higher in the SCD groups (Tables 2 and 3).
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4. Discussion

Transfusional iron overload has frequently been reported in studies of sickle cell anemia. Although
the data on its prevalence are still limited, it is known that the increase in the life expectancy
of individuals with sickle cell anemia may lead to a greater number of blood transfusions and,
consequently, an increase in cases of iron overload.

This study showed that patients with SCD and iron overload had serum hepcidin concentrations
higher than those in patients with SCD without iron overload and individuals of the control group.
However, when all patients with SCD were merged in a single group, serum hepcidin concentration in
the SCD appeared to be lower than that in the control group.

Previous studies reported various hepcidin concentrations in patients with sickle cell disease,
which can be explained by the heterogeneity of the studied groups. Most of the studies analyzed the
sickle cell group without considering the signs of iron overload observed among the participants;
additionally, other studies compared the hepcidin concentrations of people with sickle cell disease
with that of other hematological diseases [16,17]. To our knowledge, this is the first study to evaluate
hepcidin concentration in the two groups of adults with SCD, with the main difference being the
presence or absence of iron overload, identified by serum ferritin values.

The findings of this study corroborate those found by Nemeth [14], who showed increased
urinary hepcidin excretion in two patients with SCD and signs of iron overload when compared with
healthy individuals.

In some previous studies that considered the SCD group as a whole, hepcidin concentrations
in these patients were lower [18], equal [19–22], or even higher [23] than in the control group.
Such variations are probably due to the fact that several of the studies do not distinguish the
participants regarding their transfusion behavior, that is, they include individuals who never received
blood transfusion and the polytransfused ones, and/or do not distinguish iron overload by ferritin
concentration (>1000 ng/mL).

In this study, the history and frequency of blood transfusions of the participants varied; all patients
had already been transfused, and about 36.1% of them reported having had an average of 10 or more
transfusions (simple or blood exchange) (data not shown).

As observed in our study, the analysis of all individuals with SCD who present characteristics so
different from each other can interfere in the results found, since the group comprised of patients with
SCD presented a serum hepcidin concentration smaller than the one observed in the control group.
Thus, the serum hepcidin concentration of the SCDio group was masked and could only be revealed
when the separation between groups with and without iron overload was performed.

These results show that the behavior of hepcidin in SCD may be influenced by various changes
in this hemoglobinopathy, whether linked to iron metabolism or factors inherent to the disease itself.
Regarding inflammation, as revealed by IL-6 and leukocyte concentrations, it was increased in patients
with SCD, with and without iron overload, when compared to individuals in the control group.
It is known that inflammation is one of the factors capable of increasing hepcidin concentration.
In inflammation, the interaction of IL-6 with its receptor (IL-6R) activates JAK tyrosine kinases,
triggering the formation of STAT3 (Signal transducer and transcription activator 3) complexes that
bind to the hepcidin promoter in the nucleus [26]. Additionally, obesity seems to be another factor
capable of exerting influence on serum hepcidin concentrations [27]. However, in the present study,
the percentage of individuals with excess of adiposity was lower in the SCD group.

Karafin et al. [28] also investigated the relationship between possible factors that could contribute
to changes in the hepcidin concentration in SCD and observed that erythropoiesis markers were
the strongest factors capable of influencing its serum concentration, followed by serum ferritin.
These results were in line with the findings of this study, since the concentration of GDF-15 in the SCD
group was 2.5-fold higher than that in the control group, which could explain the reduced hepcidin
concentration in the group with SCD. Increase in the concentration of this marker was already expected.
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In the iron overload group, high levels of iron, identified by the high concentration of serum ferritin,
overlapped the elevation of GDF-15 levels, possibly leading to higher hepcidin concentration.

This study revealed the heterogeneity of the characteristics of the SCDw and SCDio groups.
The behavior of hepcidin in SCD needs to be interpreted considering the presence or absence of iron
overload, since iron regulates the synthesis of several molecules involved in its own homeostasis.

In many countries, including Brazil, some public policies have been developed to prevent iron
deficiency, such as mandatory fortification of wheat and corn flours [29]. Although these actions
can help prevent iron-deficiency anemia and are aimed at the entire Brazilian population, the safety
of these actions is still unknown for individuals with diseases caused by iron overload such as
hereditary hemochromatosis, thalassemia, and SCD. To date, data on intestinal iron absorption in
sickle cell disease are limited, making it impossible to guarantee that these actions do not cause harm
to this group.

However, some authors have observed iron deficiency in people with SCD. Kassim et al. [30]
observed that 13.3% of the SCD participants presented iron deficiency—most of them had never
undergone transfusion previously. In this case, the diagnosis of iron deficiency was established if all
the following four criteria were present: low serum iron <45 μg/ dL, low transferrin saturation (TS)
<16%, high TIBC ≥450 μg/dL, and low MCV for age.

5. Conclusions

Differences in hepcidin concentrations between groups may suggest an increase (in the case
of the SCD and SCDw groups) or decrease (SCDio) in the intestinal absorption of iron. These data
suggest that individuals with iron overload may not need to reduce intake of foods rich in iron.
However, these results are not sufficient to the establishment of a nutritional approach to be adopted.
Future studies evaluating the intestinal absorption of iron in patients with sickle cell anemia must
be conducted to address this question. Regarding the participants in the group without overload,
suppression of hepcidin appears to occur possibly due to the increase of erythropoiesis in response
to anemia, which is characteristic of the disease and, consequently, could lead to increased intestinal
absorption of iron.
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Abstract: Iron deficiency anemia (IDA) is a major problem in chronic kidney disease (CKD),
causing increased mortality. Ferritin stores iron, representing iron status. Hepcidin binds to
ferroportin, thereby inhibiting iron absorption/efflux. Inflammation in CKD increases ferritin
and hepcidin independent of iron status, which reduce iron availability. While intravenous iron
therapy (IIT) is superior to oral iron therapy (OIT) in CKD patients with inflammation, OIT is as
effective as IIT in those without. Inflammation reduces predictive values of ferritin and hepcidin
for iron status and responsiveness to iron therapy. Upper limit of ferritin to predict iron overload
is higher in CKD patients with inflammation than in those without. However, magnetic resonance
imaging studies show lower cutoff levels of serum ferritin to predict iron overload in dialysis
patients with apparent inflammation than upper limit of ferritin proposed by international guidelines.
Compared to CKD patients with inflammation, optimal ferritin levels for IDA are lower in those
without, requiring reduced iron dose and leading to decreased mortality. The management of IDA
should differ between CKD patients with and without inflammation and include minimization
of inflammation. Further studies are needed to determine the impact of inflammation on ferritin,
hepcidin and therapeutic strategy for IDA in CKD.

Keywords: chronic kidney disease; ferritin; C-reactive protein; hepcidin; inflammation; iron
deficiency anemia

1. Introduction

Iron deficiency (ID) occurs in two major forms; absolute ID as defined by a decrease in the body
iron stores and functional ID (FID), a disorder in which the total body iron stores are normal or
increased but the iron supply to the bone marrow is inadequate [1]. ID anemia (IDA) is frequently
associated with chronic inflammatory conditions, in which inflammation is pathogenically involved,
including inflammatory bowel disease (IBD, e.g., ulcerative colitis, Crohn’s disease), chronic heart
failure, chronic liver disease, obesity, rheumatoid arthritis (RA) and chronic kidney disease (CKD) [1].
IDA is a global public health problem affecting 7.2–13.96 per 1000 person-years and accounting for
800,000 deaths per year worldwide [2]. IDA also has an impact on mortality in children and adults
with CKD [3,4]. Thus, appropriate management of IDA is crucial for improving quality of life (QOL)
and mortality in CKD patients.

Iron is a component of heme proteins (hemoglobin; Hb and myoglobin), which carry or store oxygen
and essential for the functioning of all organs. Iron is also present in heme enzymes, non-heme iron
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enzymes and iron-sulfur proteins that regulate various cell functions including electron transport in
mitochondrial respiration, redox reactions and DNA synthesis [5]. However, excessive iron leaves a
fraction of free iron (known as “labile” iron) and makes redox active, forming reactive oxygen species
that cause oxidant stress. Because of no excretion system for iron from the body, iron homeostasis is
tightly regulated via a network of proteins involved in the import, storage, export and transport of
iron within the body.

