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Abstract
Following a request from the European Commission, the EFSA Panel on Nutrition, 
Novel Foods and Food Allergens (NDA) was asked to deliver a scientific opinion on 
the tolerable upper intake level (UL) for iron. Systematic reviews were conducted to 
identify evidence regarding high iron intakes and risk of chronic diseases, adverse 
gastrointestinal effects and adverse effects of iron supplementation in infancy, 
young childhood and pregnancy. It is established that systemic iron overload leads 
to organ toxicity, but no UL could be established. The only indicator for which a 
dose–response could be established was black stools, which reflect the presence 
of large amounts of unabsorbed iron in the gut. This is a conservative endpoint 
among the chain of events that may lead to systemic iron overload but is not ad-
verse per se. Based on interventions in which black stools did not occur at sup-
plemental iron intakes of 20–25 mg/day (added to a background intake of 15 mg/
day), a safe level of intake for iron of 40 mg/day for adults (including pregnant and 
lactating women) was established. Using allometric scaling (body weight0.75), this 
value was scaled down to children and adolescents and safe levels of intakes be-
tween 10 mg/day (1–3 years) and 35 mg/day (15–17 years) were derived. For infants 
7–11 months of age who have a higher iron requirement than young children, al-
lometric scaling was applied to the supplemental iron intakes (i.e. 25 mg/day) and 
resulted in a safe level of supplemental iron intake of 5 mg/day. This value was 
extended to 4–6 month-old infants and refers to iron intakes from fortified foods 
and food supplements, not from infant and follow-on formulae. The application of 
the safe level of intake is more limited than a UL because the intake level at which 
the risk of adverse effects starts to increase is not defined.
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1  |  INTRO DUC TIO N

1.1  |  Background as provided by the European Commission

Article 6 of Regulation (EC) No 1925/2006 on the addition of vitamins and minerals and of certain other substances to foods 
and Article 5 of Directive 2002/46/EC on the approximation of the laws of the Member States relating to food supplements 
provide that maximum amount of vitamins and minerals added to foods and to food supplements, respectively, shall be 
set.

The above-mentioned provisions lay down the criteria to be taken into account when establishing these maximum 
amounts that include the upper safe levels (ULs) of vitamins and minerals established by scientific risk assessment based 
on “generally accepted scientific data, taking into account, as appropriate, the varying degrees of sensitivity of different groups 
of consumers”.

To set maximum amounts of vitamins and minerals in fortified foods and food supplements, the Commission would like 
to ask the European Food Safety Authority (EFSA) to review the previous opinions of the Scientific Committee on Food 
(SCF) or the NDA Panel on the ULs for vitamin A,1 folic acid/folate,1 vitamin D,1 vitamin E,1 Vitamin B6,1 iron,1 manganese1 and 
β-carotene1 to take into account recent scientific developments and evidence.

In this context, EFSA should first review the guidelines of the SCF1 for the development of tolerable upper intake levels 
for vitamins and minerals (adopted on 19 October 2000).

Tolerable Upper Intake Levels should be presented separately for the age group from 4/6 months onwards until 3 years 
of age and the general population group from 3 years onwards, taking into account, as appropriate, the varying degrees 
of sensitivity of different consumer groups. As foods intended for the general population are also consumed by young 
children, young children should be considered as a potentially sensitive consumer group.

1.2  |  Terms of reference as provided by the European Commission

In accordance with Article 29(1)(a) of Regulation (EC) No 178/2002, the European Commission requests the European Food 
Safety Authority to:

1.	 Update the guidelines of the SCF for the development of Tolerable Upper Intake Levels for vitamins and minerals 
in the light of available recent scientific and methodological developments.

2.	 Review existing scientific evidence and provide advice on Tolerable Upper Intake Levels for the following vitamins and 
minerals including their currently authorised forms for the addition to fortified foods and food supplements for the gen-
eral population and, as appropriate, for vulnerable subgroups of the population:

•	 vitamin A
•	 folic acid/folate
•	 vitamin D
•	 vitamin E
•	 iron
•	 manganese
•	 β-carotene
•	 vitamin B6

For nutrients for which there are no, or insufficient, data on which to base the establishment of an UL, an indication 
should be given on the highest level of intake where there is reasonable confidence in data on the absence of adverse 
effects.

1.3  |  Interpretation of the Terms of Reference

According to the mandate, EFSA has first reviewed the guidelines of the SCF for the development of tolerable upper intake 
levels (ULs) for vitamins and minerals (SCF, 2000). A draft guidance has been endorsed by the Panel on Nutrition, Novel 
Foods and Food Allergens (NDA) and published for a 1-year pilot phase (EFSA NDA Panel, 2022a) after which it will be re-
vised and complemented as necessary, following a public consultation.

The Panel interprets that the previous assessment by the EFSA NDA Panel (2004) should be revised according to the 
principles laid down in the above-mentioned guidance, following a protocol developed for that purpose (Annex A) and 

 1SCF (2000). Scientific Committee on Food. Guidelines of the Scientific Committee on Food for the Development of Tolerable Upper Intake Levels for Vitamins and 
Minerals. in: Scientific Committee on Food, Scientific Panel on Dietetic Products, Nutrition and Allergies (2006). Tolerable Upper Intake Levels for Vitamins and Minerals.
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covering all sources of iron authorised for addition to foods and food supplements in the EU. Whenever relevant, the influ-
ence of haem and non-haem iron on an observed relationship between high iron intakes and an adverse health outcome 
will also be considered.

1.4  |  Context of the assessment

The NDA Panel evaluated the UL for iron in 2004 (EFSA NDA Panel, 2004). The Panel concluded that the available data were 
insufficient to establish a UL for iron. Although there have been reports of adverse gastrointestinal (GI) effects with short-
term ingestion of non-haem iron preparations at doses of 50–60 mg/day, the Panel noted that these adverse GI effects are 
not a suitable basis to establish a UL which refers to daily chronic intakes for iron from all sources. The Panel also considered 
that a UL cannot be established for iron based on systemic iron overload [based on serum ferritin (SF) concentrations], due 
to the inadequacy of data which did not allow the development of dose–response curves between intake, homeostatic 
adaptations, body burden and adverse health effects, including increased risk of chronic diseases (i.e. cardiovascular dis-
ease, diabetes and cancer).

The peer review of the pesticide risk assessment of the active substance iron sulfate by EFSA stated that adverse health 
effects can occur at iron intakes of > 20 mg/kg body weight (bw). It was stated that adverse health effects such as adverse 
GI effects, liver dysfunction and renal failure can occur at doses well above 50 mg/day which was noted to correspond to 
the acceptable daily intake (ADI) of 0.8 mg/kg bw per day (EFSA, 2012). The same reference point was taken for the risk 
assessments of ferric phosphate (EFSA, 2015a) and ferric pyrophosphate (EFSA, 2020).

A summary of evaluations by other risk assessments bodies is given in Section 3.5 and Table 1.
The safety evaluation of several forms of iron when added for nutritional purposes to foods and/or for use as food sup-

plements, or foods intended for particular nutritional uses, has been carried out by EFSA. EFSA concluded the following 
iron sources were of no safety concern under the proposed conditions of use: ferrous ammonium phosphate (EFSA ANS 
Panel, 2010a), ferrous phosphate (EFSA ANS Panel, 2009a), iron (II) taurate (EFSA ANS Panel, 2009b), iron l-pidolate (EFSA 
AFC Panel, 2007), ferrous bisglycinate (EFSA AFC Panel, 2006) and ferric sodium ethylenediaminetetraacetic acid (EDTA) as 
long as it does not lead to an exposure to EDTA above 1.9 mg EDTA/kg bw per day (EFSA ANS Panel, 2010b).

Iron hydroxide adipate tartrate and iron milk proteinate/caseinate have recently been assessed by the NDA Panel as 
novel nutrient sources intended to be used in food supplements and were deemed safe under the proposed conditions 
of use (EFSA NDA Panel, 2021, 2022b).

1.5  |  Previous assessments by other bodies

The Institute of Medicine (IOM, 2001) in the USA considered GI effects as the critical adverse effect on which to base the UL 
for iron. The available evidence for the risk of other endpoints considered in their assessment, including impaired zinc ab-
sorption, increased risk for vascular disease and cancer and systemic iron overload, did not allow the determination of a UL. 
IOM noted that adverse GI effects manifested mainly in individuals consuming high doses of supplemental iron in a fasting 
state. A lowest observed adverse effect level (LOAEL) for supplemental iron of 60 mg/day (from iron salts) was identified 
from the controlled double-blind crossover study by Frykman et al. (1994). Adverse GI effects were assessed in 97 Swedish 
men and women, who were given for periods of 30 days: (i) a non-haem iron supplement (60 mg/day as iron fumarate) or 
(ii) a supplement with haem and non-haem iron (2.4 mg/day iron from porcine blood and 16 mg/day as iron fumarate). 
The trial was divided in three phases and all participants randomly received placebo in one of the last two phases. The 
frequency of constipation and total incidence of all adverse effects were significantly higher among individuals receiving 
the non-haem iron supplement, compared to those receiving the supplement with a combination of haem and non-haem 
iron or the placebo. The IOM reported that the adverse GI effects were minor. However, five individuals had to stop taking 
the supplements due to adverse GI effects. The LOAEL for total iron intake was estimated using the supplemental intake of 
iron from iron salts (60 mg/day) in the study and adding 11 mg/day, which was the estimated mean iron intake from food 
in women from six European countries (van de Vijver et al., 1999) and in Danish men (Bro et al., 1990). A LOAEL for total iron 
intake of 70 mg/day was identified. Supportive evidence for a LOAEL of 50–120 mg/day supplemental iron salts was avail-
able from prospective studies (Brock & Curry, 1985; Coplin et al., 1991; Liguori, 1993; Lökken & Birkeland, 1979) which did not 
include a placebo control group, or in which the population studied was smaller than in the study by Frykman et al. (1994). 
For the extrapolation from a LOAEL to a no observed adverse effect level (NOAEL), an uncertainty factor (UF) of 1.5 was 
applied and IOM established a UL of 45 mg/day of iron for adults (≥ 19 years old). There was a lack of data with doses less 
than 100 mg/day to identify a NOAEL for pregnant women. Therefore, the same UL established for all adults was applied 
to pregnant and lactating women. No adverse GI effects were reported in studies where infants and young children were 
supplemented with 5–30 mg/day non-haem iron for a duration of 3–21 months (Burman, 1972; Farquhar, 1963; Reeves & 
Yip, 1985). The median iron intake for infants aged 11–14 months was thought to be about 10 mg/day. The NOAEL was then 
estimated to be 40 mg/day and an UF of 1 was applied, given the uncertainty is very low regarding the doses inducing 
adverse GI effects in infants and young children. Therefore, the UL for infants and young children was set at 40 mg/day. 
Due to the lack of data in children of the ages 4–18 years, the UL for infants and young children (40 mg/day) was extended 
to children 4–13 years old and the UL for adults (45 mg/day) was extended to adolescents 14–18 years old.
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The Expert Group on Vitamins and Minerals (EVM) of the UK Food Standards Agency established a guidance level for 
supplemental intake of iron, due to insufficient appropriate data to establish a UL (EVM, 2003). The studies thought of 
as most critical in their evaluation were mostly the same studies considered by the IOM with adverse GI effects as end-
point, i.e. Blot et al. (1981); Brock and Curry (1985); Coplin et al. (1991); Liguori (1993); Frykman et al. (1994); and Lökken and 
Birkeland (1979). Adverse GI effects in these studies were observed following supplemental doses of 50–220 mg iron/day 
and the frequency of the effects increased at higher doses. The lower end of this range of supplemental doses was divided 
by an UF of 3 to extrapolate from a LOAEL to a NOAEL. A guidance level of supplemental intake of approximately 17 mg/day 
(0.28 mg/kg bw per day for a 60 kg adult) was established; this level did not apply to individuals with predisposition to sys-
temic iron overload, such as individuals homozygous for hereditary haemochromatosis who have unregulated, increased 
absorption of dietary iron. The EVM noted that the available studies did not investigate GI or any other adverse effects in 
detail, and data on the long-term implications of supplemental iron on iron status or storage were not available.

The Joint FAO/WHO Expert Committee on Food Additives (JECFA, 1983) noted that ‘normal individuals have taken daily 
supplements of 50 mg of iron per day (ferrous iron) of long periods without any adverse effects.’ They also noted that the body 
has a considerable capacity to store iron and that chronic systemic iron overload may occur in individuals with disorders 
of iron absorption and metabolism. JEFCA set a provisional maximum tolerable daily Intake of 0.8 mg/kg bw per day for 
adults, applicable to iron from all sources except iron oxides and hydrated iron oxides used as colouring agents and iron 
supplements taken during pregnancy and lactation.

The Australia and New Zealand National Health and Medical Research Council (NHMRC, 2006) followed the same ap-
proach and considered the same studies as IOM (2001) in deriving a UL for adults and children 4–13 years old, while their 
approach for deriving the UL for infants and young children differed. Therefore, the UL for adults (including pregnant and 
lactating women), and adolescents 14–18 years old, was set at 45 mg/day; the UL for children 4–13 years old was set at 40 
mg/day. For infants and young children, the UL was set at 20 mg/day considering an UF of 3 to extrapolate from the LOAEL 
to the NOAEL based on the randomised trial by Dewey et al. (2002).

The Nordic Nutrition Recommendations (NNR) (Nordic Council of Ministers, 2014) for Denmark, Finland, Iceland, Norway 
and Sweden derived a UL of 60 mg/day for adults (excluding pregnant women) based on the risk of biochemical iron over-
load, while a UL for infants was not established due to lack of data. The study by Fleming et al. (2002) observed a signifi-
cantly higher risk of ‘high iron stores’ at an intake of ≥ 30 mg supplemental iron/day compared to no supplement use as the 
supplemental intake was associated with plasma-ferritin > 300 mg/L or > 200 mg/L in elderly men and women, respectively. 
It had been previously suggested that supplemental intake of 10–15 mg iron/day allowed for the homeostatic regulation of 
iron absorption by adaptation of intestinal absorption (Bothwell et al., 1989; Hallberg et al., 1998; IOM, 2001; Beard, 2002). 
NNR also cited, as supportive evidence, theoretical calculations performed by Borch-Iohnsen and Pettersson (1995). The 
authors suggested that, based on their calculations, supplemental intake of an extra 60 mg iron/day over 5 years could 
put a non-pregnant non-menopausal woman with a body weight of 63 kg at risk of storing excessive iron. NNR could not 
establish any dose-dependent relationships between risk of cardiovascular disease, cancer or diabetes and dietary iron. 
Recently, the NNR published revised recommendations (Blomhoff et al., 2023). However, the UL of 60 mg/day was kept 
based on their assessment from 2012.

The Norwegian Scientific Committee for Food Safety (VKM, 2017) used the temporary guidance level for iron intake 
set by JECFA, as also suggested by Rasmussen et al. (2006), which was 50 mg/day for adults and 0.8 mg/kg bw per day for 
other age groups. VKM noted that this also takes the risk of developing chronic illnesses from systemic iron overload into 
account.

T A B L E  1   Overview of existing tolerable upper intake Levels, in mg/day.

Population group IOM (2001) NHMRC (2006) EFSA NDA Panel (2004) NNR (2014)

0–6 months 40 20 nd nd

7–12 months 40 20 nd nd

1–3 years 40 20 nd nd

4–8 years 40a 40 nd nd

7–10 years 40a 40 nd nd

9–13 years 40a 40 nd nd

14–18 years 45b 45 nd nd

≥ 18 years 45c nd 60d

≥ 19 years 45c

Abbreviations: EFSA, European Food Safety Authority; IOM, Institute of Medicine; nd, not defined; NHMRC, National Health and Medical Research Council Australia and 
New Zealand; NNR, Nordic Nutrition Recommendations.
aExtrapolated from the UL for infants (IOM).
bExtrapolated from the UL for adults (IOM).
cIncluding pregnant and lactating women.
dExcluding pregnant women.
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2  |  DATA AN D M ETH O DO LOG IES

2.1  |  Problem formulation

In accordance with the draft NDA Panel guidance on establishing and applying ULs for vitamins and essential minerals 
(EFSA NDA Panel, 2022a, 2022b), the assessment questions underlying the UL evaluation are formulated as follows:

•	 What is the maximum level of total chronic daily intake of iron (from all sources) which is not expected to pose a risk of 
adverse health effects to humans? (Hazard identification and characterisation)

•	 What is the daily intake of iron from all dietary sources in EU populations? (Intake assessment)
•	 What is the risk of adverse effects related to the intake of iron in EU populations, including attendant uncertainties? (Risk 

characterisation)

Adverse (health) effects are defined as a change in the morphology, physiology, growth, development, reproduction 
or life span of an organism, system or (sub)population that results in an impairment of functional capacity to compensate 
for additional stress or an increase in susceptibility to other influences (EFSA Scientific Committee, 2017a; FAO/WHO, 2009). 
The observable effects of high nutrient intake within the causal pathway of an adverse health effect can range from bio-
chemical changes without functional significance (e.g. certain changes in enzyme activity) to irreversible clinical outcomes. 
Notably, some changes that occur before clinical manifestations could be used as surrogate or predictive markers of sub-
sequent adverse health effects, i.e. biomarkers of effect (EFSA NDA Panel, 2022a, 2022b).

Priority adverse health effects, i.e. those that are expected to play a critical role for establishing a UL, were identified in 
consultation with a panel of qualified experts on iron2 and after discussion by the UL Working Group (WG) as follows:

•	 GI effects
•	 Zinc absorption and status
•	 Type 2 diabetes mellitus (T2DM)
•	 Gestational diabetes mellitus (GDM)
•	 Adverse health effects in pregnant women [preterm birth or labour, intrauterine growth restriction (IUGR), birth weight/

length/head circumference (HC), stillbirths, preeclampsia]
•	 Adverse health effects in infants and young children (growth impairment, risk of diarrhoea, risk of infections, neurode-

velopment, asthma and respiratory function)

As a result of the problem formulation, the overarching risk assessment questions were further specified into assess-
ment subquestions (sQs) and the methods to address each sQ was selected, as outlined in Table 2.

 2The expert panel was composed of Susan Fairweather-Tait (Norwich Medical School, Faculty of Medicine and Health Sciences, University of East Anglia, UK), Kostas 
Pantopoulos (Lady Davis Institute for Medical Research, McGill University, Canada), Nils Milman (Departments of Clinical Biochemistry and Obstetrics, Naestved Hospital, 
University of Copenhagen, DK) and Gary Brittenham (Department of Pediatrics, College of Physicians and Surgeons, Columbia University, USA). A hearing of the expert 
panel was held on 5 January 2022.

T A B L E  2   Assessment subquestions and methods to address them (as laid down in the protocol).

Subquestion Method

sQ1 Absorption, distribution, metabolism and excretion (ADME) of different forms of iron
1a. What is the ADME and relative bioavailabilitya of different forms of iron in humans?
1b. What are differences related to age, or other individual factors, such as genetic polymorphisms 

(e.g. C282Y heterozygotes) or iron status, that should be taken into consideration in the derivation 
of an UL which is protective for the general population?

Narrative review
Narrative review

sQ2 Biomarkers of exposure to iron
2a. What is the (quantitative) relationship between SF concentration and liver toxicity?
2b. What is the dose–response relationship between iron intake and SF concentration in adults free of 

conditions expected to affect circulating SF concentrations

Narrative review
Systematic review (focused 

on intervention trials)

sQ3 Gastrointestinal effects
3a. What is the dose–response relationship between the consumption of iron dietary supplements 

and acute adverse GI effects?
3b. What are the potential mechanisms/mode(s) of action underlying the relationships between iron 

intake and these endpoints?

Systematic review

Narrative review

sQ4 Zinc absorption
4a. Does ‘high iron’ intake (intake higher than expected from an average diet) affect zinc absorption 

and zinc status in humans? If so, can a dose–response be characterised?
4b. What are the potential mechanisms/mode(s) of action underlying the relationships between iron 

intake and these endpoints?

Narrative review

Narrative review
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2.2  |  Hazard identification and characterisation

Preparatory work regarding subquestions sQ1 to sQ6 was performed by a contractor.3 The technical report of the contrac-
tor is published (Parlesak et al., 2024). The technical report served as the primary source of information for this assessment. 
However, the Panel conducted an independent evaluation of the evidence.

2.2.1  |  Data

A description of the processes applied for evidence retrieval, study selection and data extraction is provided below. These 
steps were conducted by a contractor and were undertaken by the University of Copenhagen in collaboration with the 
University of Oslo and the Karolinska Institutet. A detailed description of the steps is published in the final report of this 
outsourcing project (Parlesak et al., 2024).

2.2.1.1  |  Priority adverse health effects addressed through systematic reviews (sQ2b, sQ3a, sQ5a, sQ5b, sQ6a and sQ6b)

To address sQ2b, sQ3a, sQ5a, sQ5b, sQ6a and sQ6b, relevant human studies, published in English, on the selected adverse 
health effects were identified through systematic searches of the literature in MEDLINE (Ovid), Embase (Ovid) and Cochrane 
Central Register of Controlled Trials conducted until 19 April 2022 (for sQ2b, sQ3a, sQ6a and sQ6b) and until 22 April 2022 
(for sQ5a (T2DM) and sQ5b (GDM)). No date limit was applied, except for sQ3a (adverse GI effects) for which the search was 
restricted to articles published after 2003 (i.e. after the last assessment of the UL for iron by EFSA, protocol amendment 
1). The search strategy was created by information specialists of the University of Oslo and peer reviewed by information 
specialists at the Karolinska Institutet and EFSA. It is further detailed in the final report of the outsourcing project (Parlesak 
et al., 2024). Grey literature (i.e. literature not indexed in literature databases) was not searched.

Retrieved articles were screened in duplicate in Distiller SR® at title and abstract level, also with the use of the artificial 
intelligence tool of Distiller SR®, and at full-text level for inclusion/exclusion according to the criteria defined in the proto-
col (Annex A). Conflicts were solved by a third reviewer, if necessary. Relevant systematic reviews, if available, were hand-
searched for additional pertinent studies. Reviews, expert opinions, editorials, letters to the editors, abstracts, posters and 
theses not reporting on original data were excluded.

Eligible designs: For sQ2b, sQ3a, sQ6a and sQ6b, eligible study designs were limited to randomised controlled trials (RCTs) 
(protocol amendment 2). For this purpose, the sensitivity and precision maximising filter for RCTs was used in PubMed. In 
Embase, the search strings were designed to specifically retrieve RCTs. For sQ5a (T2DM) and sQ5b (GDM), non-randomised 
comparative studies of interventions and prospective observational (prospective cohort, case-cohort and nested case–
control) studies as well as follow-up of intervention studies were eligible.

Eligible study populations: For sQ2b, sQ6a and sQ6b, the eligible study population was limited to apparently healthy in-
dividuals without iron deficiency or iron deficiency anaemia. Anaemia of unknown origin, malnutrition and infection with 
malaria were added as exclusion criteria for sQ6a (infant outcomes) and sQ6b (pregnant women) (protocol amendment 
3). Contrary to sQ2b, sQ6a and sQ6b, for sQ3a (adverse GI effects), individuals with iron deficiency or iron deficiency anae-
mia were eligible.

 3Call for tender OC/EFSA/NUTRI/2021/01.

Subquestion Method

sQ5 Diabetes
5a. Does ‘high iron’ intake (intake higher than expected from an average diet) or changed levels 

of indicators thereof increase the risk of T2DM in adults? If so, what is the dose response, if 
extractable?

5b. Does ‘high iron’ intake (intake higher than expected from an average diet) or changed levels of 
indicators thereof increase the risk of GDM? If so, what is the dose–response, if extractable?

5c. What are the potential mechanisms/mode(s) of action underlying the relationships between iron 
intake and these endpoints?

Systematic review

Systematic review

Narrative review

sQ6 Adverse effects of iron supplementation in infants, young children and pregnant women
6a. What is the evidence on adverse effects of ‘high iron’ intake (intake higher than expected from an 

average diet) in infants?
6b. What is the evidence on adverse effects of ‘high iron’ intake (intake higher than expected from an 

average diet) in pregnant women and/or for the unborn/newborn child?

Systematic review

Systematic review

sQ7 Iron intake
7a. What are the levels of iron in foods, beverages and food supplements in the EU?
7b. What is the distribution of daily iron intake from all dietary sources in EU populations and 

subgroups thereof?

Food composition and food 
consumption data in 
the EU

aLimited to in vivo data.

T A B L E  2   (Continued)
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For sQ5a (T2DM) and sQ5b (GDM), studies were eligible if they involved adults and pregnant women, respectively, ei-
ther healthy individuals or diseased individuals if the disease was considered not to be related to the exposure-outcome 
relationship.

Eligible exposure measurements: For sQ2b, sQ3a, sQ6a and sQ6b, studies were eligible if they investigated supplemental 
iron intake. For sQ5a (T2DM) and sQ5b (GDM), RCTs were eligible if they investigated supplemental iron intake and obser-
vational studies if they measured iron intake by dietary assessment methods or used accepted biomarkers of iron status, 
i.e. SF, transferrin saturation (TSAT), total iron binding capacity (TIBC) and soluble transferrin receptor (sTfR)-to-ferritin ratio. 
As sTfR is rather a marker of physiological iron requirement, it was not used in the assessment (protocol amendment 4).

For sQ5b (GDM), studies investigating oral iron intake from all sources and repeated administration for at least 4 weeks 
were eligible.

In relation to sQ2b, sQ3a, sQ6a and sQ6b, 11,918 unique references were identified after removing duplicates (flow chart 
in Appendix A). The title and abstract screening left 353 relevant articles that underwent a full-text review. A total of 138 
publications were initially identified as relevant. After protocol amendment 3 and further exclusion at data extraction, 
93 articles remained for assessment. A total number of 33 articles were used by the contractor (Parlesak et al., 2024) for 
answering sQ2b (relationship between SF concentrations and total iron intakes). As the Panel decided not to pursue this 
question (see Section 3.3), these articles were not used in the present opinion. For sQ3a (adverse GI effects), a total of 62 
articles met the inclusion criteria. Of those, 58 are described in the contractor's report (Parlesak et al., 2024). As described 
in Section 3.5.4, a further subselection of the articles was made by the Panel during the assessment and six articles out 
of the 62 articles retrieved were used by the Panel. To this, three articles which were included in previous assessments 
(IOM, 2001; EFSA NDA Panel, 2004) were added as well as one article (Friling et al., 2022) published after the deadline for 
the literature search which was, however, considered to bring relevant evidence to the assessment. This brought the total 
number of articles described for sQ3a in this opinion to 10 reporting on 13 intervention studies. For sQ6a (adverse effects 
of iron supplementation in infants and young children), five RCTs were included for the assessment of the effect of iron 
supplementation on growth, two for the effect on cognitive development and another two for the effect on infections. For 
sQ6b (adverse effects of iron supplementation in pregnant women), five RCTs were considered relevant.

In relation to sQ5a (T2DM) and sQ5b (GDM), 4679 unique references were identified after removing duplicates (flow 
chart in Appendix A). The title and abstract screening left 98 relevant articles that underwent a full-text review. A total of 
60 publications were initially identified as relevant. After further exclusion at the data extraction level and the decision of 
not taking into account studies which reported on the relationship between diabetes and haem or non-haem iron intake 
as well as on the relationship between diabetes and biomarkers of iron status (see Sections 3.5.2 and 3.5.3), 17 articles 
remained for assessment, i.e. 10 articles reporting on nine PC studies for sQ5a and three intervention studies as well as 
three PC studies for sQ5b.

Data were extracted by the contractor in Distiller SR® and then transferred to Microsoft Excel® for the purpose of data 
plotting and into Microsoft Word® for the preparation of evidence tables (Appendix B).

2.2.1.2  |  Priority adverse health effects addressed through narrative reviews (sQ4a and parts of sQ6a)

For sQ4a and the sQ on cognitive development of sQ6a, narrative reviews were conducted (protocol amendment 5 for 
sQ6a). Relevant studies were retrieved from the search performed to inform sQ3a and by searching in the reference list of 
relevant systematic reviews.

2.2.1.3  |  Other background information (sQ1a, sQ1b, sQ3b, sQ4b and sQ5c)

For sQ1a, sQ1b, sQ3b, sQ4b and sQ5c, information from textbooks, existing evaluations, authoritative reviews and research 
papers retrieved through non-systematic searches in bibliographic databases, and selected on the basis of their relevance, 
were used as sources of information. The information was summarised through a narrative review.

2.2.2  |  Methodologies

The methodology for this assessment follows the guidance for establishing ULs developed by the EFSA NDA Panel (2022a). 
Other guidance documents from EFSA were also considered, including those addressing the application of the systematic 
review methodology in food and feed safety assessments (EFSA, 2010), the principles and processes for dealing with data 
and evidence in scientific assessments (EFSA, 2015b), the statistical significance and biological relevance (EFSA Scientific 
Committee, 2011), the biological relevance of data (EFSA Scientific Committee, 2017a), the use of the weight of evidence 
approach (EFSA Scientific Committee, 2017b), the appraisal and integration of evidence from epidemiological studies (EFSA 
Scientific Committee, 2020) and the analysis of uncertainty in scientific assessments (EFSA Scientific Committee, 2018).

2.2.2.1  |  Evidence appraisal

A risk of bias (RoB) appraisal of individual studies, i.e. evaluation of their internal validity, by two independent reviewers, 
was done by the contractor (Parlesak et al., 2024) and was applied to eligible studies which addressed sQ2b (SF vs. intake) 
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and sQ5a (T2DM) in order to investigate whether the RoB tier had an impact on the outcome of the assessment. As this was 
not the case, the outcome of the RoB appraisal is not further described in the present opinion. Owing to some unexplained 
inconsistencies in the BoE which emerged during the assessment of the data by the Panel, a RoB assessment for sQ6a (in-
fant growth) and sQ3 (adverse GI effects) was performed by EFSA. Two EFSA staff members performed independently an 
initial RoB assessment which was then reviewed and discussed by experts of the WG. No appraisal was done for sQ5b and 
sQ6b as the evidence retrieved for these outcomes could not be used for setting a UL.

The appraisal was based on a customised version of the Office of Health Assessment and Translation (OHAT) RoB tool 
developed by the US National Toxicology Program (NTP) (OHAT/NTP, 2015). Generally, any discrepancies in the RoB assess-
ment for each bias domain were discussed among the assessors. If there was disagreement, a third reviewer was consulted 
for resolution.

2.2.2.2  |  Evidence synthesis

The methods applied for the evidence synthesis to address sQ2b is detailed in the contractor's report (Parlesak et al., 2024).
For sQ3, sQ5a and sQ6a, descriptive forest plots were produced using R. Results are reported as mean differences to a 

reference group or as odds ratios (ORs).

2.2.2.3  |  Evidence integration and uncertainty analysis

Hazard identification 

The hazard identification step consisted of assessing the evidence for a causal positive relationship between iron intake 
and the health effects identified.

Owing to the type of data retrieved, each outcome consisted of a single line of evidence (LoE) only.
For considering the uncertainties in the body of evidence (BoE), a stepwise approach was applied as illustrated in 

Figure 1 and described below:

Prioritisation

A prioritisation step is applied to identify health effects for which the available BoE suggests a positive relationship be-
tween dietary intake of iron and risk of disease/impaired function based on a preliminary uncertainty analysis (UA) and 
expert judgement. The Panel considers that health effects for which the available BoE (i) does not suggest a positive rela-
tionship (i.e. the relationship appears to be negative or null) or (ii) is insufficient to conclude on a relationship, cannot be 
used to inform the setting of a UL for iron. Data gaps and research needs are identified, where appropriate.

When the available BoE suggests a positive association between iron intake and the risk of a disease/impaired function, 
a comprehensive UA is performed to inform the formulation of the hazard identification conclusions, i.e. judgement on the 
level of certainty for a causal relationship.
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Evidence integration and conclusions on the prioritised subquestions, by study design

The OHAT-NTP framework for the formulation of hazard identification conclusions is used and adapted (OHAT/NTP, 2019). 
The BoE on a particular sQ is given an initial level of certainty based on study design, which is assigned by considering 
four features of the design (i.e. exposure is experimentally controlled, exposure occurs prior to the endpoint, endpoint is 
assessed at individual level and an appropriate comparison group is included in the study). As a result, OHAT assigns a 
‘high’ confidence rating to RCTs, a ‘moderate’ confidence rating to prospective observational studies and a ‘low’ confi-
dence rating to case series/reports4 (OHAT/NTP, 2019). In accordance with EFSA's Scientific Committee recommendation, 
probability has been used as the means for expressing uncertainty (EFSA Scientific Committee, 2018). Therefore, OHAT's 
‘initial confidence ratings’ have been translated into ‘initial levels of certainty’ expressed as approximate probability 
ranges. Similarly, the final level of certainty for a positive/negative and causal relationship between the exposure and risk 
of disease/impaired function is expressed as probability ranges, corresponding to four levels of certainty, i.e. ‘high’ 
(> 75%–100% probability), ‘moderate’ (> 50%–75% probability), ‘low’ (> 15%–50% probability) and ‘very low’ (0%–15% 
probability). This standard four-level probability scale facilitates the formulation of experts' judgement and is used for the 
formulation of hazard identification conclusions in nutrient risk assessments.

A schematic representation of the approach for assessing the final level of certainty in the hazard identification conclu-
sions by study design is provided in Figure 2. This initial rating is downgraded on the basis of factors that decrease certainty 
in the results (RoB, unexplained inconsistency, indirectness or lack of applicability, imprecision and publication bias) and 
upgraded for factors that increase certainty in the results (large magnitude of effect, dose response, consistency across 
study designs/populations/animal models or species and consideration of residual confounding or other factors that in-
crease the certainty in the causal nature of the relationship).

 4See Table 8 of OHAT's Handbook for Conducting Systematic Reviews for Health Effects Evaluations (OHAT/NTP, 2019).

F I G U R E  1   Stepwise approach for evidence integration and uncertainty analysis. BoE, body of evidence; LoE, line of evidence.
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Reaching overall conclusions on the prioritised subquestions

Adapted from the OHAT-NTP approach, the overall conclusion regarding the relationship is formulated as follows:

a.	 Hazard identification conclusions are primarily based on the BoE providing the highest level of certainty on the 
relationship;

b.	 Consistent results across study designs could result in higher level of certainty on the causality of a positive relationship;
c.	 Mechanistic or mode of action data are considered as other relevant supporting types of evidence; they could provide 

strong support or opposition for biological plausibility and could thus result in higher or lower certainty on the causality 
of the positive relationship.

It is noted that the formulation of hazard identification conclusions necessarily requires expert judgement. The value of 
this type of approach is that it involves using a reproducible and transparent framework for expressing uncertainty in the 
evidence and in the methods.

Formal uncertainty analyses are not conducted when the causal positive relationship between iron intake and the 
health effects is well established.

Hazard characterisation 

At this step, evidence is integrated to select the critical effect(s) and identify a reference point (RP) for establishing the 
UL. As proposed in the draft guidance for establishing and applying ULs for vitamins and essential minerals (EFSA NDA 
Panel, 2022a), when available data are not suitable for dose–response modelling, a NOAEL or a LOAEL can be identified 
and used as the RP. To derive the UL, a UF is applied to the RP to account for the uncertainties associated with extrapolating 
from the observed data to the general population. ULs should be protective for all members of the general population, 
including sensitive individuals, throughout their lifetime.

2.3  |  Dietary intake assessment

The assessment follows the approach outlined in the protocol for the intake assessments performed in the context of the 
revision of ULs for selected nutrients (EFSA, 2022).

Briefly, the EFSA's food composition and food consumption databases were used to obtain harmonised iron intake es-
timates from the background diet in EU populations. Other data sources were used to gather non-harmonised iron intake 
estimates from the background diet, fortified foods and food supplements, either alone or in combination, in European 

F I G U R E  2   Approach applied to assign the final level of certainty in a causal relationship.  
Adapted from OHAT/NTP (2019).  
LoE, line of evidence; NCC, nested case-control; PC, prospective cohort; RCT, randomised controlled trial; RoB, risk of bias.  
aAs an example, a 'high level of certainty' means that, based on the available evidence, experts are 75 to 100% certain that iron intake is positively and 
causally associated with the adverse health outcome of interest.
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countries (i.e. intake estimates from nationally representative food consumption surveys), and data on the amounts of iron 
used for food fortification and in food supplements (i.e. Mintel GNPD).

2.3.1  |  Data

Intake data calculated by EFSA in 2015 

Iron intakes for all population groups from foods, excluding food supplements, had previously been estimated in the 
context of the scientific opinion on dietary reference values (DRVs) for iron (Roe et al., 2013; EFSA NDA Panel, 2015). Food 
intake data from the EFSA Comprehensive European Food Consumption Database (hereinafter referred as Comprehensive 
Database)5 and data on iron content in foods from the EFSA food composition database (FCDB)6 were used. As the EFSA 
FCDB has not been updated since then and the number of national food consumption surveys that were newly integrated 
into the Comprehensive Database is limited, the intake estimates published in 2015 were not updated. They were used as 
published as the basis for the present assessment with the exception of data for infants aged < 1 year which were added, 
as these data were not published in 2015.

Regarding the use of iron-containing supplements and of foods to which iron has been added for fortification pur-
poses, data in the Comprehensive Database suffer from important limitations, in particular due to partial reporting in the 
database of the nutrient(s) contained in food supplements and fortified foods. In view of the uncertainties associated with 
these data, the Panel relied on information available at national level to inform its scientific assessment.

Other data sources 

To complement EFSA's intake assessment from 2015, iron intake estimates from natural sources, from addition to foods and 
from food supplements based on nationally representative food consumption surveys and total diet studies (TDSs) 
conducted after 2015 were collected. Data on iron intakes from fortified foods and/or food supplements published before 
2015 were also considered as the contribution of those sources was not addressed in EFSA's previous assessment. Data 
were collected between September and November 2021 by contacting 64 competent authorities in 37 European countries 
through EFSA Focal Points7 and the EFSA Food Consumption Network.8 An additional search in sources of bibliographic 
information (e.g. Google Scholar, PubMed) was performed to collect reports of national surveys reporting on nutrient 
consumption that had not been obtained through the competent authorities. Between August and October 2022, EFSA 
contacted all EU Member States and Norway through the European Commission WG on Food Supplements and Fortified 
Foods9 and collected data specifically on the intake of iron from food supplements.

The Mintel Global New Products Database (GNPD)10 was used as a data source to identify the type and content of iron-
containing food supplements and fortified foods available on the EU market. A search for food and drink products with 
iron in the ingredient list was performed, assuming that these were iron-fortified products. To exclude food products in 
which iron is used as an additive (e.g. iron oxides as colour), the search was further refined to include only fortified foods in 
which iron was reported both in the ingredient list and in the nutrition declaration. Regarding the retrieval of food supple-
ments, the search on the Mintel GNPD included products that reported ‘iron’ on their nutrition label under the ‘vitamins 
and dietary supplements’ Mintel category. The search was limited to the past five complete years, from September 2017 to 
September 2022. The Panel notes that this search allows to capture the products that were newly introduced on the market 
and the products for which the packaging was changed during that period. Therefore, the information collected is indica-
tive and does not represent a comprehensive overview of the products available on the market.

2.3.2  |  Methodologies

EFSA's iron intake estimates were calculated by matching the food intake data from the Comprehensive Database and the 
data on iron content in foods from the EFSA FCDB as available in 2015 (EFSA NDA Panel, 2015) (Section 3.4.2). Data on in-
take estimates for infants (≥ 4 to < 12 months), which were not in the remit of the DRV Opinion from 2015, have been added 
to the present assessment. The methodology applied to estimated intakes in this population group is the same as for the 
other age groups.

Iron intake data from recent national food consumption surveys, including specific estimates of iron intake from food 
supplements and/or fortified foods, were extracted (Section 3.4.3).

 5https://​www.​efsa.​europa.​eu/​it/​data-​report/​food-​consu​mption-​data.
 6https://​www.​efsa.​europa.​eu/​it/​data-​report/​food-​compo​sition-​data.
 7https://​www.​efsa.​europa.​eu/​en/​people/​fpmem​bers.
 8http://​www.​efsa.​europa.​eu/​sites/​​defau​lt/​files/​​dcmfo​odcon​snetw​orkli​st.​pdf.
 9Working Group consisting of representatives of 27 EU Member States and Norway.
 10The Mintel GNPD contains information on over three million food and beverage products, of which more than one million are or have been available on the European 
food market. Twenty-five out of the 27 EU Member States and Norway are present in the database. The database provides the compulsory ingredient information 
reported on product labels and the nutrition declaration when available. http://​www.​mintel.​com/​globa​lnew-​produ​cts-​database.

https://www.efsa.europa.eu/it/data-report/food-consumption-data.Updated on 28 July 2021
https://www.efsa.europa.eu/it/data-report/food-composition-data
https://www.efsa.europa.eu/en/people/fpmembers
http://www.efsa.europa.eu/sites/default/files/dcmfoodconsnetworklist.pdf
http://www.mintel.com/globalnew-products-database
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Information on food products fortified with iron and iron-containing supplements available on the EU market, and their iron 
content as reported on the label extracted from the Mintel GNPD (Section 3.4.1) were used qualitatively to describe the types 
of fortified foods and food supplements available and to gain insight into their potential contribution to total iron intake.

2.4  |  Public consultation

In line with EFSA's policy on openness and transparency, and for EFSA to receive comments from the scientific community 
and stakeholders, the draft Scientific Opinion was released for public consultation from 16 February to 1 April 2024. The 
outcome of the public consultation is described in a technical report published as Annex E to the final Scientific Opinion.

3  |  ASSESSM E NT

3.1  |  Iron chemistry

Iron (atomic mass 55.85 Da, atomic number 26) is found in oxidation states from −2 to +6. In biological systems, it is mostly 
present in the ferrous (Fe2+) and ferric (Fe3+) states. Redox interconversions between the two states are central to its bio-
logical properties. Biologically, iron complexes with nitrogen, like in the porphyrin ring of haem, and with sulfur, form-
ing iron–sulfur clusters. Iron is essential for oxygen transport (haemoglobin) and storage (myoglobin) and is involved in 
most pathways for energy and substrate metabolism. Haem enzymes are essential for redox reactions of numerous cy-
tochromes, while iron–sulfur clusters are involved in mitochondrial energy metabolism and oxidoreductase activities. Iron 
is also a cofactor in various non-haem-containing enzymes (EFSA NDA Panel, 2004, 2015).

The present assessment is restricted to the forms that are naturally present in the diet and currently authorised for ad-
dition to foods11 or food supplements12 (Table 3). Dietary haem iron comes from natural sources only, in the form of haem 
proteins (mostly myoglobin and haemoglobin) in animal tissues. The most common sources of non-haem iron naturally 
present in foods are low-molecular-weight compounds such as ferric citrate, phosphate, phytate, oxalate and hydroxide 
and some non-haem iron proteins such as ferritin.

 11Regulation (EC) No 1925/2006 of the European Parliament and of the Council of 20 December 2006 on the addition of vitamins and minerals and of certain other 
substances to foods. OJ L 404, 30.12.2006, p. 26–38.
 12Directive 2002/46/EC of the European Parliament and of the Council of 10 June 2002 on the approximation of the laws of the Member States relating to food 
supplements. OJ L 183, 12.7.2002, p. 51–57.

T A B L E  3   Forms of iron authorised as nutrient sources in the EU.

Addition to foods 
Regulation (EC) No 
1925/2006

Food supplements 
Directive 2002/46/EC

Ferrous bisglycinate x x

Ferrous carbonate x x

Ferrous citrate x x

Ferric ammonium citrate x x

Ferrous gluconate x x

Ferrous fumarate x x

Ferric sodium diphosphate x x

Ferrous lactate x x

Ferrous sulfate x x

Ferrous ammonium phosphate x x

Ferric sodium EDTA x x

Ferric diphosphate (ferric 
pyrophosphate)

x x

Ferric saccharate x x

Elemental iron (carbonyl + 
electrolytic + hydrogen 
reduced)

x x

Ferrous l-pidolate – x

Ferrous phosphate – x

Iron (II) taurate – x

Abbreviation: EDTA, ethylenediaminetetraacetic acid.

https://www.sciencedirect.com/topics/medicine-and-dentistry/myoglobin
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3.2  |  Absorption, distribution, metabolism and excretion (ADME)

Iron absorption occurs mainly in the duodenum and proximal small intestine. It involves the reduction of ferric iron (Fe3+) 
to ferrous iron (Fe2+), uptake of iron from the intestinal lumen into enterocytes, its transfer within enterocytes and its 
subsequent translocation across the basolateral membrane to carriers in the plasma of the portal circulation (EFSA NDA 
Panel, 2015). There are no pathways for active iron excretion. In humans, there are several processes which regulate iron 
supply to the body and distribution to tissues. The most important one in terms of preventing systemic iron overload is 
the tight control of iron absorption, which is mediated through the up- and down-regulation of hepcidin from the liver. 
Iron recycling by macrophages and iron storage regulate the amount of iron that is available to tissues (Blanco-Rojo & 
Vaquero, 2019; Ganz, 2013). Homeostatic regulation of iron absorption is absent in young infants and only starts developing 
between 6 and 9 months of age (Lönnerdal et al., 2015).

Galetti et  al.  (2021) pooled data from studies conducted between 1990 and 2020 on healthy young women free of 
inflammation who had consumed test meals with less than 16 mg total iron and in which a stable iron isotopic label was 
given as ferrous sulfate. A total of 1058 observations from 624 women from 24 studies conducted in five countries were 
included. It was observed that fractional iron absorption decreased from an average of 21.9–5.8% with increasing SF con-
centrations from an average of 1.0–51.1 mg/L. At SF concentrations > 51.1 mg/L, iron absorption remained stable at around 
5.8%. These results were in line with the results when fractional iron absorption was related to hepcidin concentrations. 
Iron absorption decreased from an average of 33.2–7.2% with hepcidin concentrations increasing from 0 to 3.09 nmol/L. At 
higher hepcidin concentrations, fractional iron absorption remained stable.

The availability of iron for absorption depends on the iron oxidation state, solubility and strength of binding to constit-
uents of the chyme in the duodenum and small intestine. Iron-containing compounds used for fortification purposes have 
differing availabilities based on their solubility (Zimmermann & Hurrell, 2007) and the matrix to which they are added.

The main form of iron in the diet, ferric iron (Fe3+; oxidised iron), is insoluble at neutral or slightly basic pH and must be 
reduced to ferrous iron (Fe2+) (Ems et al., 2022; Piskin et al., 2022) by duodenal cytochrome b reductase (DcytB/ferric re-
ductase), which is located on the luminal surface of the enterocytes (EFSA NDA Panel, 2015; McKie et al., 2001). In addition, 
non-enzymatic reduction occurs. This process is facilitated by reducing agents such as ascorbate which are either supplied 
by the diet or secreted into the lumen (Lane et al., 2015).

After reduction by either DcytB or reducing agents, ferrous iron (Fe2+) is transported by transmembrane divalent 
metal transorter 1 (DMT1) across the apical membrane into the cytoplasm (EFSA NDA Panel, 2015; Gruenheid et al., 1995; 
Montalbetti et al., 2013).

The hypothesis that ferric iron (Fe3+) may also be absorbed from the lumen utilising β3-integrin, mobilferrin and para-
ferritin after mobilisation from the food matrix in the stomach and subsequent chelation by mucins on the duodenal brush 
border surface (Umbreit et al., 1998) has not been confirmed using molecular techniques (Sharp & Srai, 2007).

Haem iron is absorbed more efficiently than non-haem iron. Originally, a haem carrier protein (HCP1, synonym SLC46A1) 
was identified as mediating haem-iron transport (Shayeghi et al., 2005), although it later emerged that it was primarily a 
folate transporter. The mechanism for haem iron uptake remains largely unclear and may occur by endocytosis (Gräsbeck 
et al., 1979). Experiments using labelled iron suggest that the absorption pathway of haem iron is saturable (Etcheverry 
et al., 2007; Pizarro et al., 2003). Haem iron taken up by enterocytes is catabolised by haem oxygenase to release ferrous iron 
(Rosenberg & Kappas, 1989). While absorption pathways differ between haem and non-haem iron, they reach (or integrate 
in) the same intracellular pool (Sharp & Srai, 2007).

The third main form of dietary iron is ferritin, present in some animal products such as liver, but also present in certain 
plant foods, such as legumes. Investigations with enterocyte-like cell lines suggest that iron bound to ferritin can be ab-
sorbed by receptor-mediated endocytosis, but the pathways are poorly understood (Chang et al., 2023).

In the enterocytes, ferrous iron (Fe2+) can be (1) transferred to ferroportin 1, a transmembrane basal transporter, for 
translocation out of the enterocyte, (2) stored within the enterocyte in ferritin or (3) taken up into the mitochondria for 
haem synthesis (EFSA NDA Panel, 2015). If body iron stores are replete, iron will be increasingly retained in enterocytes. At 
the end of the lifecycle of the enterocytes (approximately 3–4 days), these will be shed into the lumen whereby intracellular 
ferritin iron is lost (Sharp & Srai, 2007).

Transport across the basolateral membrane by ferroportin requires the ferrous iron (Fe2+) to be oxidised to ferric iron 
(Fe3+). This is mediated by hephaestin, which is a copper-dependent ferroxidase. Ferric iron (Fe3+) is then transferred to 
apotransferrin for transport to the liver and systemic circulation. The systemic turnover of iron is controlled by the liver 
with hepcidin playing a key role, being the sensor of systemic requirements for iron and regulating the intestinal ab-
sorption of iron and its distribution to peripheral organs and tissues (EFSA NDA Panel,  2015; Frazer & Anderson,  2003). 
When adequate iron stores are reached, a variety of mechanisms reduce absorption across the gut (Canavesi et al., 2012; 
Duck & Connor, 2016; Olynyk & Ramm, 2022; Sharp & Srai, 2007). Iron balance mechanisms also exist at the cellular level 
(Yiannikourides & Latunde-Dada, 2019).

Transferrin is the carrier of iron in the extracellular space and systemic circulation and delivers iron to the target tissues 
(Ganz, 2013). Iron-loaded transferrin binding to the transferrin receptor (TfR) on cell membranes is endocytosed. In the 
endosome, iron is released, reduced to the ferrous form (Fe2+) by a ferrireductase and transferred out of the endosome 
into the cytoplasm by DMT1. In the cytoplasm, it forms a chelatable iron pool, which supplies iron for metabolic needs, 
including iron uptake by the mitochondria for haem and iron–sulfur cluster synthesis. The apotransferrin and TfR proteins 
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return to the cell surface and apotransferrin is recycled into the plasma (EFSA NDA Panel, 2015; Richardson et al., 2010; 
Zhang et al., 2014).

Systemic iron homeostasis is also controlled by sensory and regulatory systems which influence cellular processes which 
act on hepcidin and ferroportin (Galy et al., 2024).

The body of adult females and males contains around 2.3–2.8 g and 3.8–4.4 g of iron, respectively, corresponding to 
about 48–50 mg/kg body weight for males and 38–42 mg/kg body weight for females (EFSA NDA Panel, 2015).

Most of the iron in the body is present as haem iron and in erythroid bone marrow (60%–80%) (Cook et al., 1973; Tandara 
& Salamunic, 2012). Around 10%–15% is found in myoglobin in muscle fibres. Iron that is not actively involved in metab-
olism is deposited as ferritin and, to a lesser extent, as ferritin-derived haemosiderin, mainly in the parenchymal cells and 
reticuloendothelial macrophages in the liver (Singh et al., 2014). The amount of ferritin found in the systemic circulation is 
small compared to the quantity stored in the liver (Tandara & Salamunic, 2012).

With increasing iron load in the body, relatively more iron is stored as haemosiderin, and both ferritin and haemosiderin 
can accumulate in the body (Yiannikourides & Latunde-Dada, 2019).

The Panel notes that iron homeostasis is primarily controlled by the regulation of iron absorption in the intestine. Any 
iron that is not immediately used is stored as ferritin and haemosiderin in the liver and macrophages.

3.2.1  |  Factors influencing iron absorption

3.2.1.1  |  Age

As described in Section 3.2, homeostatic regulation of iron absorption is absent in young infants. It develops between 6 
and 9 months of age and is present at 9 months of age (Lönnerdal et al., 2015).

3.2.1.2  |  Other physiological factors

As reviewed in Section 3.2, hepcidin downregulates iron absorption and the mobilisation of iron from stores (Blanco-Rojo 
& Vaquero, 2019). Hepcidin is upregulated when iron stores become replete. Inflammatory cytokines also increase hepcidin 
expression and downregulate iron absorption through this mechanism. Hepcidin expression is downregulated (and iron 
absorption upregulated) by, among others, an increased erythropoiesis triggered by anaemia and/or hypoxia, and testos-
terone (Camaschella et al., 2020). Therefore, in individuals with low iron status, absorption is higher than in iron-replete 
individuals.

3.2.1.3  |  Dietary factors

The composition of the diet is one of the main factors influencing non-haem iron absorption. A number of dietary constitu-
ents act as either inhibitors [e.g. inositol hexa- and penta-phosphates (phytate), polyphenols such as in tea, coffee, cocoa, 
red wine, vegetables, as well as calcium and zinc] or enhancers (e.g. ascorbic acid and animal muscle proteins). Inhibitors 
form complexes with iron in the digestive chyme in the gut lumen. The strength of binding dictates whether or not iron 
can be removed from the complex by DMT1. Ascorbic acid reduces ferric iron (Fe3+) to ferrous iron (Fe2+) and can enhance 
non-haem iron absorption in a dose-dependent manner (EFSA NDA Panel, 2015; Piskin et al., 2022). Animal muscle proteins 
can also increase non-haem iron absorption, but the mechanisms are not fully elucidated. The absorption of haem iron is 
little influenced by the diet but can be inhibited by the presence of calcium (Piskin et al., 2022).

3.2.1.4  |  Form of iron compounds

As discussed above (Section 3.2), the availability of iron for absorption depends on its chemical form and solubility in the 
GI tract. Also, different pathways are involved in the absorption of ferrous iron vs. haem iron, resulting in a more efficient 
absorption of the latter. Among the forms which are authorised for addition to foods or food supplements in the EU (i.e. 
iron salts and elemental iron, see Table 3), iron from ferrous sulfate is generally better absorbed than from other forms. 
However, the bioavailability of iron from the different iron forms is influenced by the nutritional status of the individual 
consuming it (Section 3.2.1.2), as well as the food matrix or other components of the diet that are consumed together with 
iron (Section 3.2.1.3). Therefore, it is not possible to accurately and uniformly rank the different iron forms with respect to 
their bioavailability.

3.2.2  |  Factors influencing sensitivity to systemic iron overload

3.2.2.1  |  Polymorphisms

Mutations in the human homeostatic iron regulator (HFE) protein gene can cause hereditary haemochromatosis which 
mostly affects individuals of northern European descent. This disease is characterised by impaired sensing of iron storage 
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and an insufficient production of hepcidin leading to an insufficient downregulation of iron absorption in iron-replete 
states, resulting in excess systemic iron accumulation ultimately with the potential to result in iron-induced organ toxicity. 
Liver disease (advanced liver fibrosis or cirrhosis and primary liver cancer) and arthritis are the most frequently observed 
manifestations of hereditary haemochromatosis (Olynyk & Ramm, 2022). Hereditary haemochromatosis is also associated 
with an increased risk of cardiomyopathy and diabetes mellitus, with loss of insulin secretory capacity being a key patho-
genic feature (Creighton Mitchell & McClain, 2014; Harrison et al., 2023). The most common mutation is the 845G → A sub-
stitution (C282Y). Homozygosity for C282Y is typically associated with haemochromatosis while heterozygosity is usually 
only accompanied with a slight increase in iron concentrations in the blood and liver. Haemochromatosis in heterozygous 
individuals is rare (Adams et al., 2023; EASL, 2022). The prevalence of homozygosity for C282Y ranges from 1:83 (around 
1.25%) in Ireland to < 1:2500 in southern Europe (0.04%) (EASL, 2010, 2022). Haemochromatosis occurs in an estimated 1:150 
individuals (around 0.7%) of north-western European descent (Grosse et al., 2018), with > 80% attributable to homozygo-
sity for C282Y (EASL, 2022).

Hereditary haemochromatosis has to be distinguished from iron overload syndrome which has no genetic origin and 
can be caused, for example, by multiple blood transfusions or by long-term very high supplemental iron intakes.

The panel notes that patients with haemochromatosis are a population group particularly sensitive to systemic iron 
overload. They are managed through medical care and are not the target of a UL for iron aimed at the general population.

3.2.2.2  |  Sex

Requirements for iron differ between men and women due to their differences in body size and due to menstrual losses 
in women (EFSA NDA Panel, 2004). The loss of iron through menstrual blood, although variable, makes iron accumulation 
slower for women.

There has been increasing interest in studying the sex-specific differences of iron metabolism and dyshomeostasis (Das 
et al., 2017; Gabrielsen et al., 2018; Grubić Kezele & Ćurko-Cofek, 2020; Yu et al., 2019); however, strong evidence for such 
differences is still lacking.

3.3  |  Biomarkers of intake and status

There are no reliable biomarkers of iron intake (EFSA NDA Panel, 2015). Several biomarkers of iron status have been pro-
posed and those which could potentially give an indication of body burden and the risk of systemic iron overload are 
reviewed in the following.

3.3.1  |  Serum ferritin

SF is an indicator of body ferritin which is a protein that can bind and release iron in a controlled manner and can serve 
as an iron depot. SF reflects only a small amount of body ferritin (Saito, 2014; Walters et al., 1973) and may be elevated by 
factors that are independent of the body iron. In particular, given that SF is an acute phase protein, it may be influenced 
by many conditions, and may not provide an accurate estimate of body ferritin in acute or chronic inflammation, infection 
or tissue damage. Also, there is considerable variation in SF concentrations in response to age, ethnic origin, sex and blood 
volume, for example, in pregnancy (Cullis et al., 2018).

Several thresholds of SF concentrations have been proposed that could illustrate the upper range of normal for indi-
viduals with different diseases and which could be indicative of systemic iron overload in individuals suffering from the 
investigated diseases, as reviewed by Parlesak et al. (2024).

A recent consensus statement on the definition and classification of metabolic hyperferritinaemia (Valenti et al., 2023) 
proposed, as diagnostic criteria for metabolic hyperferritinaemia, the use of SF concentrations of > 300 μg/L in men 
and > 200 μg/L in women in combination with one or more indicators of altered metabolism (e.g. overweight, T2DM, hy-
pertension, fatty liver, insulin resistance).

In their recommendations issued in 2012, the Nordic Council of Ministers (2014) considered SF concentrations above 300 
μg/L to indicate ‘biochemical iron overload’ if SF concentrations were caused by dietary intake and not by other factors 
such as inflammation.

The WHO (2020) proposed that SF > 150 μg/L in healthy menstruating women, > 200 μg/L in healthy men and non-
menstruating women and > 500 μg/L in non-healthy individuals may indicate systemic iron overload, but also noted that 
SF concentrations should not be used alone to identify risk of systemic iron overload.

A Cochrane systematic review, aimed at investigating the accuracy of SF concentrations as a measure or systemic iron 
overload (Garcia-Casal et al., 2021), identified 36 studies, all of which were in patients, and found that mean SF concentra-
tions in groups of patients with no systemic iron overload (as measured by iron concentrations in the liver), ranged from 
220 to 1244 μg/L while in patients with systemic iron overload, these values ranged from 493 to 1671 μ/L. Large differences 
were observed between the different diseases studied and within groups in the individual studies. The authors concluded 
that it is unlikely that a single SF threshold could discriminate with high accuracy between individuals with and without 
systemic iron overload (in the diseased populations studied).
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The Panel notes that cut-off values for SF concentrations have been proposed to be indicative of systemic iron overload. 
However, they are proposed to be interpreted in conjunction with disease states or markers of metabolic dysfunction and 
cannot be used in isolation as markers of systemic iron overload, particularly in healthy individuals.

In subquestion 2b of the systematic review, the contractor (Parlesak et al., 2024) investigated whether a dose–response 
relationship between iron intake and SF concentration in healthy adults could be established and whether an equation 
could be created to derive dietary intakes based on SF concentrations. For this purpose, the contractor had systematically 
searched for RCTs in healthy adults, both iron deficient and iron sufficient, which reported on oral iron intake from all 
sources, with repeated administration for at least 4 weeks and in which duplicate portion techniques or validated tools 
were used to assess dietary background iron exposure.

In total, 14 RCTs were retrieved which complied with the criteria set out in the protocol (Parlesak et al., 2024). The highest 
mean SF concentrations at the end of the respective studies was 66 μg/L which was far lower than the SF concentrations 
proposed to be related to systemic iron overload. In addition, the equation best fitting the data was not only influenced by 
supplemental and background iron intake but also by SF before starting iron supplementation, body mass index (BMI), age 
and sex (Parlesak et al., 2024). Therefore, this assessment subquestion was not further pursued by the Panel.

3.3.2  |  Total iron binding capacity

TIBC reflects the maximum concentration of iron that can be bound to transferrin and is an indirect measure of transferrin 
(Kundrapu & Noguez, 2018). With increasing body iron, the quantity of free transferrin in blood decreases and TIBC values 
decrease (Faruqi & Mukkamalla, 2023).

3.3.3  |  Transferrin saturation

TSAT is derived from TIBC. An increase of TSAT is the first biochemical manifestation of haemochromatosis, reflecting an 
uncontrolled influx of iron from enterocytes and macrophages into the bloodstream (Fitzsimons et al., 2018). A TSAT ex-
ceeding 40% usually indicates ‘systemic iron overload’ (Gattermann et al., 2021). In cases where elevated SF is due to factors 
other than iron status, TSAT will not be raised. Therefore, when TSAT is within the normal range, high SF concentrations are 
likely not to be caused by ‘systemic iron overload’. The only exception is when ‘systemic iron overload’ co-exists with an in-
flammatory syndrome. Therefore, the analysis of high-sensitivity C-reactive protein ((hs)CRP) alongside TSAT has been sug-
gested. Increased TSAT may, however, also be found in conditions other than ‘systemic iron overload’, such as pronounced 
cytolysis (e.g. acute hepatitis) (Muñoz et al., 2011).

3.3.4  |  Soluble transferrin receptor to ferritin ratio

The ratio between sTfR and log ferritin is a marker that reflects functional iron and its stores but considering the lack 
of reference methods for the analysis of sTfR, its value will depend on the analytical method applied (Restrepo-Gallego 
et al., 2021). Therefore, its usefulness for assessing ‘systemic iron overload’ is limited.

3.4  |  Intake assessment

3.4.1  |  Sources of dietary iron

3.4.1.1  |  Natural sources

Meat, fish, cereals, beans, nuts, egg yolks, dark green vegetables and potatoes are the richest natural food sources of iron, 
while dairy products and many fruits and vegetables do not contain appreciable amounts of iron. The forms of iron differ 
across sources and mostly consist of haem iron in animal flesh (i.e. meat, poultry and seafood) and non-haem iron in plant-
based foods. Mixed (non-vegetarian) diets provide about 90% of the dietary iron as non-haem iron (Jakszyn et al., 2013; 
Milman, 2011), the remainder being haem iron. Thus, ferric salts naturally present in foods represent the largest part of total 
iron intake from natural sources. Some animal and plant foods also contain non-haem iron proteins (e.g. ferritin), particu-
larly liver and legume seeds, but this makes only a small contribution. The haem iron content of meat, relative to total iron, 
varies considerably (figures between 20% and 70% have been reported, depending on the meat type) (Balder et al., 2006; 
Cross et al., 2012). Small amounts of haem iron are also present in some plants and fungi.

3.4.1.2  |  Fortified foods and food supplements

The Mintel GNPD was used to extract information about fortified food and food supplements on the EU market (Section 
2.3).
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In the EU, authorised forms of iron for addition to foods and food supplements are depicted in Table 3. EU legislation 
sets minimum and maximum content of iron in infant and follow-on formulae,13 and in baby foods and processed cereal-
based foods for infants and children.14

Fortified foods 

In the Mintel GNPD, a total of 3824 packaged food products were identified as containing added iron. Only 31% (n = 1180) of 
the products had available data on content per serving. Among these, the Mintel categories with most products captured 
were ‘baby foods’, which included infant and follow-on, and young-child formulae (n = 878, median = 0.86 mg/100 g), baby 
cereals (n = 219, median = 7.5 mg/100 g) and other baby foods such as biscuits, yogurts, desserts, juices and snacks (n = 92, 
median = 4.9 mg/100 g). The category with the second highest number of products included ‘breakfast cereals’ (n = 650, 
median = 2.9 mg/serving). The highest iron content reported on the label was found in eight meal replacement drinks in 
powder form (17–18 mg/serving), and five soups in powder form (17 mg/serving), under the category ‘nutritional drinks and 
other beverages’.

Food supplements 

In the Mintel GNPD, a total of 1055 food supplements were retrieved. The dose reported on labels was available for 754 
products, with a median of 10 mg iron per serving.15 About 29% of food supplements had a dose ≤ 5 mg of iron per serving, 
about 70% contained > 5–15 mg/serving [36%–107% nutrient reference value (NRV)16] and only about 1% (n = 6) had doses 
> 45 mg per serving (Figure 3), which included two products with 50 mg iron per serving.

There were around 300 additional food supplements containing ingredients naturally containing iron, such as herbal 
powders, bee pollen, hemp seeds or chia seeds. The iron content per serving was available for half of the products and 
ranged between 0.1 and 15 mg. The products with the highest content of iron per serving included preparations of curry 
leaf extracts, and algae powders (spirulina and chlorella algae).

3.4.2  |  EFSA's intake assessment

Iron intakes from food sources (excluding food supplements) in European populations were calculated in the context of the 
scientific opinion on DRVs for iron (EFSA NDA Panel, 2015), based on the data from the EFSA Comprehensive Database and 
the EFSA FCDB. Food consumption surveys of Finland, France, Germany, Ireland, Italy, Latvia, the Netherlands and Sweden 
were used for the assessment. The period of data collection covered by the surveys was from 2000 to 2012. Further infor-
mation on the characteristics and methods used for the data collection in the respective surveys are provided in Annex B.

Food composition data from Finland, France, Germany, Italy, the Netherlands and Sweden were used to calculate iron 
intake in these countries. For nutrient intake estimates of Ireland and Latvia, food composition data from the UK and 

 13Commission Delegated Regulation (EU) 2016/127 of 25 September 2015 supplementing Regulation (EU) No 609/2013 of the European Parliament and of the Council as 
regards the specific compositional and information requirements for infant formula and follow-on formula and as regards requirements on information relating to infant 
and young child feeding. OJ L 25, 2.2.2016, p. 1–29.
 14Commission Directive 2006/125/EC of 5 December 2006 on processed cereal-based foods and baby foods for infants and young children, OJ L 339, 06.12.2006, p. 16–35.
 15The Mintel GNPD provides data on the content of supplements per serving which may not always reflect the daily dose recommended by the manufacturer.
 16Reference values used for food labelling.

F I G U R E  3   Distribution of iron content in food supplements as displayed on labels in EU Member States and Norway (mg/serving).  
Source: Mintel GNPD. Search for iron-containing supplements available in the EU market from December 2017 to December 2022. A total of 1055 
products available in 24 EU Member States and Norway were identified, of which 754 contained complete data on mg iron/serving.
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Germany, respectively, were used, because no specific composition data from these countries were available. The percent-
age of iron values in the composition databases that were borrowed from other composition databases varied between 
15% and 85%.

The intake assessment of 2015 did not distinguish between iron ‘naturally present’ or ‘added’ to foods by manufacturers. 
As data on the consumption of foods fortified with iron available in the Comprehensive Database17 and on the concentra-
tion of iron in fortified foods available in the EFSA FCDB are scarce, EFSA's intake estimates can be considered to reflect iron 
intake from natural sources.

The distributions of iron intakes estimated by EFSA are presented below by age group, sex and country of origin (Figures 4 
and 5). A summary overview providing the ranges of means and 95th percentiles (P95) across EU surveys is given in Table 4.

 17Indicatively, 2.4% of the overall eating occasions reported a fortification descriptor (e.g. ‘F09.Fortification agent’) in the latest version of the Comprehensive Database 
(updated in December 2022), of which 0.2% report an iron-related fortification descriptor, for foods such as biscuits, cereal flakes, infant and follow-on formulae.

F I G U R E  4   Mean, median, 5th and 95th percentiles of iron intakes in infants (≥ 4 to < 12 months old), toddlers (≥ 1 year to < 3 years old), other 
children (≥ 3 years to < 10 years old) and adolescents (≥ 10 years to < 18 years old), by sex and country.  
Estimates for females in orange and for males in blue. Squares correspond to medians and stars to means. Lines represent the range between the 5th 
and 95th percentiles. Estimated intakes from 5th and 95th percentiles are not presented when sample size is below 60 participants. DE, Germany; FI, 
Finland; FR, France; IT, Italy; LV, Latvia; NL, The Netherlands. Source: (EFSA NDA Panel, 2015) except for infants.
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3.4.2.1  |  Main food contributors

The main food groups contributing to iron intake were ‘meat and meat products’, ‘cereals and similar’, ‘bread and similar 
products’ in all population groups except infants, for whom products belonging to the FoodEx2 food group ‘food for in-
fants and young children’ were the major contributors. Differences in main contributors to iron intake between genders 
were in most cases minor (EFSA NDA Panel, 2015) (Annex B).

F I G U R E  5   Mean, median, 5th and 95th percentiles of iron intakes in adults (≥ 18 to < 65 years old) and elderly as well as very elderly (≥ 65 to 
< 75 years old, and ≥ 75 years old), by sex and country.  
Estimates for females in orange and for males in blue. Squares correspond to medians and stars to means. Lines represent the range between the 5th 
and 95th percentiles. Estimated intakes from 5th and 95th percentiles are not presented when sample size is below 60 participants.  
FI, Finland; FR, France; IE, Ireland; IT, Italy; LV, Latvia; NL, The Netherlands; SE, Sweden.  
Source: (EFSA NDA Panel, 2015).

T A B L E  4   Minimum and maximum mean values and 95th percentiles of daily iron intake from food sources (supplements excluded) across 
European dietary surveys by population group and sex.

Population group, age range N of surveys

Iron (mg/day)

Males Females

Mean P95a Mean P95a

Minb Maxb Minb Maxb Minb Maxb Minb Maxb

Infants, ≥ 4 to < 12 months 3 2.6 6.0 5.7 9.4 2.8 5.5 5.7 9.0

Toddlers, ≥ 1 to < 3 years 3 5.4 7.0 7.9 11.4 5.0 6.6 7.6 10.6

Other children, ≥ 3 to < 10 years 6 8.3 11.5 12.3 17.3 7.5 10.6 11.0 16.3

Adolescents, ≥ 10 to < 18 years 5 11.2 13.6 17.6 22.2 9.6 11.6 14.6 17.3

Adults, ≥ 18 to < 65 years 6 12.6 14.7 19.4 23.1 10.2 11.6 15.8 18.6

Elderly, ≥ 65 to < 75 years 6 11.9 15.0 18.3 24.5 9.4 11.1 14.7 17.6

Very elderly, ≥ 75 years 4 11.4 12.6 18.6c 18.6c 9.6 10.5 14.1c 14.1c

Pregnant women 1 14.7 17.9 34.9c 34.9c

Source: (EFSA NDA Panel, 2015), except for infants.
Abbreviations: N, number; P, percentile.
aThe 95th percentile estimates obtained from dietary surveys and population groups with fewer than 60 subjects may not be statistically robust (EFSA, 2011) and 
consequently are not considered in this table.
bMinimum and maximum mean and 95th percentile estimates across European surveys, for each population group.
cCalculated from one survey only.
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3.4.3  |  Complementary information from national reports

Data on iron intake from food, including fortified foods and food supplements, were collected from nationally representa-
tive consumption surveys (Section 2.3.1). Survey characteristics, mean and P95 intake estimates are presented in Annex C. 
Key information is summarised in the following paragraphs.

3.4.3.1  |  Data on iron intake excluding food supplements

There is no mandatory iron fortification policy among EU countries. Iron may be added to foods voluntarily. Consumption 
of foods fortified with iron is only recommended by a few countries, mainly targeting children (breakfast cereals) or indi-
viduals following vegan diets (European Commission, 2023, unpublished).

Estimates of iron intake from foods, including fortified foods, are available for 30 dietary surveys conducted in 20 
European countries: Austria, Belgium, Bulgaria, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, 
Ireland, Latvia, Lithuania, the Netherlands, Norway, Slovenia, Spain, Sweden and Serbia. The survey characteristics and 
intake estimates are provided in Annex C.

Most of the survey reports did not distinguish between iron intakes from natural sources and intake resulting from ad-
dition of iron to foods.

Only one publication provided an analysis of the iron intake among consumers of foods which were voluntarily for-
tified with iron as compared to non-consumers. Based on the results of the Dutch National Food Consumption Survey 
(DNFCS 2012–2016), de Jong et al. (2022) found that habitual iron intakes were statistically significantly higher in users of 
iron fortified foods (median (P5–P95): 9 (6–13) mg/day for boys, 8 (5–12) mg/day for girls) as compared to non-users (me-
dian (P5–P95): 8 (4–12) mg/day for boys, 7 (4–10) mg/day for girls) in the survey population aged 1–17 years. In adults, no 
statistically significant differences were observed. Across all population groups (1–79 years), median iron intakes were 4% 
higher in users as compared to non-users and the median (P5–P95) contribution from fortified foods to the total intake 
was 23% (4%–48%).

The highest P95 intake values in male children from foods including fortified foods were reported in Spain for infants 
(< 1 years, 21 mg/day), toddlers (> 1 to ≤ 3 years, 17 mg/day) and children (> 3 to ≤ 10 years, 15 mg/day) and in Germany for 
adolescents (> 10 to ≤ 17 years, 24 mg/day). For adult males (> 18 years), the highest P95 values were reported in Ireland (25 
mg/day). Estimated intakes for females were generally lower than for males in all studies and age groups.

Intake estimates from total diet studies 

Data on iron intake from food including fortified foods were also available from two TDSs conducted in the Czech Republic 
(Státní zdravotní ústav, 2021) and in Italy (Cubadda, 2021) (Annex C). In these studies, estimated intakes across age groups 
tended to be lower than values calculated based on the results of national surveys.

In the Italian TDS, higher intakes were found in males than in females: 15 mg/day in children (> 3 to < 10 years), 16 mg/
day in adolescents (> 10 to < 18 years), 15 mg/day in adults (> 18 years). In the toddler group, females had higher P95 intakes 
than males (10 mg/day).

In the Czech TDS, data in young children have not been calculated. Intakes at the P95 were up to 12 mg/day in children 
(7–10 years, males and females combined), up to 17 mg/day in male adolescents (11–14 years) and up to 14 mg/day in male 
adults (18 to < 69 years).

3.4.3.2  |  Data on iron intake from food supplements

Only a few countries in the EU have reported to have recommendations for routine iron supplementations during preg-
nancy in place. Other recommendations exist for infants eating a vegetarian diet during weaning, for pre-term infants and 
infants with low birth weight or for individuals following vegan diets (European Commission, 2023, unpublished).

A total of 18 dietary surveys conducted in 11 countries (Belgium, Denmark, Estonia, Finland, Germany, Ireland, the 
Netherlands, Norway, Poland, Portugal and Sweden) reported information on iron supplementation in whole survey pop-
ulations or in a cohort of supplement users only. Survey characteristics and intake estimates are presented in Annex C.

Among users between 1 and < 18 years of age, absolute iron intakes from food supplements in high consumers (P95) 
have been calculated in three countries, and ranged from 7 mg/day in children (5–12 years, males and females combined) 
in Ireland to 14.6 mg/day in male adolescents (10–14 years) in the Netherlands (Table 5).

Among adults, absolute iron intakes in high consumers (P95) from food supplements were up to about 35 mg/day in 
the majority of countries and age groups. An exception were data from female adults in Norway and adults in Ireland 
(sex-aggregated results), with mean absolute intakes from supplements only of 100 mg/day (Table 6). These high values 
may be explained by the availability in the market of supplements with very high recommended daily doses of iron (e.g. 
100 or 105 mg/day in Ireland). Among the countries which calculated iron intake in supplements users only, the intake 
from all sources was available from the national reports for Denmark, Finland and Germany. Daily total intakes in high 
iron supplement consumers (P95 for adult males and females) were calculated only in Denmark (26–39 mg/day) and 
Germany (33–44 mg/day).
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T A B L E  6   Percent iron supplement users in EU surveys and iron intake from food supplements among users (adults and older adults).

Country survey name  
(N subjects)  
reference

Dietary method  
(N of days) Sex Age range

% iron 
supplement 
users in 
total survey 
sample/among 
supplements 
users

Absolute iron 
intakes from 
supplements, 
P95 (mg/day)

% 
contribution 
of 
supplements 
to iron intake, 
mean

Denmark
DANSDA 2011–2013 (n = 3936) 

(Hindborg, 2015, 
Unpublished)

Face-to-face interview m
f
m
f

18–50 years
18–50 years
51–75 years
51–75 years

42a/NR
52a/NR
43a/NR
54a/NR

NR 24
33
28
38

Finland
FINDIET 2017 (n = 1655)  

(Valsta et al., 2018)

FPQ m
f

18–74 yeaes 10/NR
14/NR

Mean
6.1
9.5

35.9
45.2

Germany
NVS II 2005–2007 (n = 13,753) 

(Heuer et al., 2012)

24-h recall (2 days) m
f

15–80 years 4.1/NR
6.0/NR

10
32

15.8
17.9

Ireland
NANS 2008–2010 (n = 1500) 

(Kehoe & Walton, 2022)

Weighted food diary 
(4 days)

m + f 18–64 years
65–91 years

9.1/30.6
11.1/29.4

26.3
100

13.7
14.8

T A B L E  5   Percent iron supplement users in EU surveys and iron intake from food supplements among users (toddlers, children and adolescents).

Country survey name  
(N subjects)  
reference

Dietary method  
(N of days) Sex Age range

% iron 
supplement 
users in 
total survey 
sample/among 
supplements 
users

Absolute iron 
intakes from 
Supplements, 
P95 (mg/day)

% contribution 
of 
supplements 
to iron intake, 
mean

Denmark
DANSDA 2011–2013 (n = 3936) 

(Hindborg, 2015, 
Unpublished)

Face-to-face interview m + f
m
f

4–10 years
11–17 years
11–17 years

60a/NR
46a/NR
42a/NR

NR 38
27
35

Germany
EsKiMo II 2015–2017 (n = 2644) 

(Perlitz et al., 2019)

Short questionnaire + 
weighing logs

m + f 6–11 years
12–17 years

NR/NR
3.9/24.1

NR NR

Ireland
NPNS 2011–2012 (n = 500)
NCFS II 2017–2018 (n = 600)
NTFS II 2019–2020 (n = 428) 

(Kehoe & Walton, 2022)

Weighted food diary 
(4 days)

m + f 1–4 years
5–12 years
13–18 years

5.8/27.1
6.3/28.8
5.3/37.6

10
7.1
13.4

9.7
7.8
12.2

Netherlands
DNFCS 2012–2016 (n = 4313) 

(Van Rossum et al., 2022)

Questionnaire (online/
paper)

m + f 1–3 years
3–10 years
10–14 years
14–18 years

m 12/14
f 14/16
m 19/34
f 20/33
m 12/31
f 15/32
m 8/24
f 8/20

m 2.8/ f 4.2
m 9.6/ f 4.9
m 14.6/ f 12.2
m 11.9/ f 14.2

NR

Norway
Småbarnskost 2007 (2 years, 

n = 1674)
Ungkost 32,016 (4 years, n = 399)
Ungkost 32,015 (9 years, n = 636)
Ungkost 32,015 (13 years, 

n = 687)
(VKM, 2017)

FFQ + food diary +24-h 
dietary interviews

m + f 2 years
4 years
9 years
13 years

5/NR
4/NR
2/NR
4/NR

Mean
6.6
7.3
6.1
7.4

NA

Abbreviations: DANSDA, The Danish National Survey of Diet and Physical Activity; DNFCS, Dutch National Food Consumption Survey; EsKiMo, Eating study as a KiGGS 
Module; f, females; FFQ, food frequency questionnaire; m, males; N, number; NA, cannot be calculated; NCFS, National Children's Food Survey; NPNS, National Pre-
School Nutrition Survey; NR, not reported in the publication, NTFS, National Teen's Food Consumption Survey; P95: 95th percentile; SD, standard deviation; VKM, 
Vitenskapskomiteen for mat og miljø [Norwegian Scientific Committee for Food and Environment].
a% users of multivitamin/mineral supplements. By default, multivitamin/mineral supplements were considered to contain iron based on Danish households purchases 
data.
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3.4.4  |  Overall conclusions on intake data

The Panel notes that the P95 estimated background intake of iron from natural food sources (excluding food supplements) 
in males across surveys included in EFSA's intake assessment is up to 9.4 mg/day in infants (≥ 4 to < 12 months), up to 11.4 
mg/day in toddlers (≥ 1 to < 3 years), up to 17.3 mg/day in children (≥ 3 to < 10 years), up to 22.2 mg/day in adolescents (≥ 10 
to < 18 years), up to 23.1 mg/day in adults (≥ 18 to < 65 years), up to 24.5 mg/day in older adults (≥ 65) and up to 34.9 mg/
day in pregnant women (Table 4) (Annex B). Intakes are lower in non-pregnant females, mainly due to smaller quantities of 
food consumed per day.

Iron may be added to foods, but it is not mandatory in any of the EU countries. In some of them, it is recommended 
that specific population groups (e.g. children) or individuals following vegan diets consume iron fortified foods (European 
Commission, 2023, unpublished). According to the Mintel GNPD, products belonging to its category ‘breakfast cereals’ 
(second highest in terms of products fortified with iron after the category ‘baby foods’) have a median iron content per 
serving of 2.9 mg.

With respect to iron-containing food supplements, a search in the Mintel GNPD indicated substantial variability in the 
dose per serving across food supplements, with most values between 5 and 15 mg iron (36%–107% of the NRV) and about 
1% of products with values > 45 mg (maximum 100 mg) per serving (357%–714% of the NRV). A few EU countries have 
policies in place advising daily iron supplementation for pregnant women, infants fed a vegetarian diet during weaning, 
pre-term or low birth weight infants or individuals following a vegan diet (one country only).

The Panel notes that estimates of the contribution of fortified foods and food supplements to iron intake in EU pop-
ulations are scarce. The Panel notes that in regular consumers of iron-containing food supplements, the contribution of 
supplements to total iron intake can be substantial.

3.5  |  Hazard identification

3.5.1  |  Liver toxicity

The adverse effects of systemic iron overload on the liver are well known (EASL, 2022). Persistent systemic iron overload 
leads to the accumulation of iron in organs, especially the liver, in the form of ferritin and haemosiderin (Section 3.2). It 
has been proposed that ferritin and haemosiderin can be degraded by lysosomes, liberating ferric iron (Fe3+) which may 
accumulate in lysosomes as ferrous iron (Fe2+) following reduction. Hydrogen peroxide produced in cells can enter the 
lysosome where it may produce, in a reaction with ferrous iron (Fe2+), hydroxyl radicals. These radicals may be released into 
the cytosol when lysosomal membranes are ruptured by the radicals. Ultimately, they may cause hepatocellular damage, 
such as necrosis, and liver cirrhosis and ultimately may lead to liver failure and hepatocellular carcinoma. These are typical 
effects of excess iron accumulation which are observed in individuals with impaired downregulation of iron absorption, 

Country survey name  
(N subjects)  
reference

Dietary method  
(N of days) Sex Age range

% iron 
supplement 
users in 
total survey 
sample/among 
supplements 
users

Absolute iron 
intakes from 
supplements, 
P95 (mg/day)

% 
contribution 
of 
supplements 
to iron intake, 
mean

Netherlands
DNFCS 2012–2016 (n = 4313) 

(Van Rossum et al., 2022)

Questionnaire (online/
paper)

m + f 18–65 years
65–80 years

m 13/36
f 19/34
m 12/35
f 19/32

m 24.0/f 17.9
m 19.5/f 22.4

NR

Norway
Norkost 32,015 (n = 1787) 

(Totland et al., 2012; 
VKM, 2017)

FFQ + food diary +24-h 
dietary interviews

m + f 18–70 years 12/NR m 34.7
f 100

NA

Poland
National Dietary Survey 

2019–2020 (n = 1831) (Stos 
et al., 2021)

FPQ m
f

18–65+ years NR/NR Mean ± SD 
(range)

7.1 ± 4.2
(2.1–14)
12.2 ± 16.3
(1–56)

NA

Abbreviations: DANSDA, The Danish National Survey of Diet and Physical Activity; DNFCS, Dutch National Food Consumption Survey; f, females; FINDIET, The Finnish 
National Dietary Survey in Adults and Elderly; FFQ; food frequency questionnaire; FPQ, food propensity questionnaire; m, males; N, number; NA, cannot be calculated; 
NANS, National Adult Nutrition Survey; NR, not reported in the publication; NVS II, Nationale Verzehrsstudie II [National Consumption Study II]; P95: 95th percentile; SD, 
standard deviation; VKM, Vitenskapskomiteen for mat og miljø [Norwegian Scientific Committee for Food and Environment].
a% users of multivitamin/mineral supplements. By default, multivitamin/mineral supplements were considered to contain iron based on Danish households purchases 
data.

T A B L E  6   (Continued)
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such as hereditary haemochromatosis, conditions associated with ineffective erythropoiesis (e.g. thalassaemia intermedia 
and haemoglobin E-beta thalassaemia) and iron accumulation from repeated red cell transfusions (Valenti et al., 2023). The 
causes of iron accumulation in these patients are not representative of iron homeostasis in the general population but 
exemplify the effects of systemic iron overload on the liver.

Liver toxicity has also been reported in cases of iron overload as a consequence of excess dietary iron intakes. Dietary 
iron overload linked to the consumption of a fermented beverage with a high iron content has been reported in sub-
Saharan populations. This condition, referred to as African dietary iron overload, is characterised by a substantial deposi-
tion of iron in the liver and macrophages of the reticuloendothelial system. A study which included 22 individuals living in 
South Africa diagnosed with iron overload syndrome through liver biopsies (MacPhail et al., 1999), reported that these pa-
tients had consumed between 0.4 and 14 L per day of a fermented beverage (median 3 L) for 2–65 years (median 40 years). 
The average iron content of the beverages consumed was 46 (SD 17) mg/L, leading to a median iron intake of 138 mg/day. 
The alcohol consumed through this beverage was a median of 96 g/day. SF concentrations ranged from 773 to 38,483 μg/L 
(median 3050 μg/L) and hepatic iron content between 82 and 1035 μmol/g dry weight. It has been proposed that genetic 
factors contribute to the condition, but this has not been fully elucidated (Gangaidzo & Gordeuk, 1995; Kew, 2014; Kew & 
Asare, 2007; Oh & Moon, 2019).

Bell et al. (2000) reported on 21 C282Y-mutation-negative patients with iron overload syndrome living in Norway. Seventeen 
of the patients had taken, on a daily basis, iron supplements between 5 and 50 years and reached SF concentrations of be-
tween 428 and 4500 μg/L. The amount of iron consumed through supplements was only reported for one individual who had 
consumed 300 mg/day for 20 years. This patient had liver fibrosis grade 4 and a SF concentration of 2787 μg/L.

Barton et al. (2006) reported on three C282Y-mutation-negative patients with iron overload syndrome in the USA, of 
whom one had a heterozygosity for a TfR2 mutation. Patient 1 had taken 100 mg/day supplemental iron as ferrous sulfate 
supplements for 15 years. The SF concentration was 2100 μg/L and the amount of supplemental iron that was absorbed 
was 1.9%. Patient 2 (heterozygote for TfR2 mutation) had consumed 105 mg/day supplemental iron in the form of ferrous 
gluconate for 35 years. The SF concentration was 1947 μg/L and the amount of supplemental iron that was absorbed was 
1.1%. Patient 3 had consumed iron supplements containing 220 mg/day iron as ferrous fumarate for 61 years. The SF con-
centration was 1686 μg/L and iron absorption was 0.08%.

Lands and Isang (2017) described a patient in the USA without HFE mutations and iron overload syndrome who had 
taken between 325 and 975 mg/day supplemental iron in the form of ferrous sulfate for 30 years. The SF concentration was 
1379 μg/L.

The patient with iron overload syndrome described by Green et al. (1989) had taken 1000 mg iron as ferrous fumarate 
for 15 years.

The Panel notes that it is well established, mainly in patients with impaired downregulation of iron absorption, that sys-
temic iron overload leads to liver toxicity. There is evidence that excess dietary iron intakes can lead to liver toxicity also in 
individuals without disorders of iron metabolism. The amounts of supplemental iron consumed by individuals described in 
available case reports ranged from 100 to 1000 mg/day for 15 years. However, these data cannot be used alone for setting 
a UL based on liver toxicity in the general population.