There are two major molecules that regulate iron metabolism and iron availability for
erythropoiesis. Ferritin binds iron as a ferric complex within a protein shell, in which iron fluxes in
and out and functions as iron storage site and ferroxidase [5,6]. Thus, alteration of serum ferritin
may be a determinant of mortality in adults on maintenance hemodialysis (HD) [7–9]. While iron
supplementation reduced mortality in HD adults [9], excess iron therapy increased ferritin levels,
leading to high mortality [7]. To date, optimal levels of serum ferritin during iron therapy for IDA
remain to be determined in CKD patients. On the other hand, hepcidin-25 (referred to as hepcidin),
a 25 amino acid peptide, is a major iron-regulatory hormone that binds to ferroportin (FPN) and
inhibits iron export from enterocytes, hepatocytes and macrophages through the internalization and
degradation of FPN, thereby regulating iron metabolism in various diseases, including CKD [10–12].

Inflammation as defined by the innate immune response to stimuli such as pathogens,
cellular injury and metabolic stress [13] is part of the complex biologic response to tissue injury,
infection, ischemia and autoimmune diseases. It is characterized by the acute-phase response
including elevated inflammation markers such as C-reactive protein (CRP, >0.3 mg/dL) [14] and
pro-inflammatory cytokines which promote CRP synthesis [15]. Inflammation is characteristic feature
of CKD and caused by multiple factors of the toxic uremic milieu and the dialysis procedure
itself. The interpretation of iron biomarkers is hindered by inflammation, which can directly
affect the concentrations of most iron biomarkers [14], including ferritin and hepcidin [16–18].
Inflammation-mediated increase in hepcidin leads to iron trapping within the macrophages
and hepatocytes, resulting in FID [19]. This leads to high association of inflammation with
FID anemia (FIDA) in CKD patients [16–18], requiring higher dose of IV iron to maintain
Hb targets [20]. Inflammation also induces hyporesponsiveness to iron therapy [20–22] and
erythropoiesis-stimulating agents (ESA) in HD patients [21,23] by increasing ferritin and hepcidin.
Conversely, aggressive intravenous iron therapy (IIT) may enhance inflammation in patients with
end-stage renal disease (ESRD) [16], leading to further disturbance of iron metabolism. Thus,
inflammation has an impact on the expression of ferritin and hepcidin as well as therapeutic strategy
for the management of IDA in CKD patients.

The aim of this review is to provide an overview of clinical and experimental studies regarding
a role of ferritin, hepcidin and inflammation in the regulation of IDA, efficacy of oral iron therapy
(OIT) and IIT, predictive values of ferritin and hepcidin for the response to iron therapy, upper limit
of ferritin levels to predict iron overload, optimal ferritin levels during iron therapy, complications
and outcome in CKD patients. This review especially focuses on the impact of inflammation on these
issues in CKD patients.

2. Ferritin Regulation by Iron Status and Inflammation

Ferritin has two isoforms; the heavy chain (FtH) and the light chain of ferritin (FtL). In contrast to
FtH, FtL lacks detectable ferroxidase activity but can store more iron [6]. Ferritin sequesters iron in a
nontoxic form, whereas the levels of free iron regulate cellular ferritin levels [6]. Cytoplasmic ferritin
synthesis is stimulated by an increase of iron, while it is decreased by iron depletion. This process
is mediated by the interaction between the two RNA-binding proteins (iron regulatory proteins 1
and 2; IRP1/2) and a region in the 5_untranslated region of FtH and FtL mRNA, termed the iron
responsive element (IRE) that has a “stem-loop” structure. Binding of IRP1/2 to the IRE inhibits mRNA
ferritin translation. IRP1 and IRP2 are differentially regulated, depending on iron status. When iron
is abundant, IRP1 exists as a cytosolic aconitase, whereas under iron depletion, it assumes an open
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configuration associated with the loss of iron atoms in the iron-sulfur cluster and can bind to the IRE
stem loop, thereby suppressing ferritin translation. IRP2 protein is abundant in iron depletion status
but is rapidly degraded in iron excess. IRP1 and IRP2 have distinct tissue-specific roles [6].

Synthesis of FtH and FtL is activated by pro-inflammatory cytokines such as interleukin (IL)-1β
and tumor necrosis factor (TNF)-α [6,24] via nuclear factor (NF)-κB pathway [25]. Interferon (INF)-γ
and lipopolysaccharide (LPS) induce degradation of IRP2 in nitric oxide (NO)-dependent manner,
leading to ferritin synthesis in macrophages [26]. IL-6 also enhances synthesis of FtH and
FtL in hepatocytes [24]. FtH transcription is predominantly active in inflammatory conditions,
whereas transcription of FtL can be induced only after exposure to very high concentration of iron [27].
Pro-inflammatory cytokines modulate the relative ratio of ferritin to body iron storage by increasing
ferritin synthesis [27].

3. Hepcidin and Iron Metabolism

3.1. Hepcidin-Ferroporin Axis Regulates Iron Homeostasis

Dietary iron containing heme and non-heme iron is absorbed by the divalent metal transporter
(DMT1) located at the apical membrane of duodenal enterocytes [10–12] (Figure 1), which transports
only Fe2+ but most dietary iron is Fe3+. Thus, Fe3+ should be reduced to Fe2+ before iron transport
by DMT1. This reduction step is mediated by the ferrireductase duodenal cytochrome b (DCYTB) at
the apical membrane of duodenal enterocytes. Hepcidin binds to FPN and triggers its internalization,
ubiquitination and subsequent lysosomal degradation, leading to inhibition of iron export by FPN
from enterocytes, hepatocytes and macrophages into the circulation. Heme absorbed by the enterocytes
is degraded by heme oxygenase-1 (HO-1) and the liberated iron is processed in a similar manner as
the absorbed inorganic iron. The export of enterocytic iron by FPN requires hephaestin, a multicopper
oxidase homologous to ceruloplasmin (CP), which oxidizes Fe2+ to Fe3+ for loading onto transferrin
(Tf) [10]. Once exported by FPN into the circulation, Fe2+ is oxidized into Fe3+ by a ferrioxidase CP
in hepatocytes and macrophages. Iron-loaded (diferric) transferrin (Tf-Fe2, holo-Tf) is transported to
other cells or tissues for iron metabolism or storage [10–12].

Hepatocytes sense iron stores and regulate hepcidin promotor activity, thereby releasing
hepcidin accordingly. In ID (Figure 1A), hepcidin is low and thus iron is released by FPN into
the circulation from enterocytes, hepatocytes and macrophages, facilitating iron availability for
erythropoiesis [10–12]. Under iron overload (Figure 1B), increased hepcidin in hepatocytes is
released [10–12]. Increased hepcidin binds to FPN and inhibits FPN-mediated iron export into
the circulation to reduce Tf saturation (TSAT), leading to subsequent inhibition of duodenal
iron absorption.

(A) 

Figure 1. Cont.
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(B) 

Figure 1. Regulation of systemic iron homeostasis. Divalent metal transporter 1 (DMT1) at the apical
membrane of enterocytes takes up Fe2+ from the lumen after duodenal cytochrome b (DCYTB) reduces
dietary Fe3+ to Fe2+. Ferroportin (FPN) at the basolateral membrane exports Fe2+ into the circulation.
FPN cooperates with hephaestin that oxidizes Fe2+ to Fe3+. In hepatocytes and macrophages, Fe2+ is
oxidized by a ferroxidase, ceruloplasmin (CP). Diferric (Fe3+

2) transferrin (holo-Tf) supplies iron to all
cells and tissues through binding to Tf receptor 1 (TfR1) and endocytosis. Erythrocytes are phagocytized
by macrophages. Hemoglobin-derived heme in enterocytes and macrophages is catabolized by heme
oxygenase-1 (HO-1). After sensing iron, hepatocytes produce and release hepcidin. In iron deficiency
(A), low hepcidin facilitates iron export by FPN into the circulation. In iron overload (B), high hepcidin
binds to FPN and inhibits iron export from enterocytes, hepatocytes and macrophages by triggering
internalization and degradation of FPN, leading to reduction of iron storage. Dashed line indicates less
iron supply. x: inhibition. Figures adapted from [12].