3.5.2  |  Type 2 diabetes mellitus

Patients with hereditary haemochromatosis are at increased risk of diabetes mellitus, with loss of insulin secretory capac-
ity being a key pathogenic feature (Creighton Mitchell & McClain, 2014). Increased risk of diabetes is also seen with trans-
fusional iron overload, although with a different pathophysiology which involves the development of insulin resistance 
along with a progressive decrease in the circulating insulin levels due to declining β-cell function (De Sanctis et al., 2021; 
Harrison et al., 2023).

Several prospective cohort (PC) studies have indicated an association between SF concentrations and the risk of devel-
oping T2DM (Parlesak et al., 2024). Dietary intake of haem iron/dietary patterns rich in sources of haem iron have also been 
observed to be associated with an elevated risk of T2DM, while total, non-haem and supplemental iron intake were not 
related to an increase in risk (Bao et al., 2012; Shahinfar et al., 2022).

Even though foreseen in the protocol, studies on the association between haem iron intake and non-haem iron intake 
with T2DM were not used in the assessment (protocol amendment 6), as the available evidence did not allow disentan-
gling a causal contribution of haem iron from that of other risk factors associated with ‘high’ red meat intake (e.g. other 
dietary factors, lifestyle). Therefore, the assessment of this part of the evidence was not pursued.

Eligible studies for the assessment of this outcome were RCTs, non-randomised comparative studies of interventions, 
prospective observational (PC, nested case–control and case-cohort) studies and follow-up of intervention studies con-
ducted in adults which excluded prevalent T2DM cases at baseline. For intervention studies, relevant exposures were oral 
iron supplemental intake vs. placebo and comparisons of different forms of iron. Observational studies should report on 
oral long-term iron intake from all sources or supplemental iron intake or on measures of SF concentrations and at least one 
other marker of iron status (e.g. TSAT, TIBC, sTfR-to-ferritin ratio). Studies in which the dose or the amount of iron consumed 
was not reported or in which the supplementation route was not oral were not eligible. This exclusion criterion had been 
specified in the protocol for intervention studies but was also applied to observational studies (protocol amendment 7). 
Studies with co-interventions were only eligible if the effect of iron per se could be assessed.
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Eligible outcomes were measures of incidence of T2DM and measures of glucose homeostasis.
Pertinent studies were retrieved based on the searches performed for the systematic review by the contractor (Parlesak 

et al., 2024).

3.5.2.1  |  Intervention studies

No eligible intervention studies were retrieved which assessed the effect of iron supplementation on the incidence of 
T2DM or on measures of glucose homeostasis.

3.5.2.2  |  Observational studies

Dietary intake of iron 

The relationship between iron intake and risk of T2DM was investigated in nine PC studies, reported in 10 publications [the 
Japan Collaborative Cohort Study for Evaluation of Cancer Risk (JACC Study), Eshak et al., 2018; the China Health and Nutrition 
Survey (CHNS; 1991–2015), He et al., 2020; the Health Professionals' Follow-up Study (HPFS), Jiang et al., 2004; the Korean 
Genome and Epidemiology Study (KoGES) Ansan–Ansung cohort; Jung et  al.,  2021 and Kim et  al.,  2017; the Guangzhou 
Nutrition and Health Study (GNHS), Li et al., 2021; the Nurses' Health Study (NHS), Rajpathak et al., 2006, the Nurses' Health 
Study II (NHSII), Bao et al., 2016; the Women's Health Study (WHS), Song et al., 2004; and the Iowa Women's Health Study 
(IWHS), Lee et al., 2004]. Two publications were available for the KoGES Anan-Ansung cohort (Jung et al., 2021; Kim et al., 2017).

No eligible PC studies which investigated the relationship between iron intake and glucose homeostasis were retrieved.
For the KoGES, Jung et al. (2021) used more stringent criteria for T2DM assessment and therefore excluded more prev-

alent cases at baseline than Kim et al. (2017) and is used in the present assessment. Jung et al. (2021) reported as exposure 
measure the ratio of total iron to total energy intake. As this is not comparable with the other studies, the mean iron intakes 
in this study have been multiplied by EFSA by mean energy intake for reporting purposes. The analysis by Song et al. (2004) 
used a population involved in an RCT in which the risks and benefits of low-dose aspirin and vitamin E for prevention of 
cardiovascular disease and cancer were evaluated. The analysis by Song et al.  (2004) included participants of both the 
intervention and placebo arms. In the study by Bao et al.  (2016), non-pregnant women with previous GDM, a high-risk 
population for developing T2DM, were included.

The size of the PCs ranged from 2696 in the GNHS (around 670 participants per quantile) to 85,031 in the NHS (around 
17,000 participants per quantile). The length of follow-up ranged from 5 years in the JACC to 24 years in the CHNS. Four co-
horts were conducted in Asia (KoGES, Korea; JACC, Japan; GNHS and CHNS, China) and three in the USA (WHS, NHS, HPFS). 
Three studies included males and females (KoGES, GNHS, JACC), three included females only (NHS, WHS, IWHS). One study 
included males only (HPFS) and two provided sex-disaggregated analyses (CHNS, KoGES).

The exposure was total iron intake (8 studies), iron intake from natural sources and fortified foods (i.e. excluding intake 
from food supplements; 1 study) and supplemental iron intake (3 studies), respectively.

Iron exposure was assessed in the CHNS using three consecutive 24-h recalls and household inventories over the same 
day. In the remaining studies, semi-quantitative food frequency questionnaires (SFFQs) were used.

The exposure was presented as quantiles of energy-adjusted iron intakes in the JACC Study, the CHNS, the GNHS, the 
NHS, the HPFS and the WHS and as total iron per total energy intake in the KoGES (recalculated to absolute intakes by EFSA 
for the purpose of inclusion in the forest plot). All studies, except for the NHSII presented analyses using baseline iron intake 
as exposure. For the analysis of NHSII data, the average cumulative exposure to total iron from all available questionnaires 
was used as exposure.

•	 Total iron intake

Total iron intakes in the lowest quantiles were below the population reference intake (PRI, 11 mg/day for males and post-
menopausal women and 16 mg/day for premenopausal women) derived by EFSA NDA Panel (2015) in five studies (JACC 
Study 5.1 mg/day; KoGES 6.8 mg/day; NHS 8 mg/day, NHSII 11.5 mg/day and WHS 11.1 mg/day), and in one study, the intake 
in the highest quantile was also below the PRI (JACC 10.1 mg/day).

The outcome was mainly assessed using participants' self-reports with varying degrees of verification through using 
information on laboratory measurements.

The evidence table is in Appendix B. Key study characteristics, together with the effect estimates and related confi-
dence intervals (CIs), are plotted in Figure 6.

An increased risk for T2DM was observed in six out of eight studies (i.e. JACC Study, KoGES, GNHS, WHS, HPFS and NHSII) 
when comparing the highest with the lowest intake quantiles. This was statistically significant in the analysis of three 
cohorts (i.e. JACC Study, KoGES and NHSII). However, an increased risk was generally already observed at lower intake 
quantiles in which mean intakes were at or below the PRIs (Figure 6). The Panel notes that this raises some doubt about the 
biological plausibility of the association observed in these studies. The Panel also notes that the largest cohort (NHS) with 
around 17,000 individuals per quantile and a follow-up of 20 years (between around 260,000 and 372,000 person years per 
quantile) did not show an association between total iron intake and the incidence of T2DM [aHR (adjusted hazard ratio) 
1.02, 95% CI 0.90–1.15].
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•	 Supplemental iron intake

Three studies (the NHS, the NHSII and the IWHS] investigated supplemental iron intakes and T2DM. All were performed 
in the USA and on females. In the NHS (follow-up of 20 years), the aHR (95% CI) for developing T2DM was 0.96 (0.84–1.1) 
when comparing supplemental iron intakes of median (range) 22 (15.9–391.7) mg/day with no supplement consumption. 
In the IWHS (follow-up 11 years) and the NHSII (follow-up approx. 14.5 years), the aHR (95% CI) was 1.16 (0.92–1.46) and 1.83 
(1.25–2.70), respectively, when comparing supplemental intakes ≥ 30 mg/day with no supplement use.

•	 Iron intake from natural sources and fortified foods

In the NHS, the relationship between intakes of dietary iron (excluding food supplements) and T2DM was investigated. 
When comparing the fifth quintile with the first (median intakes 14 vs. 8 mg/day), the aHR (95% CI) was 1.02 (0.91–1.15).

F I G U R E  6   Prospective cohort studies investigating the association between total iron intake and the risk of T2DM.  
*Exposure = cumulative iron intakes.  
Intake estimates provided by Jung et al. (2021) (KoGES) as ratio of total-iron-to-total-energy intake were recalculated by EFSA.  
appr., approximately; av., average; CHNS, China Health and Nutrition Survey; CI, confidence interval; CN, China; F, females; GNHS, Guangzhou Nutrition 
and Health Study; HR, hazard ratio; HPFS, Health Professionals' Follow-up Study; JACC, Japan Collaborative Cohort Study for Evaluation of Cancer Risk; 
JP, Japan; KoGES, Korean Genome and Epidemiology Study; KR, South Korea; M, males; max, maximum; med., median; NHS, Nurses' Health Study; OR, 
odds ratio, PE, point estimate; Q, quantile; RR, risk ratio; US, United States; WHS, Women's Health Study; y, years.
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Conclusions on the evidence from observational studies on dietary intake of iron

The Panel notes the uncertainties related to the results of the PC studies showing an increase in risk in T2DM associated 
with ‘high’ total iron intakes, that the largest study (i.e. NHS) did not report such an association and that the results of the 
analysis using supplemental iron intake as exposure are inconsistent.

The Panel considers that the available BoE from observational studies is insufficient to conclude on a positive relation-
ship between the dietary intake of iron and risk of T2DM.

Serum ferritin concentrations

Observational studies that used SF as a marker of iron exposure were not further assessed because it could not be deter-
mined with sufficient certainty that SF reflected iron intakes in these studies. Generally, baseline concentrations of CRP, 
plasma (fasting) glucose, plasma (fasting) insulin and other measures of glucose homeostasis, as well as concentrations of 
liver enzymes increased across quantiles of SF or in cases and controls, when reported, indicating that SF concentrations 
were rather a marker of inflammation than iron intake in these studies. In addition, when baseline iron intakes were given, 
these were generally not different across quantiles of SF concentrations or in cases and controls. The results of these stud-
ies are summarised in the report by the contractor (Parlesak et al., 2024).

3.5.2.3  |  Overall conclusions on type 2 diabetes mellitus

The Panel considers that the available BoE is insufficient to conclude on a positive relationship between dietary iron expo-
sure and risk of T2DM over the range of iron intakes investigated in the studies. No comprehensive UA is performed.

3.5.3  |  Gestational diabetes mellitus

Several PC studies have indicated an association between SF concentrations or dietary intake of haem iron/dietary patterns 
rich in sources of haem iron and the risk of developing GDM (Durrani et al., 2021; Fernandez-Cao et al., 2017; Fu et al., 2016; 
Iqbal & Ekmekcioglu, 2019; Kataria et al., 2018; Miranda et al., 2022; Parlesak et al., 2024; Petry, 2022; Yang et al., 2022; Zhao 
et al., 2017).

Even though foreseen in the protocol, studies on the association between haem iron intake and non-haem iron intake 
with GDM were not used in the assessment (protocol amendment 6), as the available evidence did not allow disentan-
gling a causal contribution of haem iron from that of other risk factors associated with ‘high’ red meat intake (e.g. other 
dietary factors, lifestyle). Therefore, the assessment of this evidence was not pursued.

Eligible studies for the assessment of this outcome were RCTs, non-randomised comparative studies of interventions, 
prospective observational (PC, nested case–control, and case-cohort) studies and follow-up of intervention trials con-
ducted in pregnant women. For intervention studies, relevant exposures were oral iron supplemental intake with repeated 
administration of at least 4 weeks vs. placebo and comparisons of different forms of iron. Observational studies should 
have reported on oral long-term iron intake from all sources or supplemental iron intake or on measures of SF concen-
tration and at least one other marker of iron status (e.g. TSAT, TIBC, sTfR-to-ferritin ratio). Studies in which the dose or the 
amount of iron consumed was not reported or in which the supplementation route was not oral, were not eligible. These 
exclusion criteria have been specified in the protocol for intervention studies but were also applied to observational stud-
ies (protocol amendment 7). Studies with co-interventions were only eligible if the effect of iron per se could be assessed.

Eligible outcomes were measures of incidence of GDM and measures of glucose homeostasis.
Pertinent studies were retrieved based on the searches performed for the systematic review by the contractor (Parlesak 

et al., 2024) and by manual searching the reference lists of available systematic and narrative reviews (Durrani et al., 2021; 
Fernandez-Cao et al., 2017; Fu et al., 2016; Iqbal & Ekmekcioglu, 2019; Kataria et al., 2018; Miranda et al., 2022; Petry, 2022; 
Yang et al., 2022; Zhao et al., 2017).

3.5.3.1  |  Intervention studies

Three eligible intervention studies were retrieved which assessed the effect of iron supplementation on GDM. No eligible 
studies were retrieved which investigated glucose homeostasis as an outcome independent of the risk of developing GDM. 
One study was conducted in Hong Kong (Chan et al., 2009), one in Iran (Ouladsahebmadarek et al., 2011) and one in China 
(Liu & Pang, 2018).

Chan et al. (2009) randomised 1164 pregnant females (recruited before the 16th gestational week, mean recruitment 
time point around 11.3 gestational weeks) with haemoglobin (Hb) concentrations between 8 and 14 g/dL, to daily supple-
mentation of iron (300 mg ferrous sulfate equivalent to 60 mg elemental iron, n = 565) or placebo (n = 599). Baseline dietary 
iron intake was on average 16.3 mg/day in the iron and 16.1 mg/day in the placebo group, as assessed by a 7-day dietary 
record. The study was single blind as investigators were aware of the group allocation. Between gestational weeks 28 and 
30, a 75-g oral glucose tolerance test (OGTT) was performed in all women to diagnose potential GDM cases. Those not 
diagnosed with GDM at 28 weeks underwent an additional OGTT at gestational week 36. Compliance was around 54% and 
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63% at gestational weeks 28–30 and 36, respectively, and not statistically significantly different between groups. At week 
28, 56 women in the iron group and 60 women in the control group had developed GDM and at week 36 there were 16 ad-
ditional cases in the iron group vs. 17 cases in the placebo group. In total, 72 cases were diagnosed in the iron and 77 cases 
in the placebo group with an OR, on an intention-to-treat basis, of 1.04 (95% CI 0.70–1.53). There were also no differences in 
the 2-h glucose levels of the OGTT between groups (mean (SD): 6.20 (0.06) mmol/L vs. 6.22 (0.05) at week 28 and 6.04 (0.07) 
vs. 6.08 mmol/L at week 36 in the iron and placebo groups, respectively).

The Panel notes that this single-blind intervention study does not show an effect of supplemental iron intake of 60 mg/
day, taken in addition to around 16 mg/day dietary iron, starting from the second trimester of pregnancy and consumed 
for at least 20 weeks, on the risk of developing GDM.

In the study by Ouladsahebmadarek et al. (2011), non-anaemic pregnant women in the first trimester of pregnancy were 
randomised matched by age, BMI, parity, previous obstetric history and biomarkers of iron status at baseline to receive 
daily 30 mg of elemental iron and a multivitamin supplement not containing iron from the 13th gestational week onwards 
(n = 480), while the placebo group received daily a placebo tablet and the multivitamin supplement (n = 480). GDM was self-
reported in a questionnaire. A total of 410 participants in the iron group and 372 in the placebo group completed the study. 
Two GDM cases occurred in the iron group and three in the placebo group (RR 0.61, 95% CI 0.10–3.61; calculated by EFSA).

The Panel notes that this intervention study with a high and differential dropout rate between the study groups does 
not show an effect of supplemental iron intake of 30 mg/day starting from the second trimester of pregnancy on an in-
crease in risk of developing GDM. No information on the background dietary iron intake was available.

In a study, which is reported to have been retrospective in the title of the publication but was, based on the description 
in the publication, considered by the Panel to be a non-randomised open label intervention study (Liu & Pang, 2018), 135 
women consumed 300 mg/day supplemental iron from less than 16 gestational weeks onwards, while 124 women did not 
receive iron supplements. Ten women in the iron group and 9 women in the control group developed GDM (RR 1.02, 95% 
CI 0.43–2.43; calculated by EFSA). The time point and the way in which GDM was assessed (i.e. self-report or OGTT for the 
purpose of the study) was not reported.

The Panel notes that this non-randomised open label intervention study with a small sample size does not show an 
effect of supplemental iron intake of 300 mg/day starting at less than 16 gestational weeks on an increase in risk of devel-
oping GDM.

Conclusions on the evidence from intervention studies 

The Panel considers that the evidence from three intervention studies does not indicate a relationship between iron 
supplementation during pregnancy, starting mostly from the second trimester of pregnancy, and the risk of developing 
GDM over the dose range investigated in the studies.

3.5.3.2  |  Observational studies

Dietary intake of iron

The systematic review of the scientific literature identified five prospective observational studies which assessed the asso-
ciation between iron intake (through the diet and/or supplementation) and GDM.

Two studies were excluded at the step of data extraction. One study (Behboudi-Gandevani et al., 2013) reported im-
plausible iron intakes of a mean of > 100 mg per day when data were presented separately for women with and without 
GDM and when considered together mean intakes were reported to have been around 17 mg/day in a population in which 
around 50% did not reach iron intakes of 50% of the PRI. The second study, a study by Helin et al. (2012), was a prospective 
study but the intake estimates used in the publication were those obtained by an SFFQ administered during the same time 
span during which also the OGTT was done. Hence, the results presented were considered to be of cross-sectional nature.

Finally included in the assessment were three PC studies, i.e. the SUN Project (Marí-Sanchis et al., 2018), the NHSII (Bowers 
et al., 2011) and the Tongji Maternal and Child Health Cohort (Zhang, Wu, et al., 2021; Zhang, Xu, et al., 2021). Results of the 
latter were reported in two publications which explored the effect of using different cut-offs for iron supplementation in 
the analysis on the outcome.

The exposure in the three included studies was total iron intake (SUN Project, NHSII) or supplemental iron intake (NHSII, 
Tongji Maternal and Child Health Cohort). It was measured before pregnancy in one study (NHSII), while the timing of the 
assessment was unclear in the two other studies (SUN project, Tongji Maternal and Child Health Cohort).

•	 Total iron intake

In analysis of the SUN Project (Marí-Sanchis et al., 2018), data from 3298 pregnant females in Spain were included. The 
GDM diagnosis, based on a 50-g and then a 100-g OGTT, was self-reported and then verified by investigators using medi-
cal records. Total iron intake was assessed using an SFFQ. The time point when the SFFQ was applied (i.e. before or during 
pregnancy) and how much it preceded GDM diagnosis was not reported. When comparing quartile 4 (median total iron 
intakes: 22.4 mg/day) with quartile 1 (14.4 mg/day), a non-significantly increased risk of GDM was observed [adjusted odds 
ratio (aOR) 1.25, 95% CI 0.67–2.36, adjusted for age, BMI, family history of diabetes, parity, multiple pregnancy, smoking, 
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physical activity, hypertension, sugar-sweetened soft drinks, total energy intake, total fibre intake, special diet and snack-
ing]. The risk was already increased in quartile 2 [median intake 17 mg/day; aOR 1.12 (95% CI 0.69–1.80)] and quartile 3 
[median intake 18.9 mg/day; aOR 1.24 (95% CI 0.74–2.06)].

The Panel notes that even though the study in 3298 pregnant females indicates an increase in risk of GDM to be asso-
ciated with total iron intakes above the PRI (median intakes 17–22.4 mg/day), the associations were not statistically signif-
icant. In addition, it is unclear to which time span the dietary assessment relates which limits the conclusions that can be 
drawn from this study.

An analysis of the NHSII (Bowers et al., 2011) used data from 13,475 females reporting a pregnancy lasting at least 6 months. 
GDM diagnosis was self-reported by participants. Iron intake was assessed using a repeated SFFQ and the cumulative aver-
age iron intake, reflecting habitual iron intake outside of pregnancy, was used in the analysis. The total iron intakes were not 
associated with an increased risk of GDM in any of the quintiles investigated. When comparing Q5 (median intakes 49.8 mg/
day, n = 3918) with Q1 (10.7 mg/day, n = 2380), the aRR was 0.90 (95% CI 0.72–1.12). Supplemental iron intake (60 mg/day, Q5, 
vs. 0 mg/day Q1) was not associated with the risk of GDM (aRR 1.04, 95% CI 0.84–1.28). Only for dietary iron, a non-statistically 
significantly increased risk was observed when comparing Q5 with Q1 (18.9 vs. 10.3 mg/day; aRR 1.12, 95% CI 0.84–1.28).

The Panel notes that this analysis on 13,475 women does not show an association between total cumulative median iron 
intakes of 49.8 mg/day vs. 10.7 mg/day and the risk of GDM.

•	 Supplemental iron intake

The association between supplemental iron intake and GDM was investigated in the study by Bowers et al. (2011) and 
this was not associated with the risk of GDM, as described above.

In the Tongji Maternal and Child Health Cohort (Zhang, Wu, et al., 2021; Zhang, Xu, et al., 2021) conducted in China, 
pregnant women were recruited at less than 16 gestational weeks. GDM was diagnosed using a 75-g OGTT at gestational 
weeks 24–28. Data on iron supplement use were collected at baseline and during mid-pregnancy. Iron supplement users 
were defined as those who took iron-containing supplements (single nutrient or multi-nutrient supplements) > 5 times per 
week for > 4 consecutive weeks. A total of 5101 women with a singleton pregnancy were included in the analysis. Those 
who took supplements containing > 30 mg/day iron for > 3 months were more likely to be diagnosed with GDM (aRR 1.53, 
95% CI: 1.21–1.93), compared to those classified as non-users. The aRR, when comparing those who took > 30 mg/day iron 
for < 3 months with non-supplement users, was 1.14 (95% CI 0.80–1.61).

The Panel notes that this study shows an association between supplemental iron intakes of 30 mg/day for more than 3 
months and the risk of developing GDM. However, it has not been reported whether this was associated with supplemental 
intake before or during pregnancy, or both.

Conclusions on the evidence from observational studies on dietary intake of iron

The Panel notes the poor reporting in most of the observational studies, in particular related to the timing of the dietary 
assessment and iron supplementation.

The Panel considers that the evidence from observational studies on the relationship between total iron intakes or sup-
plemental iron intakes is inconsistent. The Panel, however, notes that the study with the largest sample size (around 13,500 
women) did not show an association between total iron intake or supplemental iron intake and the risk of GDM and that 
iron intakes in this study were higher than the ones in studies reporting an association.

Serum ferritin concentration

Observational studies that used SF as marker of iron exposure were not further assessed because it could not be deter-
mined with sufficient certainty that SF reflected iron intakes in these studies (see also Section 3.5.2.2). The results of these 
studies are summarised in the report of the contractor (Parlesak et al., 2024).

3.5.3.3  |  Overall conclusions on gestational diabetes mellitus

The Panel notes that none of the three intervention studies showed an effect of iron supplementation during pregnancy, start-
ing from the second trimester of pregnancy and the risk of developing GDM at doses up to 300 mg/day. The evidence from ob-
servational studies is inconsistent, although the largest study with the highest iron intakes (around 50 mg/day total iron intake; 
60 mg/day iron supplementation) did not show an association between iron intake and an increased risk of developing GDM.

The Panel considers that the available BoE does not suggest a positive relationship between dietary iron intake and risk 
of GDM and thus, no comprehensive UA is performed.

3.5.4  |  Adverse gastrointestinal effects

It is well established that iron supplementation can be a cause of adverse GI effects (Cancelo-Hidalgo et al., 2013; Tolkien 
et al., 2015). The incidence of adverse GI effects had been used as an outcome by IOM (2001) to set an UL for iron and by 
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EVM (2003) to set a guidance value for iron supplementation. Eligible studies for the present assessment were RCTs with no 
restriction of the studied population group. Non-randomised interventions were not considered (protocol amendment 
2). Relevant exposures were oral supplemental iron intake vs. placebo or vs. intravenous iron supplementation, or the 
comparison of the effect of two different forms of iron. Studies with co-interventions which could have had an effect on GI 
symptoms, or which did not allow to assess the effect of iron per se were excluded. The outcomes to be studied included 
acute GI effects (such as nausea, constipation, vomiting, bloating, flatulence, mucositis and loss of appetite) diagnosed by 
any medical anamnestic method, questionnaire, face-to-face interview and spontaneous reporting by study participants. 
The systematic search was limited to articles published from 2003 onwards. Relevant studies included in the previous as-
sessments by IOM (2001), EVM (2003) and EFSA (2004) were added to the studies retrieved through the systematic search.

In the systematic search, the contractor had identified 58 intervention studies published after 2003 which provided data 
that could be used for the assessment of adverse GI effects after iron supplementation in different populations (i.e. infants, 
children, adolescents and adults, pregnant women). These studies have been reviewed in detail in the final report by the 
contractor (Parlesak et al., 2024). Vomiting and diarrhoea were the most frequently reported adverse effects associated 
with iron supplementation in infants. In children, no consistent pattern was identified. In adolescents and adults, diar-
rhoea, epigastric discomfort or abdominal pain and constipation were the main symptoms reported. In pregnant women, 
vomiting, epigastric discomfort or abdominal pain, nausea and constipation were cited most frequently. However, in the 
articles included, specific adverse GI effects were often reported only briefly, in an inconsistent manner and not systemat-
ically (Parlesak et al., 2024). The evidence differed largely according to the study population, including the sex distribution, 
the iron forms administered, the doses (ranging from 3 to 150 mg/day) and the study duration (ranging from 1 to 72 weeks); 
see Table 17 in the report of the contractor (Parlesak et al., 2024). The findings were generally inconsistent and sometimes 
contradictory and no relationship with the iron dose could be identified.

The findings of the contractor are in line with another systematic review and meta-analysis conducted by Tolkien 
et  al.  (2015) that focussed on adverse GI effects caused by ferrous sulfate. The authors had identified 43 eligible RCTs 
investigating oral iron supplementation vs. placebo or vs. intravenous iron administration. The risk of experiencing ad-
verse effects was higher with oral iron (ferrous sulfate) supplementation than with placebo (OR 2.32, 95% CI 1.74–3.08) or 
intravenous administration (3.05, 95% CI 2.07–4.48). However, there was no dose-related response observed (dose ranges 
20 to 222 mg/day for placebo-controlled studies and 80–400 mg/day for studies with intravenously administered iron as 
control).

Another systematic review (Cancelo-Hidalgo et al., 2013) found that micro-encapsulated iron salts such as ferrous sulfate 
and retarded-release iron preparations had the lowest incidence of adverse effects, while simple salts such as ferrous gly-
cine sulfate, ferrous gluconate, uncoated ferrous sulfate and ferrous fumarate were less well tolerated. Therefore, adverse 
effects seem to depend on the forms of iron preparations ingested and are less likely to occur when iron is provided in 
chelated form (Fairweather-Tait & Teucher, 2002).

The Panel decided to review in detail studies which reported the use of standardised tools to elicit adverse GI effects 
between the intervention groups in a consistent manner. Studies which used (validated) questionnaires, structured inter-
views or other standardised tools (e.g. data sheets) were included in this further review. In addition, the Panel searched 
for publications which cited the study by Pereira et al. (2014) in which a symptom questionnaire was developed to assess 
adverse GI effects of iron supplementation. In all the studies, symptoms were self-reported by participants.

Thirteen intervention studies reported in 10 publications met the inclusion criteria and are described below. The results 
of studies investigating the percentage of individuals responding to iron supplementation with adverse GI effects are also 
shown in Figure 7.

3.5.4.1  |  Adults (excluding pregnant women)

Two randomised studies (Brock et al., 1985; Coplin et al., 1991) already considered by IOM (2001) and EFSA (2004) in their 
previous assessments, compared the effect of two different forms of iron without including a placebo group/period or 
reporting on GI symptoms during periods without iron supplementations. They included 543 adults [males (n = 59) and 
females (n = 484)] with Hb concentrations between 10 and 16 g/dL in a parallel design (Brock et al.,  1985) and 38 non-
pregnant iron-replete females in a cross-over design (Coplin et al., 1991). For the study by Coplin et al. (1991), it is unclear 
whether a wash-out period was included in the design or not. In both studies, 50 mg iron per day was given. The forms 
used were ferrous sulfate or a ferrous sulfate wax matrix preparation in the study by Brock et al. (1985) and ferrous sulfate 
and ferrous bisglycinate in the study by Coplin et al. (1991). In the intervention by Brock et al. (1985), which lasted 56 days 
and in which supplements were consumed in the morning before breakfast, 50% of individuals consuming ferrous sulfate 
experienced moderate to severe adverse GI effects, such as abdominal discomfort, nausea, vomiting, constipation and 
diarrhoea (assessed using diary cards) while in the group consuming supplemental iron in wax matrix form, also con-
sumed before breakfast, the percentage was 19%. Dark stools were experienced in 6.3% of individuals in the ferrous sulfate 
group and in 1.8% of individuals in the wax matrix group. A total of 77 participants, 44 (16%) in the ferrous sulfate group 
and 33 (12%) in the wax matrix group stopped the study early because of ‘intolerable side effects’. In the study by Coplin 
et al. (1991) in which iron consumption periods lasted for 2 weeks, 68% of women reported GI symptoms (such as abdomi-
nal pain, bloating, constipation, diarrhoea, nausea and vomiting; assessed using a daily log of prespecified symptoms and 
their severity) during the period in which ferrous sulfate was consumed and 66% reported symptoms when taking the 
chelate. The incidence of black stools was not investigated in this study.
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The Panel notes that in the absence of a comparison with a placebo, baseline or a wash-out period, the findings of these 
two studies are difficult to interpret. The panel also notes the lack of information on the wash-out period in the study by 
Coplin et al.  (1991). However, the studies indicate the presence of GI symptoms when 50 mg/day elemental iron is con-
sumed as ferrous sulfate and ferrous bisglycinate. The percentage of individuals with adverse GI effects was significantly 
less when iron was consumed in a wax matrix.

Four other studies described in two publications also already considered by IOM (2001) and EFSA (2004) were performed 
in blood donors.

Hallberg et al. (1966) described three randomised interventions (reported as series in the original publication) in blood 
donors (iron status not reported). All lasted 14 days and symptoms, such as constipation, diarrhoea, heartburn, nausea 
and epigastric pain, were assessed by questionnaires. The first study was in 393 individuals (195 received placebo and 198 
ferrous sulfate). The iron dose was three times daily 74 mg (a total of 222 mg per day). The second study, testing different 
iron formulations, was in 477 individuals. Of those, 119 received placebo, 120 ferrous sulfate, 118 ferrous fumarate and 120 
ferrous gluconate. The dosing was the same as in the first study. In the third study, 200 individuals received placebo, 200 
ferrous glycine sulfate and 196 ferrous gluconate. In this study, iron tablets were taken three times a day and contained 60 
mg providing a total of 180 mg iron per day. In all studies, significantly more adverse GI effects were reported by individuals 
taking the iron tablets, ranging between about 23% and 32% vs. around 12%–14% in the placebo consuming individuals. 
The incidence of black stools was not investigated in these studies.

The Panel notes that, in all three studies reported in this publication, there was a higher percentage of individuals with 
adverse GI effects when consuming 180–222 mg iron/day divided into three daily doses as compared to controls.

Frykman et al. (1994) described an intervention in 100 blood donors (iron status not reported). Individuals were ran-
domly assigned to two parallel groups in which participants consumed once per day either 60 mg/day iron as ferrous 
fumarate or 2.4 mg as haem iron from porcine blood plus 16 mg as ferrous fumarate for 30 days. The authors state that 
the study was ‘divided into three consecutive periods of 1 month each’ and that ‘all participants randomly received a placebo 
during one of the last two periods’. The Panel assumes that, in the first period, around half of the participants were randomly 
assigned to receive ferrous fumarate alone and, the other half the combination of haem and non-haem iron. Thereafter, 
two other periods followed, in both of which half of the participants randomly received placebo and the other half one of 
the iron interventions. Participants kept a symptom diary and filled in a multiple-choice questionnaire in which they had 
to rate the severity of nausea, epigastric pain, obstipation and diarrhoea (ranging from none to intolerable). A total of 25% 
of individuals experienced at least one adverse GI effect in the group consuming ferrous fumarate alone. In the groups 
receiving the combination of haem and non-haem iron or placebo the percentages were, in both instances, 14%. The per-
centages of participants experiencing the following individual symptoms when taking non-haem iron, the combination of 
haem and non-haem iron or placebo were nausea: 6%, 8%, 4%; epigastric pain: 19%, 6%, 10%; obstipation: 35%, 14%, 20%; 
and diarrhoea: 37%, 26%, 14%, respectively. The incidence of black stools was not investigated in this study.

The Panel notes that this study shows an effect of consuming 60 mg/day elemental iron once per day as ferrous fuma-
rate on the percentage of individuals suffering from adverse GI effects compared to placebo or a combination of haem 
and non-haem iron at lower doses.

The studies described below were published after the previous assessments and thus were not considered by IOM (2001) 
and EFSA (2004).

Pereira et al. (2014) developed a questionnaire to assess GI symptoms associated with iron supplementation. This ques-
tionnaire was based on a previously validated bowel symptom questionnaire and was tested in a randomised placebo-
controlled double-blind study on 20 apparently healthy individuals (13 females, 7 males; iron status not reported). Ten 
individuals were randomised to ferrous sulfate (400 mg containing 130 mg elemental iron, divided into two doses to be 
consumed in the morning and the evening at mealtimes) for 7 days, and 10 individuals received placebo. After the inter-
vention period, study participants were followed up for an additional week. All individuals were informed that they might 
suffer from black stools. Compliance with the intervention was > 80% for the pills to be taken in the morning and > 90% 
for the ones to be taken in the evening. Nine out of 10 individuals in the iron group (90%) and three in the placebo group 
(30%) reported at least one GI effect, including black stools, during the intervention. In the follow-up period, the numbers 
were six and three, respectively. The mean number of symptoms, per participant, of overall adverse GI effects was higher 
in the iron group both in the intervention and the follow-up period compared to the placebo group (6.7 vs. 1.2 and 4.6 
vs. 1.0, respectively), but the difference was not statistically significant. Around 30% of participants in the iron group re-
ported nausea compared to 20% in the placebo group during the intervention period. Fifty percent in the iron group had 
heartburn compared to 0% in the placebo group. Abdominal pain was reported in 70% vs. 20%, constipation in 30% vs. 
20%, changes in bowel movements in 60% vs. 20% and black stools in 80% vs. 0%. Symptoms were experienced with less 
frequency during the follow-up period, but the frequency was higher in the iron group compared to placebo except for 
nausea which occurred to a similar extent in both groups during follow-up. Black stools first occurred after 72 h of supple-
mentation. Other symptoms were reported from the first day onwards.

The Panel notes that this study with a small sample size shows an effect of consuming 400 mg/day ferrous sulfate 
(130 mg elemental iron) divided into two daily doses on the incidence of and the percentage of individuals with adverse 
GI effects. The effects persisted with lower frequency in the week of observation after cessation of iron supplementa-
tion. A total of 80% of individuals in the iron group and none in the placebo group reported black stools.

In a cross-over study, Friling et al. (2022) randomised 51 non-anaemic (Hb ≥ 12 g/dL) pre-menopausal women with reg-
ular menstrual cycles, aged 18–50 years, to 60 mg/day iron, either a microencapsulated formulation of ferric saccharate or 
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ferrous sulfate for 14 days, with a wash-out period of at least 1 month (two menstrual episodes) in between. Participants 
were instructed to take the supplements 2 h before lunch. Two participants dropped out due to illness, one participant 
left the study during the wash-out period, and one was excluded due to poor compliance (15% of capsules taken). Adverse 
GI effects were assessed via a questionnaire based on the one developed by Pereira et al. (2014), and participants were in-
structed to complete the questionnaire during the 14 days of interventions (for each treatment) and the wash-out period. 
The percentage of participants experiencing GI effects was 68% (microencapsulated formulation of ferric saccharate), 87% 
(ferrous sulfate) and 64% (wash-out period). The authors reported that dark stools was the most common adverse event 
in both iron supplementation periods (numerical results not given in the publication). Nausea was experienced in 23% of 
women during the ferrous sulfate period, in 9% of women during the period in which women took the microencapsulated 
formulation of ferric saccharate, and in 4% of women during the wash-out period. For heartburn, the percentages were 
21%, 15% and 6%; for abdominal pain, it was 36%, 21% and 32%; for flatulence, it was 64%, 43% and 40%; for diarrhoea, it 
was 30%, 13% and 11%; metallic taste was experienced by 13%, 6% and 2%; constipation was experienced by 26%, 23% and 
19%; and finally vomiting was experienced by 2% vs. 0% in the other periods.

The Panel notes that this study shows an effect of 60 mg/day elemental iron consumed as ferrous sulfate on an empty 
stomach once per day on adverse GI effects compared to microencapsulated ferric saccharate and the wash-out period. 
Dark stools was reported to be the most common side effect during both iron supplementation periods (prevalence not 
reported). Black stools have not been assessed specifically.

In another crossover study, Bries et  al.  (2019) randomised 17 non-anaemic (Hb ≥ 12 g/dL) women, aged 18–40 years 
to 65 mg/day iron, to either ferrous sulfate or iron-enriched Aspergillus oryzae. Interventions were to be consumed for 
3 weeks each, with a three-week placebo/wash-out period before treatment crossover. Subjects were instructed to take 
one capsule per day with food. Adverse GI effects were assessed via a modified version of the questionnaire developed 
by Pereira et al.  (2014) which was administered on two randomly chosen weekdays and one weekend day during each 
period. The subjects were asked to report the frequency and severity of nausea, heartburn, abdominal discomfort, fa-
tigue, diarrhoea and constipation. One subject dropped out during placebo period because of reported GI discomfort. 
Compliance was reported as 97% (iron-enriched Aspergillus oryzae), 93% (ferrous sulfate) and 95% (placebo), respectively. 
Ferrous sulfate supplementation tended to result in non-statistically significantly higher mean frequency over 3 weeks 
[mean ± standard error of the mean (SEM)] of constipation (1.56 ± 0.50 vs. 1.13 ± 0.42 vs. 1.06 ± 0.37), diarrhoea (1.00 ± 0.33 
vs. 0.63 ± 0.22 vs. 0.50 ± 0.24), nausea (0.75 ± 0.30 vs. 0.38 ± 0.18 vs. 0.44 ± 0.16) and abdominal discomfort (2.81 ± 0.56 vs. 
2.50 ± 0.50 vs. 2.75 ± 0.78), compared to the iron-enriched Aspergillus oryzae and the placebo. When the authors combined 
the most common adverse effects into a score, they reported that the differences were statistically significant between the 
ferrous sulfate group and the other two groups at the third week of supplementation, but not during the preceding weeks 
(numbers not given in the paper). The incidence of black stools was not investigated in this study.

The Panel notes that this study shows an effect of 65 mg/day elemental iron consumed as ferrous sulfate and taken 
once per day with food on a combined GI symptom score when compared to iron-enriched Aspergillus oryzae or placebo.

Tiekou Lorinczova et  al.  (2022) randomised iron-replete apparently healthy volunteers (76 females, 79 males), aged 
18–40 years, to placebo (n = 31), ferrous sulfate with 18 mg/day elemental iron (n = 31) or ferrous sulfate with 65 mg/day ele-
mental iron (n = 31) to be taken once per day on an empty stomach for 6 weeks. Two other groups were also included in the 
trial which investigated the combination of ferrous sulfate with curcumin. Due to the co-supplementation with curcumin, 
these groups were not considered further by the Panel. GI symptoms were assessed by the questionnaire developed by 
Pereira et al. (2014) described above. Data from one individual were excluded from data analysis because of a BMI ≥ 40 kg/
m2, even though this was not explicitly mentioned as an exclusion criterion. Adherence in both groups was ≥ 80%. The 
authors report no statistically significant differences in the percentage of individuals with nausea, vomiting, heartburn, 
abdominal pain, headache, breathlessness and diarrhoea or for experiencing at least one adverse effect, including darker 
stools (personal communication of the authors). The number of darker stools was statistically significantly higher in the 
group consuming 65 mg/day iron compared to placebo using the Fisher's exact test with Bonferroni correction at an in-
termediate timepoint, but not at the end of the study. No statistically significant differences were reported between the 
18 mg/day group and placebo at any time point. Results with respect to black stools are not reported in the publication.

The Panel notes that this study does not show an adverse effect of 65 mg/day elemental iron consumed as ferrous sul-
fate on an empty stomach once per day on the incidence of adverse GI effects or the percentage of individuals reporting 
at least one adverse effect. The number of darker stools was significantly higher in the group supplemented with 64 mg 
iron compared to placebo at the intermediate assessment time point but not at the end of the study. Results with respect 
to black stools are not reported in the publication.

3.5.4.2  |  Pregnant women

In a dose–response study, Milman et al.  (2006) randomised 427 pregnant women to consume 20, 40, 60 or 80 mg/day 
ferrous iron in the form of fumarate from 18 weeks of gestation until delivery (around 21 weeks). At inclusion, the authors 
found that 6–11% of the participants were ‘iron deficient’ (defined as SF < 13 μg/L) across the groups, while there were very 
few cases of ‘iron deficiency anaemia’ [defined as SF < 13 μg/L and Hb < 6.6 mmol/L (106 g/L)]. Iron tablets were to be taken 
once per day at bedtime or between meals, although 15% reported to have taken them with a meal. GI symptoms were 
recorded by interview at gestational weeks 18, 32 and 39. A total of 136 women dropped out during the study. They were 
evenly distributed among groups. This was also the case for women (n = 40) who dropped out because of GI symptoms. 
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Only women who had compliance > 90% were included in the analysis which contained data from 404 individuals at base-
line, 293 at 32 weeks of gestation and 256 at 39 weeks of gestation. Loss to follow up was similar among groups. Adverse GI 
effects were the reason for drop-out in 12%, 8%, 8% and 9% of women in the 20, 40, 60 and 80 mg/day groups, respectively; 
poor compliance was the reason in 7%, 6%, 9% and 9% of participants, respectively. There was a statistically significantly 
increase in black stools across the intervention groups. At baseline, black stools occurred in 5%, 7%, 9% and 9% of women 
in the 20, 40, 60 and 80 mg/day groups (n = 99, 100, 102 and 103), respectively. At 32 weeks of gestation, the percentage 
was 10%, 29%, 58% and 72% (n = 71, 68, 79 and 75) and at 39 weeks of gestation 5%, 23%, 58% and 64% (n = 63, 57, 70 and 
66). For other investigated adverse effects such as nausea, vomiting, epigastric pain, eructation, pyrosis, meteorism, bor-
borygmi, colic pain, flatulence, constipation, thin faeces once per day, thin faeces several times per day, other abdominal 
complaints and use of laxative, no dose–response was observed. For eructation and thin faeces, the percentage of women 
experiencing these symptoms was somewhat higher at 32 and 29 weeks of gestation than at 18 weeks in all dose groups 
including the lowest dose group. Also, when all reported complaints were summed up and expressed as a percentage of 
overall responses (data provided to EFSA by the authors upon request), there were no differences in this composite out-
come among the four groups, when black stools were not included in the calculation.

The Panel notes that this study does not show an effect of consuming 20, 40, 60 or 80 mg/day ferrous iron once per 
day at bedtime on the percentage of pregnant women with adverse GI effects, either as individual effects or as combined 
outcome. The study, however, shows a dose-related increase in the percentage of women with black stools compared to 
the pre-supplementation baseline, starting at a supplemental dose of 40 mg/day.

Milman et al. (2014) randomised apparently healthy pregnant women, to consume from the 15–19th gestational week 
until delivery either 25 mg elemental iron as ferrous bisglycinate (n = 40) or 50 mg elemental iron as ferrous sulfate (n = 40) 
at bedtime or between meals. Most women had taken supplements which contained iron before the initiation of the 
study and these supplements were discontinued upon inclusion in the study. At inclusion, the authors found that 8% of 
the participants were ‘iron deficient’ (defined as SF < 15 μg/L), while none of them had ‘iron deficiency anaemia’ [defined 
as SF < 12 μg/L and Hb < 6.8 mmol/L (110 g/L)]. Adverse GI effects (nausea, vomiting, pyrosis/cardialgia, ructus, meteorism, 
borborygmi, colic pain, flatulence, loose stools, constipation, use of laxatives, black stools) were assessed by questionnaire. 
A total of 17 women dropped out of the study; three in each group because of side effects. Drop-outs were similar in both 
groups; 30 and 33 women, respectively, finished the study. Compliance was on average 89% in the bisglycinate group and 
80% in the sulfate group. When combining all GI effects reported at gestational weeks 27–28 and at weeks 36–37, includ-
ing black stools, there was a significant difference between the bisglycinate and the sulfate group with more women in 
the sulfate group reporting side effects (16% vs. 21%). Results did not change when black stools were excluded from the 
composite outcome. The percentage of individuals reporting black stools in the bisglycinate group remained stable from 
baseline to the end of the study while in the sulfate group, the percentage was higher with statistically significant differ-
ences at the end of the study (data provided to EFSA by the authors upon request).

The Panel notes that this study shows an effect of consuming 50 mg/day iron as iron sulfate compared to 25 mg/day 
iron as ferrous bisglycinate, consumed at bedtime or between meals, on the percentage of pregnant women with adverse 
GI effects. The percentage of pregnant women reporting black stools was also higher in the group consuming 50 mg/day 
iron as iron sulfate while in the group consuming 25 mg/day iron as ferrous bisglycinate the percentage did not change 
from baseline to the end of the study.

Makrides et al. (2003) randomised 430 pregnant non-anaemic women (Hb concentrations ≥ 110 g/L) to consume either 
20 mg/day iron (as ferrous sulfate) or placebo between meals from 20 weeks of gestation until delivery. If anaemia was 
detected at gestational week 28, women, irrespective of their randomised group, received ≥ 80 mg/day iron in addition to 
their intervention products from this time point onwards (n = 93). Iron intake from foods was assessed at week 20 and at 
week 36 using an iron-specific validated FFQ; the mean intake was 13 and 14.5 mg/day at the respective timepoint. Adverse 
GI effects were assessed using a structured telephone interview at 24 and 36 weeks of gestation. As the results presented in 
the publication for gestational week 36 were on an intention-to-treat basis and thus included women who had taken high-
dose supplemental iron because of anaemia (both in the placebo and the intervention group), the Panel only considered 
for the present assessment the results provided for gestational week 24, i.e. after 4 weeks of supplementation. Compliance 
was 86% in the iron and 85% in the placebo group. There were no statistically significant differences in individual adverse 
GI effects. A non-statistically significantly higher risk of nausea, epigastric pain, hard stools and bowel movements ≤ 3 
times per week were reported for the iron-supplemented group compared to placebo: [RR (95% CI) nausea: 1.13 (0.80–1.61), 
n = 51/204 vs. 45/204, stomach pain: 1.21 (0.83–1.76), n = 47/204 vs. 39/204, hard stools: 1.12 (0.73–1.74), n = 36/204 vs. 32/204, 
bowel movements ≤ 3 times per week: 1.49 (0.74–3.02), n = 18/204 vs. 12/203]. For the remaining symptoms (heartburn, 
vomiting and black stools), no increased risk associated with iron supplementation was reported. When all reported com-
plaints were summed up and expressed as a percentage of overall responses (calculation performed by EFSA), the results 
for this composite outcome were similar among groups (i.e. 19% vs. 18%). A higher frequency of women who, due to 
subsequent anaemia diagnosis, had taken 100 mg/day iron reported black stools compared to individuals who had either 
consumed the lower dose or placebo (11% vs. 0.3%) and hard stools (23% vs. 13%). One participant who had consumed 20 
mg/day iron reported black stools after gestational week 24.

The Panel notes that this study does not show an effect of consuming 20 mg/day iron as ferrous sulfate compared to 
placebo between meals on adverse GI effects. Apart from one participant, none reported the occurrence of black stools 
during the whole duration of the study of around 20 weeks.
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McKenna et al. (2003) randomised 102 pregnant women, who were non-compliant with the routinely prescribed supple-
mentation of 200 mg/day of ferrous sulfate, to either iron-rich water preparation (corresponding to approximately 10 mg of 
iron/day) or placebo, to be consumed for 4 weeks with the intervention starting at the 22nd week of gestation. Participants 
were instructed to take the iron half an hour before breakfast and were advised to dilute the contents in orange juice. GI 
effects were assessed via a modified version of the Glasgow Dyspepsia Severity Score (mGDSS), that apart from epigastric 
pain, bloating, indigestion, fullness, nausea and vomiting also asked about constipation symptoms. Thirty women stopped 
the supplementation before reaching the primary endpoint (17 in the iron and 13 in the placebo group). Compliance was 
reported as 57% the intervention group (29 of 51) and 67% in the placebo group (35 of 51). No statistically significant dif-
ference in the mean mGDSS was seen between the intervention [mGDSS 22 weeks of gestation: 3.54 (± 2SD 3.48), mGDSS 
26 weeks: 3.51 (± 2SD 3.38)] and the placebo group [mGDSS 22 weeks of gestation: 1.86 (± 2SD 2.06), mGDSS 26 weeks: 1.54 
(± 2SD 1.95)].

The Panel notes the low compliance in this study and that the supplementation of 10 mg/day iron in the form of an iron-
rich water preparation did not show an effect on the mGDSS which, however, does not specifically assess GI effects related 
to iron supplementation.

In summary, the panel notes that nine out of 13 studies which used either interviews, questionnaires or other stan-
dardised tools to assess adverse GI effects associated with iron supplementation showed adverse GI effects when more 
than 50 mg/day of supplemental iron was consumed as ferrous sulfate, ferrous fumarate or ferrous bisglycinate. The RoB of 
these studies ranged from low to high. Studies were judged as high RoB mainly as a result of insufficient reporting in the 
older publications.

There were two studies in which no effect of iron supplementation at doses of 50–65 mg/day on adverse GI effects was 
observed. In one study (Tiekou Lorinczova et al., 2022), more individuals in the placebo group experienced adverse GI ef-
fects than in the iron-supplemented group at doses of 18 mg/day and 65 mg/day iron as ferrous sulfate (personal commu-
nication). The inconsistency in the findings with the other available studies on non-pregnant adults cannot be explained. 
The other study (Milman et al., 2006), which was set up as a dose–response study in pregnant women with supplementa-
tion of 20, 40, 60 or 80 mg/day iron in the form of fumarate, did not show a relationship between the dose administered and 
the occurrence of adverse GI effects. From the study by Tiekou Lorinczova et al. (2022) and two additional studies (Makrides 
et al., 2003; McKenna et al., 2003), there is some evidence that at doses of supplemental iron intakes ≤ 20 mg/day as ferrous 
sulfate or iron-rich water adverse GI effects do not occur in pregnant women. Data in non-pregnant adults at these doses 
are lacking. Apart from the dose–response study by Milman et al.  (2006), no other study investigated the effect of iron 
doses between 20 and 50 mg/day and no reliable conclusions can be drawn for this dose-range.

There is some evidence for a dose-related increase in the occurrence of black stools following iron supplementation. The 
dose–response study in pregnant women described above (Milman et al., 2006), showed that the percentage of women 
experiencing black stools started to increase at supplemental doses of 40 mg/day. This was also supported by Makrides 
et al. (2003) who did not observe an effect of iron supplementation of 20 mg/day vs. placebo on black stools and by Milman 
et al. (2014) where the occurrence of black stools in the group consuming 25 mg/day supplemental iron remained constant 
from baseline to the end of the study. The background iron intake of the participants was assessed in only one of the three 
studies (Makrides et al., 2003) and was between 13 and 14.5 mg/day.

3.5.4.3  |  Proposed mechanisms

It has been observed in humans that iron supplementation leads to deposition of iron within the epithelium and lamina 
propria, and results in gastric erosion (Haig & Driman, 2006; Ji & Yardley, 2004; Kaye et al., 2008; Laine et al., 1988; Marginean 
et al., 2006; Parfitt & Driman, 2007; Scarpignato & Bjarnason, 2019; Zhang et al., 2009). An increase in the generation of 
reactive oxygen species (ROS) has also been observed in the presence of unabsorbed iron in the gut in ex vivo studies 
(Lund et al., 1999; Orozco et al., 2012). In rodent studies, it has been shown that unabsorbed iron can lead to the exacerba-
tion of pre-existing inflammation (Carrier et al., 2002; Mahalhal et al., 2018; Seril et al., 2002; Werner et al., 2011), but find-
ings in humans are inconsistent (Dostal et al., 2014; Jaeggi et al., 2015; Paganini et al., 2017; Simonyté Sjödin et al., 2019; 
Zimmermann et al., 2010). In addition, some studies mainly stemming from infants and young children living in lower in-
come countries show that unabsorbed iron in reaching the colon can alter the composition of the gut microbiome decreas-
ing the number of beneficial barrier commensal gut bacteria and increasing the abundance of enterobacteria (Paganini & 
Zimmermann, 2017).
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F I G U R E  7   Intervention studies investigating the effect of iron supplements on adverse GI effects using structured tools for their assessment.  
*For cross-over studies, no effect estimates could be calculated. In addition, Bries et al. (2019) did not report on the percentage of individuals with at least one symptom. It is, however, reported that consuming ferrous 
sulfate resulted in a tendency for a higher incidence of constipation, diarrhoea, nausea and abdominal discomfort.  
**Based on data provided by the authors of the study to EFSA.  
All OR estimated by EFSA.
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3.5.4.4  |  Conclusions on gastrointestinal effects

The panel notes that most studies showed adverse GI effects when more than 50 mg/day of supplemental iron was con-
sumed as a single dose in the form of ferrous sulfate, ferrous fumarate or ferrous bisglycinate. However, the percentage of 
individuals presenting with adverse GI effects was very variable and seemed not to be related to the dose administered, 
which ranged from 10 to 222 mg/day. This lack of a dose–response relationship cannot be explained by the different study 
designs, the RoB of the studies or the forms of iron used. Although the variability might be partly caused by the fact that, 
in some studies, the daily dose was subdivided into multiple daily doses, this cannot explain the lack of a relationship 
with the dose. The percentage of individuals with adverse GI effects within a study might be influenced by the different 
study populations (e.g. blood donors, pregnant women, non-pregnant adults of the general population). Other individual 
characteristics could lead to a different tolerance to iron supplementation and might also explain that individuals respond 
with different symptoms to supplementation. However, the limited data available do not allow the investigation of these 
hypotheses.

When supplemental iron was given in doses of ≤ 20 mg/day, there is some evidence that GI symptoms do not occur.
It is plausible that a threshold between 20 and 50 mg/day of supplemental iron intake exists, below which adverse GI 

effects are less likely to occur. The dose below which adverse GI effects do not occur may depend on the form of iron used 
for supplementation and on the characteristics of the individuals taking the supplements. However, the available data are 
insufficient to investigate this.

The Panel also notes that there is some evidence of black stools occurring at supplemental iron intakes ≥ 40 mg/day, 
while no occurrence of black stools was reported at a supplemental iron intake of 20–25 mg/day. These data come from 
three studies, all conducted in pregnant women, in Denmark and Australia. The background iron intake of the participants 
was assessed in only one of these studies, in which the mean iron intake was estimated to be 13–14.5 mg/day. The presence 
of black stools is not considered an adverse health effect per se but is an indicator of the presence of large amounts of 
unabsorbed iron in the GI tract.

3.5.5  |  Adverse effects of iron supplementation in infants and young children

In infants younger than about 9 months of age, iron homeostasis is incompletely developed, with less capacity to down-
regulate iron absorption in response to an increased iron intake (Donker et al., 2021; Georgieff et al., 2019; Lönnerdal, 2017; 
Lönnerdal et  al.,  2015), in contrast to the adult general population. By 9 months of age, some homeostatic regulatory 
capacity has developed, but the extent of control of iron absorption with increased iron intake in young children is un-
known. Several studies have found associations between iron supplementation in infants and young children with adverse 
health outcomes (Dewey et al., 2002; Domellöf et al., 2001; East et al., 2021; Gahagan et al., 2019; Lind et al., 2008; Lozoff 
et al., 2012). Adverse health outcomes which had been observed in relation to iron supplementation included lower growth 
rates, an increased risk for diarrhoea and other infections as well as less favourable cognitive development than non-iron-
supplemented infants and children.

Eligible studies for the present assessment were RCTs (protocol amendment 2) in which iron-replete non-anaemic and 
non-malnourished infants ≥ 4 months of age and young children (up to 3 years of age) received known doses of oral sup-
plemental iron in the form of supplements or fortified foods, and were compared to an appropriate control group (either 
placebo or another chemical form of iron, but not a formula with lower iron content than the one investigated). Studies 
were excluded if there was a co-intervention that was not the same between groups and if it was not possible to determine 
if iron deficient infants or children had been included in the study. Pertinent studies related to this outcome were retrieved 
through systematic searches performed by a contractor (Parlesak et  al.,  2024), complementary searches performed by 
EFSA, and by manual search in the reference list of pertinent systematic reviews.

For the purpose of identifying eligible studies for the assessment, the definitions of iron sufficiency, iron deficiency, iron 
deficiency anaemia and anaemia used by the authors of the publications were taken over.

Some of the studies cited above which had led to the identification of the outcomes clustered in this section as priority 
adverse health effects did not meet the inclusion criteria for the present assessment, mostly because the study population 
included iron-depleted or iron-deficient infants, or the iron status of the infants was not reported.

No eligible studies which investigated the outcome ‘asthma or respiratory function’, as foreseen in the protocol, were 
retrieved.

3.5.5.1  |  Growth

Besides the systematic review performed by the contractor (Parlesak et al., 2024), a systematic review conducted by the US 
Department of Agriculture (Dewey et al., 2020) on the relationship between supplemental iron consumed during infancy 
and young childhood and weight, length and body composition was used as a source of evidence.

Seven studies were retrieved. At the step of data extraction, two publications were excluded. Esamai et al. (2014) reported 
in the discussion section that there was a high incidence of inflammation in the study population and thus SF concentra-
tions, even though in the reference range, were not reliable markers of iron status. In addition, the elevated sTfR concentra-
tions were indicative of infants being iron depleted. Hacihamdioglu et al. (2013) studied infants whose weight at 4 months 
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of age was on average (SD) 4.5 (0.4) kg in the intervention and 4.7 (0.3) kg in the control group. This mean weight was 
around −3 SD away from the median of the WHO growth reference standards, while length and head circumference were 
close to medians of the reference standards. The authors had described the infants as healthy. As the Panel considered that 
results from severely underweight infants at baseline, even if healthy, could not be extrapolated to the European setting, 
the study was excluded.

For the risk of impaired growth, impaired weight gain and impaired length gain are included in standalone main LoEs.

Preliminary UA

Five intervention studies on infants and young children aged between 4 months and 2 years remained for assessment. The 
results of studies with respect to weight gain are also shown in Figure 8A. Baseline characteristics and results for length 
gain are depicted in Figure 8B.

Studies in infants starting iron supplementation at 4 months of age

Dewey et al.  (2002) analysed two populations, 96 infants in Sweden and 118 infants in Honduras. Originally, 121 infants 
had entered the study in Sweden and 142 in Honduras. In both sites, the infants were randomised to three groups at 4 
months of age: a group receiving placebo from 4 to 9 months of age (completers: n = 36 in Sweden and n = 42 in Honduras), 
a group receiving placebo from 4 until 6 months and iron supplements (1 mg/kg bw/day) from 6 to 9 months of age (n = 30 
in Sweden and n = 36 in Honduras) and a group receiving iron supplements from 4 to 9 months of age (n = 30 in Sweden 
and n = 40 in Honduras). No information on the sex distribution within the study groups was given in the publication. In 
both sites combined, four infants had SF concentrations < 12 μg/L at baseline. In the Swedish population, in the group 
who received iron supplements from 4 to 9 months, all but three had SF concentrations ≥ 50 μg/L and none had Hb con-
centrations < 110 g/L. In the placebo and the iron-supplemented group consuming the supplement from 6 to 9 months, 
a total of 10 infants had Hb concentrations < 110 g/L and 14 had SF concentrations < 50 μg/L. The cut-off of 50 μg/L was 
based on the 25th percentile of SF concentrations in the combined sites because of the low number of infants who had SF 
concentrations below the typical cut-off for low SF, i.e. < 12 μg/L. In Honduras, 51 infants in all groups combined had Hb 
concentrations < 110 g/L. Therefore, the population studied in Honduras did not meet the inclusion criteria of the present 
review and the results obtained in this population were not further considered. For Sweden, the comparison between 
the group supplemented with iron from 4 to 9 months which was reported to have been non-anaemic and iron-replete 
and the placebo group is used in the present assessment. The Panel notes that the fact that some infants in the placebo 
group presumably had Hb concentrations < 110 g/L could potentially attenuate the outcome of the analysis with respect 
to growth, if it is assumed that anaemia has an independent effect on growth which is in the same direction as the effect 
of iron supplements. Compliance was assessed by diaries and by returned bottles. Compliance was 95% at 4–6 months 
and 96% at 6–9 months. Weight-for-age z-scores (WAZ) at baseline was higher in the group supplemented with iron from 
4 to 9 months with a mean ± SD of 0.62 ± 0.78 compared to 0.49 ± 0.84, as were length-for-age z-scores (LAZ) (0.67 ± 0.76 
vs. 0.46 ± 0.65). Weight gain from 4 to 9 months was on average 12.8 g/day in the group having consumed iron from 4 to 9 
months and 14.2 g/day in the placebo group, the difference not being statistically significant. Length gains were 1.5 and 
1.6 cm/month, respectively, with no statistically significant difference. When only the time period of 6–9 months was con-
sidered, length gain in Swedish infants was significantly lower in infants who had consumed iron supplements from 4 to 9 
months compared to placebo. Lengths gains during this period were 1.3 and 1.6 cm/month, respectively.

The panel notes that infants in the group who consumed iron supplements at a dose of 1 mg/kg bw per day from 4 
to 9 months gained 1.4 g/day less weight than the placebo group over the 5-month study period. The infants in the iron-
supplemented group were slightly heavier and taller at baseline than the infants in the placebo group which can partly 
explain the slower weight gain with both groups reaching WAZ of around 0 (−0.06 in the iron supplemented and 0.06 in the 
placebo group) at the end of the study. Length gain was on average 1 mm per month less in the iron-supplemented group, 
which is not of biological relevance. The panel notes that growth rates in the iron-supplemented group were compatible 
with the WHO growth reference standards and that mean differences in weight gain were moderate when considering that 
the average weight gain of an infant at that age is around 12 g/day (based on the WHO growth reference standards). This 
is despite the fact that the 95% CI calculated by EFSA (see Figure 8) included the difference of 3 g/day which is considered 
to be a biologically relevant difference in growth in infants in the first months of life when averaged over 3–4 months. 
The presence of up to 10 anaemic infants out of 36 infants in the placebo group (distribution of anaemic infants between 
the placebo and the group receiving iron supplements from 6 to 9 months not reported) could have affected the results 
towards a smaller difference.

In the USA, Ziegler et al. (2009) randomised 152 apparently healthy predominantly breast-fed infants at 4 months of 
age to consume either 7.5 mg/day iron as supplement (n = 48) from 4 to 9 months as long as the infant was breast-fed, 
7 mg daily iron in iron-fortified cereal (n = 45), or their habitual diet (with no iron supplements) (n = 59). The Panel notes 
that the iron dose administered in the study amounted to an average of about 1.1–1.2 mg/kg bw per day at the beginning 
of the study and around 0.8–0.9 mg/kg bw per day at the end of the study. The Panel also notes that one infant in the iron 
supplement and one infant in the control group were iron deficient (SF < 10 μg/L) at the time of randomisation. Thus, this 
study does not fully comply with the inclusion criteria of EFSA's systematic review. However, the Panel considers that the in-
clusion of these two infants with iron deficiency in the study does not influence the study results. Compliance was assessed 
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by weighing returned bottles of the liquid supplement and by counting returned empty jars of the cereal. Six infants in 
the iron supplement group, seven in the cereal group and three in the control group did not complete the study. In addi-
tion, only 35 out of 42 infants were still partly breast-fed at 9 months, as reported in a table, and received the iron drops. 
The Panel notes that the authors report in the text on three infants who did not receive iron because mothers decided to 
stop breast-feeding and the discrepancy between the table and the text could not be explained. Weight gain from 4 to 9 
months was significantly less in the iron-supplemented group than the control group (12.2 vs. 13.6 g/day) with a more pro-
nounced difference in girls. This was not the case for the group consuming the fortified cereal in which the weight gain was 
13.1 vs. 13.6 g/day with a more pronounced difference in boys (see Figure 7). When adjusting for sex, the effect of the iron 
supplement on weight gain was not statistically significant. Length gain was significantly lower in the iron-supplemented 
group, also after adjustment for sex, compared to the control group (0.48 vs. 0.52 mm/day). There was no significant differ-
ence in length gain between the group consuming the iron fortified cereal and control (0.50 vs. 0.52 mm/day). There was 
no significant difference in weight or length gain during the second year or at the end of the follow-up at 2 years of age 
(data not provided in the publication).

The Panel notes that infants in the group who consumed iron supplements at a dose of around 0.8 to 1.2 mg/kg bw per 
day from 4 to 9 months gained 1.4 g/day less weight than the placebo group over the 5-month study period with a bigger 
difference in girls than in boys. A similar dose consumed in an iron-fortified cereal led to a difference in weight gain be-
tween the group receiving iron and the control group of 0.45 g/day with a bigger difference in boys than in girls. Average 
length gain differences were at most 1.5 mm per month less between the intervention and the control groups, which is 
not of biological relevance. The panel notes that growth rates in both groups were within the normal range and that mean 
differences in weight gain were moderate when considering that the average weight gain of an infant at that age is around 
12 g/day (based on the WHO growth reference standards). This is despite the fact that the 95% CI calculated by EFSA (see 
Figure 8) included the difference of 3 g/day which is considered to be a biologically relevant difference in growth in infants 
in the first months of life when averaged over 3–4 months. The Panel notes that the results of this study are not consistent 
with respect to the iron-supplemented group and the group consuming iron-fortified cereal and between boys and girls. 
At least three infants in the group consuming iron supplements stopped breast-feeding during the intervention and did 
not continue to receive supplements. These were in addition to six infants who dropped out in the iron-supplemented 
group during the intervention. Thus, at least 9 out of 48 infants did not receive the anticipated iron dose for the whole 
study duration in this group which might have had an impact on the outcome. Length gain in the iron-supplemented 
group was on average around 1 mm per month less in the iron-supplemented group than in the placebo group. The group 
consuming the fortified cereal showed an around 0.5 mm per month lower length gain than the placebo group.

The Panel notes that, in both studies, 4-month-old infants received iron supplements at a dose of around 1 mg/kg bw 
per day for 5 months. In the iron-supplemented groups, weight gains were on average 1.4 g per day lower than in the un-
supplemented groups. The iron-supplemented group also showed lower length gains with a difference of at most 1.5 mm 
per month, which is not of biological relevance. The difference was less when iron was consumed at a similar dose in form 
of a fortified cereal, which cannot be explained. Also, the different findings in boys and girls cannot be explained.

Studies in infants starting iron supplementation at 6 months of age

Gahagan et al. (2009) retrospectively selected infants who were iron-replete from a bigger trial conducted in Chile which 
aimed at preventing iron deficiency anaemia (Lozoff et al., 2003). Iron sufficiency was defined as capillary Hb ≥ 128 g/L or 
venous Hb ≥ 110 g/L with at least 2 of 3 iron measures in the sufficient range (mean corpuscular volume ≥ 70 fL, erythro-
cyte protoporphyrin < 1.77 mmol/L red blood cells (RBC), SF ≥ 12 mg/L). In the original trial, infants had been randomised 
to groups consuming from 6 to 12 months of age either the habitual diet or additional iron. This additional iron in an 
amount of 10 mg/day (amounting to an iron supplementation of around 1.0–1.3 mg/kg bw per day) was either given as 
supplement or as formula, depending on whether the infant had already started formula feeding in an amount of at least 
250 mL per day. Infants who had consumed 10 mg/day iron (n = 56, 31 females) from 6 to 12 months of age had mean ± SD 
WAZ at 6 months of age of 0.43 ± 0.84 and 0.04 ± 1.00 at 12 months of age, amounting to a decrease in WAZ of on average 
0.39 z-scores. Those who had consumed the habitual diet (n = 62, 35 females) had a WAZ of 0.42 ± 0.73 at 6 months of 
age and − 0.05 ± 0.91 at 12 month of age, which is a decrease of on average 0.47 z-scores. Adjusted mean differences in 
weight gain (95% CI) were 60 (−260 to 380) g over the study period. The non-supplemented group gained, on average, 
10 (95% CI 9–11) g per day. The iron-supplemented group gained, on average, 0.67 (−0.33 to 2) g/day more than the non-
supplemented group. LAZ decreased in this time period in the iron-supplemented group from 0.10 ± 0.68 to −0.08 ± 0.80 
(an average decrease of 0.18 z-scores) and in the group consuming the habitual diet from 0.02 ± 0.86 to −0.14 ± 0.70 (an 
average decrease of 0.16 z-scores) with no statistically significant differences between groups.

At 12 months, infants with iron deficiency anaemia from the control group were switched to the intervention group and 
randomly selected non-anaemic infants were also added to the intervention group and given 30 mg/day iron. In addition, 
results of a study were described in the publication in which anaemic infants and a comparison group of non-anaemic 
infants were given iron drops or iron-fortified formula at a dose of 15 mg/day. The Panel notes that information on rando-
misation of infants to the intervention and control groups is lacking for these two studies. Owing to the doubt about the 
studies being randomised interventions, the results of these two studies described by Gahagan et al. (2009) have not been 
used in the present assessment.
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The Panel notes that infants who consumed 1.0–1.3 mg/kg bw per day iron as supplement or formula from 6 to 12 
months of age had similar weight and length changes to infants in the control group consuming their normal diet. The iron 
group tended to have a slightly higher weight gain (on average 0.67 g/day more) and length gain (on average 0.02 z-scores 
less) than the control group, which is not of biological relevance. There is uncertainty as to whether the subselection of 
iron-replete infants from a bigger study properly maintained randomisation.

Studies in infants and young children

Majumdar et al. (2003) originally included 189 iron-replete and iron-depleted infants without malnutrition into a study in 
New Delhi, India, of which 39 did not complete the study. Completers included 105 boys and 45 girls. Iron sufficiency was 
defined as Hb > 110 g/L, SF > 12 μg/L and TSAT > 10%. The exact distribution of dropouts between iron-replete and iron 
depleted infants was not reported. The final iron-replete group was made up of 100 apparently healthy children who were 
6–24 months old and who were randomised after the subselection to receive either iron supplements (2 mg/kg bw per day, 
form not reported; n = 50) or placebo (n = 50) for 4 months. This would have allowed to study the effect of iron supplemen-
tation on growth at difference ages. The majority of children belonged to the age ranges 9–12 months (n = 14 in the iron-
supplemented group and n = 20 in the non-supplemented group) and 18–24 months (n = 20 and 18, respectively). In the 
6–9 months of age group, there were nine and six infants, respectively, and in the 12–18 months of age group, seven and six 
infants, respectively. No information on the sex distribution within the study groups was given in the publication. Baseline 
characteristics of infants, including weight at baseline, were not given in the publication. Compliance was assessed every 
14 days (method and results not reported). Mean weight gain for the intervention group was significantly lower compared 
to the control group (mean, measure of variability not defined in the publication 4.7 ± 0.83 vs. 8.3 ± 0.9 g/day, average dif-
ference − 3.6 g per day). Mean length gain of the intervention group was also significantly lower compared to the control 
group (0.69 ± 0.11 vs. 0.97 ± 0.11 cm/month, average difference: −2.8 mm per month). Average weight gain in the different 
age subgroups was: 6–9 months: intervention 5.3 g/day vs. control 9 g/day (mean difference of −3.7 g/day); 9–12 months: 
4.6 g/day vs. 9 g/day (mean difference of −4.4 g/day); 12–18 months: 5.2 g/day vs. 9 g/day (mean difference of −3.8 g/day) 
and 18–24 months: 4 g/day vs. 6.6 g/day (mean difference of −2.6 g/day). Average length gains were in the 6–9 months of 
age group 0.63 cm/month vs. 0.89 cm/month (mean difference of −2.6 mm/month), in the 9–12 months of age group: 0.65 
cm/month vs. 1.03 cm/month (mean difference of −3.8 mm/month), in the 12–18 months of age group: 0.87 cm/month vs. 
0.91 cm/month (mean difference of −0.4 mm/month) and in the 18–24 months of age group 0.75 cm/month vs. 0.93 cm/
month (mean difference of −1.8 mm/month).

The Panel notes that this study shows a biologically relevant average lower weight gain of −3.6 g/day in iron-replete 
infants and young children supplemented with iron at a dose of 2 mg/kg bw per day for 4 months compared to the control 
group. In addition, length gain was 2.8 mm per month lower in the iron-supplemented group than in the control group. 
However, the Panel notes the higher than average weight gains of 9–12 and 12- to 18-month-old infants and young chil-
dren in the control group (9 g/day in both age groups vs. a median of the WHO growth reference standard of 7.6 and 6.9 g/
day, respectively) and that the lack of baseline characteristics of participants, especially, with respect to weight and length 
hampers the interpretation of the findings (Figure 8). Finally, the Panel notes that length gain was below average in all age 
groups apart from the age group 18–24 months (length gain in cm per month in the control groups vs. median of the WHO 
growth reference standard: 0.89 vs. 1.36, 1.03 vs. 1.21. 0.91 vs. 1.04 and 0.93 vs. 0.91). The length gain in the control group of 
the 6-9-month-old infants was below the 5th percentile of the WHO growth reference standards (i.e. 0.95 cm per month), 
see Figure 8.

Idjradinata et  al.  (1994) studied 47 apparently healthy iron-replete children 12–18 months of age from middle-class 
urban families in Indonesia, who had been part of a larger randomised study on the impact of iron deficiency anaemia on 
developmental outcomes. They received iron supplements (3 mg/kg bw per day; n = 24, 16 females) or placebo (n = 23, 11 
females) for 4 months. Iron sufficiency was defined as Hb > 120 g/L, TSAT > 10% and SF > 12 μg/L. In each group, 22 children 
completed the study. Information on compliance assessment was not provided in the publication. At baseline, weight in 
the iron-supplemented group was on average (measure of variability not defined in the publication) 9.18 (0.21) kg and in 
the control group 9.36 (0.16) kg. WAZ was −0.96 (0.18) and − 1.02 (0.13), respectively. At the end of the 4-month interven-
tion period, weight was 9.76 (0.24) kg and 10.13 (0.06) kg, respectively, with a weight gain of 0.58 (0.06) kg (4.8 g/day) and 
0.77 (0.11) kg (6.4 g/day; mean difference of −1.6 g/day). WAZ declined in the iron-supplemented group by 0.14 (0.05) and 
increased in the control group by 0.05 (0.09) z-scores. Length at baseline was 75.3 (0.7) cm and 76.8 (0.7) cm, respectively, 
which increased by on average 4.0 (0.3) cm and 3.9 (0.3) cm over 4 months (mean difference of 0.25 mm per month). LAZ 
was −0.72 (0.16) and − 0.50 (0.20) at baseline and changed by −0.03 (0.11) and − 0.02 (0.11) z-scores until the end of the study.

The Panel notes that this study shows an average lower weight gain of −1.6 g/day in iron-replete infants and young chil-
dren supplemented with iron at a dose of 3 mg/kg bw per day for 4 months compared to no iron supplementation. Length 
gain was similar between groups.
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F I G U R E  8   Intervention studies investigating the effect of iron supplementation on infant growth. (A) Weight gain per day in the study period. (B) Weight at baseline and the end of the study either as absolute weight 
or WAZ and length gain. Median weight and length gains of infants within the studied age range and averaged over the studied time period from the WHO growth reference standard are also given.  
For the study by Majumdar et al. (2003), SE for the individual age groups were imputed using the SE for the combined age groups. Weight and length gains of individual age groups were read from graphs. For Gahagan 
et al. (2009), length gains were read from a graph. For Ziegler et al. (2009) and Gahagan et al. (2009), the doses of iron supplements expressed as mg/kg bw were calculated based on the absolute weights of infants at the 
beginning as well as at the end of the studies.  
Base, baseline; B-l, baseline length; B-w, baseline weight; bw, body weight; CI, confidence interval; CL, Chile; Dur, duration; E-w, end weight; E-l, end length; F, females; G1, intervention group; G2, control group; ID, 
Indonesia; IN, India; Lg, length gain; Lv, length velocity; M, males; m, months; MD, mean difference; N, number; SE, Sweden; suppl.; supplement; US, United States of America; WHO, World Health Organization; wv, weight 
velocity; z-s, z-scores.
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The Panel notes that four out of five studies show lower weight gain in infants and young children having received sup-
plemental iron with mean differences in weight gain ranging from −0.1 to −4.4 g/day compared with the normal diet. In 
studies showing a lower weight gain, the 95% CI included the difference of 3 g/day. A difference in weight gain of 3 g/day 
is considered to be a biologically relevant difference in growth in infants in the first months of life when averaged over 3–4 
months, even though mean differences were mostly moderate. Differences in length gain in most studies were mostly in 
the range of a mean difference of 1–2 mm per month and therefore considered of no biological relevance.

The Panel considers that the available BoE suggests a positive relationship between the intake of iron supplements and 
impaired growth in iron-replete infants and young children.

Comprehensive UA

The Panel selects body weight gain as the key endpoint for the comprehensive UA.
Risk of bias appraisal. Five RCTs met the inclusion criteria, three of which were assessed at high RoB (Tier 3) and two 

at moderate RoB (Tier 2).

The reasons for a high RoB judgement other than deriving from non-reported items are outlined in the following. When 
baseline characteristics of participants were not sufficiently reported, this was noted as ‘not reported’ in this item. If in ad-
dition, other issues were identified in the description of the study, the item was judged as probably high RoB.

Ziegler et al. (2009):

•	 Blinding: The study is described as open-label study.
•	 Exposure: Compliance assessment was performed. However, once infants stopped breast-feeding the consumption of 

iron drops was stopped. According to a table in the publication, 35 of 42 infants were still breast-fed at 9 months and 
seven seemed not to have received the iron drops anymore. This is in discrepancy to the text where three infants were 
mentioned in this relation. The authors reported that there was a tendency to consume more than the 0.3 g/day of the 
iron drops and that consumption ranged from 0.08 to 1.15 g/day (average 0.47 g/day) in the first 28 days and from 0.10 to 
1.1 g/day in the last 28 days of the study with an average of 0.41 g/day. In the cereal group, the consumption ranged from 
0.15 to 1.0 jars/day (average 0.79) in the first 28 days and from 0.43 to 1.0 jars/day (average 0.92) thereafter. Therefore, 
there is uncertainty how many infants indeed consumed the anticipated dose.

•	 Other sources of bias: During the time of the study, infants were gradually introduced to complementary foods, includ-
ing some formula. Given that no information on the overall iron intake is provided, it is unclear how much other iron 
sources contributed to the overall iron intake and whether this was comparable between groups. Baseline characteristics 
of participants were not reported in the publication apart from information on the iron status.

Gahagan et al. (2009):

•	 Randomisation: Infants analysed in this publication were part of a larger randomised study in which iron status was not 
a stratification factor. Therefore, conducting a subanalysis in these infants may have violated the principle of randomis-
ation, even though the limited number of baseline characteristics which are reported are balanced, except for LAZ.

•	 Blinding: There were different vehicles used for supplementation (i.e. formula and iron drops). The study is described as 
double-blind. However, it is not reported whether blinding was maintained throughout the study which would be an 
important piece of information considering the complex study design.

•	 Attrition/exclusion from analysis: A total of 142 infants were iron sufficient at 6 months of age and were subselected from 
the bigger RCT. However, only 118 were included in the analysis, i.e. the ones who had growth data at 10 years which is 

T A B L E  7   Outcome of the risk of bias appraisal of RCTs on infant growth.
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Tier

Ziegler et al. (2009) + NR − + − + + − 3

Gahagan et al. (2009) − NR − − − + + + 3

Majumdar et al. (2003) + + + − NR NR − − 3

Dewey et al. (2002) + NR NR − + + ++ − 2

Idjradinata et al. (1994) − NR + + NR + + NR 2

Abbreviations: +, low RoB; −, high RoB; NR, not reported.
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an observational follow-up period of the study not considered in the present assessment. Therefore, 17% of originally 
eligible infants were not included in the analysis.

•	 Exposure: Compliance assessment was performed. However, the outcome of the assessment is not reported, and the 
intervention consisted of formula in some participants and of drops in others.

Majumdar et al. (2003):

•	 Attrition/exclusion from analysis: A total of 14% of children were lost to follow up or excluded, but there is no information 
on the reasons why and in which group children were lost.

•	 Selective reporting: Outcomes for results in the individual age groups are only reported as histogram but are lacking 
information on the SD. Given also that the number of children in the different age ranges is uneven, this information 
would be important to assess the results.

•	 Other sources of bias: Information on the baseline characteristics, also in relation to anthropometric measurements, is 
hampering the interpretation of the results.

Dewey et al. (2002):

•	 Attrition/exclusion from analysis: Around 20% of infants dropped out in Sweden. Reasons for dropouts were not re-
ported. It is described that infants who dropped out had similar characteristics than those who remained in the study.

•	 Other sources of bias: During the time of the study, infants were gradually introduced to complementary foods, and 
it is unclear how much these contributed to the overall iron intake and whether the contribution was comparable be-
tween groups. The authors reported that complementary food intake was assessed, but the outcome was not reported. 
Baseline characteristics of participants were not reported in the publication apart from anthropometric measures.

Idjradinata et al. (1994):

•	 Randomisation: Even though the study was reported as randomised, there was a large imbalance in gender between 
groups and a difference in baseline LAZ, which casts some doubt on whether randomisation was successful.

Publication bias. The funnel plot did not indicate publication bias. However, the Panel notes the low number of studies 
and the related risk for false negatives.

Dose–response relationship. All but two studies used the same supplemental dose of 1 mg/kg bw per day. Even 
though the study using 2 mg/kg bw per day (Majumdar et al., 2003) showed a greater difference in weight gain than the 
studies using the lower doses, the children in the control group in the age ranges 9–12 months and 12–18 months showed 
higher than average weight gains (i.e. 9 g/day in both age groups as compared to the median of the WHO growth standard 
of 7.6 and 6.9 g/day). Children in the iron-supplemented group of these age categories showed on average weight gain 
below the median of the WHO growth reference standards (4.6 and 5.2 g/day). However, the higher than average weight 
gain in the unsupplemented group of infants in these age categories may explain the larger differences in weight gains in 
this study, compared to the others rather than a dose effect. The panel also notes the lower than average length gains in 
this study in all age groups, except for 18- to 24-month-old infants. In the study by Idjradinata et al. (1994) in which 3 mg/
kg bw per day were administered, weight gain differences were in the same range as in the other studies. Overall, the data 
are not sufficient to conclude whether a dose–response relationship exists.

Consistency across LoEs. Findings regarding impaired weight gain are not supported by findings regarding length 
gain.

Mechanism. It has been proposed that an interaction with zinc, which is required for growth, could affect growth 
(Lönnerdal et al., 2015). However, this is inconsistent with the conclusions of the Panel in Section 3.5.7 on the effect of 
iron supplementation on zinc absorption. Iron supplementation might reduce the absorption of zinc only when the two 
nutrients are consumed simultaneously on an empty stomach, and this was not the case in the studies included in the 
assessment of growth.



      |  45 of 106TOLERABLE UPPER LEVEL FOR IRON

Outcome of the comprehensive analysis of the uncertainties (Table 8)

Overall conclusions on infant growth

The level of certainty in a causal relationship between high iron intake and impaired growth in iron-replete infants and 
young children is low (rationale in Table 8). Because of the low certainty in a causal relationship, infant growth cannot be 
used as an outcome to set an UL.

3.5.5.2  |  Cognitive development

Besides a narrative review (protocol amendment 5) performed by the contractor (Parlesak et al., 2024), a systematic re-
view of RCTs served as data source (Pasricha et al., 2013).

A total of two RCTs met the inclusion criteria of the present assessment, as outlined in Section 3.5.5.
Yalçin et al. (2000) enrolled in Turkey 24 infants at 6 months of age who had Hb concentrations ≥ 110 g/L, SF ≥ 10 μg/L 

and TSAT ≥ 10%. Eleven were randomly allocated to the intervention (1 mg/kg bw iron per day for 3 months) and 13 to the 

T A B L E  8   Comprehensive analysis of the uncertainties.

What is the level of certainty that the intake of iron supplements is causally related to impaired growth in iron-replete infants and 
young children?

BoE Endpoint: Weight gain
Five RCTs, 545 infants and children (4–24 months of age). Four out of five 

studies show lower weight gain in infants and young children having 
received supplemental iron with mean differences in weight gain ranging 
from −0.1 to −4.4 g/day

Initial certainty: High 
(> 75–100% probability)

Domain Rationale Evaluation

RoB Two studies in Tier 2 (moderate RoB), 3 studies in Tier 3 (high RoB) (Table 7).
Key questions:
•	 Randomisation: mixed low/high RoB
•	 Exposure assessment: mostly high RoB owing to missing information on 

compliance or low compliance
•	 Outcome assessment: mostly low RoB
Concealed allocation, blinding and attrition/exclusion from analysis: mostly 

high RoB; selective reporting: mostly low RoB

Serious

Unexplained inconsistency Except in one study, point estimates are in the same direction. However, mean 
effect estimates vary across studies (independent from the dose) and 
confidence intervals show some overlap. Results for different forms of 
iron supplementation (i.e. iron supplements vs. fortified food) within the 
same study and for the male and the female sub-population give divergent 
results

Serious

Indirectness No concern regarding the directness of the endpoint (weight)
Regarding the study populations: All studies were conducted in healthy iron-

replete populations without signs of malnourishment. Even though four out 
of five studies were not conducted in Europe, the Panel considers that the 
study populations and the study settings allow the extrapolation of results 
to the target population of healthy iron-replete infants living in Europe

Not serious

Imprecision The number of infants per group ranged from 6 to 62, mostly around 30 
children per group. On the one hand, CIs of individuals studies are wide; 
however, they only marginally cross the line of the null effect

Not serious

Publication bias The funnel plot does not indicate publication bias
Funding sources were public in five studies mostly with intervention products 

donated by manufacturers. For one study (Majumdar et al., 2003), the 
funding source was not reported

Not detected

Upgrading factors Dose–response: cannot be characterised based on the available BoE
Consistency across LoEs: Findings regarding impaired weight gain are not 

supported by findings regarding length gain
Magnitude: In studies showing an effect on weight gain, the 95% CI included 

the difference of 3 g/day. A difference in weight gain of 3 g/day is 
considered to be a biologically relevant difference in growth in infants in 
the first months of life when averaged over 3–4 months, even though mean 
differences were mostly moderate. However, the uncertainties around the 
findings of the studies are high. Therefore, magnitude was not considered 
in the upgrading of the certainty

None identified

Final certainty Started ‘high’. Serious concerns identified regarding RoB and unexplained 
inconsistency. Downgraded to ‘low’

Low (> 15%–50% probability)

Abbreviations: BoE, body of evidence; CI, confidence intervals; LoE, lines of evidence; RCT, randomised controlled trial; RoB, risk of bias; WAZ, weight for age z-scores.
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control group (no supplementation). The Bayley Scales of Infant Development (BSID) were administered at the beginning 
and the end of the study, i.e. after 3 months of supplementation. Seven and nine infants, respectively, completed the study. 
There were no statistically significant differences in changes from baseline for the Mental Developmental Index (MDI) and 
Psychomotor Developmental Index (PDI) scores. The MDI scores increased from a mean (SD) of 80.9 (5.2) to 97.1 (2.9) in the 
iron-supplemented group and from 78.3 (5.6) to 96.7 (1.9) in the placebo group. The PDI scores increased from a mean (SD) 
29.3 (2.6) to 42.6 (1.9) in the supplemented and from 27.2 (2.2) to 42.6 (2.7) in the placebo group.

The Panel notes that this study does not show an adverse effect of consuming iron supplements for 3 months on cog-
nitive development of 6-month-old iron-replete infants.