3.2. Hepcidin Regulation by Iron Status

After sensing iron, bone morphogenetic protein (BMP)-6 is produced in the liver [28] and increases
hepcidin via BMP/small mothers against decapentaplegic (SMAD) proteins-mediated signaling
pathway [28] (Figure 2). Holo-Tf displaces the interaction of hereditary hemochromatosis protein
(HFE)-TfR1 and stabilizes the association of HFE-TfR2 with membrane-anchored hemojuvelin (mHJV),
forming a complex of HFE/TfR2/HJV which is dispensable for hepcidin transcription [10,11,28].
mHJV exclusively expressed in hepatocytes acts as a co-receptor for BMP-6, leading to activation
of BMP/SMAD-mediated hepcidin transcription [28]. Neogenin acts as a scaffold to facilitate
assembly of HJV/BMP/BMP receptor (BMPR) complex [29] and maintains proper mHJV function [28].
Matriptase (MT)-2 (also known as TMPRSS6) functions as a negative regulator of hepcidin-related
BMP/SMAD signaling by cleaving mHJV into soluble HJV (sHJV) [11].

ID reduces BMP-6, leading to inhibition of BMP/SMAD-dependent hepcidin transcription.
Decreased holo-Tf in ID destabilizes the TfR2-HFE interaction, thereby inhibiting hepcidin
transcription [28]. Decreased holo-Tf and non-Tf-bound iron increase sHJV, leading to inhibition
of hepcidin, while increased holo-Tf and non-Tf-bound iron have the opposite effect [28]. ID stabilizes
MT-2, thereby suppressing hepcidin [28,30]. Furin, which cleaves mHJV into sHJV, is upregulated
by ID and inhibits hepcidin [31]. In iron overload, increased holo-Tf stabilizes the TfR2-HFE
interaction [10,11,28] and decreases furin [32], thereby increasing hepcidin translation.
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Figure 2. Regulation of hepcidin by iron status and inflammation. Under high iron conditions,
increased holo-Tf induces bone morphogenetic protein (BMP)-6 in non-parenchymal cells
in the liver, disrupts hereditary hemochromatosis protein (HFE)-transferrin receptor (TfR)1
interaction to promote HFE-TfR2 interaction and its association with membrane-anchored
hemojuvelin (mHJV), forming a complex of HFE/TfR2/BMP-6/BMPR/HJV/neogenin, which is
dispensable for hepcidin transcription via BMP/small mothers against decapentaplegic (SMAD)
signaling. In iron overload, furin, which cleaves mHJV, is downregulated, thereby increasing
hepcidin. Low iron conditions increase matriptase (MT)-2 and furin, which cleaves mHJV,
reduces BMP-6 production and facilitates the HFE-TfR1 interaction, leading to inhibition of
BMP/SMAD-dependent hepcidin transcription. Pro-inflammatory cytokines such as interleukin
(IL)-1β and IL-6 stimulate hepcidin expression via the Janus kinase (JAK)/signal transducers and
activators of transcription (STAT)3 signaling. Inflammation induces other cytokine, activin B,
which stimulates BMP/SMAD signaling, synergically with IL-6 and STAT3 signaling, leading to
hepcidin expression. Endoplasmic reticulum (ER) stress associated with inflammation increases
hepcidin via SMAD1/5/8 and cyclic-AMP-responsive-element-binding protein (CREB)H that binds
and activates hepcidin promoter activity. Inflammation increases hepcidin by inhibiting MT-2
via decreased STAT5 and peroxisome proliferator-activated receptor γ coactivator (PGC)-1α which
antagonizes lipopolysaccharide-induced hepcidin transcription via the interaction with hepatocyte
nuclear factor 4α. Inflammation-induced IL-1β enhances hepcidin transcription by inducing CCAT
enhancer-binding protein (C/EBP)δ. Hepcidin translation is mediated indirectly through erythropoietin
(EPO)/EPOR-induced erythropoiesis and possibly growth differentiation factor (GDF)15. gp130:
glycoprotein 130. Dashed line: cleavage, →: activation, 	: inhibition.

3.3. Inflammation Increases Hepcidin Expression

Pro-inflammatory cytokines are increased in CKD [17,18]. Pro-inflammatory cytokines such as
IL-1β and IL-6 stimulate hepcidin expression via the Janus kinase (JAK)/signal transducer and activator
of transcription 3 (STAT3) pathways [10–12,28] (Figure 2). Inflammation induces other cytokine activin
B which stimulates BMP-6/SMAD pathway synergically with IL-6 and STAT3, leading to hepcidin
expression [11]. Endoplasmic reticulum (ER) stress associated with inflammation increases hepcidin
by activating SMAD1/5/8 [33], IL-6-dependent phosphorylated STAT3 [34] and ER stress-activated
transcription factor, cyclic AMP response element–binding protein H (CREBH), which bind and
activate hepcidin promoter activity [35]. Inflammation inhibits MT-2 by suppressing STAT5 [36] and
peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α) which antagonizes LPS-induced
hepcidin transcription via the interaction with hepatocyte nuclear factor 4α [37], leading to activation
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of hepcidin translation. Inflammation-induced IL-1β also activates hepcidin expression by inducing
CCAAT enhancer-binding protein (C/EBP)δ in hepatocytes [38].

4. Biomarkers of Iron Status and Inflammation in CKD

A number of biomarkers of iron status have been used in a clinical setting. However,
traditional biochemical iron parameters such as serum iron, Tf and serum ferritin are influenced by
inflammation [14], making them less suitable indicators. Due to confounding effects of the acute-phase
response on the interpretation of most iron indicators, the assessment of iron status is challenging when
concomitant inflammation is present. In fact, serum levels of ferritin were positively correlated with
CRP, a measure of inflammation, in children and adults on HD [16,39,40]. Under minor inflammation,
serum ferritin appears to be a most reliable biomarker of total body iron stores and ID is diagnosed
below the cutoff serum ferritin levels of <15 ng/mL in individuals older than 5 years [1]. However,
serum ferritin levels of 50 ng/mL or higher could still be ID when apparent inflammation is present [1].
Thus, the interpretation of serum ferritin, an acute phase reactant, is complicated by concomitant
inflammation [1,14,41].

As negative acute phase reactants, concentrations of serum iron and Tf, an iron transport protein,
are decreased in response to inflammation [14,41–43]. Low TSAT (<20%) with low serum ferritin is
diagnostic of IDA [1,44]. Low TSAT combined with normal or elevated serum ferritin is diagnostic
of FIDA [44]. As discussed later, many international guidelines for the management of IDA in CKD use
the combination of low serum ferritin and TSAT for diagnosis of IDA. TSAT represents the percentage
of binding sites on all Tf molecules occupied with iron molecules and is calculated as the ratio of serum
iron to Tf or serum iron to total iron-binding capacity (TIBC) which indicates the maximum amount
of iron necessary to saturate all available transferrin iron-binding sites [1,44]. TIBC is a negative
acute-phase reactant and reduction in TIBC induced by inflammation leads to higher TSAT levels
independent of iron status [41]. Thus, reliability of TSAT as a measure of iron status is reduced
by inflammation associated with CKD. Soluble TfR (sTfR), which is produced by proteolysis of the
membrane TfR, is increased in HD patients with ID and inversely correlated with the amount of iron
available for erythropoiesis [44]. As a marker of iron status, sTfR is not an acute-phase reactant
and less influenced by inflammation than serum ferritin is, while it is increased in individuals with
general inflammation [14]. In addition, sTfR appears to represent erythropoietic activity more than
iron-restricted erythropoiesis in CKD patients receiving ESA [44]. Thus, the interpretation of sTfR is
also confounded by the use of ESA [1,41]. Thus, it is an inferior marker to cellular measures such as the
content of Hb in reticulocytes (CHr) or the percentage of hypochromic red blood cells (%Hypo) [41,44].
Other limitations of sTfR measurement include cost for the measurement and lack of standard cutoff
and widespread availability [1,41]. The interpretation of total body iron (TBI), the log ratio of sTfR
to serum ferritin, is also complicated by the same confounding factors as for serum ferritin and sTfR
concentrations [14].

Other laboratory markers of iron status include CHr and %Hypo. Both iron biomarkers are
influenced by inflammation [45,46]. CHr is inversely related to log CRP [45] and there is a positive
correlation between %Hypo and CRP [46]. CHr is a very early index of iron available for erythropoiesis
within 3–4 days [1,41,44]. The CHr of <27.2 pg is diagnostic of ID, while false normal values are
frequently encountered [1]. The measurement of %Hypo as a proportion of hypochromic cells defined
as erythrocytes with mean cellular Hb concentration less than 28 g/dL in total red blood cells is the
most sensitive marker of ID in CKD (cutoff, <6%) [1] and FID [41]. However, it is not suitable for
the assessment of short-term changes in iron status [1,41,44]. Furthermore, a fresh blood sample
is needed and automated analyzers are not widely available in clinical setting. Currently, none of
the measurements are adequate and accurate indicators of iron status, especially when concomitant
inflammation is present.