Idjradinata and Pollitt (1993) described in Section 3.5.5.1 as Idjradinata et al. (1994) studied in Indonesia 47 iron-replete 
young children (Hb ≥ 120 g/L, SF ≥ 12 μg/L and TSAT ≥ 10%) aged 12–18 months, from middle-class urban families. The 
iron-supplemented group received 3 mg/kg bw per day iron as ferrous sulfate (n = 24) for 4 months. The control group 
(n = 23) received placebo. The BSID were administered before the start of the intervention and immediately after the end 
of the study. There were no statistically significant differences in changes from baseline for the MDI and PDI scores. The 
MDI scores increased from a mean (SE) of 105.4 (2.2) to 109.1 (2.2) in the iron-supplemented group and from 104.7 (2.2) to 
106.8 (2.3) in the placebo group. The PDI scores increased from a mean (SD) 105.3 (2.1) to 108.7 (2.1) in the supplemented 
and from 105.9 (2.2) to 108.3 (2.1) in the control group.

The Panel notes that this study does not show an adverse effect of consumption of iron supplements for 4 months on 
cognitive development of 12- to 18-month-old iron-replete infants.

Overall conclusions on cognitive development

The panel notes that neither of the two RCTs performed in iron-replete infants and young children showed a detrimental 
effect of iron supplementation on cognitive development.

The panel considers that cognitive development cannot be used as an outcome for setting an UL for iron.

3.5.5.3  |  Infections

Two RCTs met the inclusion criteria of the present assessment, as outlined in Section 3.5.5. They have already been 
described in Section 3.5.5.1. The papers reported on incidence of diarrhoea (not further specified) and fever Dewey 
et al. (2002), and incidence of upper and lower respiratory tract infections and gastroenteritis (Idjradinata et al., 1994). 
The Panel notes that some of the symptoms investigated are unspecific and therefore might have been of non-infectious 
origin.

Dewey et al. (2002) performed an RCT in 101 infants in Sweden and 131 infants in Honduras. Infants received iron 
supplements of 1 mg/kg bw per day either from 4–9 months or from 6–9 months, or received a placebo. Mothers noted, 
in a daily calendar, symptoms of illnesses or the diagnosis made by a health care professional. The publication reported 
on the incidence of diarrhoea and fever episodes. For the incidence of diarrhoea, sub-group analyses in infants with 
initial Hb concentrations ≥ 110 g/L were presented for the combined sites and for Honduras only. As only four infants in 
the overall study had SF concentrations < 12 μg/L at baseline, the Panel considers that the analysed populations in the 
subgroup analyses were representative of non-anaemic, iron-replete infants. The OR (95% CI) for developing diarrhoea 
was 2.4 (1.0, 5.8) when comparing the groups supplemented with iron (from 4–9 months and from 6–9 months) with 
placebo, respectively, and 2.7 (1.0; 7.0) when combining the results from both study sites. In Honduras, the respective 
ORs were: 1.5 (0.5; 4.4) and 2.4 (0.5; 8.3). For Sweden, results were reported for the overall population in terms of per-
centage of infants with at least one episode of diarrhoea. In the group assigned to iron from 4 to 9 months, 30% of 
iron-supplemented infants and 14% of infants in the placebo group had at least one episode of diarrhoea during these 
5 months. In Sweden, at least one episode of fever occurred in the 67% of infants in the iron-supplemented group and 
81% of infants in the placebo group. Results with respect to fever in iron-replete infants in Honduras were not reported 
in the publication.

The Panel notes that this study shows an adverse effect of consumption of iron supplements from either 4–9 or 6–9 
months of age compared to placebo on the risk of developing diarrhoea in iron-replete infants, while no effect on episodes 
of fever was observed.

Idjradinata et al. (1994) studied, in Indonesia, 47 apparently healthy iron-replete children from middle-class urban fami-
lies, 12–18 months of age. The children had been part of a larger randomised study and received iron supplements (3 mg/
kg bw per day) or placebo for 4 months. Parents were instructed to bring sick children for examinations to the paedia-
trician. Upper and lower respiratory tract infections and gastroenteritis were included in the analysis and the number of 
two-week periods with illness was calculated for each child. In the supplemented group, children were sick in a mean ± SE 
of 1.45 ± 0.24 periods out of eight study periods in total. In the non-supplemented group, the corresponding number 
was 2.09 ± 0.24. Also, a survival analysis (log-rank test and a Kaplan Meier curve) on the probability that a child remained 
healthy, showed a delayed incidence of illness in the supplemented group.

The Panel notes that this study does not show an adverse effect of consumption of iron supplements for 4 months in 
12- to 18-month-old iron-replete children on the number of 2-week periods with illness (i.e. upper or lower respiratory tract 
infections and gastroenteritis) or on the probability of remaining healthy.
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Overall conclusions on infections

The Panel notes that the study by Dewey et  al.  (2002) showed an increased risk of developing diarrhoea in the iron-
supplemented group (4- to 9-month-old iron-replete infants) but no effect on fever. The other study (Idjradinata et al., 1994) 
did not show an effect of iron supplementation in 12- to 18-month-old infants on the risk of infections.

The Panel notes the limited evidence and that adverse effects of iron supplementation have been reported in one study 
in relation to the risk of developing diarrhoea, while there was no effect on other types of infections in the same and the 
other study.

The Panel considers that the incidence of infections in infants and children cannot be used as an outcome for setting a 
UL for iron.

3.5.5.4  |  Overall conclusions on adverse effects of iron supplementation in infants and children

The Panel considers that none of the outcomes investigated in infants and children can be used for the setting of a UL.

3.5.6  |  Other adverse effects of iron supplementation during pregnancy

Studies have reported that excess iron from iron supplementation during pregnancy may have adverse effects on maternal 
(Baker et al., 2018; Dewey & Oaks, 2017; Iqbal & Ekmekcioglu, 2019), birth (Georgieff et al., 2019; Shastri et al., 2015) and infant 
outcomes (Jayasinghe et al., 2018; Quezada-Pinedo et al., 2021; Wessling-Resnick, 2017). Associations of iron supplementa-
tion with birth weight [absolute birth weight, low birth weight, small-for-gestational age (SGA) births], IUGR, still births, 
pre-term births, pre-term labour, pre-eclampsia and impaired cognitive outcomes in the offspring later in life have been 
described.

Eligible studies were RCTs (protocol amendment 2) in which iron-replete non-anaemic pregnant women received 
known doses of oral supplemental iron as supplements or fortified foods and were compared to an appropriate control 
group (either placebo or another chemical form of iron). Studies were excluded if there was a co-intervention that was 
not the same between groups and if it was not possible to determine if iron deficient women had been included in the 
study. Pertinent studies related to this outcome were retrieved through systematic searches performed by the contractor 
(Parlesak et al., 2024), complementary searches performed by EFSA and by manually searching the reference list of perti-
nent systematic reviews cited above.

No eligible studies which investigated cognitive outcomes in the offspring following iron supplementation of the 
mother during pregnancy were retrieved.

3.5.6.1  |  Pregnancy outcomes

Five eligible intervention studies were retrieved that assessed the effect of iron supplementation on pregnancy outcomes. 
The results of the studies with respect to absolute birth weight of the offspring are depicted in Figure 9.

In the study by Parisi et al. (2017), conducted in Italy, 80 apparently healthy iron-replete women, with singleton pregnan-
cies, were randomised at 11–13 weeks of gestation into a control group consuming the habitual diet (n = 20), to a 30 mg/
day iron as ferrous sulfate supplement (n = 20), to 14 mg/day iron as ferric pyrophosphate (n = 20), or 28 mg/day as ferric 
pyrophosphate (n = 20). Supplements were to be taken up to 6 weeks post-partum. There were a total of 23 women lost to 
follow up (group not reported). Infants born to mothers assigned to 28 mg/day iron as ferric pyrophosphate had a statisti-
cally significantly higher birth weight compared to infants in the control group (mean ± SD: 3499 ± 464 g vs. 3092 ± 470 g). 
No statistically significant differences were observed between the control group and the other iron groups (3253 ± 324 g in 
the group receiving ferrous sulfate and 3280 ± 312 g in the group receiving 14 mg/day ferric pyrophosphate).

The Panel notes that this study does not show an effect of iron supplementation from 11 to 13 gestational weeks on-
wards at a dose of 14 and 28 mg/day iron as ferric pyrophosphate and 30 mg/day iron as ferrous sulfate in iron-replete 
pregnant women on a lower birth weight of the offspring.

In Iran, three studies investigated the effect of prenatal iron supplementation on birth outcomes.
Ouladsahebmadarek et al. (2011) randomised 960 iron-replete pregnant women to receive either a daily multivitamin 

plus 30 mg iron or a daily multivitamin with a placebo tablet from 13 weeks gestation until delivery. Birth weight was not 
significantly different between the two groups (mean ± SD intervention 3260 ± 396 g vs. control 3216.78 ± 431 g). The differ-
ence in number of neonates with IUGR (defined as birth weight < 10th percentile for gestational age) between groups was 
not significant either (58 [14.1%, intervention] vs. 65 [17.5%, control]). Regarding maternal outcomes, although preeclamp-
sia was not significantly different between groups (3.9 vs. 2.7%), the incidence of pregnancy induced hypertension was 
significantly higher in the iron group compared to the control group (6.7% vs. 3.4%).

The panel notes that this study does not show an effect of iron supplementation from the 13th gestational week 
onwards at a dose of 30 mg/day iron in iron-replete pregnant women on a lower birth weight of the offspring. There 
was no effect on IUGR and preeclampsia. However, incidence of pregnancy-induced hypertension was significantly 
higher in the iron-supplemented group compared to the control group.
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Alizadeh and Salehi (2016) randomised 86 iron-replete women at 16–20 weeks of gestation, into a group receiving 50 
mg iron daily (n = 42) or a control group receiving placebo (n = 44), until delivery. There was no significant difference in birth 
weight between the two groups (mean ± SD intervention 3391.56 ± 422 g vs. control 3314.06 ± 341 g).

The Panel notes that this study does not show an effect of iron supplementation from 16–20 gestational weeks onwards, 
at a dose of 50 mg/day iron in iron-replete pregnant women on a lower birth weight of the offspring.

Falahi et al. (2011) randomised 148 iron-replete women at gestational age < 20 weeks, to receive 60 mg iron daily (n = 70) 
or placebo (n = 78) until delivery. No significant differences were observed between the two groups in the infants' birth 
weight (mean ± SD intervention 3.31 ± 0.49 kg vs. control 3.27 ± 0.47 kg), or in the rates of low birth weight and pre-term 
delivery (data not provided in the publication).

The Panel notes that this study does not show an effect of iron supplementation from < 20 gestational weeks onwards 
at a dose of 60 mg/day iron in iron-replete pregnant women on a lower birth weight of the offspring. There was also no 
effect on the rate of low birth weight or pre-term delivery.

In the study by Chan et al. (2009), 1164 non-anaemic pregnant women in Hong Kong were randomised to receive 60 mg 
iron daily or placebo from ≤ 16 weeks of gestation until delivery. A total of 862 had neonatal outcome data. Mean ± SD base-
line SF concentrations were 87.6 ± 2.6 μg/L in the control and 81 ± 2.7 μg/L in the intervention groups. The Panel considers 
that based on these baseline SF concentrations, the vast majority of participating women were iron-replete. There were 
two infants with IUGR in the control group and none in the intervention group. Pre-term delivery was comparable between 
groups and amounted to 6.44% in the iron-supplemented group and 6.77% in the control group. There was no significant 
difference in congenital abnormalities (5.08% in the iron-supplemented vs. 6.86% in the control group). Birth weight of 
term infants was significantly higher in the iron group vs. control (mean ± SD 3247 ± 21 g vs. 3152 ± 20 g) while birth weight 
of pre-term infants was non-significantly lower in the iron group (2240 ± 93 g vs. 2470 ± 89 g). There was also a lower risk of 
an infant being born SGA in the iron-supplemented group (OR: 0.46, 95% CI: 0.24–0.85).

The Panel notes that this study does not show an effect of iron supplementation from ≤ 16 gestational weeks onwards at 
a dose of 60 mg/day iron in iron-replete pregnant women on a lower birth weight of the offspring. The risk of a SGA-birth 
was lower in the iron-supplemented group, compared to the control group.

3.5.6.2  |  Overall conclusions on pregnancy outcomes

The Panel notes that none of the five eligible RCTs on pregnancy outcomes showed iron supplementation of 14–60 mg/day 
during pregnancy to be associated with a lower birth weight of the offspring. One study showed a higher incidence of hyper-
tension in mothers to be associated with iron supplementation. None of the other studies reported on this outcome. The inci-
dence of pre-term labour, SGA births, IUGR was investigated in single studies and no adverse effects were observed.

The Panel considers that the available BoE does not suggest a positive relationship between iron supplementation 
during pregnancy and adverse health outcomes for either the mother or the offspring. No comprehensive UA is performed.

3.5.7  |  Zinc absorption

A narrative review was conducted for this outcome. The contractor has identified pertinent studies for this subquestion 
by using the pool of intervention studies retrieved in the systematic reviews for SRQs 2b, 3a, 6a and 6b and hand searched 
published systematic reviews for relevant studies. Included studies were those which used as outcome measure plasma 
zinc concentrations or investigated zinc absorption using isotope-labelled zinc. The study design included RCTs in all pop-
ulation groups without restriction. Overall, the contractor reported contradicting results (Parlesak et al., 2024).

Therefore, the Panel decided to concentrate the assessment on the study designs which were considered the most 
reliable ones. These were intervention studies (randomised or non-randomised) which investigated zinc absorption using 
at least two different doses of iron supplementation (including a zero dose) and used stable isotopes to investigate absorp-
tion. Balance studies taking place in a metabolic unit were also considered pertinent. Studies which used plasma or serum 
zinc concentrations as the only endpoint were, therefore, excluded from the present assessment.

Fung et  al.  (1997) reported on an intervention aimed to assess fractional zinc absorption throughout pregnancy 
and in early lactation. Five of the 21 participants took iron supplements during different intervals of pregnancy and at 

F I G U R E  9   Intervention studies investigating the effect of iron supplementation during pregnancy on birth weight of the offspring.  
CI, confidence interval; G1, intervention group; G2, control group; GA, gestational age; MD, mean difference; N, number; PE, point estimate.
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different doses. Even though an analysis was presented comparing fractional zinc absorption in iron supplemented vs. non-
supplement participants, this analysis is of observational nature and has not been considered further in the assessment.

3.5.7.1  |  Studies with differential iron supplementation during a run-in period and administration of only a zinc tracer 
on the test day(s)

Studies in infants

Domellöf et al. (2009) studied 25 infants who were part of a larger RCT on iron supplementation in exclusively breast-fed 
infants, described as Dewey et al. (2002) in Section 3.5.5.1. In the original trial, the infants had either received an iron 
supplement of 1 mg/kg bw per day from 4 to 9 months of age (n = 6), placebo from 4 to 6 months of age and an iron 
supplement of 1 mg/kg bw per day from 6–9 months of age (n = 8) or placebo from 4 to 9 months of age (n = 11). On the 
test days at 6 and 9 months of age, zinc absorption was studied using a stable isotope (70Zn, 93.2 μg) mixed with breast 
milk. No iron supplements were administered on that day. Six hours before and after the test, infants received only 
breast milk. All stools were collected for at least 78 h following 70Zn administration to assess recovery. The final analyses 
only included data from infants with complete stool collections. There were no statistically significant differences in zinc 
absorption between the groups [mean zinc absorption at 9 months: iron supplementation 4–9 months: 59% (SD 16%, 
n = 4), iron supplementation 6–9 months: 53% (SD 9%, n = 4), placebo: 56% (SD 22%, n = 8)]. No statistically significant 
difference was also observed when combining the two iron-supplemented groups [iron supplemented: 56% (SD 12%, 
n = 8) vs. placebo: 56% (SD 22%, n = 8)].

The Panel notes that this study does not show an effect of iron supplementation at a dose of 1 mg/kg bw per day given 
during a run-in period of 3–5 months in healthy 6- to 9-month-old infants on zinc absorption on a test day in which no iron 
supplements were consumed and zinc intakes were comparable between groups.

Studies in non-pregnant adults

Ruz et al. (2002) administered, in a non-randomised study, iron supplements containing 40 mg iron as ferrous sulfate 
per tablet to 21 non-anaemic non-pregnant women for 3 months. Women could choose to take one or two tablets per 
day. The average iron intake was 55 ± 18.5 mg/day (measure of variability not defined in the publication). Five women 
consumed placebo. Zinc absorption was measured before the start of the supplementation and 3 days after the end of 
the intervention. In both instances, the same procedures (as described in the following sentences) were followed. On the 
test day, 2 mg 68Zn was given orally in water and 0.5 mg 70Zn intravenously. One day later, 1 mg 67Zn was given as part of 
a standard meal. Spot urine samples were collected from days 4 to 9. Fractional zinc absorption in fasting state from 68Zn 
was 58 ± 20% at baseline and 69 ± 21% after the intervention in the iron group and 61 ± 14% and 60 ± 13% in the placebo 
group, respectively. After the test meal (67Zn), fractional zinc absorption was 22 ± 7% at baseline and 24 ± 6% after the 
intervention in the intervention group and 24 ± 9% and 23 ± 7% in the placebo group, respectively. The exchangeable 
zinc pool was 176.6 ± 38.3 mg at baseline and 160.3 ± 24.2 mg at the end of the intervention in the iron group. In the 
placebo group, it was 167.1 ± 32.1 mg and 171.8 ± 20.5 mg, respectively. Results of between-group-comparisons were not 
reported.

The Panel notes that this study does not show an effect of iron supplementation at a dose of around 55 mg/day during a 
run-in period lasting 3 months on zinc absorption on a test day in which no iron supplements were consumed and in which 
zinc intakes were comparable between groups.

Studies in pregnant women

Harvey et al. (2007) conducted an RCT in 13 apparently healthy iron-replete pregnant women which lasted from gesta-
tional week 16 until delivery. Six women were randomised to supplements with 100 mg/day iron as ferrous gluconate and 
seven to placebo. Zinc absorption was measured on test days at gestational weeks 16, 24 and 34. On the test days, iron 
supplements were not consumed. Volunteers received 1.6 mg 70Zn by intravenous infusion and 4 h later 3 mg of 67Zn taken 
orally together with a standard lunch containing an additional approximate 3 mg zinc. Complete faecal collections were 
made at baseline (baseline stool sample) before the test day and for the 10 days following the test day. A 24-h urine collec-
tion was made on the day before the test day and on days 3–6 after the testing. Mean (SD) zinc absorption was 21% (3%), 
24% (3%) and 31% (6%) in the iron group at baseline, 24 and 34 gestational weeks, respectively, and 22% (7%), 24% (3%) 
and 31% (5%) in the placebo group. The exchangeable zinc pool was 152 mg (33 mg), 154 mg (37 mg) and 147 mg (31 mg) 
in the iron group and 145 (22), 149 (11) and 146 (32) at the different time points, respectively.

The Panel notes that this study does not show an effect of iron supplementation at a dose of 100 mg/day given during 
a run-in period lasting for at least 8 weeks during the second and third trimester of pregnancy on zinc absorption on a test 
day in which no iron supplements were consumed and in which zinc intakes were comparable between groups.
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3.5.7.2  |  Studies with differential iron supplementation during a run-in period and supplementation on the test day(s) 
with comparable amounts of iron and zinc

Studies in infants

Szymlek-Gay et al. (2016) randomised 72 apparently healthy predominantly formula-fed infants at 6 months of age to a 
high-iron formula (6.6 mg/day), a low iron formula (1.3 mg/day) or iron drops (6.3 mg/day) in addition to a formula with no 
added iron (0.3 mg/day; total 6.6 mg/day) for 45 days. All formulas had similar zinc content that led to a zinc consumption 
of approximately 2 mg/day. On the test day (intervention day 31), both iron-fortified formula groups received a total of 
8.1 mg of iron and 2.5 mg zinc. The iron drops group received 8.3 mg iron and 2.4 mg zinc. This included the amount of 
the iron and zinc tracer (2 mg 57Fe and 0.5 mg 67Zn) which was split between three meals in the formula groups. In the iron 
drops group, the dose of 67Zn was also divided while the 57Fe was administered in a single dose 2 h after the first meal. No 
other meals were allowed until 2 h after the last meal was consumed. After the first meal (and the administration of 57Fe in 
the iron drops group), infants were infused intravenously with 50 μg 58Fe and 100 μg 70Zn. Blood samples were taken be-
fore administration of the stable isotopes and on day 45. A spot urine sample was collected 96 h after infusion of the stable 
isotopes. Fractional zinc absorption was mean (95% CI) 32.1% (29.7%–34.5%) in the high iron formula group (n = 22), 29.9% 
(27.1%–32.7%) in the low iron formula group (n = 19) and 32.7% (30.4%–35.0%) in the iron drops group (n = 19).

The Panel notes that this study does not show an effect of consumption of iron fortified formula or iron drops plus for-
mula providing 6.6 mg/day iron (compared to a formula providing 1.3 mg/day) during a run-in period of 31 days in healthy 
6–7 months old infants on zinc absorption on a test day in which all infants were given 8.1–8.3 mg iron and 2.4 mg zinc.

3.5.7.3  |  Studies with differential iron supplementation during a run-in period and differential supplementation on the 
test day(s)

Studies in infants

Esamai et al. (2014) randomised 45 apparently healthy non-anaemic predominantly breast-fed infants aged 6 months from 
an area with extreme poverty in rural Kenya to consume together with a meal (maize-based porridge mixed with breast 
milk) micronutrient powder with 5 mg zinc and 12.5 mg iron per day, a powder with 5 mg zinc but no iron, or a placebo 
without iron and zinc until the age of 9 months. On the test day at 9 months of age, the different micronutrient powders 
were consumed and 67Zn was added to the meal during which the powder was consumed. 70Zn was added to all other 
meals of the day. After the last meal of the day, 68Zn was administered intravenously. Isotope doses were the same for 
the two intervention groups but lower for the placebo group, as the doses were calculated based on the estimated zinc 
intakes on the testing day (i.e. 10% of an estimated zinc intake of 6–7 mg in the powder groups and 1–2 mg/day in the 
placebo group). Weighed duplicate diets were collected for the test day. Around 20 mL of urine was collected in the morn-
ing and the evening during the days 4–7 following the test day. Fractional zinc absorption was similar in the high and no 
iron powder groups and statistically significantly higher in the placebo group, i.e. median [interquartile range (IQR)] 7.9% 
(6.6%–12.4%) in the high iron micronutrient powder group, 5.4% (3.5%–10.1%) in the no iron micronutrient powder group, 
and 24.8% (17.9%–28.2%) in the placebo group. The exchangeable zinc pool was 3.7 (3.0–4.2) mg/kg bw and 3.8 (3.5–4.3) 
mg/kg bw in the groups consuming micronutrient powders with and without iron, respectively. In the placebo group, it 
was 2.4 (2.1–2.9) mg/kg bw (all estimated from graphs in the publication).

The Panel notes the low fractional zinc absorption in the micronutrient powder groups and that this study does not 
show an effect of iron supplementation at a dose of 12.5 mg/day (compared to no supplementation) consumed as part of 
a micronutrient powder on zinc absorption in apparently healthy 9-month-old infants. When comparison was made with 
an un-supplemented control group, zinc absorption in the groups having consumed the micronutrient powder (with and 
without iron) was lower, but testing conditions were not comparable in terms of the amount of zinc provided in the run-in 
period and on the test day.

Haschke et al. (1986) recruited seven apparently healthy infants between 43 and 322 days of age into a balance study. 
Infants consumed infant formula with iron content of 10.2 mg/L or one with 2.5 mg/L iron and a zinc content of 1.9 mg/L 
in a cross-over design. The formulae were fed for at least 11 days before the 72-h balance study began. Net absorption was 
calculated as intake minus faecal excretion and net retention as intake minus total excretion. During the high iron formula 
period a mean (SD) of 15.6% (25.2%) of zinc was absorbed and 9.6% (26.0%) were retained. During the low intake formula 
period, this was 20.3% (12.9%) and 17.6% (13.8%), respectively. The difference was not statistically significant.

The Panel notes that this cross-over study does not show an effect on zinc absorption between the low-iron formula 
(2.5 mg/L) and the one providing 10.2 mg/L.

Studies in pregnant women

O'Brien et al. (2000) recruited women who participated in a pre-natal supplementation study in which one group of women 
consumed 60 mg/day iron as ferrous sulfate and 250 μg folate and one group which consumed the same supplement plus 
15 mg zinc (i.e. 60 mg iron, 250 μg folate and 15 mg zinc per day). Women from the same community who did not take any 
supplements because they had sought medical advice only late in pregnancy were taken as controls. Supplements were 
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started on average at gestational week 16. Zinc absorption was measured on test days between gestational weeks 30–36. 
On the test day, women followed their assigned interventions and received an intravenous infusion containing 0.3 mg 70Zn 
and an oral zinc tracer 67Zn (0.25 mg/kg) in a flavoured drink. Thereafter, they fasted for 1.5 h. Breakfast and lunch on that 
day was standardised. A blood sample was taken 3 days after the test day. Spot urine samples were taken 60, 68 and 72 h 
post-dosing. Fractional zinc absorption was higher in the non-supplemented control women than in the women assigned 
to the iron-containing supplements, i.e. mean (SD) 47.0% (12.6%) in the control group (n = 12), 20.5% (6.4%) in the iron-
supplemented group (n = 15) and 20.2% (4.6%) in the iron- and zinc-supplemented group (n = 12).

The Panel notes that in this study, non-supplemented women, who were not recruited from the same population as 
women who received the iron supplements, had a higher fractional zinc absorption compared to women consuming iron-
containing supplements at a dose of 60 mg/day.

3.5.7.4  |  Studies with no run-in period or non-differential iron supplementation during a run-in period and comparable 
zinc doses on the test day

Studies in infants

In a non-randomised cross-over study (Fairweather-Tait et al., 1995), 11 infants who were approximately 9 months old were 
fed ready-made baby foods containing 1.6 mg zinc and 6.6 mg or 1 mg iron per test meal. One meal was labelled with 67Zn 
and the other with 70Zn. Meals were consumed on two consecutive days with a 2-h fast before and after each meal. All 
diapers were saved from after the first meal to day four for stool analysis. Mean absorption (SD) was 31.3% (8.3%) from the 
iron fortified meal and 28.5% (10.5%) from the unfortified meal.

The Panel notes that this non-randomised cross-over study does not show an effect of iron intake of 6.6 mg vs. 1 mg in 
9-month-old infants on zinc absorption.

Studies in children

Hettiarachchi et al. (2010) randomly assigned 53 4- to 7-year-old apparently healthy children to consume a cereal-based 
micronutrient enriched food with 1.5 mg zinc and either 9 mg or 4.5 mg iron as ferrous fumarate. The food was consumed 
together with 67Zn, and after 2 h fasting, 0.5 mg 70Zn was administered intravenously. Two days after the test meal a 15 mL 
sample of early morning urine was collected. Zn absorption in the group having consumed 9 mg iron ranged from 5.7% 
to 15.9% with a geometric mean of 10.2%. In the group having consumed 4.5 mg iron, Zn absorption ranged from 5.6% to 
15.7% with a geometric mean of 7.7%.

The Panel notes that this study does not show an effect of iron supplementation of 9 mg vs. 4.5 mg consumed once on 
zinc absorption in 4- to 7-year-old children.

Li et al. (2015) randomly assigned 30 non-anaemic children (mean age 13 years) to consume ferrous sulfate-enriched soy 
sauce, sodium iron (III) ethylenediaminetetraacetate (NaFeEDTA)-enriched soy sauce or unfortified soy sauce. For the first 
3 days, all children consumed an experimental diet. Thereafter, for 5 days, the soy sauce was added to the experimental 
diet. The diet in the iron-enriched-soy-sauce-consuming groups contained 6 mg iron and 3 mg 67Zn. In the group consum-
ing the unfortified soy sauce, 3 mg 67Zn was provided. Complete faecal collections took place from day four onwards when 
also a faecal marker was consumed to be able to determine the end of the faecal collection period. Mean (SD) fractional 
zinc absorption was 22.1% (7.5%) in the NaFeEDTA group, 24.2% (6.5%) in the ferrous sulfate group and 25.7% (10.3%) in the 
unfortified soy sauce group.

The Panel notes that this study does not show an effect of consumption of iron fortified soy sauce at a dose of 6 mg/day 
consumed for 5 days vs. consumption of unfortified soy sauce in 13-year-old children on zinc absorption.

Studies in adults

Davidsson et al. (1995) reported on four randomised cross-over studies in apparently healthy adults. Each test meal was la-
belled with radioactive Zn. The second test meal was consumed 14 days after the first test meal. In study 1, eight volunteers 
consumed a weaning cereal with 10 mg of added iron and one without added iron. The zinc content of the cereal was 0.44 mg 
per test meal. In study 2, 16 volunteers consumed the same cereal with 25 mg iron added and one without added iron. The zinc 
content of the cereal was 0.44 mg per test meal. In study 3, eight individuals consumed bread rolls with 3.9 mg iron added and 
bread rolls without added iron. The bread rolls had a zinc content of 0.51 mg per test meal. Finally, in study 4, eight participants 
consumed infant formula with 5.4 mg iron or without added iron. The zinc content was 0.54 mg per test meal. The content of 
iron and zinc in each meal was analysed in duplicate portions. Body retention was measured 10–14 days after the intake of each 
test meal in a whole-body counter to allow excretion of the non-absorbed fraction. Zinc absorption was found to be similar 
between both periods in all studies, i.e. mean (SD) supplemented vs. unsupplemented: study 1: 31.1% (11.9%) vs. 30.7% (7.0%), 
study 2: 37.7% (16.6%) vs. 30.2% (9.9%), study 3: 36.5% (12.4%) vs. 38.3% (18.1%), study 4: 41% (8.1%) vs. 38.9% (14.5%).

The Panel notes that these cross-over studies comparing the doses of 10, 25, 3.9 and 5.4 mg iron consumed as part of 
meals with no additional iron supplementation do not show an effect on zinc absorption.

Sandström et al. (1985) studied zinc absorption in apparently healthy adults with radioactively labelled zinc (0.5 μCi 65Zn) 
and measurements of whole-body retention after 14 days of intakes using a whole-body counter. The first experiment was 
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carried out with water and investigated zinc absorption in the fasting state. Six individuals consumed 40 μmol zinc 
(2.6 mg) with no added iron, 11 received 40 μmol zinc (2.6 mg) and 40 μmol iron (2.2 mg) as ferrous sulfate (molar ratio 1:1), 
six received 40 μmol zinc (2.6 mg) and 100 μmol iron (5.5 mg) (molar ratio 2.5:1), and six were supplemented with 40 μmol 
zinc (2.6 mg) and 1000 μmol iron (55 mg) (molar ratio 25:1). Four individuals who had taken 50 mg/day iron supplements 
for 2 weeks prior to the intervention were also studied with respect to zinc absorption, being assigned to a solution with 40 
μmol zinc (2.6 mg) without iron. Another experiment was conducted to investigate zinc absorption in the non-fasting state. 
For this, individuals consumed test lunches after a standardised breakfast containing 40 μmol zinc (2.6 mg) and 40 μmol 
(n = 21, 2.2 mg, molar ratio 1:1), 100 μmol (n = 6, 5.5 mg, molar ratio 2.5:1) or 1000 μmol (n = 6, 55 mg, molar ratio 25:1) iron. 
Zinc absorption was on average (SD) 73.8% (4.6%), 58.3% (17%), 59.3% (5.5%) and 33.7% (8.1%) when 0, 2.2, 5.5 and 55 mg 
iron were given together with zinc in the fasting state in a water solution. Zinc absorption in the group who had received 
iron supplements before the study was similar to the one in those who had not received supplements (only studied for 
40 μmol zinc (2.6 mg) without added iron). When iron and zinc were consumed with a meal no effect of the iron dose was 
visible. Zinc absorption was 25.2% (8.0%), 22.8% (7.8%) and 21.5% (7.1%) at molar ratios of 1:1, 2.5:1 and 25:1.

The Panel notes that this study shows that in the fasting state co-supplementation of zinc and iron in a molar ratio of 
1:1 (2.6 mg zinc, 2.2 mg iron) led to a lower zinc absorption compared to no iron co-supplementation. The absorption was 
further reduced at a molar ratio of 25:1 (2.6 mg zinc, 50 mg iron). When zinc and iron were consumed together with a meal, 
zinc absorption was not impacted by the presence of iron or the molar ratio.

A similar observation was made by Valberg et al. (1984) who studied zinc absorption using radioactively labelled zinc 
(0.5 μCi 65Zn) in apparently healthy adults. Zinc absorption was measured by whole body counting 2–4 h after the test dose 
and 7–10 days later. Different experiments are described in the publication. In the first experiment, 15 individuals received 
in a cross-over study design, after an overnight fast, a zinc chloride test solution (92 μmol zinc = 6 mg zinc) without and with 
added iron (920 μmol iron = 51 mg iron; molar ratio 10:1) with 7–10 days between the two tests. In the second experiment, 
11 individuals received haem iron as Hb added to the zinc solution with a molar ratio of 5:1 (96 μmol zinc = 6.2 mg zinc 
and 480 μmol iron = 27 mg iron). Absorption was on average (SD) 61% (15%) vs. 34% (7%) without and with added iron, 
respectively, in experiment 1 and 56% (17%) vs. 19% (7%) in experiment 2. When inorganic iron was added to turkey meat 
in molar ratios with zinc of 5:1 (61 μmol zinc = 4 mg zinc and 306 μmol iron = 17 mg iron) and 10:1 (61 μmol zinc = 4 mg 
and 610 μmol iron = 34 mg iron), no significant difference in absorption was observed. Mean (SD) absorption was 28% (8%) 
without added iron, 29% (12%) and 30% (9%) with added iron at the 5:1 and 10:1 molar ratio, respectively.

The Panel notes that this study shows that in the fasting state when zinc was consumed together with iron in a molar ratio 
of 5:1 and 10:1, zinc absorption was lower than when no iron was consumed together with zinc. When zinc and iron were 
consumed together with a meal, zinc absorption was not impacted by the presence of iron or the molar ratio with iron.

Studies in lactating women

In a randomised cross-over study (Chung et al., 2002), five exclusively breast-feeding mothers who had been taking multi-
vitamin supplements with 18 mg iron and no zinc (duration not reported) were assigned to consume an iron supplement 
containing 60 mg iron as ferrous fumarate and a supplement without iron on two separate occasions with a 7-day wash-
out period. Together with the supplements, women received 2 mg 67Zn in a lemonade beverage and a blueberry muffin. 
Before consuming the supplements, 50 μg of 70Zn were infused intravenously. Spot urine samples were collected in the 
morning of the test day and for 7 days after administration of the test doses. Fractional zinc absorption was on average 
22% when women had taken iron supplements and 27% when they had not taken supplements (measures of variability 
not defined in the publication). The difference was reported to be statistically significant.

The Panel notes that in this cross-over study in lactating women fractional zinc absorption was higher when no iron-
containing supplement was consumed as compared to the supplement containing 60 mg iron.

Studies in ileostomy patients

In a non-randomised study, 11 non-anaemic patients with ileostomy (Troost et al., 2003) received on three different occa-
sions (wash-out not reported) a test beverage containing 7 mg 67Zn, 5 mg 66Zn (in total 12 mg zinc) and 3 mg copper to 
which 0, 100 or 400 mg iron as ferrous sulfate was added. The test beverage was an isotonic maltodextrin solution. 70Zn 
was administered intravenously immediately after consumption of the test beverage. Individuals fasted for 4 h after the 
test beverage (isotonic maltodextrin solution). Ileostomy effluent was collected for 24-h and 24-h urine for 7 days following 
the isotope administration. Mean (SEM) true zinc absorption was lower on the occasion in which the test beverage was 
supplemented with iron, i.e. 22.9% (6.4%), 26.4% (14.4%) and 44.5% (22.5%) of the administered dose when 400, 100 and 0 
mg iron were added to the drinks. The exchangeable zinc pool was 119 (35) mg, 120 (27) mg and 126 (28) mg, respectively.

The Panel notes that in this study in patients with ileostomy true zinc absorption was higher when a test beverage was 
consumed that did not contain iron compared to the solution that contained 100 or 400 mg iron. There was, however, no 
influence of the iron dose.

In summary, four studies investigated whether iron supplementation per se had an influence on zinc absorption, i.e. 
absorption tested at comparable intakes of iron and zinc, but testing was done after a period of supplemental iron intakes 
which differed in dose. Two studies were conducted in infants (Domellöf et al., 2009; Szymlek-Gay et al., 2016) and assessed 
the administration of iron in amounts of around 1 mg/kg bw per day or 6.6 mg/day taken between 1 and 5 months. Two 
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studies were performed in adults, one in pregnant women (Harvey et al., 2007) and one in non-pregnant women (Ruz 
et al., 2002) who had taken an iron supplement with 100 mg/day and on average 55 mg/day iron for 8 weeks and 3 months, 
respectively. None of these studies showed an effect of iron supplementation on zinc absorption. This indicates that iron 
status does not affect zinc absorption.

Furthermore, three studies supplemented participants with different doses of iron in a run-in period and tested whether 
there was an influence of the dose when the two nutrients were consumed together in a test meal, i.e. iron doses differed 
not only during the run-in period, but also between test meals. Two studies were conducted in infants (Esamai et al., 2014; 
Haschke et  al.,  1986) and assessed the administration of iron in amounts of 12.5 mg/day and 10.2 mg/day in an infant 
formula given for 3 months and 11 days, respectively. One study was in pregnant women (O'Brien et al., 2000) who were 
supplemented with 60 mg/day iron for an unknown duration and who were compared to women drawn from a different 
source population not having consumed supplements during pregnancy. Both studies in infants did not show an effect of 
iron supplementation on zinc absorption when comparing the groups who had received supplementation already during 
the run-in period, even though in one study there was a tendency for lower zinc absorption in the iron fortified group 
which was not statistically significant. In the study in pregnant women (O'Brien et al., 2000), zinc absorption was higher in 
the group of unsupplemented women than in the group of women who had consumed iron supplements (60 mg/day). 
However, women in the supplemented and unsupplemented groups were not from the same source population and the 
duration of the supplementation was not specified.

Eleven studies investigated the influence of iron supplementation on zinc absorption in test meals given mostly at 
single occasions without run-in period. One study was conducted in infants (Fairweather-Tait et al., 1995) with 6.6 mg iron, 
two in children (Hettiarachchi et al., 2010; Li et al., 2015) with 9 mg (vs. 4.5 mg) and 6 mg iron. Four studies reported in one 
publication (Davidsson et al., 1995) were performed in healthy non-pregnant adults with iron doses between 3.9 and 25 
mg. Another study (Sandström et al., 1985), investigated the effect of different molar ratios in fasting and non-fasting states 
up to a molar ratio of 25:1. Valberg et al. (1984) also investigated different molar ratios and iron forms in fasting and non-
fasting state. One study was in lactating women (Chung et al., 2002) who received a 60 mg iron supplement on the test 
day and one study was in patients with ileostomy (Troost et al., 2003) with iron doses of 100 and 400 mg. Studies in infants, 
children and the four studies in adults, administering doses up to 25 mg did not find an effect of iron supplementation 
on zinc absorption. However, zinc absorption was reported to have been impacted by simultaneous consumption of iron 
supplements in the studies in lactating women and patients with ileostomy, as well as, in the studies investigating the 
influence of different molar ratios between iron and zinc when the two elements were consumed together in the fasting 
state. The latter studies did not show an effect when iron and zinc were consumed together with a meal.

3.5.7.5  |  Conclusions on zinc absorption

The Panel notes that there is no evidence that iron supplements affect zinc absorption when not consumed together with 
zinc. The evidence is inconsistent when iron and zinc supplements are ingested simultaneously. The studies in which iron 
and zinc supplements are consumed with a meal generally do not show an effect of iron on zinc absorption, while the 
studies in which supplements are consumed on the test day in the fasting state or together with a drink show an effect of 
iron supplementation on zinc absorption. The extent of zinc absorption reduction may be influenced by the molar ratio in 
which the two elements are administered, and the form of iron consumed.

The Panel considers that iron supplementation may reduce zinc absorption if both micronutrients are consumed together 
in the fasting state. This may also be influenced by the molar ratio in which the two elements are ingested. When consumed 
together with a meal, zinc absorption seems not to be impacted by the presence of iron or the molar ratio with iron.

The Panel considers that zinc absorption cannot be used as an outcome for setting an UL for iron.

3.5.8  |  Other adverse health effects

Other adverse health effects that have been reported to be associated with high iron intakes have been reviewed and sum-
marised by Parlesak et al. (2024) and are described in the following.

3.5.8.1  |  Cancer

In meta-analyses, the intake of haem iron, comparing highest with lowest intakes, was described to be positively associ-
ated with the risk of developing breast cancer RR 1.12 (95% CI 1.04–1.22) (Chang et al., 2019),18 oesophageal cancer OR 1.35 
(95% CI 1.00–1.80) (Ma et al., 2018) and colorectal adenomas RR 1.23 (95% CI 1.03–1.48) (Cao et al., 2017). Each 1 mg/day in-
crease in haem iron intake has been reported to be associated with the risk of developing colorectal cancer RR 1.08 (95% 
CI 1.00–1.17), colon cancer RR 1.08 (95% CI 1.00–1.17) and lung cancer RR 1.12 (95% CI 0.98–1.29) (Fonseca-Nunes 
et al., 2014). Positive associations were not replicated when total, dietary or supplemental iron was used as exposure 

 18Fonseca-Nunes et al. (2014) also reported on breast cancer but only included three studies while Chang et al. (2019) included six studies in the meta-analysis. All studies 
used by Fonseca-Nunes et al. (2014) were either included in the meta-analysis or had been described narratively by Chang et al. (2019). Therefore, the results are only 
reported for the publication by Chang et al. (2019).
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measure (Cao et al., 2017; Chang et al., 2019; Ma et al., 2018). The risk estimates obtained in the meta-analysis for total iron 
intakes, for example, were for breast cancer RR 0.97 (95% CI 0.82–1.14) (Chang et al., 2019), oesophageal cancer OR 0.81 (95% 
CI 0.70–0.94) (Ma et al., 2018), and for colorectal adenomas RR 0.93 (95% CI 0.61–1.42) (Cao et al., 2017). Fonseca-Nunes 
et al. (2014) did not report results for total, supplemental or dietary iron intakes.

The Panel notes that, although positive associations have been observed between haem iron and certain types of can-
cers, the available evidence does not allow disentangling a causal contribution of haem iron from that of other risk factors 
associated with ‘high’ red meat intake (e.g. lifestyle).

The Panel notes that cancer incidence cannot be used as an outcome for setting an UL for iron.

3.5.8.2  |  Cardiovascular disease

A meta-analysis of six studies (Han et al., 2020) found a positive association in dose–response modelling between haem-
iron intake and the risk of cardiovascular disease (CVD) mortality, RR 1.25 (95% CI 1.17–1.33) per 1 mg/day increase in haem 
iron intake. Neither dietary total iron intake (five studies in the dose–response analysis) nor non-haem iron intake (four 
studies in the dose–response analysis) was found to be positively associated with CVD mortality (RR 0.97, 95% CI 0.91–1.05 
and 1.02, 95% CI 0.97–1.07, respectively, per 5 mg/day increase in intake).

Another dose–response meta-analysis of 11 studies (Fang et al., 2015) investigated the relationship between iron intake 
and risk of CVD (i.e. morbidity of coronary heart disease, stroke, hypertensive disease, heart failure, CVD-related mortal-
ity). Outcomes for which meta-analyses were presented were CVD mortality [two studies which were also covered by Han 
et al., 2020], fatal and non-fatal myocardial infarctions, coronary heart disease, CVD, hypertension and stroke. Each 1 mg/day 
increase in haem iron intake was associated with an increased risk of CVD (RR 1.07, 95% CI 1.01–1.14). Neither dietary total iron 
intake (six studies in the dose–response analysis) nor non-haem iron intake (seven studies) was found to be positively associ-
ated with CVD mortality (RR 1.00, 95% CI 0.94–1.06 and 0.98, 95% CI 0.96–1.01, respectively, per 5 mg/day increase in intake).

The Panel notes that CVD risk or mortality cannot be used as an outcome for setting an UL for iron.

3.5.8.3  |  Parkinson's disease and Alzheimer's dementia

Several systematic reviews of observational studies have investigated the association between plasma/serum concentra-
tions of biomarkers of iron status and Parkinson's disease (Jiao et al., 2016; Jiménez-Jiménez et al., 2021; Mostile et al., 2017; 
Zhao et al., 2023) or Alzheimer's dementia (Gong et al., 2023; Lopes da Silva et al., 2014; Tao et al., 2014).