It is controversial about whether hepcidin is a reliable biomarker of iron status in CKD patients.
Serum hepcidin has been shown to be positively correlated with serum ferritin, percent iron saturation,
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CRP and sTfR and negatively with glomerular filtration rate (GFR) in CKD patients [47]. As GFR
decreased, serum hepcidin levels were increased in non-dialysis (ND)-CKD patients [48]. Dialysis
can remove hepcidin [49] and inflammation increases hepcidin like ferritin [18,48,50]. A significant
intra-individual variability of hepcidin was dependent on short-term fluctuations in the inflammatory
condition [50]. Thus, short-term measurement of serum hepcidin should not be used as a biomarker of
iron status in HD patients [50]. Interpretation of the data for serum hepcidin should be with caution
due to the confounding factors as described. However, hepcidin could be a good biomarker of iron
status in CKD patients in the absence of apparent inflammation.

5. IDA in CKD

5.1. Impact of Inflammation on Diagnosis of IDA

The cutoff levels of Hb for diagnosis of anemia depend on age, sex and pregnancy [1] (Table 1).
In general, low serum ferritin (<15 ng/mL) and TSAT (<16%) are used for diagnosis of IDA in
individuals without inflammatory conditions [1]. However, IDA could be diagnosed based on higher
cutoff levels of serum ferritin and TSAT in the presence of chronic inflammatory condition such
as CKD [1]. Table 2 summarizes diagnostic criteria for IDA in ND-CKD and HD patients used by
international guidelines for the management of IDA in CKD patients [51–60]. Some guidelines
in Canada, the US [51,52,54] and Taiwan [57] recommend higher cutoff levels of serum ferritin
≤200–500 ng/mL and TSAT ≤30% [54,57] for diagnosis of IDA and initiation of iron supplementation
in ND-CKD and HD patients than those (serum ferritin <100 ng/mL and TSAT <20%) recommended
by the Japanese Society for Dialysis Therapy (JSDT) guidelines [53] and other guidelines from Europe
and Australia [55,56,58–60]. The Japanese nationwide study showed low cutoff levels of serum
ferritin (<50–100 ng/mL) and TSAT (<20%) to diagnose IDA in HD patients with low CRP (median,
1.0 mg/mL) [61]. The reason for the difference in the criteria for diagnosis of IDA and the initiation
of iron therapy in CKD patients between Japan and some Western countries is unclear. However,
it may be in part due to lower prevalence of inflammation associated with HD patients in Japan than
those in Western countries [15,61,62]. While the specific biologic basis underlying differences by race
and ethnicity is unclear [62], one of the reasons may be higher prevalence of arteriovenous (AV) fistula
and lower prevalence of. catheter use and AV graft in Japan [15,63,64] that are associated with higher
levels of CRP [65] as compared to Western countries. Nonetheless, the impact of inflammation could
increase the cutoff levels of serum ferritin and TSAT for diagnosis of IDA to initiate iron therapy in
CKD patients.

Table 1. Cutoff of hemoglobin (Hb) for diagnosis of anemia.

Age/Gender Groups Hb Below (g/dL)

Children
6 months to 4 years <11.0

5 to 11 years <11.5
12 to 14 years <12.0

Adults
Non-pregnant women ≥15 years <12.0

Pregnant women ≥15 years <11.0
Men ≥15 years <13.0
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5.2. IDA, Inflammation and Clinical Outcome in CKD

IDA and FIDA are frequently associated with chronic inflammation, including CKD. IDA occurs
in 42.0% in children with CKD [66] and 1.2–13.9% in those without [67,68] as well as in 24.0–85.0% of
adults with CKD [69,70] and 1.0–4.5% of those without [67,71], suggesting that IDA is more frequently
associated with CKD patients than general population. IDA is more prevalent in both girls and women
than boys and men and in patients with advanced CKD than in those with low grade CKD [66,69].
FIDA occurs in 12.0–21.4% of ND-CKD adults [18,48] and 23.0–42.9% of HD adults [17,72] although
prevalence of FIDA remains unknown in CKD children and general population. Thus, both IDA and
FIDA more frequently occur as CKD advances.

IDA increases a risk of hospitalization [73] and mortality, including all-cause and cardiovascular-
related mortality in ND-CKD [4,73,74] and HD adults [75,76]. Several short-term studies showed that
Hb < 10 g/dL was a risk factor of mortality in ND-CKD [77] and HD adults [78,79]. The long-term
studies showed that Hb levels of <10–12 g/dL [80–82] were a risk factor of mortality in HD adults.
On the other hand, in HD children, Hb <12 g/dL was associated with increased risk of hospitalization
and mortality [83]. These data suggest that the levels of Hb of < 12 g/dL are a risk factor of mortality
in both children and adults with ND-CKD and HD. Additionally, longer time required to reach the
tHb level was associated with higher risk of hospitalization and mortality in HD adults [84]. Thus,
early intervention with iron therapy for IDA can improve QOL and mortality in CKD patients.

Little is known whether inflammation affects the cutoff levels of ferritin deficiency as a risk factor
of mortality in CKD patients. The study from Europe reported that in HD adults, mortality rate was
13.8/100 patient-years and that serum ferritin levels of <100 ng/mL were a risk factor of cardiovascular-
related mortality in HD patients with positive CRP [76]. However, the Japanese study showed that
low serum ferritin levels of either <30 ng/mL or <50 ng/mL were associated with a significant risk
of mortality in Japanese HD patients with normal CRP receiving IIT and ESA [8,85]. These data
suggest that low levels of serum ferritin are a risk factor of mortality in CKD patients, whereas the
cutoff levels of ferritin deficiency to predict mortality is lower in HD patients without than those with
apparent inflammation.

In addition to low ferritin, low serum iron (<45.3 μg/dL) [86], TSAT (≤20%) [74,87,88] and
TIBC [75] have been shown to be risk factors of hospitalization and mortality in ND-CKD and HD
adults. IDA induces resistance to ESA [88] which aggravates renal anemia, leading to worse outcome
in HD patients [89]. These data suggest that IDA is a significant risk factor of mortality in CKD patients.
As discussed earlier, inflammation affects these indicators of iron status, especially the cutoff levels of
serum ferritin deficiency to predict mortality in CKD patients.

5.3. Inflammation, Increased Serum Ferritin and Mortality in CKD

The management of IDA with iron supplementation is crucial for better outcome in CKD patients.
However, aggressive iron therapy causes iatrogenic iron overload, leading to inflammation and
increasing a risk of mortality. In support of this hypothesis, inflammation and hyperferritinemia
(>500 ng/mL) were associated with cardiovascular and all-cause mortality in HD adults [90].
In addition, in dialysis children and adolescents with iron overload, ferritin levels showed a positive
correlation with inflammation markers (CRP and IL-6) and left ventricular mass (LVM) [39].

It is controversial whether iron overload is associated with a risk of infection or infection-related
mortality [91]. High serum ferritin has been shown to be an independent risk factor of infection-related
mortality in HD patients [7,92–95]. Bolus dosing of ferric gluconate could increase a risk of infection-
related mortality and hospitalization in HD patients with catheter [96]. However, no relation has been
reported between ferritin and a risk of infection-related mortality in HD patients [97].

To reduce a risk of iron overload-mediated toxicity, international guidelines for the management
of IDA in CKD recommend that upper limit of serum ferritin and TSAT should be maintained at
<500–800 ng/mL [51–60] and <30–50% [53,55,57], respectively (Table 2). Other study groups in
Europe and the US recommend that serum ferritin should be maintained at 400–600 ng/mL [98] and
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200–1200 ng/mL [99] in HD patients. The percentage of US facilities with an upper ferritin target
of 1200 ng/mL increased from 20% to 40% from 2010 to 2011 and more than 90% facilities had an
upper ferritin target of 800 ng/mL in 2014 [100]. Upper ferritin targets of 500 ng/mL remained
common in Europe and no European facility had upper ferritin targets of 1200 ng/mL in 2014. In Japan,
upper ferritin targets were lower, with most facilities targeting upper limits of 300 ng/mL [100]. In this
study, the data for CRP were negative in Japanese facilities although data for CRP in US facilities are
not available. These guidelines and the studies described here except for those from Japan are likely to
be based on the data obtained from inflamed CKD patients as suggested by other studies [15,61,62].
Thus, inflammation significantly affects upper serum ferritin targets to avoid iron overload for the
management of IDA in CKD patients. In support of this hypothesis, in the setting of concomitant
inflammation, serum ferritin levels of ≥500–800 ng/mL are found to be predictive of high mortality in
HD patients of Europe [9,101] and Taiwan [92] and USA [95]. High CRP levels alone may predict high
mortality in HD patients [62,102]. Taken together, these data suggest that iron overload as reflected by
high serum ferritin and concomitant inflammation independently or synergically can increase a risk
of mortality in CKD patients.