Except for the review by Tao et al. (2014) none of the other systematic reviews and meta-analyses reported an associa-
tion between elevated plasma/serum concentrations of biomarkers of iron status and an increased incidence of Parkinson's 
disease or Alzheimer's dementia, even though an increased iron content in certain brain regions has been associated with 
these diseases (Ravanfar et al., 2021).

A systematic review and meta-analysis investigating the association between iron intake and Parkinson's disease (Cheng 
et al., 2015) showed an increased risk of developing Parkinson's disease associated with high iron intakes in the USA (high 
intakes not defined and based on the fourth and fifth intake quantiles in the included studies) when pooling the results of 
three case control studies and one PC study. The single study conducted outside the USA in Japan and included in the re-
view found a reduced risk associated with higher iron intakes. Systematic reviews on iron intake and Alzheimer's dementia 
have not been retrieved. The Panel notes that the evidence is mainly based on case control studies.

The Panel notes that neither Parkinson's disease nor Alzheimer's dementia can be used as outcomes for setting a UL for iron.

3.6  |  Hazard characterisation

3.6.1  |  Selection of the critical effect

In humans, there are no active pathways for iron excretion. The iron supply to the body is regulated mainly via up and 
downregulation of iron absorption.

Systemic iron overload leads to the accumulation of iron in organs, especially the liver and may lead to organ and liver 
damage such as liver cirrhosis, liver failure, and hepatocellular carcinoma. This is well documented in individuals with 
impaired downregulation of iron absorption, such as hereditary haemochromatosis. Patients with hereditary haemo-
chromatosis or with transfusional iron overload are at increased risk of diabetes mellitus, with loss of insulin secretory 
capacity and/or development of insulin resistance. Also, increased risks of developing arthritis and cardiomyopathy have 
been observed. Even though these patients are not the target population of the current risk assessment, adverse health 
effects observed in this population group demonstrate the consequences of systemic iron overload. Indeed, liver toxicity 
has also been reported in cases of iron overload syndromes associated with high daily supplemental iron intakes, ranging 
from 100 mg to 1000 mg taken for 15 years. However, these data cannot be used alone for setting a UL based on liver 
toxicity in the general population (Section 3.5.1).

Studies show the occurrence of adverse GI effects when more than 50 mg/day of supplemental iron was consumed as 
ferrous sulfate, ferrous fumarate, or ferrous bisglycinate, but without a clear relationship between the dose of iron consumed 
and the percentage of individuals suffering from adverse effects. It has been proposed that these effects are a sign of mucosal 
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damage of unabsorbed iron remaining in the gut (Hamdeh et al., 2021; Scarpignato & Bjarnason, 2019). In fact, gastric mucosal 
erosion and deposition of iron in the upper GI tract have been observed in humans following iron supplementation (Haig & 
Driman, 2006; Ji & Yardley, 2004; Kaye et al., 2008; Laine et al., 1988; Marginean et al., 2006; Parfitt & Driman, 2007; Scarpignato 
& Bjarnason, 2019; Zhang et al., 2009). In most publications, information on the iron dose consumed is not given. Individuals 
studied by Laine et al. (1988) had received around 1000 mg/day iron for 2 weeks and a similar amount has been taken by the 
patient described by Zhang et al. (2009). The Panel notes that the clinical significance of these findings is unclear.

With respect to infants, there are some data that show lower weight gain in iron-replete infants and young children 
supplemented with iron at doses of between 1 and 3 mg/kg bw per day compared with unsupplemented iron-replete 
infants. Considering the totality of eligible evidence, the Panel concludes that the level of certainty for a causal relationship 
between high iron intakes and impaired growth in iron-replete infants and young children is low. Therefore, this outcome 
is not suitable to derive a UL.

Iron toxicity can result in various adverse effects resulting from iron deposition in organs and subsequent damage and 
dysfunction. In the absence of adequate data to characterise a dose–response relationship and identify a reference point 
for iron toxicity, the Panel considers that no UL for iron intake can be established for any population group.

3.6.2  |  Derivation of health-based guidance values

3.6.2.1  |  Adults

For nutrients for which there are no, or insufficient, data on which to base a UL, the Panel is requested to ‘give an indication 
on the highest level of intake where there is reasonable confidence in data on the absence of adverse effects’ (Section 1.1), 
i.e. a safe level of intake (EFSA NDA Panel, 2022a).

Data to inform the derivation of a safe level of intake for iron are limited. Considering the available evidence, the Panel 
considers that the presence of black stools, which reflects the presence of large amounts of unabsorbed iron in the gut, is 
the only indicator for which sufficiently reliable and consistent data are available to characterise a dose–response (Section 
3.5.4). The Panel considers that the presence of black stools is not an adverse event per se but is a conservative endpoint 
among the chain of undesirable events that may lead to systemic iron overload and iron toxicity, and can be used as a basis 
to derive a safe level of intake for iron.

Available evidence from three RCTs, which used iron supplemental doses between 20 and 80 mg/day, indicates that black 
stools do not occur among adults at supplemental doses of 20–25 mg/day iron, while they occur at supplemental doses of 
≥ 40 mg/day (Section 3.5.4). The background intake of iron, assessed in only one of these studies, was on average about 15 
mg/day. Although these data are restricted to studies in pregnant women, the Panel considers that using evidence of black 
stools is conservative and therefore sufficiently protective for the general adult population. Taking into account the totality 
of the evidence and related uncertainties, the Panel therefore considers that a total intake of iron of 40 mg/day, from diet and 
supplements, is not expected to lead to adverse effects in the general adult population. This safe level of iron intake has been 
derived from the upper range of the supplemental iron doses at which black stools did not occur (i.e. 25 mg/day) to which the 
mean background intake of iron (15 mg/day) was added that had been observed in one of the studies.

As the value has been derived from studies in pregnant women, the safe level of intake also applies to pregnant women. 
As no specific concern was identified regarding lactating women, it also applies to this population group.

3.6.2.2  |  Children and adolescents

For children and adolescents, no reliable data on the occurrence of black stools upon iron supplementation are available. 
The Panel used allometric scaling for scaling down the safe level of intake for adults to younger age groups from 1 year of 
age. Allometric scaling was chosen because of the involvement of iron in growth and the resulting differences in physiol-
ogy between adults and children. The calculations of the safe levels of intake for total iron intakes from all sources for the 
respective age groups are depicted in Table 10. Values were rounded to the closest 5 mg/day. This represents a less than 
10% variation compared to the unrounded figures (EFSA Scientific Committee, 2012).

T A B L E  1 0   Derivation of the safe level of intake for iron for children and 
adolescents.

Age range

Reference bw 
males and 
females (kg)

Safe level of 
intake (mg/day) 
unrounded

Safe level of 
intake (mg/day) 
rounded

1–3 years 11.9 11 10

4–6 years 19.0 15 15

7–10 years 28.7 20 20

11–14 years 44.6 29 30

15–17 years 60.3 36 35
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3.6.2.3  |  Infants

The Panel notes that, owing to the lack of reliable data on the occurrence of black stools upon iron supplementation and 
the limitations of extrapolating the safe level of total intake for iron from adults, no safe level of total intake for iron from 
all sources can be set for infants.

Through infancy, requirements for dietary iron change greatly. During the first 4–6 months of life, iron requirements 
of healthy term infants can be almost exclusively covered by iron stores present at birth. Thereafter, when iron stores are 
exhausted, there is a rapid increase in requirements for dietary iron, which in this population group are on a per kg body 
weight basis the highest of all population groups and in absolute terms higher than in young children. The Panel considers 
that because of these distinctively high iron requirements of infants in the second half of the first year of life and the rapid 
physiological changes during infancy it is not justified to scale down the safe level of total intake for iron from adults to 
infants. Rather, the Panel decided to use allometric scaling to scale down the highest supplemental intake of iron which 
has not led to the occurrence of black stools in adults (i.e. 25 mg/day), rather than total intake, to infants. A safe level of 
supplemental intake of 5 mg/day was derived for infants 7–11 months of age and extended to infants 4–6 months of age. 
Supplemental intake in this opinion refers to iron intakes from fortified foods and food supplements, not from infant 
and follow-on formulae.

3.7  |  Risk characterisation

The Panel notes that the application of safe levels of intake for risk assessment and risk management is more limited than 
a UL because the proportion of people at risk of adverse effects in a population cannot be estimated, as the intake level at 
which the risk of adverse effects starts to increase is not defined.

The Panel notes that doses equal to or greater than the safe level(s) of intake are sometimes used for the prevention 
or treatment of iron deficiency anaemia. The safe levels of intake proposed by the Panel do not apply to individuals who 
receive iron under medical supervision.

4  |  CO NCLUSIO NS

No UL for iron can be established for any population group. The Panel establishes the safe levels of intake for iron reported 
in Table 11. The Panel considers that the safe levels of intake for adults, adolescents and children apply to total iron intake 
from all dietary sources, including fortified foods and food supplements. For children less than 1 year of age, safe levels of 
supplemental intake are given and apply to iron intakes from food supplements and fortified foods, not from infant and 
follow-on formulae.

The Panel notes that doses equal to or greater than the safe level(s) of intake are sometimes used for the prevention 
or treatment of iron deficiency anaemia. The safe levels of intake proposed by the Panel do not apply to individuals who 
receive iron under medical supervision.

T A B L E  11   Safe levels of intake for iron.

Age group

Safe level of supplemental 
intake males and females 
(mg/day)

4–6 months 5

7–11 months 5

Age group
Safe level of intake males and 
females (mg/day)

1–3 years 10

4–6 years 15

7–10 years 20

11–14 years 30

15–17 years 35

Adults 40

Pregnant women 40

Lactating women 40
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5  |  R ECOM M E N DATIO NS FO R R ESE ARCH

•	 Further research regarding the effect of increasing doses of haem and non-haem iron on gut physiology and pathology, 
including factors that may affect the risk of adverse effects (e.g. influence of the counter anions of iron supplements/
fortificants, other factors in foods, genotype).

•	 Characterisation of physiological thresholds for iron homeostasis using a newly developed stable isotope dilution tech-
nique to quantify iron absorption and losses from diets containing high levels of iron.

•	 Further research regarding the effect of increasing doses of iron on gut microbiome and the effect of the changes in the 
gut microbiome on regulatory physiology.

•	 The metabolism of iron at high doses suggests that cell types other than enterocytes are involved, which may have func-
tional consequences. These processes and their consequences need to be identified and characterised.

•	 Additional research on the mechanisms of interactions between high intakes of iron and the absorption and metabolism 
of other minerals e.g. copper, zinc, calcium, manganese.

•	 To foster ongoing efforts on the collection of accurate food composition and food consumption data on fortified foods 
and food supplements.

A B B R E V I AT I O N S
ADI	 Acceptable Daily Intake
ADME	 absoprtion, distribution, metabolism and excretion
AFC Panel	 Panel on Food Additives, Processing Aids and Materials in contact with Food
aHR	 adjusted hazard ratio
ANS Panel	 Panel on Food Additives and Nutrient Sources added to Food
aOR	 adjusted odds ratio
appr.	 approximately
aRR	 adjusted risk ratio
av.	 average
BMI	 body mass index
BoE	 body of evidence
BSID	 Bayley Scales of Infant Development
bw	 body weight
CHNS	 China Health and Nutrition Survey
CI	 confidence interval
CL	 Chile
CN	 China
CRP	 C-reactive protein
CVD	 cardiovascular disease
DANSDA	 Danish National Survey of Diet and Physical Activity
DcytB	 duodenal cytochrome b reductase
DMT1	 transmembrane divalent metal transporter 1
DNCFS	 Dutch National Food Consumption Survey
DRV	 dietary reference value
EASL	 European Association for the Study of the Liver
EDTA	 ethylenediaminetetraacetic acid
EsKiMo	 Eating study as a KiGGS (Studie zur Gesundheit von Kindern und Jugendlichen in Deutschland) Module
EVM	 Experts Group on Vitamins and Minerals
F/f	 females
FAO	 Food and Agriculture Organisation
FCDB	 EFSA Food Composition Database
Fe	 iron
FFQ	 Food Frequency Questionnaire
FINDIET	 Finnish National Dietary Survey in Adults and Elderly
FPQ	 Food Propensity Questionnaire
FSMP	 food for special medical purposes
GA	 gestational age
GDM	 gestational diabetes mellitus
GI	 gastrointestinal
GNHS	 Guangzhou Nutrition and Health Study
GNPD	 Mintel Global New Products Database
Hb	 haemoglobin
HC	 head circumference
HCP1	 haem carrier protein 1
HFE	 human homeostatic iron regulator
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HPFS	 Health Professionals’ Follow-up Study
HR	 hazard ratio
hs	 high sensitivity
ID	 Indonesia
IN	 India
IOM	 Institute of Medicine
IQR	 interquartile range
IUGR	 intrauterine growth restriction
IWHS	 Iowa Women's Health Study
JACC	 Japan Collaborative Cohort Study for Evaluation of Cancer Risk
JECFA	 Joint FAO/WHO Expert Committee on Food Additives
JP	 Japan
KoGES	 Korean Genome and Epidemiology Study
KR	 South Korea
LAZ	 length-for-age z-scores
Lg	 length gain
LOAEL	 Lower Observed Adverse Effect Level
LoE	 line of evidence
Lv	 length velocity
M/m	 males
Max	 maximum
MD	 mean difference
MDI	 Mental Development Index
med.	 median
mGDSS	 modified Glasgow Dyspepsia Severity Score
N/n	 number
NA	 not available
NANS	 National Adult Nutrition Survey
NCFS	 National Children's Food Survey
Nd	 not defined
NDA Panel	 Panel on Nutrition, Novel Foods and Food Allergens
NHMRC	 National Health and Medical Research Council
NHS	 Nurses’ Health Study
NHSII	 Nurses’ Health Study II
NNR	 Nordic Nutrition Recommendations
NOAEL	 No observed adverse effect level
NPNS	 National Pre-School Nutrition Survey
NR	 not reported
NRV	 nutrient reference value
NTFS	 National Teen's Food Consumption Survey
NTP	 National Toxicology Program
NVS	 Nationale Verzehrsstudie
OGTT	 oral glucose tolerance test
OHAT	 Office of Health Assessment and Translation
OR	 odds ratio
P	 percentile
PC	 prospective cohort
PDI	 Psychomotor Developmental Index
PE	 point estimate
PRI	 population reference intake
Q	 quartile
RBC	 red blood cells
RCT	 Randomised controlled trial
RoB	 risk of bias
ROS	 reactive oxygen species
RP	 reference point
RR	 risk ratio
SCF	 Scientific Committee on Food
SD	 standard deviation
SE	 standard error
SE	 Sweden
SF	 serum ferritin
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s-ferritin	 serum ferritin
SFFQs	 semi-quantitative food frequency questionnaires
SGA	 small-for-gestational age
sQ	 sub-question
sTfR	 soluble transferrin receptor
suppl.	 supplement
T2DM	 type 2 diabetes mellitus
TDR	 total diet replacements
TDS	 total diet study
TfR	 transferrin receptor
TIBC	 total iron binding capacity
TSAT	 transferrin saturation
UA	 uncertainty analysis
UF	 uncertainty factor
UK	 United Kingdom
UL	 tolerable upper intake level
US/USA	 United States of America
VKM	 Norwegian Scientific Committee for Food Safety
WAZ	 weight-for-age z-scores
WG	 working group
WHO	 World Health Organisation
WHS	 Women's Health Study
Wv	 weight velocity
Zn	 zinc
z-s	 z-scores
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APPE N D IX A

Literature screening and selection – Flow charts

A.1  |  PRISMA FLOW DIAGRAM OF SYSTEMATIC REVIEWS 5A AND 5B

Records screened at Title & 
Abstract level (n=4,679)

Records assessed for eligibility 
at full-text level (n=98)

Records excluded: n=38
Duplicate article (n=1)
Wrong outcomes measured (n=7)
Wrong population (n=4)
Other (n=26) (e.g. absence of CRP 
measurements)

Articles included 
(n=17):
3 intervention studies on GDM
3 PC studies on GDM (4 
publications)
9 PC studies on T2DM (reported 
in 10 publications

Unique records identified 
(n=4,679)

Identification of studies via databases and registers
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Records excluded
(n = 4,581)

Records included in data 
extraction step (n=60)

Records excluded: n=43
Exposure: biomarker (n=32; 9 for GDM, 
23 for T2DM and glucose conc.)
Exposure: haem/non-haem/meat iron
(n=5, 1 for GDM, 4 for T2DM)
Dose not reported (n=3 for GDM)
Other (n=3) (e.g. implausible intake, 
wrong outcome, cross-sectional 
analysis)
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A.2  |  PRISMA FLOW DIAGRAM OF SYSTEMATIC REVIEWS 2B, 3A, 6A AND 6B

Records screened for publication 
year and topic (n=11,918)

Records screened at Title & 
Abstract level (n=9,465)

Articles included 
(n=95 unique articles):

sQ2b (SF vs intake; n=35)
sQ3a (GI; n=62)
sQ6a (infant growth; n=5)
sQ6a (cognition; n=2)
sQ6a (infections; n=2)
sQ6b (pregnancy; n=5)

Unique records identified 
(n=11,918)

Identification of studies via databases and registers
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Records excluded
(n=2,453)

Records excluded: n=215
Wrong exposure (n=12)
No quantification of the exposure (n=1)
Wrong population (n=74)
Wrong outcome (n=5)
Missing/inadequate control (n=13)
Adverse effects not mentioned (n=84)
Unclear data (n=10)
Wrong publication type (n=12)
Duplicate article (n=2)
Not randomised (n=2)

Records excluded
(n=9,112)

Records assessed for eligibility 
at full-text level (n=353)

Records included in data 
extraction step (n=138)

sQ2b (SF vs intake; n=35)
sQ3a (GI; n=73)
sQ6a (infant growth; n=24)
sQ6a (cognition; n=17)
sQ6a (infections; n=8)
sQ6b (pregnancy; n=14)

one article could have been 
included for more than one 
outcome

Records excluded: 
sQ2b [SF vs intake; n=0]
sQ3a [GI; n=11;

Insufficient reporting (n=10)
Inappropriate exposure (n=1)]

sQ6a [infant growth; n=19;
Inappropriate/wrong population
(anaemia, iron deficiency, malaria, 
malnutrition; n=18)
Iron status could not be verified (n=1)]

sQ6a [cognition; n=15;
Inappropriate/wrong population (iron 
deficiency, malnutrition; n=7)
Iron status could not be verified (n=7)
No placebo control (n=1)]

sQ6a [infections; n=6;
Inappropriate/wrong population (iron 
deficiency, anaemia, malnutrition, out 
of age range; n=6)

sQ6b [pregnancy; n=9;
Iron status could not be verified (n=5)
Inappropriate/wrong population (iron 
deficiency, anaemia, malaria; n=4)]
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APPE N D IX B

Evidence tables

B.1  |  PROSPECTIVE COHORT STUDIES ON TYPE 2 DIABETES MELLITUS

Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled exclusion 
criteria study population (n) Ascertainment of outcome

Exposure groups  
n/person-years exposure 
assessment method Incident cases Model covariates Results

Bao et al. (2016)
Long-term risk of type 2 

diabetes in relation 
to habitual iron 
intake in women 
with a history of 
gestational diabetes: 
a prospective cohort 
study

USA
Design: PC
Follow-up: up to 

18 years
Funding: National 

Institute of Health 
Grants; the author 
was supported 
by the American 
Diabetes Association

N = 116,430
Population sampled: female 

nurses aged 24–44 years
Exclusion criteria: chronic diseases 

(T2DM, cardiovascular disease or 
cancer) before GDM pregnancy 
or before the return of their first 
post-GDM FFQ, multiple-birth 
pregnancy or returned no post-
GDM FFQ

% lost to follow up: NR
n = 3976
Sex (as %women): 100%
Age, heterogeneity p = 0.22 (unit: 

years; values: Mean ± SD):
Q1: 37.5 ± 4.6
Q2: 37.7 ± 4.6
Q3: 37.9 ± 4.5
Q4: 37.6 ± 4.7
BMI at baseline, heterogeneity 

p < 0.001 (unit: kg/m2; values: 
mean ± SD):

Q1: 27.1 ± 6.7
Q2: 27.4 ± 6.6
Q3: 26.7 ± 6.1
Q4: 26.1 ± 5.9
Current smoker, heterogeneity 

p = 0.02 (unit: %; values: mean):
Q1: 14.4
Q2: 12.5
Q3: 9.1
Q4: 7.4

Participants who reported 
physician-diagnosed T2DM 
in a biennial questionnaire 
were mailed an additional 
questionnaire regarding 
symptoms, diagnostic tests 
and hypoglycaemic therapy 
to confirm self-reported 
diagnoses

Confirmed diabetes cases 
were defined according 
to the American Diabetes 
Association criteria 
as follows: (1) one or 
more classic symptoms 
(excessive thirst, polyuria, 
unintentional weight loss 
or hunger) plus elevated 
glucose concentrations 
(fasting plasma glucose 
concentration ≥ 7.0 mmol/L 
or random plasma glucose 
concentration ≥ 11.1 mmol/L); 
(2) no symptoms reported 
but ≥ 2 elevated plasma 
glucose concentrations on 
more than one occasion 
(fasting concentration
≥ 7.0 mmol/L; random 
concentration ≥ 11.1 mmol/L, 
or 2-h oral-glucose-
tolerance test 
concentration ≥ 11.1 mmol/L);
or (3) treatment with insulin 
or an oral hypoglycaemic 
agent

Unit of measurement:
(mg/day, value: median/
range)

Quartiles of energy-adjusted 
intakes (residual 
method)

Total iron
Q1: 11.6
Q2: 14.9
Q3: 21.1
Q4: 37.2
Supplemental iron
Q1: 0
Q2: 0.1–29.9
Q3: ≥ 30
Q4: –
Method: semiquantitative 

FFQ, food-composition 
data from USDA 
sources and data from 
manufacturers

641 incident 
T2DM cases 
during 57,683 
person-years

n/person-years
Total iron
Q1: 139/14,431
Q2: 171/14,436
Q3. 165/14,405
Q4: 166/14,411
Supplemental 

iron
Q1: 252/26,942
Q2: 340/26,072
Q3: 49/4669
Q4: –

M1: Age
M2: M1 + parity, BMI, age at 

first birth, race-ethnicity, 
family history of diabetes, 
oral contraceptive use, 
menopausal status, 
cigarette smoking, alcohol 
intake, PA, the ratio of PUFA 
intake to SFA intake and 
intakes of total energy, SFA, 
trans fat, dietary cholesterol, 
animal protein, vegetable 
protein, glycaemic load, 
cereal fibre, calcium, 
magnesium and vitamin C

For the analysis of 
supplemental iron, an 
adjustment for intakes 
of dietary iron was also 
performed

HRs (95% CIs)
Total iron
M1: P trend: 0.28
Q1: 1
Q2: 1.23 (0.96, 1.58)
Q3: 1.05 (0.81, 1.35)
Q4: 1.22 (0.95, 1.57)
M2: P trend: 0.02
Q1: 1.00 (reference)
Q2: 1.48 (1.11, 1.97)
Q3: 1.33 (0.98, 1.80)
Q4: 1.64 (1.20, 2.25)
Supplemental iron
M1: P trend: 0.01
Q1: 1
Q2: 1.21 (1.01, 1.46)
Q3: 1.50 (1.07, 2.10)
Q4: –
M2: P trend: 0.002
Q1: 1
Q2: 1.47 (1.18, 1.84)
Q3: 1.83 (1.25, 2.70)
Q4: –
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Evidence tables

B.1  |  PROSPECTIVE COHORT STUDIES ON TYPE 2 DIABETES MELLITUS

Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled exclusion 
criteria study population (n) Ascertainment of outcome

Exposure groups  
n/person-years exposure 
assessment method Incident cases Model covariates Results

Bao et al. (2016)
Long-term risk of type 2 

diabetes in relation 
to habitual iron 
intake in women 
with a history of 
gestational diabetes: 
a prospective cohort 
study

USA
Design: PC
Follow-up: up to 

18 years
Funding: National 

Institute of Health 
Grants; the author 
was supported 
by the American 
Diabetes Association

N = 116,430
Population sampled: female 

nurses aged 24–44 years
Exclusion criteria: chronic diseases 

(T2DM, cardiovascular disease or 
cancer) before GDM pregnancy 
or before the return of their first 
post-GDM FFQ, multiple-birth 
pregnancy or returned no post-
GDM FFQ

% lost to follow up: NR
n = 3976
Sex (as %women): 100%
Age, heterogeneity p = 0.22 (unit: 

years; values: Mean ± SD):
Q1: 37.5 ± 4.6
Q2: 37.7 ± 4.6
Q3: 37.9 ± 4.5
Q4: 37.6 ± 4.7
BMI at baseline, heterogeneity 

p < 0.001 (unit: kg/m2; values: 
mean ± SD):

Q1: 27.1 ± 6.7
Q2: 27.4 ± 6.6
Q3: 26.7 ± 6.1
Q4: 26.1 ± 5.9
Current smoker, heterogeneity 

p = 0.02 (unit: %; values: mean):
Q1: 14.4
Q2: 12.5
Q3: 9.1
Q4: 7.4

Participants who reported 
physician-diagnosed T2DM 
in a biennial questionnaire 
were mailed an additional 
questionnaire regarding 
symptoms, diagnostic tests 
and hypoglycaemic therapy 
to confirm self-reported 
diagnoses

Confirmed diabetes cases 
were defined according 
to the American Diabetes 
Association criteria 
as follows: (1) one or 
more classic symptoms 
(excessive thirst, polyuria, 
unintentional weight loss 
or hunger) plus elevated 
glucose concentrations 
(fasting plasma glucose 
concentration ≥ 7.0 mmol/L 
or random plasma glucose 
concentration ≥ 11.1 mmol/L); 
(2) no symptoms reported 
but ≥ 2 elevated plasma 
glucose concentrations on 
more than one occasion 
(fasting concentration
≥ 7.0 mmol/L; random 
concentration ≥ 11.1 mmol/L, 
or 2-h oral-glucose-
tolerance test 
concentration ≥ 11.1 mmol/L);
or (3) treatment with insulin 
or an oral hypoglycaemic 
agent

Unit of measurement:
(mg/day, value: median/
range)

Quartiles of energy-adjusted 
intakes (residual 
method)

Total iron
Q1: 11.6
Q2: 14.9
Q3: 21.1
Q4: 37.2
Supplemental iron
Q1: 0
Q2: 0.1–29.9
Q3: ≥ 30
Q4: –
Method: semiquantitative 

FFQ, food-composition 
data from USDA 
sources and data from 
manufacturers

641 incident 
T2DM cases 
during 57,683 
person-years

n/person-years
Total iron
Q1: 139/14,431
Q2: 171/14,436
Q3. 165/14,405
Q4: 166/14,411
Supplemental 

iron
Q1: 252/26,942
Q2: 340/26,072
Q3: 49/4669
Q4: –

M1: Age
M2: M1 + parity, BMI, age at 

first birth, race-ethnicity, 
family history of diabetes, 
oral contraceptive use, 
menopausal status, 
cigarette smoking, alcohol 
intake, PA, the ratio of PUFA 
intake to SFA intake and 
intakes of total energy, SFA, 
trans fat, dietary cholesterol, 
animal protein, vegetable 
protein, glycaemic load, 
cereal fibre, calcium, 
magnesium and vitamin C

For the analysis of 
supplemental iron, an 
adjustment for intakes 
of dietary iron was also 
performed

HRs (95% CIs)
Total iron
M1: P trend: 0.28
Q1: 1
Q2: 1.23 (0.96, 1.58)
Q3: 1.05 (0.81, 1.35)
Q4: 1.22 (0.95, 1.57)
M2: P trend: 0.02
Q1: 1.00 (reference)
Q2: 1.48 (1.11, 1.97)
Q3: 1.33 (0.98, 1.80)
Q4: 1.64 (1.20, 2.25)
Supplemental iron
M1: P trend: 0.01
Q1: 1
Q2: 1.21 (1.01, 1.46)
Q3: 1.50 (1.07, 2.10)
Q4: –
M2: P trend: 0.002
Q1: 1
Q2: 1.47 (1.18, 1.84)
Q3: 1.83 (1.25, 2.70)
Q4: –

Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled exclusion 
criteria study population (n) Ascertainment of outcome

Exposure groups  
n/person-years exposure 
assessment method Incident cases Model covariates Results

Eshak et al. (2018)
Japan Collaborative 

Cohort Study for 
Evaluation of Cancer 
Risk (JACC Study)

Japan
Design: PC
Follow-up: 5 years
Funding: 

Comprehensive 
Research on 
Cardiovascular 
and Lifestyle 
Related Diseases 
(H26-Junkankitou
[Seisaku]-Ippan-001), 
the Japanese 
Ministry of 
Education, Culture, 
Sports, Science 
and Technology by 
Grants-in-Aid for 
Scientific Research; 
Grants-in-Aid for 
Scientific Research 
on Priority Areas of 
Cancer and Grants-
in-Aid for Scientific
Research on Priority 
Areas of Cancer 
Epidemiology

N = 110,585 (46,395 men and
64,190 women)
Population sampled: General 

population 40–79 years from 45 
communities

Exclusion criteria: prior history of 
diabetes, cancer or cardiovascular 
diseases, missing information 
on dietary iron, copper and zinc 
intakes, history of diabetes and 
non-respondents to the 5-year 
questionnaire, older than 65 years

% loss to follow up:
NR
n = 16,160 (5955 males and 10,205 

females)
Sex, heterogeneity p < 0.001 (as 

%women):
Q1: 47
Q2: 64
Q3: 70
Q4: 72
Age, heterogeneity p < 0.001
(Unit: years; values: mean ± SD),
Q1: 52.2 ± 7.6
Q2: 52.5 ± 7.5
Q3: 53.0 ± 7.4
Q4: 54.2 ± 7.1
BMI (Unit: kg/m2; Values: mean ± SD)
Q1: 22.9 ± 2.9
Q2: 22.8 ± 2.7
Q3: 22.8 ± 2.7
Q4: 22.9 ± 2.8
Current smoking, heterogeneity 

p = 0.01 (Unit: %)
Q1: 32
Q2: 21
Q3: 17
Q4: 15
Family history of diabetes, 

heterogeneity p = 0.001 (Unit: %)
Q1: 9.3
Q2: 10.7
Q3: 9.2
Q4: 7.4

Self-reported physician's 
diagnosis; compared 
with laboratory findings 
in around 20% of the 
participants

Unit of measurement:
(mg/day, value: 
mean ± SD)

Quartiles of energy-adjusted 
iron intakes (residual 
method)

Total iron
Q1: 5.1 ± 1.0
Q2: 6.9 ± 0.4
Q3: 8.1 ± 0.4
Q4: 10.1 ± 1.1
Method: Validated 

FFQ; Nature of Food 
Composition Tables NR

n/total N
Q1: 126/4040
Q2: 104/4040
Q3: 84/4040
Q4: 82/4040

M1: adjusted for age and sex
M2: M1 + family history of 

diabetes, past history of 
hypertension, smoking 
status, BMI (quartiles), hours 
of walking and hours of 
exercise

M3: M2 + alcohol intake, coffee 
intake, green tea intake, 
quartiles of total energy 
intake and quartiles of 
energy-adjusted intakes 
for magnesium and 
carbohydrate

M4: M3 + quartiles of energy-
adjusted copper and zinc

OR (95% CI)
Total iron:
M1: P trend: 0.02
Q1: 1
Q2: 1.59 (1.22–2.09)
Q3: 1.41 (1.17–1.85)
Q4: 1.38 (1.15–1.80)
M2: P trend: 0.01
Q1: 1
Q2: 1.55 (1.14–2.12)
Q3: 1.40 (1.08–1.82)
Q4: 1.39 (1.12–1.87)
M3: P trend: 0.03
Q1: 1
Q2: 1.45 (1.12–1.99)
Q3: 1.33 (1.05–1.71)
Q4: 1.33 (1.05–1.75)
M4: P trend: 0.03
Q1: 1
Q2: 1.42 (1.10–1.96)
Q3: 1.31 (1.03–1.68)
Q4: 1.32 (1.04–1.70)

(Continues)
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He et al. (2020)
China Health and 

Nutrition Survey 
(CHNS)

China
Design: PC
Follow-up: 24 years
Funding: National 

Institute for Nutrition 
and Health, China 
Center for Disease
Control and 
Prevention - Carolina 
Population Center, 
University of North 
Carolina at Chapel 
Hill, National 
Institutes of Health 
and National 
Institutes of Health 
Fogarty International 
Center

N = 36,387
Population sampled: General 

population ≥ 18 years old
Exclusion criteria: < 18 years, 

participants who were pregnant, 
nursing or disabled; had 
unavailable or incomplete 
diabetes information; or were 
lost to follow-up after the 
baseline or first survey entry 
in 2015, participants with 
missing or implausible energy 
intake information, a baseline 
diagnosis of diabetes or a 
history of stroke, myocardial 
infarction or any type of tumour 
at baseline

% loss to follow up:
NR
n = 17,026 (8346 males and 8680 

females)
Baseline characteristics for quintiles 

of total iron intake NR

Self-reported physician's 
diagnosis or self-report 
of the following: special 
diet, weight control, oral 
medicine, injection of insulin, 
Chinese traditional medicine, 
home remedies or qigong 
(or spiritual treatment)

Unit of measurement:
(mg/day, value: median)

Quartiles of energy-adjusted 
intakes (residual 
method)

Total iron (mg/day):
Males
Q1: 17.9
Q2: 20.9
Q3: 23.0
Q4: 25.4
Q5: 30.6
Females:
Q1: 15.7
Q2: 18.2
Q3: 20.0
Q4: 22.0
Q5: 26.5
Method: 3 consecutive 24-h 

recalls + household food 
inventory over the same 
3 days; Chinese Food 
composition Tables

n/person-years
Total iron:
Males
Q1: 106/18,038
Q2: 101/21,223
Q3: 103/21,882
Q4: 110/21,647
Q5: 127/17,976
Females
Q1: 112/17,628
Q2: 82/21,216
Q3: 130/22,417
Q4: 123/22,372
Q5: 130/17,736

M1: adjusted for age, BMI, 
dietary intake of total 
energy

M2: M1 + residence area, 
education level, household 
income level, PAL, smoking 
status, alcohol consumption 
and history of hypertension 
at baseline

M3: M2 + dietary intake of 
carbohydrates, protein, 
ratio of MUFA-to-SFA intake, 
ratio of PUFA-to-SFA intake, 
cholesterol, magnesium, 
cereal fibre, vegetables and 
fruits

HR (95% CI)
Total iron:
Males
M1: P trend: 0.505
Q1: 1
Q2: 0.73 (0.56–0.97)
Q3: 0.66 (0.50–0.87)
Q4: 0.69 (0.53–0.91)
Q5: 1.00 (0.77–1.29)
M2: P trend: 0.793
Q1: 1
Q2: 0.73 (0.55–0.96)
Q3: 0.65 (0.49–0.85)
Q4: 0.67 (0.51–0.88)
Q5: 0.94 (0.73–1.23)
M3: P trend: 0.513
Q1: 1
Q2: 0.73 (0.55–0.96)
Q3: 0.61 (0.46–0.82)
Q4: 0.60 (0.44–0.80)
Q5: 0.81 (0.60–1.11)
Females
M1: P trend: 0.150
Q1: 1
Q2: 0.57 (0.43–0.77)
Q3: 0.78 (0.61–1.01)
Q4: 0.70 (0.54–0.91)
Q5: 1.03 (0.80–1.33)
M2: P trend: 0.198
Q1: 1
Q2: 0.55 (0.42–0.74)
Q3: 0.75 (0.58–0.96)
Q4: 0.69 (0.53–0.90)
Q5: 0.99 (0.77–1.28)
M3: P trend: 0.203
Q1: 1
Q2: 0.54 (0.41–0.72)
Q3: 0.68 (0.52–0.89)
Q4: 0.57 (0.43–0.76)
Q5: 0.70 (0.52–0.96)
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Jiang et al. (2004)
Health Professionals' 

Follow-up Study 
(HPFS)

USA
Design: PC
Follow-up:

12 years
Funding: NR

N = 51,529
Population sampled: male health 

professionals 40–75 years
Exclusion criteria: missing or 

implausible information on 
diet, history of diabetes, 
cardiovascular disease (angina, 
coronary bypass or angioplasty, 
myocardial infarction and 
stroke) or cancer (except for 
nonmelanoma skin cancer) at 
baseline

% loss to follow up:
NR
n = 38,394
Age (Unit: years; values: mean ± SD)
Total iron:
Q1: 52.4 ± 9.4
Q5: 54.2 ± 9.4
BMI, (Unit: kg/m2; Values: 

mean ± SD)
Total iron:
Q1: 25.6 ± 3.2
Q5: 25.1 ± 3.0
Current smoker (Unit: %)
Total iron:
Q1: 13.8
Q5: 8.2
Family history of diabetes, (Unit: 

%)
Total iron:
Q1: 12.7
Q5: 13.0

Participants who indicated 
a T2DM diagnoses in 
any of the biennial 
questionnaires were 
mailed a supplementary 
questionnaire regarding 
diabetes symptoms, 
diagnostic tests and 
treatments. T2DM was 
ascertained when at least 
one of the following criteria 
were met: at least one 
classic symptom (excessive 
thirst, polyuria, weight 
loss, hunger or coma) plus 
a fasting plasma glucose 
concentration ≥ 140 mg/
dL (7.8 mmol/L) or a 
random plasma glucose 
concentration ≥ 200 mg/dL 
(11.1mmol/L),  
2) elevated plasma glucose 
concentrations on ≥ 2
occasions (a fasting plasma 
glucose concentration ≥ 140 
mg/dL, a random plasma 
glucose concentration ≥ 200 
mg/dL or a random plasma 
glucose concentration ≥ 200 
mg/dL after ≥ 2 h of 
oral-glucose-tolerance 
testing) in the absence of 
symptoms, or 3) treatment 
with hypoglycaemic 
medication (insulin or oral 
hypoglycaemic agents)

Dietary iron intake (values: 
median):

Quartiles of energy-adjusted 
intakes

Total iron (mg/day):
Q1: 11.1
Q2: 13.1
Q3: 15.2
Q4: 19.7
Q5: 34.2
Method: SFFQ (every 

4 years); Harvard 
University Food 
Composition Database 
+ manufacturer's 
information

n/total N
Total iron:
Q1: 237/7751
Q2: 253/NR
Q3: 267/NR
Q4: 224/NR
Q5: 187/7503

M1: adjusted for age
M2: M1 + BMI
M3: BMI, family history of 

diabetes in a first-degree 
relative, physical activity 
cigarette smoking, alcohol 
consumption, intakes of 
total energy, trans fat, cereal 
fibre, magnesium, whole 
grains, vegetables and fruit, 
ratio of polyunsaturated 
fat intake to saturated fat 
intake, glycaemic load and 
multivitamin use

RR (95% CI)
Total iron:
M1: P trend: < 0.001
Q1: 1
Q2: 1.06 (0.88–1.26)
Q3: 1.14 (0.95–1.36)
Q4: 0.92 (0.77–1.11)
Q5: 0.78 (0.64–0.94)
M2: P trend: 0.03
Q1: 1
Q2: 1.03 (0.86–1.23)
Q3: 1.17 (0.97–1.39)
Q4: 0.99 (0.82–1.19)
Q5: 0.87 (0.71–1.05)
M3: P trend: 0.67
Q1: 1
Q2: 1.10 (0.91–1.33)
Q3: 1.36 (1.11–1.66)
Q4: 1.23 (0.99–1.53)
Q5: 1.16 (0.92–1.47)
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Jung et al. (2021), Kim 
et al. (2017)

Korean Genome and 
Epidemiology Study 
(KoGES) Ansan–
Ansung cohort

South Korea
Design: PC
Follow-up: 12 years 

(Jung et al., 2021)
Mean Follow-up: 

8.4 years (Jung et al., 
2021)

Follow-up: 10 years (Kim 
et al., 2017)

Funding: No source 
of supporting to 
declare (Jung et al., 
2021)

This research was 
supported by a fund 
(HD14B0005) from 
Research of Korea 
Centers for
Disease Control 
and Prevention 
and supported by a 
grant of the Korea 
Health Technology 
R&D Project 
through the Korea 
Health Industry 
Development
Institute (KHIDI), 
funded by the 
Ministry of Health
& Welfare, Republic 
of Korea (HI16C2048). 
(Kim et al., 2017)

N = 10,038 (Jung et al., 2021; Kim 
et al., 2017)

Population sampled: General 
population, community-
dwellers and participants 
recruited from the national 
health examinee registry, 
40–69 years (Jung et al., 2021; 
Kim et al., 2017)

Exclusion criteria:
Total iron/total energy intake
T2DM at baseline, hepatitis at 

baseline, no genetic data, no 
follow-up data (Jung et al., 2021)

Exclusion criteria:
Total iron
T2DM at baseline, no genetic 

data, lack of information on 
medicine intake, coronary artery 
disease, stroke or cancer, lack of 
information on food intake or 
implausible energy intake (Kim 
et al., 2017)

% loss to follow up: 14 (n = 1356) 
(Jung et al., 2021)

Total iron/total energy intake 
(Jung et al., 2021)

n = 6413
Total iron (Kim et al., 2017)
n = 7024 = 3326 males and 3698 

females
Sex (as %women) (Jung et al., 2021)
Total iron to total calorie ratio
heterogeneity p < 0.001
Q1: 47.8
Q2: 48.9
Q3: 53.3
Q4: 58.3
Age (Jung et al., 2021)
(Unit: years; Values: mean ± SD)
Total iron to total calorie ratio
heterogeneity p < 0.001
Q1: 53.2 ± 9.0
Q2: 51.3 ± 8.6

T2DM was ascertained when at 
least one of the following 
criteria was met:

(1) fasting blood glucose ≥ 126 
mg/dL,

(2) HbA1c ≥ 6.5% (48 mmol/mol),
(3) 2-h plasma glucose 

level ≥ 200 mg/dL during a 75 
g OGTT,

(4) currently taking an anti-
diabetic drug or insulin,

(5) previous diagnosis by a 
physician

Total iron/total energy 
intake (unit: μg/kcal; 
values: mean ± SD)

Dietary iron intakes were 
divided by the total 
caloric intakes. (Jung 
et al., 2021)

Q1: 3.87 ± 0.52
Q2: 5.01 ± 0.25
Q3: 5.83 ± 0.25
Q4: 7.34 ± 1.12
Total iron (unit: mg/day; 

values: median (range)) 
(Kim et al., 2017)

Males
T1: 7.9 (4.0–9.2)
T2: 10.2 (9.2–11.3)
T3: 12.5 (11.3–28.8)
Females
T1: 7.5 (2.9–8.7)
T2: 9.8 (8.7–10.7)
T3: 12.1 (10.7–35.3)
Method: validated SFFQ 

+ food composition 
database developed by 
Korean Nutrition Society 
(Jung et al., 2021)

Method: semi quantitative 
FFQ and the seventh 
edition Food 
Composition Table of 
Korea (Kim et al., 2017)

Total iron/total 
energy intake 
(Jung et al., 
2021)

762 T2DM cases 
out of 6413 
individuals

n/person-years
Q1: 164/13,274
Q2: 203/13,680
Q3: 183/14,010
Q4: 212/13,280
Total iron (Kim 

et al., 2017)
984 T2DM cases 

out of 7024 
individuals

n/person-years
Males
T1: 151/6760
T2: 194/6741
T3: 197/6519
Females
T1: 114/7528
T2: 156/7520
T3: 172/7467

Total iron/total energy intake 
(Jung et al., 2021)

M1: adjusted for age, sex
M2: M1+ baseline BMI, glucose, 

HOMA-IR (homeostatic 
model for assessment 
for insulin resistance), 
HbA1c, HDL-cholesterol, 
triglycerides, total 
cholesterol, carbohydrates, 
fat, protein, smoking

Total iron: (Kim et al., 2017)
Males and Females: age, 

BMI, waist circumference 
(WC), daily dietary intake 
(total energy intake, 
carbohydrate, protein, fat, 
Zn, Vitamin C, Tea intake, 
Meat intake), residential 
area, education, drinking 
status, smoking status, 
regular exercise, dietary 
supplement use, WC and 
carbohydrate, zinc,  
vitamin C, tea and meat 
intake

Total iron/total 
energy intake 
(Jung et al., 2021)

OR (95% CI)
M1: P trend: 0.002
Q1: 1.00 (ref)
Q2: 1.32 (1.06–1.65)
Q3: 1.21 (0.97–1.52)
Q4: 1.45 (1.16–1.81)
M2: P trend: 0.004
Q1: 1.00 (ref)
Q2: 1.30 (1.02–1.67)
Q3: 1.20 (0.94–1.56)
Q4: 1.43 (1.11–1.86)
Total iron (Kim 

et al., 2017)
HR (95% CI)
Males: P trend: 0.027
T1: 1
T2: 1.31 (1.03–1.68)
T3: 1.39 (1.04–1.85)
Females: P trend: 

0.002
T1: 1
T2: 1.35 (1.03–1.79)
T3: 1.57 (1.14–2.15)
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Q3: 50.9 ± 8.5
Q4: 50.9 ± 8.5
Total iron (mean values in  

mg/day ± SD) (Kim et al., 2017)
Males
Heterogeneity p < 0.0004
T1: 51.9 ± 8.9
T2: 50.3 ± 8.4
T3: 50.6 ± 8.3
Females (mean values in  

mg/day ± SD) (Kim et al., 2017)
heterogeneity p < 0.0001
T1: 53.2 ± 9.1
T2: 51.2 ± 8.7
T3: 51.1 ± 8.7
BMI (Jung et al., 2021)
(Unit: kg/m2; Values: mean ± SD)
Total iron to total calorie ratio
heterogeneity p < 0.001
Q1: 24.2 ± 3.3
Q2: 24.4 ± 3.0
Q3: 24.6 ± 2.95
Q4: 24.5 ± 3.2
BMI (Kim et al., 2017)
(Unit: kg/m2; Values: mean ± SD)
Males
heterogeneity p < 0.0004
T1: 24.0 ± 0.1
T2: 24.1 ± 0.1
T3: 24.4 ± 0.1
Females
heterogeneity p < 0.0697
T1: 24.6 ± 0.1
T2: 24.8 ± 0.1
T3: 24.8 ± 0.1

(Continued)
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Current smoking, (%)  
(Jung et al., 2021)

Total iron to total calorie ratio
heterogeneity p < 0.001
Q1: 28.7
Q2: 26.4
Q3: 22.1
Q4: 23.1
Current smoking, (%)  

(Kim et al., 2017)
Males
Heterogeneity p < 0.0033
T1: 54.3
T2: 47.3
T3: 48.0
Females Heterogeneity < 0.0647
T1: 3.0
T2: 3.3
T3: 4.4

Lee et al. (2004)
Iowa Women's Health 

Study (IWHS)
USA
Design: PC
Follow-up: 11 years
Funding: NR

N = 41,836
Population sampled: post-

menopausal women, aged 
55–69 years

Exclusion criteria: implausibly 
high or low energy intakes, left 
≥ 30 items blank on the FFQ, 
premenopausal or reported 
diabetes at baseline.