By contrast, in the absence of inflammation, even slight increase in serum ferritin (≥200 ng/mL) is
associated with a risk of mortality in Japanese HD patients [85]. Thus, the cutoff levels of serum ferritin
to predict iron overload and a risk of mortality are significantly lower in HD patients without than in
those with apparent inflammation. Since inflammation increases ferritin independent of iron status,
upper serum ferritin targets to predict iron overload and mortality may be lower than >500–800 ng/mL
in HD patients with apparent inflammation. Further studies would be necessary to determine what are
true levels of upper serum ferritin targets to predict iron overload in CKD patients when concomitant
inflammation is present.

6. Impact of Inflammation on Therapeutic Strategy with Iron Supplementation in CKD

Iron supplementation has been used in 57.3–78.0% of dialysis children [103–105] and its use is
less prevalent in those not receiving than in those receiving ESA [104,105]. Thus, iron therapy is likely
to be more frequently used in severe anemic CKD children receiving ESA. There is a similar trend in
CKD adults; iron therapy has been used in 48.1–56.3% of ND-CKD [4,106], 68.0% of peritoneal dialysis
(PD) and 76.0–84.4% of HD adults [104,107]. The use of IIT has recently been increased to >70% of HD
adults [108] and serum ferritin targets and IV iron doses have been increased in HD adults [108,109].
Maintenance IIT can improve the response to ESA with a reduction of ESA dose and early survival in
ND-CKD [73] and HD adults [110]. However, Hb levels of >13 g/dL following IIT is associated with
worse outcome in CKD patients [111]. Thus, the target Hb (tHb) of 10–13 g/dL is recommended for
the management of IDA in CKD patients [112–114]. We herein discuss the impact of inflammation on
some therapeutic issues to maintain tHb for the management of IDA in CKD patients.

6.1. Inflammation and the Response to Iron Supplementation in CKD

IIT is generally superior to OIT to improve IDA in children and adults with CKD [115,116],
while some patients fail to respond to iron therapy. In support of this, Qunibi et al. showed that the
tHb levels were more maintained in ND-CKD patients (60.4%) after IV ferric carboxymaltose than
in those (34.7%) receiving OIT [117]. One of the reasons accounting for superiority of ITT over OIT
to maintain tHb in CKD patients may be difference in the efficacy of IIT and OIT in CKD patients in
the presence of concomitant inflammation that increases ferritin and hepcidin. Table 3 summarizes
data regarding the impact of inflammation on the effect of OIT versus IIT for IDA in CKD patients,
in whom the data for CRP are available. The efficacy of IIT is generally better than OIT for the
management of IDA in inflamed ND-CKD patients with positive CRP [98,118–122]. Stoves et al.
showed no significant difference in the Hb levels at the end of OIT and IIT in ND-CKD adults with
positive CRP, while the levels of Hb achieved tended to be higher in the IIT group than those in
the OIT group [123]. In contrast, in HD patients with normal CRP, OIT and low dose of IIT is as
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effective as the standard IIT [124–126]. HD adults responding to OIT showed lower CRP levels (mean,
0.8 mg/dL) compared to those in the OIT-non-responders (mean, 5.6 mg/dL) [122]. These data suggest
that superiority of IIT over OIT for the management of IDA in CKD patients [115–117] is true in the
presence of apparent inflammation but not under minor inflammation and that inflammation may
induce hyporesponsiveness to iron therapy, especially to OIT. The HD patients with high CRP levels
had lower intestinal iron absorption [127] probably due to inflammation-induced increase in ferritin
and hepcidin that block iron absorption [128]. Thus, inflammation makes OIT less effective to maintain
tHb in CKD patients. Due to an alteration of ferritin and hepcidin by inflammation, higher dose of IV
iron may be required to maintain tHb for IDA in CKD patients with concomitant inflammation.

In support of this hypothesis, an inflammation marker CRP was inversely correlated with Hb
in HD patients [129–131]. In HD patients receiving IIT and ESA, below tHb was associated with
high CRP [132]. In addition, high CRP with low CHr and TSAT led to a lack of response to further
increment of IV iron dose in HD patients [21]. Serum hepcidin and inflammation markers (CRP,
IL-6 and TNF-α) were more increased as CKD advanced [18,133–135], in which more severe IDA occurs.
Furthermore, serum hepcidin was positively correlated with inflammation markers (CRP, IL-6 and
TNF-α) and ferritin but inversely correlated with TIBC, Hb, Ht and GFR [50,134,135]. In contrast,
relatively low CRP (≤6.5 mg/dL) was associated with more achievement of tHb and if CRP increased
by 1 mg/dL, possibility to maintain tHb was reduced by 7.5% in HD patients [136]. These data
suggest that inflammation is a confounding factor for maintenance of tHb probably due to increased
ferritin and hepcidin which inhibit iron absorption and efflux, leading to reduced iron bioavailability
for erythropoiesis.

Other supportive findings for an impact of inflammation on the response to iron therapy come
from the case of FIDA in CKD patients accompanied by inflammation [18]. Serum inflammation
markers (CRP and IL-6), ferritin and hepcidin were increased in HD patients with FIDA [17,18].
Iron absorption was reduced in HD patients with FIDA, in particular in those with high CRP [127].
FIDA in HD adults could be managed by IIT [20,137] but not OIT [137]. However, the overall response
rate to IIT was only 46.3% in HD adults with FIDA, while IIT produced a significant but only small
increase in Hb (mean, 0.54 g/dL) [20]. In addition, in CKD patients, IIT increased serum hepcidin
levels, which in turn exacerbated FIDA, requiring higher doses of IV iron to maintain tHb [128].
Taken together, these clinical observations indicate that as CKD advances, inflammation worsens and
increases ferritin and hepcidin, leading to inhibition of iron absorption and efflux and subsequent
hyporesponsiveness to iron therapy. As a result, higher dose of IV iron may be required for the
management of IDA in CKD patients with apparent inflammation.

6.2. Does Autoimmune Disease and Inflammatory Disorders That Lead to CKD/ESRD Affect the Response to
Iron Therapy?

If inflammation could induce hyporesponsiveness to iron therapy by increasing ferritin and
hepcidin, question arises as to whether inflammation associated with autoimmune and inflammatory
disorders coexisting or underlying CKD has similar effects. The following clinical observations may
answer this question. First, IDA and FIDA frequently occur in autoimmune and inflammatory disorders
such as systemic lupus erythematosus (SLE) [138], RA [139,140] and IBD [141,142]. These disorders
are frequently associated with CKD, leading to ESRD [143,144]. In addition, serum levels of ferritin
and inflammation markers (CRP and IL-6) were higher in patients with active than in those with
inactive SLE and controls [145–147] and IL-6 inversely correlated with Hb between active and
inactive SLE [147,148]. Serum ferritin was positively correlated with SLE disease activity index,
anti-dsDNA, IFN-γ, IL-6, proteinuria and renal dysfunction and negatively correlated with C3, C4 and
Hb [140,145–147]. Thus, inflammation increases ferritin and worsens anemia in SLE [148]. Furthermore,
urine levels of hepcidin were higher in adults with lupus nephritis (LN) than in lupus patients without
LN and controls [149] and in LN patients with severe renal histology compared to those with mild
lesions [149,150]. The kidney biopsy specimens from LN patients revealed infiltration of interstitial
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leukocytes expressing hepcidin [150]. Thus, hepcidin levels increase as LN advances, leading to further
inhibition of iron absorption and efflux which may worsen anemia.

As other autoimmune disease, in active RA patients, serum levels of ferritin and hepcidin were
significantly higher than those in inactive patients [140] and positively correlated with CRP and
negatively with Ht or Hb [140,151]. In addition, serum levels of hepcidin were increased in IBD
patients with iron malabsorption and positively correlated with serum levels of ferritin and CRP [152].
Furthermore, patients with IBD having higher levels of CRP achieved a lower Hb response with OIT
than those with lower levels of CRP [153]. Thus, IIT has been more efficacious than OIT in patients with
RA, SLE [154,155] and IBD [142]. Taken together, these data suggest that inflammation in autoimmune
disorders and IBD leading to CKD/ESRD may have an impact on the expression of ferritin and
hepcidin, the response to iron therapy and mode of iron therapy as well. Future studies would be
necessary to address whether inflammation in autoimmune disease and IBD coexisting or underlying
CKD has similar impact on the response to iron therapy as in CKD patients.

6.3. Inflammation May Reduce Predictive Values of Ferritin and Hepcidin for the Response to Iron Therapy

It is controversial whether baseline serum ferritin is predictive of the response to iron therapy in
CKD patients with concomitant inflammation. Inflammation was associated with high serum ferritin
(≥500 ng/mL) and conversely, this ferritin level and low TSAT (<25%) had higher odds ratio for serum
CRP levels of ≥10 mg/dL in HD adults [156]. In addition, the levels of CRP were positively correlated
with those of serum ferritin in HD patients [157] and higher levels of CRP and ferritin were associated
with lower Hb levels in ESRD patients [129]. These data suggest that under concomitant inflammation,
ferritin is not a predictor of the response to iron therapy. In support of this, Musanovic et al. reported
that the predictive values of CRP to achieve tHb following IIT was ≤6.5 mg/dL and that serum ferritin
levels failed to predict the response to IIT in highly inflamed HD patients with higher CRP levels [136].
In addition, in HD patients with high levels of serum ferritin (500–1200 ng/mL) and CRP (>20 mg/dL)
and low TSAT (<25%), none of the iron indices (ferritin, CHr, TSAT or sTfR) was predictive of the
response to IIT, while lower CRP levels of ≤14.0 mg/dL were predictive of the response to IIT [22].
Furthermore, in HD patients with moderately increased levels of serum ferritin (mean, 146 ng/mL)
and CRP (mean, 4.1 mg/dL), %Hypo and CHr but neither ferritin nor TSAT were predictors of the
response to IIT in HD patients [158]. These data suggest that the values of CRP but not ferritin may be
predictive of the response to iron therapy in inflamed CKD patients.

In contrast, Macdougall et al. showed that in ND-CKD adults with relatively low CRP levels
(mean, 4.5 mg/dL), the response rate to OIT was very limited (21.6%), whereas both low baseline
ferritin and CRP may be predictive of the response to OIT [121]. In addition, serum ferritin levels were
higher in HD patients with minor inflammation not responding to IIT than in those responding to
IIT and OIT as described in our previous study [124]. Thus, basal ferritin may be predictive of the
response to IIT in CKD patients with minor inflammation.

Regarding an impact of inflammation on predictive value of hepcidin for the response to iron
therapy, serum hepcidin and prohepcidin were positively correlated with ferritin and CRP in HD
patients [47,50,134,158]. Prohepcidin was negatively correlated with Hb and Ht in ND-CKD and
dialysis patients with positive CRP and hyperferritinmia [134]. No correlation was found between
hepcidin and TSAT and Hb in inflamed ND-CKD [159] and HD patients with FIDA [18]. In addition,
serum levels of hepcidin failed to predict the response to IIT in adults on HD receiving ESA, in whom
the levels of CRP and serum ferritin were relatively high [158] or in ND-CKD adults not receiving ESA
with relatively high levels of CRP (mean, 6.7 mg/dL) [159]. The latter study also showed a correlation
between hepcidin and ferritin levels at baseline and at the study endpoint, whereas an association
between hepcidin and ferritin was plateaued at higher ferritin levels [159]. These data suggest that
hepcidin is not a good predictor of the response to iron therapy in inflamed CKD patients.
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Under minor inflammation, correlation between iron indicators (ferritin and TSAT) is more robust
in HD patients [160]. In this condition, there was a negative association between hepcidin and Hb in
ND-CKD adults with sufficient iron stores (serum ferritin ≥ 91 ng/mL) and in contrast, a positive
association in those with ID (serum ferritin < 91 ng/mL) [161]. This finding suggests that under
minor inflammation, the values of hepcidin to predict the response to iron therapy in CKD patients
may be dependent on the levels of ferritin. In support of this hypothesis, hepcidin was positively
correlated with ferritin (mean, 50.6 ng/mL) and TSAT in HD adults with minor inflammation [125].
In addition, low levels of serum hepcidin and ferritin with normal or slightly positive CRP levels
were able to predict a greater response to OIT or IIT in ND-CKD [162] and HD patients [113,124].
Furthermore, lower levels of hepcidin and higher sTfR and sTfR/hepcidin ratio were predictive of the
response to IIT in ND-CKD patients with relatively low CRP (mean, 3.8 mg/dL) [163]. Taken together,
under minor inflammation in which correlation between hepcidin, ferritin and Hb is more robust,
hepcidin may be predictive of the response to iron therapy in CKD patients, depending on ferritin
levels. When concomitant inflammation is present, ferritin and hepcidin are unlikely to predict the
response to iron therapy since an increase in these parameters independent of iron status may induce
hyporesponsiveness to iron supplementation [128]. Thus, measurement of CRP should be part of
the routine hematological assessment of HD patients to allow the correct interpretation of data and
therapeutic approach for IDA in CKD patients.

7. What Are Optimal Levels of Serum Ferritin for the Management of IDA in CKD Patients with
Minor Inflammation?

Optimal levels of serum ferritin during iron therapy remain to be determined in CKD patients
with and without apparent inflammation. Due to a lack of data in CKD patients with apparent
inflammation, we herein discuss data reported in the literature for optimal serum ferritin levels
to maintain tHb during iron therapy in CKD patients with IDA and minor inflammation. Table 4
summarizes data from studies reporting optimal serum ferritin levels in ND-CKD and dialysis patients
with either minor inflammation [124–126] or low serum ferritin levels (<100 ng/mL) [105,164–166].
The patients in these studies were treated with either OIT or low dose of IIT and the majority of patients
simultaneously received ESA. Based on the data, OIT or very low dose of IIT is as effective as the
standard IIT to improve IDA in HD patients with minor inflammation or low serum ferritin levels.
Optimal ferritin levels are both low in HD patients receiving OIT (30–115 ng/mL) and in those receiving
IIT (<300 ng/mL), while they were lower in the OIT group than in the IIT group. In dialysis children,
serum ferritin levels of 25–50 ng/mL were associated with an achievement of highest Hb levels,
although mode of iron therapy and data for CRP are not available [105]. Our previous study showed
that optimal serum ferritin levels were estimated to be 30–40 ng/mL in HD patients with normal CRP
and that further increment of serum ferritin was associated with increased levels of serum hepcidin and
decreased Hb levels [124]. As shown in Table 4, optimal serum ferritin levels are significantly lower
in HD patients with minor inflammation receiving IIT than achieved serum ferritin targets in those
with apparent inflammation receiving IIT (mean serum ferritin, 340–810 ng/mL) [114,120,123,136,167]
but similar to those (mean, 238.5 ng/mL) in ND-CKD patients with weakly positive CRP (mean,
1.3 mg/dL) receiving IIT [118]. Thus, concomitant inflammation increases serum ferritin targets to
maintain tHb, making IIT more preferable than OIT to maintain tHb in CKD patients. Of note is that
optimal levels of serum ferritin in HD patients with minor inflammation receiving OIT or low dose
of IIT (Table 4) are less than the cutoff serum ferritin levels of 160 ng/mL and 290 ng/mL to predict
mild and severe iron overload in HD adults with positive CRP evaluated on magnetic resonance
imaging (MRI) [168]. Taken together, these data suggest that optimal levels of serum ferritin during
iron therapy for the management of IDA are quite low in CKD patients with minor inflammation
as compared to those with apparent inflammation. Due to a small sample size, further studies are
necessary to determine optimal levels of serum ferritin for the management of IDA in CKD patients
with minor inflammation.
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8. Role of Ferritin, Hepcidin and Inflammation for the Development of Complications in CKD

Ferritin deficiency is a risk factor for increased LVM index in ND-CKD patients [169]. In HD
patients, high serum levels of ferritin were associated with progressive arterial stiffness, leading to
atherosclerosis, in particular when serum ferritin was >500 ng/mL [170]. Higher levels of serum ferritin
induced by aggressive IIT may be a cause of increased incidence of atherosclerosis in HD patients [171].
In dialysis children and adolescents with iron overload, ferritin levels showed a positive correlation
with CRP, IL-6 and LVM [39]. On the other hand, decreased levels of serum hepcidin were associated
with a higher LVM index in ND-CKD patients [172]. However, serum hepcidin levels were increased
and positively correlated with brachial-ankle pulse wave velocity as the measurement of arterial
stiffness in HD adults [173]. Similarly, carotid artery intima media thickness was positively correlated
with serum hepcidin and CRP in diabetic HD patients, in whom hepcidin positively correlated with
ferritin and inflammation markers (CRP, TNF-α and IL-6) [174]. Despite no relation between hepcidin,
CRP, IL-6 and LVM [175], increased levels of serum hepcidin were associated with fatal and non-fatal
cardiovascular events and inflammation was a significant confounder in the relation between hepcidin
and all-cause mortality in HD patients [176]. These data suggest that both low and high levels of
ferritin and hepcidin may be risk factors for the development of complications associated with CKD.