% lost to follow up: NR
n = 35,698
Sex (as %women): 100%
Age (unit: years; values: mean):
Supplemental iron
No: 61.6
Yes: 61.7
BMI (unit: kg/m2; values: mean):
Supplemental iron
No: 26.8
Yes: 26.4
Current smoker (value: %)
Supplemental iron
No: 15.5
Yes: 13.9

Self-report Supplemental iron (unit: 
mg/day)

Q1: 0
Q2: 1–29
Q3: ≥ 30
Method: SFFQ; information 

on food composition 
tables NR

1921 T2DM cases 
out of 35,698 
individuals

n/person-years
Supplemental 

iron
G1: 1588/267,757
G2: 254/52,303
G3: 79/12,794

M1: Age and energy intake
M2: Age, total energy 

intake, WHR, BMI, PA, 
cigarette smoking, alcohol 
consumption, education, 
marital status, residential 
area and hormone 
replacement therapy.

M3: M2 + animal fat, vegetable 
fat, cereal fibre, dietary 
magnesium, dietary non-
haem iron, dietary haem 
iron and supplemental iron.

RR (95% CI reported 
only for the 
highest iron 
category)

Supplemental iron
M1: P for trend: 0.08
G1: 1.00
G2: 0.82
G3: 1.03 (0.83–1.30)
M2: P for trend: 0.90
G1: 1.00
G2: 0.93
G3: 1.14 (0.91–1.44)
M3: P for trend: 0.79
G1: 1.00
G2: 0.94
G3: 1.16 (0.92–1.46)
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Li et al., (2021)
Guangzhou Nutrition 

and Health Study 
(GNHS)

China
Design: PC
Follow-up:
median: 5.6 years (IQR: 

4.1–5.9 years)
Funding: National 

Natural Science 
Foundation of China 
and the Key Project 
of Science and 
Technology Program 
of Guangzhou

N (with two follow-ups) = 3158
N (with one follow-up) = 834
Population sampled: General 

population 40–75 years
Exclusion criteria:
Diabetes at baseline, severe chronic 

diseases at baseline, diabetes 
developed within the first 
year, extreme (high > 4000 
kcal for males and > 3500 kcal 
for females or low < 800 kcal 
for males and < 500 kcal for 
females) energy intake, missing 
data on fasting glucose, HbA1c, 
missing data on diet variables 
or other variables (height, 
socio-demographics).

% loss to follow up:
12
n = 2696
Sex (as % women)
Total iron:
Q1: 70.9
Q4: 70.8
Age (unit: years; values: mean ± SD)
Total iron:
Q1: 58.0 ± 5.7
Q4: 57.9 ± 5.5
Current smoker (unit: %):
Total iron:
Heterogeneity p = 0.777
Q1: 15.3%
Q4: 13.5%
BMI, (Unit: kg/m2; Values: 

mean ± SD)
Total iron:
Q1: 23.3 ± 3.0
Q4: 23.1 ± 2.9

Fasting glucose ≥7.0 mmol/L 
or HbA1c ≥ 6.5% (n = 139); 
or self-reported diagnosed 
T2DM (n = 66)

Dietary iron intake (values: 
median):

Sex-specific quartiles of 
energy-adjusted intakes

Total iron (mg/day):
Q1: 17.54
Q2: 19.37
Q3: 20.88
Q4: 23.21
Method: Validated 

FFQ; Chinese Food 
Composition Table

205 T2DM cases 
out of 2696 
individuals

Total iron  
n/person-years

Q1: 46/3387
Q2: 55/3381
Q3: 43/3374
Q4: 61/3334

M1: Adjusted for age, BMI, 
education level, household 
income, smoking status, 
alcohol drinking status and 
physical activity.

M2: M1 + intakes of total 
energy, protein, fibre, 
cholesterol, the ratio of 
PUFA:SFA, Mg, vitamin C, 
meat, vegetables and fruit 
(all in sex-specific quartiles), 
additionally adjusted 
non-haem Fe for haem Fe 
and adjusted haem Fe for 
non-haem Fe.

HR (95% CI)
Total iron
M1: P trend: 0.134
Q1: 1.00 (ref)
Q2: 1.28 (0.86–1.90)
Q3: 0.94 (0.62–1.43)
Q4: 1.45 (0.98, 2.12)
M2: P trend: 0.391
Q1: 1.00 (ref)
Q2: 1.28 (0.83–1.96)
Q3: 0.96 (0.58–1.60)
Q4: 1.34 (0.77–2.34)

(Continued)
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Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled exclusion 
criteria study population (n) Ascertainment of outcome

Exposure groups  
n/person-years exposure 
assessment method Incident cases Model covariates Results

Rajpathak et al. (2006)
Nurses' Health Study 

(NHS)
USA
Design: PC
Follow-up: 20 years
Funding: National 

Institutes of 
Health Grants 
and an American 
Heart Association 
Established

Investigator Award

N = 121,700
Population sampled: female 

registered nurses, age 30–55 
from 11 U.S. states

Exclusion criteria: Women 
without FFQ data at baseline 
or those with unreasonably 
high or low energy intakes 
and those who had left > 10 
items blank, participants with 
history of cancer other than 
nonmelanoma skin cancer, CVD 
or diabetes

% lost to follow up: NR
n = 85,031
Sex (as %women): 100
Age (Unit: years; values: mean):
Total iron
Q1: 45.6
Q3: 45.9
Q5: 45.9
BMI (Unit: kg/m2; values: mean):
Total iron
Q1: 24.2
Q3: 24.2
Q5: 23.7
Current smoker (value: %)
Total iron
Q1: 19.6
Q3: 13.9
Q5: 10.6

Self-report of a T2DM diagnosis 
PLUS one of the following:

(1) at least one of the classic 
symptoms (polydipsia, 
polyuria, polyphagia, weight 
loss or coma) in addition to a 
fasting plasma glucose level 
of ≥ 140 mg/dL (7.8 mmol/L) 
or a random level of ≥ 200 
mg/dL (11.1 mmol/L);

(2) at least two elevated plasma 
glucose concentrations 
on different occasions 
(see above or ≥ 200 mg/
dL (11.1 mmol/L) after at 
least 2 h of oral glucose 
tolerance testing in the 
absence of symptoms; or 3) 
treatment with oral drugs 
for hyperglycaemia or with 
insulin

Unit of measurement:
(unit: mg/day, value: 
median (range))

Sex-specific quartiles of 
energy-adjusted intakes

Total iron (diet and 
supplement)

Q1: 8.0 (2.0–9.0)
Q2: 9.6 (9.0–10.3)
Q3: 11.0 (10.3–12.4)
Q4: 14.0 (12.4–17.4)
Q5: 24.0 (17.4–400)
Dietary iron
Q1: 8.0 (2.0–9.0)
Q2: 9.2 (9.0–10.0)
Q3: 10.3 (10.0–11.0)
Q4: 11.5 (11.0–12.3)
Q5: 14.0 (12.3–87.0)
Supplemental iron
Q1: 0
Q2: 3.4 (0.2–5.5)
Q3: 8.4 (5.5–10.4)
Q4: 12.6 (10.4–15.9)
Q5: 22.0 (15.9–391.7)
Method: Dietary intake 

collected every 2 years 
by FFQs. In 1980, a 61-
item FFQ was used and 
in 1984, 1986, 1990, 1994 
and 1998, an expanded 
(131-item) FFQ was used. 
Reproducibility and 
validity of FFQs have 
been reported in detail.
USDA food composition 
data.

Cumulative average intake 
defined as a measure 
of long-term diet, 
calculated based on FFQ 
data provided until the 
beginning of each 2-year 
follow-up interval.

4599 T2DM cases 
out of 85,031 
individuals.

n/person-years
Total iron
Q1: 675/260,205
Q2: 1103/372,142
Q3: 1028/317,664
Q4: 956/314,337
Q5: 837/314,635
Dietary iron
Q1: 798/298,521
Q2: 916/291,825
Q3: 960/306,210
Q4: 939/300,464
Q5: 791/294,837
Supplemental 

iron
Q1: 3104/1,071,670
Q2: 413/133,012
Q3: 330/123,760
Q4: 422/124,333
Q5: 330/126,207

M1: Age adjusted
M2: Age and BMI adjusted
M3: Nondietary factors 

adjusted: Nondietary 
factors include age, BMI, 
family history of diabetes, 
smoking status, alcohol 
intake, quintiles of PA, 
postmenopausal hormone 
use and use of multivitamin 
supplements.

M4: Dietary and nondietary 
factors adjusted: Dietary 
factors include intake 
of kcal/day, cereal fibre, 
magnesium, PUFA-to-SFA 
ratio, glycaemic load, 
caffeine and trans-fat. Iron 
supplement users excluded 
in these analyses.

[HR] (95% CIs)
Total iron
M1: P for trend 

< 0.0001
Q1: 1
Q2: 1.05 (0.95–1.16)
Q3: 0.98 (0.88–1.08)
Q4: 0.83 (0.75–0.92)
Q5: 0.75 (0.67–0.83)
M2: P for trend 

< 0.0001
Q1: 1
Q2: 0.97 (0.88–1.07)
Q3: 0.91 (0.83–1.01)
Q4: 0.85 (0.77–0.94)
Q5: 0.82 (0.73–0.91)
M3: P for trend: 0.0006
Q1: 1
Q2: 0.97 (0.88–1.07)
Q3: 0.89 (0.81–0.99)
Q4: 0.76 (0.74–0.93)
Q5: 0.74 (0.72–0.92)
M4: P for trend: 0.78
Q1: 1
Q2: 1.05 (0.95–1.16)
Q3: 1.05 (0.94–1.17)
Q4: 1.03 (0.92–1.16)
Q5: 1.02 (0.90–1.15)
Dietary iron
M1: P for trend 

< 0.0001
Q1: 1
Q2: 1.05 (0.96–1.16)
Q3: 0.99 (0.90–1.08)
Q4: 0.95 (0.87–1.05)
Q5: 0.76 (0.69–0.84)
M2: P for trend 

< 0.0001
Q1: 1
Q2: 0.98 (0.89–1.08)
Q3: 0.91 (0.83–1.00)
Q4: 0.88 (0.80–0.97)
Q5: 0.79 (0.71–0.87)
M3: P for trend 

< 0.0001

(Continued)
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Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled exclusion 
criteria study population (n) Ascertainment of outcome

Exposure groups  
n/person-years exposure 
assessment method Incident cases Model covariates Results

Simple update with 4-years 
latency was defined as 
prediction of the risk 
during a 4-year interval 
based on intake data 
collected 4-years prior 
to the start of this 
prediction interval

Q1: 1
Q2: 0.98 (0.89–1.08)
Q3: 0.91 (0.82–0.99)
Q4: 0.89 (0.80–0.98)
Q5: 0.78 (0.70–0.86)
M4: P for trend: 0.90
Q1: 1
Q2: 1.06 (0.96–1.17)
Q3: 1.03 (0.93–1.14)
Q4: 1.07 (0.96–1.19)
Q5: 1.02 (0.91–1.15)
Supplemental iron
M1: P for trend 

< 0.0001
Q1: 1
Q2: 0.81 (0.73–0.90)
Q3: 0.74 (0.66–0.83)
Q4: 0.90 (0.80–1.01)
Q5: 0.74 (0.65–0.84)
M2: P for trend: 0.08
Q1: 1
Q2: 0.88 (0.80–0.98)
Q3: 0.81 (0.72–0.92)
Q4: 1.01 (0.89–1.14)
Q5: 0.88 (0.77–0.99)
M3: P for trend: 0.19
Q1: 1
Q2: 0.90 (0.80–1.00)
Q3: 0.85 (0.75–0.96)
Q4: 1.04 (0.91–1.18)
Q5: 0.90 (0.79–1.04)
M4: P for trend: 0.67
Q1: 1
Q2: 0.92 (0.82–1.03)
Q3: 0.85 (0.75–0.96)
Q4: 1.08 (0.95–1.23)
Q5: 0.96 (0.84–1.10)

(Continued)
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Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled exclusion 
criteria study population (n) Ascertainment of outcome

Exposure groups  
n/person-years exposure 
assessment method Incident cases Model covariates Results

Song et al. (2004)
Women's Health Study 

(WHS)
USA
Design: PC (analysis 

of an RCTs using 
aspirin and vitamin 
E including the 
intervention and 
placebo arms)

Follow-up: average 
8.8 years

Funding: National 
Institutes of Health, 
National Institute 
of Diabetes and 
Digestive and Kidney 
Diseases Grant 
DK-02767

N = 39,876
Population sampled: female 

health professionals aged 
≥ 45 years free of coronary heart 
disease, stroke and cancer (other 
than nonmelanoma skin cancer)

Exclusion criteria: missing or 
implausible dietary data (> 70 
items left blank in their SFFQ), 
diabetes at baseline and with 
energy intake outside the range 
of 600–3500 kcal

n = 37,309
Baseline characteristics in quantiles 

of total iron or haem iron intake 
not reported

Self-report plus verification 
via telephone interview or 
mailed questionnaires to 
physicians

Unit of measurement: (mg/
day; value: median)

Quartiles of energy-adjusted 
intakes (residual 
method)

Total iron
Q1: 10.0
Q2: 11.8
Q3: 13.7
Q4: 18.0
Q5: 33.8
Method: SFFQ, Harvard 

food composition 
database

1558 T2DM cases 
during 326,876 
person-years

n/person-years
Total iron
Q1: 304/65,405
Q2: 365/65,431
Q3: 353/65,076
Q4: 267/65,450
Q5: 269/65,514

M1: Age and energy intake
M2: M1 + BMI, smoking, 

exercise, alcohol use and 
family history of diabetes

M3: M2 + fibre intake, glycaemic 
load, magnesium, total fat

[HR] (95% CI)
Total iron
M1: P trend: 0.001
Q1: 1
Q2: 1.17 (1.00–1.36)
Q3: 1.11 (0.95–1.30)
Q4: 0.83 (0.70–0.98)
Q5: 0.86 (0.73–1.02)
M2: P trend: 0.37
Q1: 1
Q2: 1.18 (1.01–1.38)
Q3: 1.14 (0.97–1.34)
Q4: 0.99 (0.83–1.17)
Q5: 1.03 (0.87–1.22)
M3: P trend: 0.94
Q1: 1
Q2: 1.24 (1.05–1.45)
Q3: 1.23 (1.04–1.46)
Q4: 1.09 (0.90–1.31)
Q5: 1.13 (0.93–1.37)

Abbreviations: BMI, body mass index; CI, confidence interval; CVD, cardiovascular disease; Fe, iron; FFQ, food frequency questionnaire; FPG, fasting blood glucose; GDM, gestational diabetes mellitus; HR, hazard ratio; M, model; N, total number;  
n, number analysed; NR, not reported; OR, odds ratio; PA, physical activity; PC, prospective cohort study; PUFA, polyunsaturated fatty acid; Q, quartile; RR, risk ratio; SD, standard deviation; SFA, saturated fatty acid; SFFQ, semi-quantitative FFQ;  
T2DM, type 2 diabetes mellitus; USA, United States of America; USDA, United States Department of Agriculture; WHR, waist hip ratio.
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B.2  |  Intervention studies on gestational diabetes mellitus

First author publication 
year country study title 
duration funding

Design  
N: Number randomised 
n: Number analysed

Subject characteristics at 
baseline/the beginning of the 
intervention Intervention Outcome assessment Results

Chan et al. (2009)
Hong Kong
Duration: mean 

recruitment at 11.3 
gestational weeks

Funding: Public

RCT, parallel, single-blind
Inclusion: Women with 

singleton pregnancy
Exclusion: Diabetes, 

haemoglobinopathies, 
Hb levels lower than  
8 g/dL or greater 
than 14 g/dL or 
had gestational 
age > 16 weeks, women 
with mean corpuscular 
volume < 80 would be 
considered as possibly 
having thalassaemia

N = 1164
OGTT at 28–30 gestational 

weeks = 1042
Second OGTT at 36  

gestational 
weeks = 492

G1 Control:
Age (years, mean, SD): 31.3, 0.18
BMI (kg/m2, mean SD):
21.0, 0.11
Family history of diabetes 

mellitus (%): 24.2
G2 Intervention:
Age (years, mean, SD): 31.3, 0.19
BMI (kg/m2, mean SD):
20.8, 0.11
Family history of diabetes 

mellitus (%): 23.0

Supplement form: Tablet
Intervention: 1× daily
G1 (Control group): Placebo, containing 

starch and lactose
G2 (Fe group): 300 mg ferrous sulfate (60 mg 

of elemental iron)
Co-intervention: None
Background nutrient intake: 7-day dietary 

survey
Compliance: Checked by counting the 

number of tablets remaining. In 977 
(83.9%) women for whom compliance 
could be assessed, the overall compliance 
was on average 54.4% at gestational 
weeks 28–30 and 63% at gestational 
week 36

OGTT at three time points (shortly 
after recruitment for those with 
risk factors, at 28–30 weeks of 
gestation and at 36 weeks of 
gestation)

Cases/total number of 
subjects

28–30 weeks
G1: 60/531
G2: 56/511
36 weeks
G1: 17/248
G2: 16/244
No significant differences 

in the number of 
women developing 
GDM between groups

Liu and Pang (2018)
China
Duration: from < 16 

gestational weeks
Funding: NR

Non-randomised open 
label

Inclusion: gestational age 
less than 16 weeks, and 
Hb levels between 8 
and 14 g/dL

Exclusion: Subjects were 
excluded if they had 
existing diabetes 
mellitus, abnormal 
Hb (Hb <8g/dL, or 
Hb > 14g/dL) and

received supplemental 
iron only after 
16 weeks gestation

N = NR
n = 259

G1 Control:
Age (years, mean, SD): 31.1, 1.5
BMI (kg/m2, mean SD):
20.5, 0.5
Family history of GDM: 38.9%
G2 Intervention:
Age (years, mean, SD): 30.9, 1.3
BMI (kg/m2, mean SD):
20.6, 0.4
Family history of GDM: 31.9%

Supplement form: NR
Intervention: 1× daily
G1 (Control group): NR
G2 (Fe group): 300 mg
Co-intervention: None
Background nutrient intake: NR
Compliance: NR

NR Cases/total number of 
subjects

G1: 9/124
G2: 10/135
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First author publication 
year country study title 
duration funding

Design  
N: Number randomised 
n: Number analysed

Subject characteristics at 
baseline/the beginning of the 
intervention Intervention Outcome assessment Results

Ouladsahebmadarek 
et al. (2011)

Iran
Duration: From the 13th 

gestational week
Funding: Public

RCT, parallel, double-blind
Inclusion: at first 

trimester of a singleton 
pregnancy, Hb > 12 
g/dL, had not taken 
iron containing 
supplements in 
the last month, BP 
< 140/90 mmHg, 
planned to go for all 
their prenatal care to 
the prenatal clinic

Exclusion from analysis: 
Hb < 10.5 g/dL 
and < 11 g/dL at the 
end of 2nd and 3rd 
trimesters respectively, 
miscarriage of 
current pregnancy, 
abnormality of 
the foetus, loss to 
follow-up

N = 960
n = 782

Non-anaemic women
G1 Control:
Age (years, mean, SD): 25.5, 5.0
Weight (kg, mean, SD): 64.5, 11.7
G2 Fe group:
Age (years, mean, SD): 26.3, 5.3
Weight (kg, mean, SD): 66.6, 10.9

Supplement form: Tablet
Intervention: 1× daily
G1 (Control group): Placebo and multivitamin 

tablet
G2 (Fe group): 30 mg of elemental iron and 

multivitamin tablet
Co-intervention: Multivitamin tablet
Background nutrient intake: NR
Compliance: NR

Questionnaire Cases/total number of 
subjects

G1: 3/372
G2: 2/410

Abbreviations: BMI, body mass index; Fe, iron; G, group; GDM, gestational diabetes mellitus; Hb, haemoglobin; Hg, mercury; N, total number; n, number; NR, not reported; OGTT, oral glucose tolerance test; RCT, randomised controlled trial; SD, standard 
deviation.
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Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled 
exclusion criteria study 
population (n)

Ascertainment of 
outcome

Exposure groups exposure 
assessment method

Incident cases n/
person-years n/
participants Model covariates Results

Bowers et al. (2011)
Nurses' Health Study II
USA
Design: PC
Funding: Public

N = 116,671
Population sampled: 

Female U.S. nurses 
recruited between 22 
and 44 years of age, 
reporting a pregnancy 
lasting at least 6 months

Exclusion criteria: Multiple 
gestation, energy intake 
(< 500 or > 3500 kcal/
day), a diagnosis of 
diabetes, GDM, cancer, 
cardiovascular disease, 
peri-menopausal at 
baseline or missing 
information on age, iron 
intake or vital status.

n = 13,475

Method: Self-reported 
biennially via a 
questionnaire

Dietary iron, quintiles of 
cumulative average intake; 
median

Dietary total iron
Q1: 10.30 mg/day
Q2: 11.90 mg/day
Q3: 13.30 mg/day
Q4: 15.00 mg/day
Q5: 18.90 mg/day
Supplemental iron
Q1: 0 mg/day
Q2: 5.10 mg/day
Q3: 15.00 mg/day
Q4: 30.00 mg/day
Q5: 60.00 mg/day
Total iron (diet & 

supplements)
Q1: 10.70 mg/day
Q2: 13.00 mg/day
Q3: 16.13 mg/day
Q4: 24.15 mg/day
Q5: 49.80 mg/day
Method: Semiquantitative 

FFQ covering the past 
year, administered every 
4 years. Cumulative average 
measurement of iron intake 
prior to GDM diagnosis

Cases/total n
Dietary total iron
Q1: 183/2708
Q2: 211/2695
Q3: 148/2506
Q4: 163/2684
Q5: 162/2882
Supplemental iron
Q1: 544/7949
Q2: 40/603
Q3: 95/1654
Q4: 59/1134
Q5: 129/2135
Total iron (diet & 

supplements)
Q1: 180/2380
Q2: 161/2128
Q3: 144/2376
Q4: 154/2673
Q5: 228/3918

M1: Age
M2: M1 + parity, BMI, physical 

activity, glycaemic load, 
polyunsaturated fat intake, 
cereal fibre, smoking, alcohol, 
total calories and family 
history of diabetes

RR (95% CI)
Dietary total iron
M1: P trend: 0.05
Q1: 1
Q2: 1.00 (0.82, 1.23)
Q3: 0.77 (0.62, 0.95)
Q4: 0.84 (0.68, 1.04)
Q5: 0.83 (0.68, 1.02)
M2: P trend 0.26
Q1: 1
Q2: 0.99 (0.80, 1.24)
Q3: 0.83 (0.66, 1.06)
Q4: 0.97 (0.77, 1.24)
Q5: 1.12 (0.87, 1.45)
Supplemental iron
M1: P trend: 0.56
Q1: 1
Q2: 0.96 (0.76, 1.22)
Q3: 0.89 (0.72, 1.11)
Q4: 0.80 (0.64, 1.01)
Q5: 0.99 (0.81, 1.20)
M2: P trend: 0.97
Q1: 1
Q2: 0.98 (0.76, 1.25)
Q3: 0.95 (0.76, 1.19)
Q4: 0.86 (0.68, 1.10)
Q5: 1.04 (0.84, 1.28)
Total iron (diet & 

supplements)
M1: P trend 0.12
Q1: 1
Q2: 0.85 (0.68, 1.07)
Q3: 0.80 (0.64, 1.00)
Q4: 0.72 (0.58, 0.90)
Q5: 0.78 (0.64, 0.96)
M2: P trend 0.95
Q1: 1
Q2: 0.86 (0.68, 1.10)
Q3: 0.85 (0.67, 1.09)
Q4: 0.84 (0.66, 1.07)
Q5: 0.90 (0.72, 1.12)

B.3  |  Prospective cohort studies on gestational diabetes mellitus
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Reference study name 
country study design 
follow-up funding

Original cohort (N total) 
population sampled 
exclusion criteria study 
population (n)

Ascertainment of 
outcome

Exposure groups exposure 
assessment method

Incident cases n/
person-years n/
participants Model covariates Results

Marí-Sanchis et al. 
(2018)

SUN Project
Spain
Design: PC
Funding: Public

N = 22,175
Population sampled: 

Spanish university 
graduates

Exclusion criteria: Male, 
women not responding 
to the baseline 
questionnaire before 
March 2012, participants 
without any pregnancy 
during follow-up, 
women with diagnoses 
of GDM at recruitment, 
women who reported 
caloric intake below the 
1st percentile or above 
the 99th, women with 
the previous diagnosis 
of diabetes

n = 3298

Method: Initially self-
reported, further 
adjudicated based 
on information 
requested and 
medical records

Dietary iron, quartiles, median
Dietary total iron
Q1: 14.3 mg/day
Q2: 16.6 mg/day
Q3: 18.5 mg/day
Q4: 21.9 mg/day
Total iron (diet & 

supplements)
Q1: 14.4 mg/day
Q2: 17.0 mg/day
Q3: 18.9 mg/day
Q4: 22.4 mg/day
Method: Semi-quantitative 

FFQ

Cases/total n
Dietary total iron
Q1: 40/835
Q2: 42/824
Q3: 45/825
Q4: 45/824
Total iron (diet & 

supplements)
Q1: 40/825
Q2: 42/824
Q3: 45/825
Q4: 45/824

M1: unadjusted
M2: age
M3: M2 + BMI, family history of 

diabetes, parity, multiple 
pregnancy, smoking, physical 
activity, hypertension, sugar-
sweetened soft drinks, total 
energy intake, total fibre 
intake, special diet, snacking 
and non-haem iron in the 
analysis of haem iron and for 
haem iron in the analysis of 
non-haem iron

OR (95% CI)
Dietary total iron
M1: P trend 0.546
Q1: 1
Q2: 1.05 (0.68, 1.64)
Q3: 1.13 (0.73, 1.75)
Q4: 1.13 (0.73, 1.76)
M2: P trend: 0.564
Q1: 1
Q2: 1.03 (0.72, 1.74)
Q3: 1.12 (0.72, 1.74)
Q4: 1.12 (0.72, 1.74)
M3: P trend: 0.471
Q1: Ref.
Q2: 1.12 (0.69, 1.80)
Q3: 1.24 (0.74, 2.06)
Q4: 1.25 (0.67, 2.36)
Total iron (diet & 

supplements)
M1: P trend 0.545
Q1: 1
Q2: 1.05 (0.68, 1.64)
Q3: 1.13 (0.73, 1.75)
Q4: 1.13 (0.73, 1.76)
M2: P trend: 0.564
Q1: 1
Q2: 1.03 (0.66, 1.61)
Q3: 1.12 (0.72, 1.74)
Q4: 1.12 (0.72, 1.74)
M3: P trend: 0.465
Q1: Ref.
Q2: 1.12 (0.69, 1.80)
Q3: 1.24 (0.74, 2.06)
Q4: 1.25 (0.67, 2.36)

(Continued)
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exclusion criteria study 
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Ascertainment of 
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Incident cases n/
person-years n/
participants Model covariates Results

Zhang, Xu, et al. (2021)
Tongji Maternal and 

Child Health
Cohort
China
Design: PC
Funding: Public

N = 8649
Population sampled: 

pregnant enrolled at 
their 1st prenatal visit 
within 16 weeks of 
gestation

Exclusion criteria: Could 
not speak Chinese, did 
not intend to receive 
routine prenatal cares 
or deliver at one of 
the three research 
hospitals, diabetes and/
or hypertension before 
pregnancy, multiple or 
unclear birth, unreliable 
information on iron 
supplement use, no 
information on GDM 
diagnosis

n = 5101

Method: OGTT at 
24–28 gestational 
weeks

Iron supplementation, based 
on dose and duration

G1: Non-users
G2: iron ≤ 30 mg/day for any 

duration
G3: > 30 mg/day iron for less 

than 3 months
G4: > 30 mg/day iron for more 

than 3 months
Method: Participants were 

instructed to report 
whether they used any 
supplements containing 
iron from pre-pregnancy, 
and if so, more questions 
were asked about the 
brand, iron dosage 
contained, timing and how 
frequently the item was 
consumed. Information 
on supplementation after 
that was collected at their 
follow-up clinic visits during 
middle pregnancy

Iron supplements included 
both iron-only supplements 
and multivitamins and 
minerals that contained 
iron

Cases (%)
G1: 106 (7.3)
G2: 26 (7.6)
G3: 17 (8.1)
G4: 57 (14.8)

Maternal age, pre-pregnancy 
BMI, family history of 
diabetes, education level, 
mean household income, 
employed, smoking, alcohol 
consumption, parity, 
gestational weight gain at 
OGTT, early Hb concentrations, 
gestational age at Hb 
measurement

OR (95% CI)
G1: 1
G2: 1.15 (0.86, 1.54)
G3: 1.14 (0.80, 1.61)
G4: 1.53 (1.21, 1.93)
p-trend: 0.001

Abbreviations: BMI, body mass index; FFQ, food frequency questionnaire; GDM, gestational diabetes mellitus; Hb, haemoglobin; M, model; N, total number; n, number; OR, odds ratio; PC, prospective cohort study; Q, quartile or quintile; RR, risk ratio.
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Bries et al. (2019)
USA
Duration: 9 week 

(Supplementation 
for 21 day at a 
time)

Funding: Private

RCT, cross-over, double-blind
Inclusion: 18–40 years, BMI 18.5–30 kg/m2, no 

medication use except contraceptives, no blood 
donation within 2 m, non-smoking, non-pregnant 
or lactating, no history of chronic diseases, no 
gastrointestinal-associated conditions or dietary 
intolerances; no intake of vitamin, mineral or herbal 
supplements 1 week before and during the study 
period, written informed consent

Exclusion: Hb < 12 g/dL, SF ≥ 40 μg/L or abnormal 
kidney, liver and basic metabolic panel indicators

N = 17
n = 16

% Female: 100
Age, mean ± SD
20.6 years ± 1.4

Supplement form: 
Capsules

Intervention: 1 × daily 
with food

G1: 65 mg of iron as iron 
enriched Aspergillus 
oryzae, then 65 mg of 
iron as ferrous sulfate

G2: 65 mg of iron as 
ferrous sulfate, then 
65 mg of iron as 
Aspergillus oryzae

All subjects received 
placebo pills for 
21 days wash-out 
period

Background nutrient 
intake: NR

Compliance: General 
compliance was 
recorded by 
documenting the 
remaining capsules 
from the returned 
containers.

Compliance was 97%, 
93% and 95.2% for 
Aspergillus oryzae, 
ferrous sulfate and 
placebo, respectively

Gastrointestinal side 
effects (nausea, 
heartburn, 
abdominal 
discomfort, 
fatigue, 
diarrhoea, 
constipation)

Method: A 
gastrointestinal 
side effects 
questionnaire 
was distributed 
electronically 
to participants 
over 2 randomly 
chosen weekdays 
and 1 weekend 
day during each 
intervention 
period

Number of side effects for 2 weekdays  
and 1 weekend day

Mean (SE)
Constipation
G1: 1.13 (0.43)
G2: 1.56 (0.50)
G3: 1.06 (0.37)
Diarrhoea
G1: 0.63 (0.22)
G2: 1.00 (0.33)
G3: 0.50 (0.24)
Nausea
G1: 0.38 (0.18)
G2: 0.75 (0.30)
G3: 0.44 (0.16)
Abdominal discomfort
G1: 2.50 (0.50)
G2: 2.81 (0.56)
G3: 2.75 (0.78)
Heartburn
G1: 0.13 (0.09)
G2: 0.13 (0.09)
G3: 0

B.4  |  Intervention studies on adverse gastrointestinal effects
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Brock et al. (1995)
USA
Duration: 56 day
Funding: NR

RCT, parallel, single-blind
Exclusion: Hb < 10 mg/dL or > 16 mg/dL, condition 

contraindicating iron oral administration or 
interfering with evaluation of the substances under 
test, use of medication interfering with factors 
under study

N = 543
n = 543

% Female: 89
Age range: 

18–39 years

Supplement form: 
Wax-matrix 
delivery system and 
conventional tablets

Intervention: 1× daily, 
before breakfast

G1: Wax-matrix delivery 
system (ferrous 
sulfate providing 
50 mg of iron)

G2: conventional tablets 
(ferrous sulfate 
providing 50 mg of 
iron)

Background nutrient 
intake: NR

Compliance: 33 
individuals on G1 and 
44 on G2 dropped 
due to intolerable 
adverse effects; 8 
in G1 and 4 in G2 
dropped due to 
Hb > 16 mg/dL

GI side effects
Method: NR

Abdominal discomfort (count/n):
G1: 25/271; G2: 53/272
Nausea (count/n):
G1: 11/271; G2: 26/272
Vomiting (count/n):
G1: 3/271; G2: 5/272
Total stomach-related effects (count/n):
G1: 33/271; G2: 74/272
Constipation (count/n):
G1: 18/271; G2 47/272
Diarrhoea (count/n):
G1: 13/271; G2: 47/272
Dark stool (count/n):
G1: 5/271; G2: 17/272
Total bowel-related effects (count/n):
G1: 28/271; G2: 77/272
Total GI effects (count/n):
G1: 45/271; G2: 124/272

Coplin et al. (1991)
USA
Duration: 4 week 

(2 week for each 
treatment)

Funding: Mixed, 
United Stated 
Public Health 
& Albion 
Laboratories

RCT, crossover, double-blind
Inclusion: premenopausal, non-pregnant women, 

with normal iron status (serum iron: 12–27 μmol/L; 
serum transferrin: 2.5–4.2 g/L; Hb: 115–150 g/L; 
haematocrit: 36%–47%; mean corpuscular volume: 
76–100 fL)

Exclusion: abnormal indicators of iron status
N = 40
n = 38

% female: 100
Age range: 

18–40 years

Supplement form: 
Capsules

Intervention: 1× daily, 
before breakfast

G1: iron-chelate 
bis-glycine iron II, 
containing 50 mg 
of iron

G2: ferrous sulfate 
(FeSO4.7H2O) with 
added soy protein, 
containing 50 mg 
of iron

Background nutrient 
intake: NR

Compliance: 2 women 
withdrew for reasons 
not related with iron 
preparations

GI side effects
Method: self-

reported (data 
sheets with 
daily log on the 
prevalence
and intensity 
of symptoms 
recorded by 
participants)

Abdominal pain (count/n):
G1: 9/38; G2: 7/38
Bloating (count/n):
G1: 9/38; G2: 10/38
Constipation (count/n):
G1: 13/38; G2: 13/38
Diarrhoea (count/n):
G1: 7/38; G2: 9/38
Nausea (count/n):
G1: 9/38; G2: 12/38
Vomiting (count/n):
G1: 0/38; G2: 0/38
Total GI symptoms (count/n):
G1: 23/38; G2: 25/38
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Friling et al. (2022)
Spain
Duration: 28 days 

(14 days for each 
treatment, with 
washout ≥ 1 
month)

Funding: Private

RCT, 2-way crossover, double-blind
Inclusion: healthy, volunteer, premenopausal women, 

aged between 18 and 50 years, with regular 
menstrual cycles, and normal health established by 
medical history, vital signs, physical examination, 
electrocardiogram and laboratory data within 
normal limits, including complete blood cell count, 
biochemical profile and urine analysis; BMI 20–25 
kg/m2, non-anaemic, CRP < 5 mg/L, and willingness 
to maintain stable nutritional and general habits 
during the study

Exclusion: Hb < 12 g/dL, LDL > 130 mg/dL, TG > 200 
mg/dL, severe premenstrual symptoms, relevant 
comorbid diseases (e.g. peptic ulcer, ulcerative 
colitis or enteritis, inflammatory bowel disease, iron 
storage disorders, liver and renal dysfunction, etc.), 
chronic or infectious diseases or any active medical 
illness in the 48 h prior to the baseline visit, drug or 
alcohol abuse, gastric bypass or bariatric surgery, 
use of nutritional supplements within the previous 
month, intake of iron supplements and/or iron-
containing multivitamins during 3 months prior 
to study entry, use of chronic medication (except 
oral contraceptives), previous participation in iron 
tolerability trials, participation in a clinical research 
trial within 30 days of randomisation, pregnancy or 
breastfeeding, planning pregnancy, intolerance to 
iron supplements, following a specific diet 30 days 
prior to the start of the study, blood donation 
in the previous month, cognitive impairment or 
incapability to give informed consent, and any 
other laboratory abnormality, medical condition or 
psychiatric disorder that, could adversely affect the 
ability of the subject to complete the study or its 
measurements or that may pose a significant risk to 
the subject

N = 51
n = 47

% female: 100
Age (mean ± SD): 

30.7 years 
± 7.4 years

Supplement form: 
Capsules

Intervention: 1× daily, 
before lunch

G1: microencapsulated 
ferric saccharate, 
containing 60 mg/
day of elemental iron.

G2: conventional ferrous 
sulfate, containing  
60 mg/day of 
elemental iron.

Washout period of 
2 consecutive 
menstrual episodes 
and ≥ 1 month, 
before receiving 
crossover product

Background nutrient 
intake: NR

Compliance: assessed 
by counting the 
empty and non-
empty blister 
packages returned.

G1: 97.5% ± 4.5%;
G2: 97.9% ± 4.4%

GI side effects
Method: 

questionnaire 
and direct 
participant 
reporting, 
recorded after 
the intervention 
periods

Total GI symptoms (count/n):
G1: 32/47;
G2: 41/47;
Washout: 30/47
Nausea (count/n):
G1: 4/47;
G2: 11/47;
Washout: 2/47
Heartburn (count/n):
G1: 7/47;
G2: 10/47;
Washout: 3/47
Abdominal pain (count/n):
G1: 10/47;
G2: 17/47;
Washout: 15/47
Flatulence/swelling (count/n):
G1: 20/47;
G2: 30/47;
Washout: 19/47
Diarrhoea (count/n):
G1: 6/47;
G2: 14/47;
Washout: 5/47
Metallic taste (count/n):
G1: 3/47;
G2: 6/47;
Washout: 1/47
Constipation (count/n):
G1: 11/47;
G2: 12/47;
Washout: 9/47
Vomiting (count/n):
G1: 0/47;
G2: 1/47;
Washout: 0/47
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Frykman et al. (1994)
Sweden
Duration: 30 days
Funding: NR

RCT, parallel, double-blind
Inclusion: blood donors
Exclusion: elevated Hb
N = 100
n = 97

% female: 53%
Mean age 

41–45 years, 
depending on 
group

Supplement form: 
Tablets

Intervention: 1× daily
G1: 2.4 mg haem iron 

from porcine blood 
+16 mg iron from 
ferrous fumarate.

G2: ferrous fumarate 
containing 60 mg/
day of elemental iron

Two other periods 
followed, in both 
of which half of 
the participants 
randomly received 
placebo and the 
other half one of the 
iron interventions

Background nutrient 
intake: NR

Compliance: NR

GI side effects
Method:
Symptom diary + 

multiple choice 
diary for rating 
severity

Nausea:
G1: 8%
G2: 6%
Placebo: 4%
Gastric pain:
G1: 6%
G2: 19%
Placebo: 10%
Constipation:
G1: 14%
G2: 35%
Placebo: 20%
Diarrhoea:
G1: 26%
G2: 37%
Placebo: 19%
Total with symptoms:
G1: 14%
G2: 25%
Placebo: 14%

Hallberg et al. (1966)
Sweden
Duration: 14 days
Funding: NR

RCT, parallel, double-blind
Inclusion: blood donors
Exclusion: NR
Series 1:
N = 393
n = 344
Series 2:
N = 477
n = 447
Series 3:
N = 791
n = 705

Series 1% females: 
17%

Series 2% females: 
13%

Series 3% females: 
17%

Supplement form: 
Tablets, 3 × daily

Series 1:
G1: placebo (n = 195)
G2: ferrous sulfate,  

222 mg elemental 
iron (n = 198)

Series 2:
G1: placebo (n = 119)
G2: ferrous sulfate,  

222 mg elemental 
iron (n = 120)

G3: ferrous fumarate,  
222 mg elemental 
iron (n = 118)

G4: ferrous gluconate, 
222 mg elemental 
iron (n = 120)

GI side effects
Method: 

questionnaire on 
bowel habits and 
GI symptoms

Series 1:
Total with symptoms
G1: 13.6% + 4.1% discontinued because of  

symptoms
G2: 22.9% + 8.0% discontinued because  

of symptoms
Constipation
G1: 8.9%
G2: 8.0%
Diarrhoea:
G1: 0.6%
G2: 5.7%
Heartburn
G1: 3.6%
G2: 2.3%
Nausea
G1: 0.6%
G2: 5.7%
Epigastric pain
G1: 1.8%
G2: 2.3%
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Series 3:
G1: placebo (n = 200)
G2: ferrous sulfate,  

180 mg elemental 
iron (n = 195)

G3: ferrous fumarate,  
180 mg elemental 
iron (n = 200)

G4: ferrous gluconate, 
180 mg elemental 
iron (n = 196)

Background nutrient 
intake: NR

Compliance: NR

Series 2:
Total with symptoms
G1: 13.9%
G2: 27.9%
G3: 26.4%
G4: 31.5%
Constipation
G1: 4.3%
G2: 9.9%
G3: 10.0%
G4: 13.5%
Diarrhoea:
G1: 0.9%
G2: 6.3%
G3: 6.4%
G4: 6.3%
Heartburn
G1: 2.6%
G2: 3.6%
G3: 5.5%
G4: 4.5%
Nausea
G1: 0.0%
G2: 5.4%
G3: 0.0%
G4: 3.6%
Epigastric pain
G1: 0.9%
G2: 7.2%
G3: 2.7%
G4: 4.5%
Series 3:
Total with symptoms
G1: 12.4%
G2: 26.5%
G3: 24.4%
G4: 27%
Constipation
G1: 6.2%
G2: 11.2%
G3: 10.0%
G4: 12.9%
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Diarrhoea:
G1: 3.4%
G2: 6.5%
G3: 4.4%
G4: 6.2%
Heartburn
G1: 1.7%
G2: 1.8%
G3: 1.7%
G4: 2.2%
Nausea
G1: 1.7%
G2: 2.9%
G3: 2.8%
G4: 3.4%
Epigastric pain
G1: 0.0%
G2: 3.5%
G3: 5.0%
G4: 3.4%

Tiekou Lorinczova 
et al. (2022)

United Kingdom
Duration: 6 week
Funding: Private

RCT, parallel, double-blind
Inclusion: healthy, aged 18–40 years, with ferritin 

levels 15–300 μg/L for men and 15–200 μg/L for 
women.