9. Safety Issues of Iron Therapy

9.1. Which is First Either OIT or IIT?

The French National Agency for the Safety of Medicines and Health Product (ANSM, Saint-Denis,
France), Canadian guidelines and other investigators recommend that it is appropriate to use OIT
in first intention due to its lower toxicity, regardless of ND-CKD or HD patients [52,126,177,178].
Several international guidelines also recommend that OIT should be administered first in
ND-CKD patients [52,58,59], while other guidelines recommend that IIT be firstly used in HD
patients [51,54,55,58,59]. Our previous study demonstrated that low dose of IIT could be a second line
of iron supplementation for the management of IDA in HD patients with minor inflammation who
failed to respond to OIT [124]. In support of our finding, IIT with ferrous saccharated (300–800 mg
bolus once a month followed by 50 mg weekly for 3 months) was beneficial in 13 (76.4%) of the
17 HD patients with IDA who failed to maintain the tHb (10–11 g/dL) following OIT and ESA [179].
Total doses of IIT in our protocol [124] are lower than the low maintenance dose of IIT (iron gluconate
31.25 mg/week over 1 year) which could not prevent a risk of iron overload in HD patients [180]
and far less than <250 mg of iron/month to avoid iron overload evaluated on MRI [181]. In our view,
OIT should be first administered in CKD patients, in particular in those with minor inflammation,
and be switched to IIT when patients fail to respond to OIT or severe adverse effects of OIT are present.

9.2. Adverse Effects of OIT and IIT

While oral iron is safer than IV iron, it is associated with reduced treatment adherence, due to
gastrointestinal side effects [182,183]. The short-term studies reported no significant difference in
prevalence of acute adverse effects between IIT and OIT in CKD patients [115,116]. However, IIT is
more frequently associated with serious adverse events than OIT in ND-CKD patients [184]. IV iron,
especially with high weekly doses, significantly increased a risk of infection and hospitalization and
promoted oxidant stress, cardiovascular events and all-cause mortality in CKD patients [7,182,184–186].
Infection-related mortality was high in HD adults receiving IV iron dose of >1050 mg in 3 months
or >2100 mg in 6 months [187]. Thus, the Kidney Disease Improving Global Outcomes (KDIGO)
guidelines recommend not administering IIT during active infection [54]. Similarly, atherosclerotic
change was correlated with serum levels of ferritin and doses of IV iron in HD patients [188].
OIT improved anemia in ND-CKD patients without affecting renal function [189], while IV iron
sucrose increased proteinuria in ND-CKD patients, indicating that high doses of IV iron may aggravate
kidney injury [190]. Repeated administration of IV iron in HD patients increased oxidative DNA injury
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and serum ferritin, suggesting that excess body iron stores caused by aggressive IIT might promote
oxidative stress [191].

9.3. Iron Overload in CKD

Serum levels of ferritin are generally higher in HD patients receiving IIT compared to those
receiving OIT [120,192]. In recent years, there is a trend for decreasing the use of ESA and increasing
the use of IIT for CKD patients in the US [109]. Like CRP [15,62], serum ferritin levels and the doses of
IV iron used were generally higher in HD patients of Western countries than in those of Japan [193,194].
Serum ferritin levels were increased in HD patients of Canada, Europe and the US from 1997 to
2011, compared to those of Japan [195]. Karaboyas et al. recently reported that during 2009–2015,
median ferritin levels in HD adults were 718 ng/mL in the US, 405 ng/mL in Europe and 83 ng/mL
in Japan [100]. In addition, mean serum ferritin levels of HD patients in the US in 2013 exceeded
800 ng/mL, with 18% of the patients exceeding ferritin of 1200 ng/mL [109]. Kalantar-Zadeh et al.
defined iron overload as serum ferritin levels of >2000 ng/mL since serum ferritin may be increased
up to 2000 ng/mL due to non-iron-related factors, including malnutrition-inflammation complex
syndrome [40]. However, no clear evidence for iron overload was presented in this study.

Recently, several approaches using imaging for the quantification of liver iron concentration have
been used to detect iron overload in CKD patients. Using superconducting quantum interference
device for direct noninvasive magnetic measurements of non-heme hepatic iron content, 32.5% and
37.5% of HD patients had mild (liver iron content; LIC 400 to 1000 μg/g liver tissue) and severe
iron overload (LIC > 1000 μg/g liver tissue), while 70% of these patients had serum ferritin levels
of <500 ng/mL [196]. In this study, the best specificity/sensitivity ratio for serum ferritin to identify
iron overload was proposed as >340 ng/mL [196]. Ghoti et al. showed that iron overload in the liver
was detected using MRI in HD patients with serum ferritin levels of >1000 ng/mL receiving IIT [197].
However, Rostoker et al. using MRI showed that in HD adults with positive CRP, cutoff levels of
serum ferritin were 160 ng/mL for mild (LIC > 50 μmol/g liver tissue) and 290 ng/mL for severe iron
overload (LIC > 200 μmol/g liver tissue) [168]. Despite the presence of inflammation, these cutoff
levels of serum ferritin to detect iron overload using MRI are significantly lower than upper limit of
serum ferritin to avoid iron overload proposed by international guidelines (Table 2) [51–60]. The same
research group using MRI recommended that the maximum amount of IV iron should be lowered
to 250 mg/month to avoid iron overload [181]. In support of this recommendation, Bailie et al.
reported that mortality was significantly higher in HD adults receiving IV iron dose of >300 mg/month
than those receiving iron dose of <299 mg/month [186]. Thus, it remains to be determined whether
international guidelines for the use of IV iron are safe enough to avoid a risk of iron overload [198].

To answer this question, accurate, noninvasive, rapid and inexpensive methods for evaluation
of iron overload would be mandatory. In our view, international guidelines for upper limit of serum
ferritin to avoid a risk of iron overload in CKD patients may need a revision according to the presence
or absence of inflammation. Vaziri stated in his review [182] that compared with Western countries,
the JSDT guidelines [53] for iron therapy in dialysis patients are far more conservative, while outcomes
of the Japanese dialysis patients are as good as or better than those in American counterparts and
that an approach with more conservative iron therapy should be considered. Efforts should be
directed towards lowering serum ferritin targets to avoid the long-term adverse effects of iron
overload-mediated toxicity especially in CKD patients with apparent inflammation.

9.4. Safer Treatment with Iron and Non-Iron Agents for the Management of IDA in CKD

There are a number of oral iron salts including ferrous sulphate, ferrous fumarate and ferrous
gluconate, of which ferrous sulphate has been most frequently used in ND-CKD patients [183].
Recently, several oral iron agents have been used to reduce adverse effects for the management of
IDA in CKD patients. Oral liposomal iron, a preparation of ferric pyrophosphate conveyed within a
phospholipid membrane associated with ascorbic acid, is well absorbed from the gut and demonstrates
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high bioavailability with low side effects [118]. It is a safe and efficacious alternative to IV iron gluconate
for the management of IDA in ND-CKD patients [118]. Oral heme iron polypeptide, a compound that
uses the heme porphyrin ring to supply iron, can increase iron store and has similar efficacy to IV
iron sucrose in ND-CKD [166] and HD patients [199]. As a new agent, low dose of oral ferric citrate,
a compound comprising trivalent iron with citrate that functions as a phosphate binder, has been
shown to improve IDA without inducing iron overload in hyperphosphatemic HD patients [200].

To avoid potential serious adverse effects of IIT, safer regimens with low dose of IV iron have
been used for the management of IDA in CKD patients. Maintenance IV iron regimen in smaller
doses at frequent intervals has been more efficacious and safer than large intermittent doses [201].
Continuous low dose of IV iron sucrose was more effective in maintaining tHb compared to the regimen
with bolus high dose of IV iron in HD patients [202]. Low dose of iron sucrose (20 mg) at the end
of every HD session was effective to maintain functional iron levels and ESA dose, thereby reducing
iron overload in HD patients without serious adverse effects [203]. Weekly low dose (50 mg) of IV
iron sucrose for 6 months maintained tHb and reduced the ESA dose without induction of high
serum ferritin levels in HD patients [204]. In addition, low dose of IV ferric carboxymaltose appeared
to be safe for the management of IDA in ND-CKD patients [98]. The efficacy and safety of IV
ferumoxytol was comparable to IV iron sucrose in patients with varying degrees of renal function [205].
Intravenous low-molecular-weight iron dextran for 12 months was effective even in iron-pretreated
HD patients [206]. Furthermore, ferric pyrophosphate citrate, a water-soluble iron salt administered
via dialysate at a dose of 2 μmol/L (110 mg/L of Fe3+) to supply ∼5–7 mg of iron during the course of
each dialysis session, was able to decrease the amount of IV iron needed for maintenance of tHb with
a reduction of the ESA dose in HD patients [207].

As alternative treatment, non-iron agents that can inhibit hepcidin have recently been
used for the management of IDA in CKD patients. Pentoxifylline, a methylxanthine derivative,
inhibited phosphodiesterase, resulting in increased intracellular cyclic AMP, activation of protein
kinase A and inhibition of IL and TNF synthesis as well as inflammation. Pentoxifylline reduced
expression of IL-6 and ferritin and increased Hb and TSAT possibly through modulation of hepcidin
in ND-CKD adults [208].

As other agents, an oral hypoxia-inducible factor (HIF)-prolyl hydroxylases (PHD) inhibitor—
vadadustat (AKB-6548, Akebia Therapeutics Inc, Cambridge, MA, USA)—has been shown to
increase Hb, mean absolute reticulocyte count and TIBC and reduced hepcidin and ferritin by
stabilizing HIF in iron-replete ND-CKD patients receiving a minimum dose of OIT with or without
ESA [209,210]. Roxadustat (FG-4592, FibroGen, San Francisco, CA, USA), other oral HIF-PHD inhibitor,
decreased hepcidin, ferritin and TSAT and increased Hb and TIBC in iron-replete ND-CKD patients
not receiving IIT and ESA [211]. Regardless of CRP and iron repletion, roxadustat increased Hb and
decreased hepcidin in HD patients [212]. In this study, an increase in Hb was greater in HD patients
receiving OIT or IIT than in those not receiving iron, while TSAT and CHr were decreased in the patients
with no iron but unchanged in those receiving OIT or IIT. In addition, serum ferritin levels did not
change in HD patients receiving OIT or IIT but decreased in those not receiving iron. Roxadustat can
be used even in the presence of inflammation and leads to sufficiency of low-dose oral iron for
anemia correction in CKD patients [212]. Other oral HIF-PHD inhibitor, daprodustat (GSK127886,
GlaxoSmithKline, Philadelphia, PA, USA), decreased hepcidin, ferritin, serum iron and TSAT and
increased Hb, total reticulocyte counts, TIBC and unsaturated iron-binding capacity in ND-CKD and
dialysis patients [213]. In addition, HIF-PHD inhibitors can reduce iron dose to maintain tHb in HD
patients and minimize iatrogenic iron overload from IV iron [212]. These non-iron agents can increase
iron availability for effective erythropoiesis by decreasing ferritin and hepcidin and this effect is not
affected by inflammation. Thus, they have a benefit for the management of IDA/FIDA even in CKD
patients with apparent inflammation.
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10. Minimizing a Risk of Inflammation as Therapeutic Strategy for IDA in CKD

Minimization of a risk of inflammation may reduce the required dose of iron therapy in HD
patients [21]. Correctible causes of inflammation in CKD include tunneled dialysis catheters, AV grafts,
catheter infection, periodontal disease, poor water quality and dialyzer incompatibility [62,214].
Ultrapure dialysate reduced serum levels of CRP and ferritin and improved iron utilization in
HD patients [215]. Thus, OIT was as effective as IIT for the management of IDA in HD patients
using ultrapure dialysate [165]. HD patients with catheters and AV grafts were associated with
high inflammation markers and required a higher dose of ESA as compared to those with AV
fistulae [21]. Obesity is frequently associated with IDA and inflammation in CKD patients [216,217].
Despite IDA, obesity increases the expression of hepcidin due to inflammation-induced hepcidin
synthesis by adipose tissues [216]. Obese CKD patients frequently developed hyporesponsiveness to
OIT due to increased hepcidin [217]. Therapeutic strategy for the management of IDA should include
minimization of these risk factors of inflammation in CKD patients.

11. Conclusions

IDA induces resistance to ESA, poor QOL and increased mortality in CKD patients. Inflammation highly
associated with CKD increases ferritin and hepcidin, which block iron absorption and efflux, leading to
reduced iron availability for erythropoiesis and subsequent hyporesponsiveness to iron therapy and
ESA. In the absence of inflammation, correlation between ferritin and hepcidin is robust to predict
iron status and responsiveness to iron therapy. Diagnosis of IDA, criteria for initiation of iron therapy
and upper limit of ferritin to predict iron overload are different among international guidelines for
the management of IDA in CKD patients. Inflammation-mediated increase in ferritin and hepcidin
independent of iron status affect these issues and reduces the predictive values of ferritin and hepcidin
for the response to iron therapy. IIT has been considered to be superior to OIT for the management
of IDA in CKD patients. While this may be true in the presence of apparent inflammation, OIT is
as effective as IIT under minor inflammation. Many short-term studies show that aggressive IIT
in CKD patients, especially in those with high inflammation, has been considered safe based on
appearance of iron overload symptoms. Thus, iron overload can silently progress, leading to a risk
of mortality in CKD patients. Currently, there is no evidence for how much iron is accumulated in
the tissues and the long-term adverse effects of aggressive IIT including mortality in CKD patients.
Upper limit of serum ferritin to predict iron overload using MRI is far less than that proposed by
international guidelines for IDA in CKD patients. Accurate, non-invasive and rapid methods to
detect iron overload other than MRI need to be established. Alteration of iron status such as IDA
and iatrogenic iron overload and of expression of ferritin and hepcidin as well as inflammation may
affect the development of complications and mortality in CKD patients. The management of IDA
in CKD patients should differ, depending on the absence or presence of inflammation and include
minimization of a risk of inflammation. Future well-powered studies using a large number of CKD
patients with or without inflammation would be necessary to address the impact of inflammation on
therapeutic strategies for the management of IDA in CKD patients.
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Abbreviations

AV arteriovenous
BMP bone morphogenetic protein
BMPR BMP receptor
C/EBP CCAAT enhancer-binding protein
CHr content of hemoglobin in reticulocytes
CKD chronic kidney disease
CP ceruloplasmin
CREBH cyclic-AMP-responsive-element-binding protein H
CRP C-reactive protein
DCYTB duodenal cytochrome b
DMT1 divalent metal transporter1
EPO erythropoietin
ESA erythropoiesis-stimulating agents
ESRD end-stage renal disease
FIDA functional IDA
FPN ferroportin
FtH heavy chain of ferritin
FtL light chain of ferritin
GDF15 growth differentiation factor 15
GFR glomerular filtration rate
Hb hemoglobin
HD hemodialysis
HIF hypoxia-inducible factor
HO-1 heme oxygenase-1
HFE hereditary hemochromatosis protein
HIF hypoxia-inducible factor
Ht hematocrit
IBD inflammatory bowel disease
IDA iron deficiency anemia
IIT intravenous iron therapy
IL interleukin
INF interferon
IRE iron responsive element
IRP iron regulatory protein
JAK Janus kinase
LN lupus nephritis
LPS lipopolysaccharide
LVM left ventricular mass
mHJV membrane-anchored hemojuvelin
MRI magnetic resonance imaging
MT-2 matriptase-2
ND non-dialysis
NF nuclear factor
NO nitric oxide
OIT oral iron therapy
%Hypo percentage of hypochromic red cells
PD peritoneal dialysis
PHD prolyl hydroxylase
PGC-1α peroxisome proliferator-activated receptor γ coactivator-1α
QOL quality of life
RA rheumatoid arthritis
sHJV soluble HJV
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SLE systemic lupus erythematosus
SMAD small mothers against decapentaplegic proteins
STAT signal transducers and activators of transcription
sTfR soluble transferrin receptor
Tf transferrin
tHb target Hb
TIBC total iron binding capacity
TNF tumor necrosis factor
TSAT Tf saturation
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