Exclusion: Hb < 130 g/L for men and < 120 g/L for 
women, with medical conditions or comorbidities 
(currently trying to conceive, pregnant, lactating, 
experiencing any chronic menstrual disorders 
or reported undergoing any menopausal 
changes), any issues related to ingesting oral 
supplementation, taking any supplementation or 
medication, alcohol consumption exceeding 21 
units/week, chronic GI symptoms, eating disorders, 
psychological conditions or any hypo/hypertensive 
BP measurements.

N = 155
n = 154

% female: 49
Age (mean ± SD): 

26.12 years ± 0.39

Supplement form: 
Capsules

Intervention: 1× daily, 
1 h before or 2 h after 
food consumption, 
with ferrous sulfate 
and curcumin taken 
at separate times.

G1: ferrous sulfate placebo 
+ curcumin placebo

G2: ferrous sulfate with 
18 mg elemental iron 
+ placebo

G3: ferrous sulfate with 
18 mg elemental iron 
+ 500 mg curcumin 
G4: ferrous sulfate 
with 65 mg elemental 
iron + placebo

G5: ferrous sulfate with 
65 mg elemental iron 
+ 500 mg curcumin

Background nutrient 
intake: NR

Compliance: ≥ 80% at 
mid-intervention 
period, and at the end 
of trial for all groups

GI side effects
Method: validated 

questionnaire for 
GI symptoms

No differences between supplementation groups 
for nausea, vomiting, heartburn, abdominal 
pain, diarrhoea and darker bowel movements at 
the end of trial
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Makrides et al. (2003)
Australia
Duration: 20 week 

of gestation until 
delivery

Funding: Private

RCT, parallel, double-blind
Inclusion: singleton or twin pregnancies, informed 

consent
Exclusion: pre-existing anaemia (Hb > 110 g/L), 

thalassemia, history of drug or alcohol abuse, 
taking vitamin and mineral preparations containing 
iron

N = 430
n 24 w gestation = 408
G1: 204
G2: 204
n 36 w gestation = 393
G1: 193
G2: 200

% Female: 100
Age, mean ± SD
G1: 28.0 years ± 5
G2: 28.5 years ± 5

Supplement form: Tablet
Intervention: 1× daily, 

between meals
G1: placebo
G2: 20 mg elemental iron, 

as ferrous sulfate
Background nutrient 

intake: iron-
specific validated 
food-frequency 
questionnaire at 
20 and 36 week of 
gestation

Compliance: Monthly 
telephone calls (at 24, 
28, 32, 36 and 40 week 
of gestation) were 
made to encourage 
compliance and 
assess the average 
number of tablets 
not taken during 
the previous month. 
Women were supplied 
with excess tablets, 
and the number of 
tablets returned 
served as a measure 
of compliance. The 
back-count of tablets 
collected from 174 
women in G2 and 164 
women in G1 showed 
that 86% of women in 
G2 and 85% of women 
in G1 took their 
allocated supplement 
daily. There was a 
strong correlation 
between the 
noncompliance data 
based on the tablet 
back-count and that 
based on the number 
of tablets the women 
reported not taking 
during the monthly 
telephone calls

Maternal 
gastrointestinal 
side effects 
(such as nausea, 
heartburn, 
abdominal 
discomfort, 
constipation, 
diarrhoea)

Method: 
Gastrointestinal 
side effects were 
assessed at 24 
and 36 week of 
gestation by use 
of a structured 
telephone 
questionnaire

The prevalence of nausea, stomach pain, heartburn, 
vomiting and hard stools and the frequency of 
bowel actions was not significantly different 
between women in G2 and those in G1 at both 
24 and 36 week of gestation.

24 week of gestation
Nausea, count/n
G1: 45/204; G2: 51/204
Stomach pain, count/n
G1: 39/204; G2: 47/204
Heartburn, count/n
G1: 100/204; G2: 100/204
Vomiting, count/n
G1: 27/204; G2: 21/204
Black stool, count/n
G1: 0/204; G2: 0/204
Hard stool, count/n
G1: 32/204; G2: 36/204
36 week of gestation
Nausea, count/n
G1: 54/193; G2: 58/200
Stomach pain, count/n
G1: 57/193; G2: 70/200
Heartburn, count/n
G1: 133/193; G2: 136/200
Vomiting, count/n
G1: 26/193; G2: 24/200
Black stool, count/n
G1: 8/191; G2: 3/200
Hard stool, count/n
G1: 34/191; G2: 25/200
Women who took high-dose iron supplements 

reported a higher prevalence of black stools 
(10/93, or 10.8%, compared with 1/298, or 0.3%; 
p < 0.001) and hard stools (21/93, or 22.6%, 
compared with 38/298, or 12.7%; p < 0.05) than 
did the women who received only low-dose iron 
or placebo treatment
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McKenna et al. (2003)
United Kingdom
Duration: 4 weeks
Funding: NR

RCT, parallel, double-blind
Inclusion: women with a singleton pregnancy 

incompliant with prescribed iron medication; 
booking haemoglobin > 10.4 g/dL and known 
gestational age confirmed by ultrasound at
< 20 weeks gestation

Exclusion: multiple pregnancy; booking haemoglobin 
< 10.4 g/dL; uncertain gestational age; known 
medical problem; maternal ingestion of other 
medication; patients compliant with prescribed 
iron supplements and known foetal anomaly

N = 102
n = 72

Pregnant women Supplement form: 
Sachets to be diluted 
in orange juice

Intervention: 1× daily, 
before breakfast

G1: placebo
G2: 10 mg elemental 

iron, as iron rich 
water preparation

Background nutrient 
intake: NR

Compliance: 67% in 
the control and 57% 
in the intervention 
group

Gastrointestinal 
symptoms

Method: modified 
Glasgow 
Dyspepsia 
Severity Score 
(mGDSS)

Baseline at 22 weeks of gestation:
mGDSS (mean, SD)
G1: 1.86, 2.06
G2: 3.54, 3.48
26 weeks of gestation:
G1: 1.54, 1.95
G2: 3.51, 3.38

Milman et al. (2006)
Denmark
Duration: 154 days
Funding: Private

RCT, parallel, double-blind
Inclusion: healthy pregnant women belonging to the 

middle or upper socioeconomic classes
Exclusion: women taking acetyl salicylic acid
N = 427
n = 291

Pregnant women Supplement form: 
Tablet

Intervention: 1× daily in 
the evening

G1: 20 mg elemental iron 
as ferrous fumarate

G2: 40 mg elemental iron 
as ferrous fumarate

G3: 60 mg elemental iron 
as ferrous fumarate

G4: 80 mg elemental iron 
as ferrous fumarate

Background nutrient 
intake: NR

Compliance: only 
women with > 90% 
compliance were 
included in the 
analysis

Gastrointestinal 
symptoms

Method: interview

n = total n per group
Baseline
Nausea
G1: 18% (n = 99)
G2: 17% (n = 100)
G3: 15% (n = 102)
G4: 22% (n = 103)
Vomiting
G1: 7% (n = 99)
G2: 9% (n = 100)
G3: 9% (n = 102)
G4: 9% (n = 103)
Epigastric pain
G1: 8% (n = 99)
G2: 12% (n = 100)
G3: 11% (n = 102)
G4: 14% (n = 103)
Constipation
G1: 32% (n = 99)
G2: 24% (n = 100)
G3: 29% (n = 102)
G4: 27% (n = 103)
Black stools
G1: 5% (n = 99)
G2: 7% (n = 100)
G3: 9% (n = 102)
G4: 9% (n = 103)
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characteristics at 
baseline Intervention

Outcome 
assessment Results

32 gestational weeks
Nausea
G1: 4% (n = 71)
G2: 6% (n = 68)
G3: 1% (n = 79)
G4: 4% (n = 75)
Vomiting
G1: 3% (n = 71)
G2: 2% (n = 68)
G3: 0% (n = 79)
G4: 1% (n = 75)
Epigastric pain
G1: 13% (n = 71)
G2: 9% (n = 68)
G3: 12% (n = 79)
G4: 10% (n = 75)
Constipation
G1: 24% (n = 71)
G2: 17% (n = 68)
G3: 20% (n = 79)
G4: 37% (n = 75)
Black stools
G1: 10% (n = 71)
G2: 20% (n = 68)
G3: 58% (n = 79)
G4: 72% (n = 75)
39 gestational weeks
Nausea
G1: 7% (n = 63)
G2: 11% (n = 57)
G3: 7% (n = 70)
G4: 14% (n = 66)
Vomiting
G1: 3% (n = 63)
G2: 7% (n = 57)
G3: 1% (n = 70)
G4: 3% (n = 66)
Epigastric pain
G1: 10% (n = 63)
G2: 11% (n = 57)
G3: 12% (n = 70)
G4: 8% (n = 66)
Constipation
G1: 17% (n = 63)
G2: 25% (n = 57)
G3: 20% (n = 70)
G4: 27% (n = 66)
Black stools
G1: 5% (n = 63)
G2: 23% (n = 57)
G3: 58% (n = 70)
G4: 64% (n = 66)
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First author 
publication year 
country study title 
duration funding Design N: Number randomised n: Number analysed

Subject 
characteristics at 
baseline Intervention

Outcome 
assessment Results

Milman et al. (2014)
Denmark
Duration: appr. 

160 days
Funding: Private

RCT, parallel, double-blind
Inclusion: healthy Danish, Caucasian women > 18 years 

of age, with a normal single pregnancy
Exclusion: treatment with acetyl salicylic acid; 

smoking > 5 cigarettes/day; clinically significant 
vaginal haemorrhage > 200 mL prior to the initial 
visit; haemoglobin at the initial visit < 103 g/L 
(6.4 mmol/L).

G1: N = 40, n = 30
G2: N = 40, n = 33

Pregnant women Supplement form: 
Tablet

Intervention: 1× daily 
in the evening or 
between meals

G1: 25 mg elemental 
iron as ferrous 
bisglycinate

G2: 50 mg elemental iron 
as ferrous sulfate

Compliance: assessed 
at the last prepartum 
visit based on pill 
counts

Gastrointestinal 
symptoms

Method: 
questionnaire

In both iron groups, from inclusion to delivery, 
there was a decrease in the frequency of nausea 
(p = 0.02) and colic pain (p = 0.04) and an increase 
in the frequency of pyrosis/cardialgia (p = 0.003)

Women taking bisglycinate displayed a lower 
frequency of black stools than women taking 
sulfate (p = 0.003). The total number of reported 
complaints at inclusion was not significantly 
different in the two iron groups. When the 
complaints at 27–28 weeks, 36–37 weeks and 
just before delivery were pooled, there was a 
significantly lower frequency in the bisglycinate 
group (188 positive of 1203 responders) than 
in the sulfate group (272 positive of 1316 
responders) (p = 0.001)

Pereira et al. (2014)
United Kingdom
Duration: 7 days
Funding:
Public

RCT, parallel, double-blind
Inclusion: Healthy, aged 18–65 years, written informed 

consent
Exclusion: Presence of any chronic disease, pregnancy 

or lactation
N = 20
n = 20

% Female: 65
Average age: 

32 years

Supplement form: 
Capsules

Intervention: 2× daily, 
at mealtimes

G1: Placebo
G2: total: 130 mg iron as 

ferrous sulfate
Background nutrient 

intake: NR
Compliance: Assessed 

by questionnaire. 
Compliance with oral 
iron/placebo > 80% 
for the morning 
dose and > 90% for 
the evening dose 
for participants in 
both groups and did 
not differ between 
groups. Reasons 
provided for non-
compliance were 
unrelated to the 
study treatments

Gastrointestinal 
symptoms

Method:
Self-completed 

questionnaire on 
a daily basis for 
the 7d treatment 
and the following 
7d wash-out 
period

Nausea, frequency of symptoms; day/week, 
mean ± SD:

G1 (Treatment period): 0.2 ± 0.1
G1 (Washout period): 0.4 ± 0.4
G2 (Treatment period): 1.1 ± 0.6
G2 (Washout period): 0.1 ± 0.1
Heartburn, frequency of symptoms; day/week, 

mean ± SD:
G1 (Treatment period): 0
G1 (Washout period): 0
G2 (Treatment period): 1.0 ± 0.4
G2 (Washout period): 0.3 ± 0.3
Abdominal pain, frequency of symptoms; day/week, 

mean ± SD:
G1 (Treatment period): 0.2 ± 0.1
G1 (Washout period): 0
G2 (Treatment period): 2.0 ± 0.6
G2 (Washout period): 1.0 ± 0.7
Diarrhoea, frequency of symptoms; day/week, 

mean ± SD:
G1 (Treatment period): 0.3 ± 0.3
G1 (Washout period): 0.4 ± 0.2
G2 (Treatment period): 0.4 ± 0.3
G2 (Washout period): 0.3 ± 0.2
Constipation, frequency of symptoms; day/week, 

mean ± SD:
G1 (Treatment period): 0.2 ± 0.2
G1 (Washout period): 0
G2 (Treatment period): 1.0 ± 0.6
G2 (Washout period): 0.7 ± 0.5
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Outcome 
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Change bowel movements, frequency of symptoms; 
day/week, mean ± SD:

G1 (Treatment period): 0.4 ± 0.3
G1 (Washout period): 0.4 ± 0.2
G2 (Treatment period): 1.3 ± 0.5
G2 (Washout period): 1.5 ± 0.3
Black stools, frequency of symptoms; day/week, 

mean ± SD:
G1 (Treatment period): 0
G1 (Washout period): 0
G2 (Treatment period): 4.1 ± 0.7
G2 (Washout period): 1.3 ± 0.4

Abbreviations: appr., approximatively; BMI, body mass index; BP, blood pressure; CRP, C-reactive protein; G, group; GI, gastrointestinal; Hb, haemoglobin; LDL, low density lipoprotein; mGDSS, modified Glasgow Dyspepsia Severity Score; N, total 
number; n, number; NR, not reported; RCT, randomised controlled trial; SD, standard deviation; SE, standard error; TG, triglycerides; USA, United States of America.
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B.5  |  Intervention studies on adverse effects of iron supplementation in infants and young children

First author, year 
study country, 
duration, funding Design

Subject 
characteristics at 
baseline Intervention Ascertainment of outcome Results

Dewey et al. (2002)
Sweden and Honduras
Intervention 

duration:  
5 months

Funding: mixed, by 
the US department 
of agriculture, the 
thrasher research 
fund, stiftelsen 
oskardonden, 
Swedish Nutrition 
Foundation, 
Stiftelsen 
Samariten and the 
Swedish Medical 
Research council, 
HemoCue AB

Study design: Double-
blinded, RCT, Parallel 
groups.

Selection criteria
Gestational age ≥ 37 week; 

birth weight ≥ 2500 g;  
no chronic 
illness; maternal 
age ≥ 16 years; infant 
exclusively breast-fed 
at 4 months + did not 
receive > 90 mL/day 
of formula during any 
period since birth; 
mother intended to 
exclusively or nearly 
exclusively breast-feed 
until 6 months and 
to continue breast-
feeding until 9 months

N = 121
n = 96
Groupwise n:
G1 (iron supplement from 

4 to 9 months): 30
G2 (placebo): 36

Female (%): NR
Age (months):  

4 months
Hb, Serum ferritin, 

TfR: NR
WAZ (z-score, 

mean ± SD):
G1: 0.62 ± 0.78
G2: 0.49 ± 0.84
HAZ (z-score, 

mean ± SD):
G1: 0.67 ± 0.76
G2: 0.46 ± 0.65

Supplement form:
Liquid formulation (Fer-In-Sol, 

Mead Johnson, Evansville, IN) of 
ferrous sulfate in a sugar solution 
containing 25 g/L of elemental 
iron.

Intervention: 1× day
Iron compound: ferrous sulfate
Control: placebo
Dose (mg/kg/day):
1 mg of elemental iron/kg/day
Background nutrient intake: NR
Compliance:
Daily checklist indicating whether the 

drops were given, and by collecting 
the used bottles each month and 
measuring the amount of fluid 
remaining.

Covariates: morbidity

Weight and length measurement 
methods:

Birth weight was recorded from 
medical charts. Each month 
from 4 to 9 months, weight 
was measured on an electronic 
scale (to the nearest 10 g), 
length was measured on a 
recumbent length board (to the 
nearest 0.1 cm)

Weight and length measurements 
were used to derive infant's 
WAZ and HAZ

Morbidity data: daily calendar 
for mothers to record the 
infant's stool frequency and 
consistency and any symptoms 
of illness, or diagnoses made by 
a health care provider.

Infant growth:
Weight gain (g, mean ± SE):
G1: 1925 ± 101
G2:2134 ± 92
WAZ (z-score, mean ± SD):
G1: −0.06 ± 0.92
G2: 0.06 ± 1.08
There was no effect of iron supplementation on weight 

gain during the interval 4–9 months
Length gain (cm, mean ± SE):
G1: 7.31 ± 0.23
G2: 7.79 ± 0.21
HAZ (z-score, mean ± SD):
G1: 0.17 ± 0.80
G2: 0.21 ± 0.84
Length gain from 4 to 9 months was less in the iron-

supplemented groups than in the placebo group 
p = 0.03.

Morbidity:
Morbidity (Diarrhoea %yes):
G1: 30
G2: 14
Morbidity (fever, %yes):
G1: 81
G2:67
No significant effect on other morbidity outcomes, 

although it should be noted that detecting effects 
on morbidity generally requires larger sample sizes 
than achieved in this study
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study country, 
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baseline Intervention Ascertainment of outcome Results

Gahagan et al. (2009)
Refer to Lozoff 

et al. (2003)
Chile
Duration: 6 months
Funding: public, 

NIH: grant 
K23HD001481  
(S. Gahagan, PI) 
and
R01 HD33487  
(B. Lozoff, PI)

Study design: 
RCT, parallel, 
double-blinded

Selection criteria Chilean 
infants weighing > 3 kg,  
aged 6–12 m, iron 
sufficient (capillary  
Hb ≥ 128 g/L/ venous 
Hb ≥ 110 g/L, + at least 
2 of 3 iron measures in 
the sufficient range: 
mean corpuscular 
volume ≥ 70 
fL, erythrocyte 
protoporphyrin < 1.77 
μmol/L RBC, serum 
ferritin ≥ 12 mg/L

N = 142
n = 118
Groupwise n 6–12 

month:
G1 (fortified formula/

vitamin with iron): 56
G2 (usual nutrition): 62

% females:
G1: 53.4
G2: 56.5
Age (months)
G1: 6 months
G2: 6 months
WAZ (z-score, 

mean ± SD):
G1: 0.43 ± 0.84
G2: 0.42 ± 0.73
HAZ (z-score; 

mean ± SD):
G1: 0.10 ± 0.68
G2: 0.02 ± 0.86
Hb, TfR, serum 

ferritin: NR

Supplement form: iron fortified 
formula (for those receiving at least 
250 mL of supplemental milk) or 
vitamin with iron (for those taking 
< 250 mL of supplemental milk to 
breast-feeding)

Intervention: daily
Iron compound: not described by 

type (only as part of vitamin 
powder/supplement)

Control: usual nutrition,
Dose (mg/day):
G1: iron fortified formula: 12 mg/L; 

vitamins with iron: 10 mg/day
Covariates: Sex and socioeconomic 

status (SES) were included as 
covariates in all analyses, also birth 
weight and length were included 
as covariates in the models of 
growth from 1 to 10 years, as birth 
size is related to both growth and 
iron stores at birth

Background nutrient intake: NR
Compliance: project personnel made 

weekly home visits to review the 
infants' consumption of study 
provided formula or milk, vitamins 
or iron drops with the mothers

Weight and length measurement 
methods:

Electronic scale (to the nearest  
0.01 kg); recumbent length 
board (to the nearest 0.1 cm).

Infant growth:
12 m:
WAZ (z-score, mean ± SD):
G1: 0.04 ± 1.00
G2: −0.05 ± 0.91
HAZ (z-score, mean ± SD):
G1: 0.08 ± 0.80
G2: 0.14 ± 0.70
During the study, both WAZ and HAZ did not differ 

significantly between intervention and control 
groups
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First author, year 
study country, 
duration, funding Design

Subject 
characteristics at 
baseline Intervention Ascertainment of outcome Results

Idjradinata et al. 
(1994)

Idjradinata & Pollitt 
(1993)

Indonesia
Intervention 

duration: 4 
months

Funding: the 
International 
Nutrition
Foundation for 
Developing 
Countries, the US 
Department of 
Agriculture
Experiment 
Station, and the 
United Nations 
University

Study design: 
randomised trial, 
blinding NR. Parallel 
groups

Selection criteria: 
birthweight > 2500 g;
Singleton pregnancy; 
no major congenital 
anomalies or perinatal
complications, no 
jaundice treated with 
phototherapy; no 
hospital admission 
or supplementation 
with micronutrients 
during the 6 months 
before enrolment; 
no chronic illness or 
folic acid deficiency; 
haemoglobin at 
least 80 g/L; no 
signs of abnormal 
haemoglobin or 
thalassaemia; and 
weight, length and 
head circumference 
within 2 SD of National 
Center for Health 
Statistics

Reference standards.
N = 47
n = 44
Groupwise n:
G1 (ferrous sulfate): 24
G2 (placebo syrup): 33

Female (%):
G1: 66.6%
G2: 47.8%
Age (months, 

mean ± SE):
G1: 14.27 ± 0.50
G2: 14.73 ± 0.38
Hb, Serum ferritin, 

TfR: NR
Weight (kg, 

mean ± SE):
G1: 9.18 ± 0.21
G2:9.36 ± 0.16
Length (cm, 

mean ± SE):
G1: 75.3 ± 0.7
G2:76.8 ± 0.7
WAZ (z-score; 

mean ± SE):
G1: −0.96 ± 0.18
G2: −1.02 ± 0.13
HAZ (z-score; 

mean ± SE):
G1: −0.72 ± 0.16
G2: −0.50 ± 0.20

Supplement form:
Liquid formulation (cherry flavoured 

syrup) of ferrous sulfate
Intervention: daily
Iron compound: ferrous sulfate
Control: placebo
Dose (mg/kg/day): 3mg/kg/die of 

ferrous sulfate.
Background nutrient intake: 

not reported, only mentioned 
in inclusion criteria no iron 
supplementation before the 
intervention.

Covariates: sex, morbidity
Compliance: checked once a week by 

a nurse

Weight and length measurement 
methods: Weight was 
measured (within 100 g) on a 
Salter scale; length (within  
1 cm) with fibreglass measuring 
devices.

Side effects assessment: 
morbidity data were derived 
from paediatrician diagnoses.

Cognitive function: Bayley Scales 
of Infant Development (BSID)

Infant growth 16 week-baseline:
Weight (kg, mean ± SE):
G1: 0.58 ± 0.06
G2: 0.77 ± 0.11
Length (cm, mean ± SE):
G1: 4.0 ± 0.3
G2: 3.9 ± 0.3
WAZ (z-score, mean ± SE):
G1: −0.14 ± 0.05
G2: 0.05 ± 0.09
HAZ (z-score, mean ± SE):
G1: −0.03 ± 0.11
G2: −0.02 ± 0.11
Significant interaction (p = 0 03) between treatment 

group and time for weight gain, but not for linear 
growth.

Morbidity: There was no significant difference in 
morbidity between the groups (p = 0.07).

mean (SD)
mean (SE):
Mental Developmental Index (MDI)
G1 baseline: 105.4 (2.2)
G1 end: 109.1 (2.2)
G2 baseline: 104.7 (2.2)
G2 end: 106.8 (2.3)
Psychomotor Developmental Index (PDI)
G1 baseline: 105.3 (2.1)
G1 end: 108.7 (2.1)
G2 baseline: 105.9 (2.2)
G2 end: 108.3 (2.1)
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study country, 
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Majumdar et al. 
(2003)

India
Intervention 

duration:  
4 months

Funding: NR

Study design: 
randomised trial, 
double blinded, 
parallel groups.

Inclusion criteria:
Birthweight > 2500 g, 
singleton pregnancy, 
weight, length and 
head circumference 
within 2 SD of the 
National Center for 
Health Statistics 
(NCHS) reference 
standards, adequate 
diet in proteins and 
calories, no signs 
of any vitamin/
micronutrient
deficiency

Exclusion criteria:
major congenital 
anomaly or prenatal 
complications, hospital 
admission or iron 
supplementation
during the months 
before enrolment, 
chronic illness, 
anaemia other than 
iron deficiency or 
had received a recent 
blood transfusion.

N = 189
n = 150
Groupwise n:
G1 (iron supplementation): 

50
G2 (placebo): 50

Female (%): 30% 
(only info 
available was the 
number of female 
participants 
on the total n, 
and not divided 
into treatment/
placebo groups)

Age (months): 6–24 
months

Age distribution 
of children 
(months):

G1:
6–9 months: 9
9–12 months: 14
12–18 months: 7
18–24 months: 20
G2:
6–9 months: 6
9–12 months: 20
12–18 months: 6
18–24 months: 18
Data have been 

reported for both 
intervention and 
control groups as 
whole, they were 
not divided into 
age groups.

Hb (g/dL, mean):
G1: 14
G2: 8
Serum ferritin  

(ng/dL, mean):
G1: 56
G2: 60
TfR: NR
Baseline 

anthropometric 
parameters: NR

Supplement form:
Liquid formulation (syrup)
Intervention: daily
Iron compound: NR
Control: placebo
Dose (mg/kg/day): 2 mg/kg/day of 

iron supplement
Background nutrient intake: not 

reported
Covariates: NR
Compliance: monitored fortnightly

Weight and length measurement 
methods: NR

Side effects assessment: NR, 
just mentioned that children 
developing chronic diarrhoea, 
fever lasting > 7 days or 
those requiring any hospital 
admission during the course of 
the study were dropped from 
follow-up

Infant growth:
Weight gain (kg/month, mean ± 2 SD):
G1: 0.14 ± 0.025
G2: 0.25 ± 0.027
Iron supplementation in iron replete children 

significantly slowed the average weight gain of 
children in the various age groups (p < 0.001).

Linear growth (cm/month, mean ± 2 SD):
G1: 0.69 ± 0.112
G2: 0.97 ± 0.112
The difference in rate of mean linear growth of group 

IA and group IB were both statistically significant 
at p < 0.001
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Yalcin et al. (2000)
Turkey
Duration: 3 months
Funding: NR

RCT, parallel, open label
Inclusion criteria: (i) 

infants had to have 
a gestational age 
between 38 and 
42 weeks; (ii) the 
birthweight had to be 
> 2500 g; (iii) it had to 
have been a singleton 
pregnancy; (iv) no 
pathologic jaundice 
during the newborn 
period; (v) no major 
congenital anomaly; 
(vi) no illness in the 
preceding 1 month 
before enrolment into 
the study; (vii) head 
circumference, height 
and weight within
~2SD of mean values 
for chronological age 
according to
National Center for 
Health Statistics 
growth charts; (viii) 
no central nervous 
system disorders; and 
(ix) no history of iron 
supplementation or 
therapy

Exclusion criteria: Hb 
values lower than  
11 g/dL and serum 
ferritin concentrations 
below 10 μg/L or TS 
lower than 10

N = 24
n = 16
Groupwise n:
G1 (iron supplementation): 

7
G2 (placebo): 9

%females: 56
Age (mean months 

(SD))
G1: 6.1 (0.4)
G2: 6.1 (0.3)
Birthweight (mean 

kg (SD))
G1: 3.1 (0.3)
G2: 3.3 (0.3)

Supplement form:
Ferrous sulfate suspension 

(Ferrosanol®; Schwarz
Pharma AG, Monheim, Germany)

Intervention: once daily
Iron compound: ferrous sulfate
Control: no supplementation
Dose (mg/kg/day): 1 mg/kg/day of 

iron supplement
Background nutrient intake: NR
Covariates: NR
Compliance: measured by weekly 

house calls

Bayley Scales of Infant 
Development (BSID)

mean (SD)
Mental Developmental Index (MDI)
G1 baseline: 80.9 (5.2)
G1 end: 97.1 (2.9)
G2 baseline: 78.3 (5.6)
G2 end: 96.7 (1.9)
Psychomotor Developmental Index (PDI)
G1 baseline: 29.3 (2.6)
G1 end: 42.6 (1.9)
G2 baseline: 27.2 (2.2)
G2 end: 42.6 (2.7)
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Ziegler et al. (2009)
USA
Duration: 5 months
Funding: Mixed, by 

National Institutes 
of Health, the 
Gerber Products 
Company and 
Mead Johnson 
Nutrition

RCT, parallel, open label
Inclusion criteria: 

predominant 
breastfeeding at  
4 months, at 5.5 
months breast milk at 
least once/day

Exclusion criteria: intake 
> 200 mL formula/day

N = 152
n = 136 for intervention
Groupwise n: enrolled 

and analysed after  
9 months:

G1 (iron supplements): 
n = 48

G2 (iron in cereal): n = 45
G3 (placebo): n = 59

female % within 
each group:

G1: 25
G2: 22
G3: 27
Age (months):  

4 months
Hb (g/L, mean ± SD):
G1: 114 ± 8
G2: 115 ± 8
G3: 115 ± 7
Serum ferritin 

(μg/L, 
mean ± SD):

G1: 98 ± 67
G2: 134 ± 136
G3: 89 ± 60
TfR (mg/L, 

mean ± SD):
G1: 6.37 ± 1.03
G2:6.35 ± 1.18
G3:6.27 ± 1.06
Weight (g, 

mean ± SD)
Boys
G1: 6993 ± 692
G2: 6736 ± 752
G3: 6838 ± 726
Girls
G1: 6299 ± 455
G2: 6200 ± 664
G3: 6291 ± 558
Length (cm, 

mean ± SD)
Boys
G1: 63.5 ± 1.57
G2: 63.2 ± 1.60
G3: 62.2 ± 4.11
Girls
G1: 61.5 ± 1.56
G2: 61.1 ± 2.04
G3: 61.3 ± 1.46

Supplement form: drops or cereal
Intervention: 1× daily
Iron compound: ferrous sulfate
Control: normal diet
Doses:
G1 (supplements): 7.5 mg of ferrous 

sulfate + sugar, sorbitol and citric 
acid

G2 (cereal): 7 mg of ferrous sulfate 
+15.7 mg ascorbic acid

Covariates: plasma ferritin at baseline
Background nutrient intake: NR
Compliance: recorded, G1: Bottles of 

supplement were weighed before 
dispensing and weighed back 
when returned at monthly visits.

G2: The number of jars used was 
determined from the number 
dispensed and the number 
returned

Weight and length measurement
Method: NR
Side effects: self-reported from 

parents by questionnaire, stool 
records

Weight (g, mean ± SD):
Boys
G1: 9114 ± 970
G2: 8883 ± 755
G3: 9179 ± 877
Girls
G1: 8197 ± 732
G2: 8496 ± 871
G3: 8555 ± 772
Length (cm, mean ± SD)
Boys
G1: 72.0 ± 1.92
G2: 71.7 ± 1.50
G3: 71.5 ± 1.84
Girls
G1: 69.2 ± 1.79
G2: 69.7 ± 2.32
G3: 70.1 ± 1.96
The treatment effect was not significant (p = 0.083) 

for weight gain but was significant (p = 0.039) for 
length gain.

Side effects:
G1: in 10% of infants the iron supplement was poorly 

tolerated.
G2: 9% of infants did not tolerate cereals

Abbreviations: BSID, Bayley Scales of Infant Development; G, group; HAZ, height-for-age z-scores; Hb, haemoglobin; MDI, Mental Developmental Index; N, total number; n, number; NR, not reported; PDI, Psychomotor Developmental Index; RBC, red 
blood cells; RCT, randomised controlled trial; SD, standard deviation; SE, standard error; TfR: transferrin receptor; TS, transferrin saturation; WAZ, weight-for-age z-scores.
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B.6  |  Intervention studies on adverse effects of iron supplementation during pregnancy other than gestational diabetes mellitus

First author 
publication year 
country, duration, 
funding Design

Subject characteristics at 
baseline Intervention

Ascertainment of 
outcome Results

Alizadeh & Salehi 
(2016)

Iran
Duration: 20 week of 

pregnancy until birth
Funding: Private, Islamic 

Azad University

RCT, parallel, double-blind
Inclusion criteria: no medical disease, 

age 18–35 years, BMI of 19.8–26 kg/m2, 
Hb > 13.2 g/dL and ferritin > 15 μg/L, 
singleton pregnancy, 16–20 weeks 
gestational age

Exclusion criteria: smoking, having a 
disease related to polycythaemia (such 
as asthma or chronic hypertension), 
renal disease, malignancy or a known 
blood disorder

N = 86
n = 64
Participants per group (enrolled/

analysed):
G1 (control): 44/32
G2 (ferrous sulfate): 42/32
All data were calculated using the number 

of subjects that completed the study

Age (years, mean ± SD):
G1: 25.63 ± 5.04
G2: 26.59 ± 5.26
Average gestational age at 

recruitment: 16–20th weeks
BMI: (kg/m2, mean ± SD)
G1: 23.68 ± 2.47
G2: 24.12 ± 2.17
All the subjects selected were 

non-smokers
Hb (g/dL, mean ± SD):
G1: 13.57 ± 0.4
G2: 13.69 ± 0.44
Serum ferritin (μg/L, mean ± SD):
G1: 37.05 ± 16.86
G2: 33.93 ± 13.72

Supplement form: tablet 
containing ferrous 
sulfate

Intervention: 1× daily
Control group: placebo
Dose:
G2: ferrous sulfate tablet 

containing 50 mg of 
elemental iron

Covariates: NR
Background nutrient 

intake: NR
Compliance: NR

Birth weight assessment
Method: infants' weight 

was measured using Sea 
scale (accuracy: 10 g)

Birth weight (g, mean ± SD):
G1: 3314 ± 341
G2: 3391 ± 422
There was no significant difference 

between the 2 groups regarding 
birth weight (p = 0.2)

Chan et al. (2009)
Hong Kong
Duration: April 2005–

March 2007. 
Intervention 
duration: 16 weeks

Funding: Unclear, from 
Research Grant 
Council, Hong Kong

RCT, parallel, single-blinded study: the 
participants but not the research 
assistants were blinded to the group 
assignment

Inclusion criteria: women with singleton 
pregnancy who could understand either 
Chinese or English

Exclusion criteria: MCV < 80 (possible 
thalassemia); existing diabetes or 
haemoglobinopathies, Hb < 8 g/dL 
or > 14 g/dL, gestational age > 16 weeks 
at booking

N = 1164
n = 925
Participants per group (enrolled/

analysed)
G1 (placebo): 599
468 had maternal delivery data, 443 had 

neonatal outcome data
413 had birthweight data
G2 (iron supplementation): 565
457 had maternal delivery data, 419 had 

neonatal outcome data
392 had birthweight data

Age (years; mean ± SD)
G1: 31.3, ± 0.18
G2: 31.3 ± 0.19
Average gestational age 

at recruitment (week, 
mean ± SD):

G1: 11.2 ± 0.08
G2: 11.4 ± 0.08
BMI (kg/m2, mean ± SD):
G1: 11.2 ± 0.08
G2: 11.4 ± 0.08
Smoking population: NR
Daily iron dietary intake (mg, 

mean ± SD):
G1: 16.1 ± 0.33
G2: 16.3 ± 0.34
Hb (g/dL, mean ± SD):
G1: 12.6 ± 0.03
G2: 12.5 ± 0.03
Ferritin (pmol/L; mean ± SD):
G1: 196.9 ± 5.84
G2: 182.0 ± 6.01

Supplement form: tablets 
of ferrous sulfate

Intervention: daily
Control group: placebo 

containing a 
combination of starch 
and lactose

Co-intervention: none
Covariates: none
Doses:
G1: placebo
G2: 300 mg ferrous sulfate 

tablet (60 mg of 
elemental iron)

Background iron intake: 
NR

Iron intake from diet at 
baseline: reported via 
dietary survey

Compliance: checked 
between 28–30 weeks 
of gestation and at 
36 weeks of gestation by 
counting the number of 
tablets remaining

Neonatal outcomes:
Birthweight assessment 

method: babies were 
weighed to the nearest 
1 g with a digital 
electronic scale.

Apgar score: Apgar test.
Cord blood for FBC and 

newborn's iron status. 
Cord arterial pH checked 
to detect hypoxia.

Preterm delivery was 
defined as delivery 
before 37 weeks of 
gestation, and SGA 
defined as birthweight 
< 10th percentile for 
gestational age.

Birthweight of term infants  
(g; mean ± SD):

G1 (n = 413): 3151.9 ± 20.43
G2 (n = 392): 3247.3 ± 20.98
p = 0.001
birthweight was significantly higher in 

the supplement group than in the 
placebo group.

There were significantly fewer 
SGA infants in the supplement 
group (p = 0.013). No significant 
differences in other outcomes 
including Apgar score at 1 and 5 
min (p = 0.62, 0.35, respectively), 
arterial cord blood pH (p = 0.56) 
and Hb and ferritin of cord blood 
(p = 0.62, 0.47, respectively)
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First author 
publication year 
country, duration, 
funding Design

Subject characteristics at 
baseline Intervention

Ascertainment of 
outcome Results

Falahi et al. (2011)
Iran
Duration: ~ 20 weeks
Funding: NR

RCT, parallel, triple-blind
Inclusion criteria: nonanemic pregnant 

women with gestational age < 20 weeks, 
primigravidae, age
20 and 35 years, BMI > 25 and < 30, 
haemoglobin > 110 g/L and serum 
ferritin > 20 μg/L.

Exclusion criteria: diabetes mellitus, 
coronary heart disease, thalassemia, 
renal disease, respiratory disease, use 
of supplementary multivitamins or 
minerals, drug use, being on a special 
diet.

N = 148
n = 148
Participants per group:
G1 (placebo): 78
G2 (ferrous sulfate): 70

Age (year, mean ± SD)
G1: 23.1 ± 3.7
G2: 24.6 ± 4.7
Average gestational age 

at recruitment (week, 
mean ± SD):

G1: 11.9 ± 4.0
G2: 12.2 ± 3.5
BMI (kg/m2, mean ± SD):
G1: 24.4 ± 3.4
G2: 24.8 ± 3.1
Smoking population: NR
Haemoglobin (g/L, mean ± SD)
G1: 130.5 ± 8.9
G2: 129.8 ± 10
Ferritin (μg/L, mean ± SD):
G1: 31.7 ± 19.7
G2: 36.6 ± 21
Iron deficiency (%):
G1: 0
G2: 0
Iron deficiency anaemia (%):
G1: 0
G2: 0

Supplement form: tablets 
with ferrous sulfate

Intervention: daily
Control group: placebo 

tablets
Dose:
G2 (intervention): 60 mg of 

iron as ferrous sulfate
Covariates: NR
Background iron intake: 

NR
Compliance: NR

Birth outcome 
assessment:

Birthweight and birth 
length were measured 
to the nearest 0.1 kg 
and 0.1 cm, respectively, 
instruments NR.

The duration of gestation 
period was calculated 
as the number of weeks 
from the reported last 
menstrual period to the 
delivery date

Birthweight (kg, mean ± SD):
G1: 3.27 ± 0.47
G2: 3.31 ± 0.49
Birth length (cm, mean ± SD):
G1: 49.3 ± 4.3
G2: 49.1 ± 3.9
Gestational age at delivery (week, 

mean ± SD)
G1: 38.8 ± 2.2
G2: 38.9 ± 1.7
No significant differences between 

the two treatment groups in 
birthweight, birth length or 
gestational period. P values not 
reported

Ouladsahebmadarek 
et al. (2011)

Iran
Duration: 13 week of 

pregnancy until 
delivery

Funding: Vice-
Chancellor for 
Research, Tabriz 
University of Medical 
Sciences

RCT, parallel, double-blind
Inclusion criteria: first trimester of 

singleton pregnancy, Hb > 12 gm/dL 
and had not taken iron-containing 
supplements in the last month, 
BP < 140/90 mmHg, planned to go for all 
their prenatal care to the prenatal clinic 
at Alzahra Hospital

Exclusion criteria: Hb < 10.5 gm/dL and < 11 
gm/dL at the end of 2nd and 3rd 
trimesters, respectively, miscarriage of 
current pregnancy, abnormality of the 
fetus and loss to follow-up

N = 960
n = 782
Participants per group (enrolled/

analysed):
G1 (placebo): 480/372
G2 (iron supplementation): 480/410
All data were calculated using the number 

of subjects that completed the study

Age (year, mean ± SD)
G1: 25.48 ± 4.96
G2: 26.28 ± 5.25
Average gestational age at 

recruitment (week): 13
BMI (kg/m2, mean ± SD): NR
Weight at entry to study  

(kg, mean ± SD):
G1: 64.46 ± 11.67
G2: 66.55 ± 10.89
Smoking population: NR
Haemoglobin (g/dL, mean ± SD):
G1: 13.26 ± (0.78
G2: 13.83 ± 0.78
Serum ferritin (μg/L, 

mean ± SEM):
G1: 35.008 ± 1.86
G2: 41.05 ± 2.16
Serum iron (μg/dL, mean ± SD):
G1: 86.76 ± 41.06
G2: 89.73 ± 33.50
Hct (%, mean ± SD):
G1: 41.22 ± 3.33
G2: 41.48 ± 3.60

Supplement form: tablets, 
iron compound NR

Intervention: 1× daily
Control: multivitamin
Co-intervention: 

multivitamin
Dose:
G2: multivitamin +30 mg 

elemental iron
Covariates: NR
Background nutrient 

intake: NR, we just 
know that one of the 
exclusion criteria was 
the consumption of iron 
supplements prior to the 
enrolment.

Compliance: NR

Birth outcome 
assessment:

Birth weight, women's 
weight at entry, weight 
at delivery

Method: NR
Apgar scores (1st and 5th 

min)
Method: Apgar test

IUGR, preeclampsia, gestational 
diabetes, oligihydramnious 
and placental abruption 
have not increased with 
iron supplementation, 
but pregnancy induced 
hypertension in supplemented 
mothers was higher (6.7% vs. 
3.4%, p = 0.04).

Birth weight (g, mean ± SD):
G1: 3217 ± 431
G2: 3260 ± 396
p value: 0.28
Difference between not significant.
No significant differences between the 

two groups regarding gestational 
age at birth (p = 0.74), Apgar scores 
at 1st and 5th minute (p = 0.5 and 
0.11, respectively)
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First author 
publication year 
country, duration, 
funding Design

Subject characteristics at 
baseline Intervention

Ascertainment of 
outcome Results

Parisi et al. (2017)
Italy
Duration: from 11 

to 13 weeks of 
gestation up to 6 
week post-partum

Funding: NR; 
Pharmanutra 
S.r.l. donated the 
pharmacological 
formulations

RCT, parallel, not blinded
Inclusion criteria: Healthy, non-anaemic, 

singleton pregnant women, aged 
18–45 years from Milano, Italy

Exclusion criteria: Any known maternal 
pathology, use of drugs, any 
micronutrient supplementation in the 
first trimester of pregnancy with the 
exception of folic acid supplements, 
extreme BMI (< 18 or > 30 kg/m2), 
Hb value 510.5 g/dL and/or ferritin 
< 15 mg/L at baseline, known fetal 
pathologies, complicated pregnancy, 
specific dietary pattern or any dietary 
restriction

N = 80
n = 57
Participants per group:
G1 (control):20
G2 (ferric pyrophosphate):20
G3 (ferric pyrophosphate):20
G4 (ferrous sulfate): 20

Age (mean ± SD, years): 30.7 ± 4.9
Average gestational age at 

recruitment (weeks): 11–13
Pregestational BMI (kg/m2, 

mean ± SD): 22.7 ± 2.8
Current smokers (%): 15
Hb (g/dL, mean ± SD):
G1: 12.0 ± 0.6
G2: 12.0 ± 0.5
G3: 11.9 ± 0.6
G4: 11.9 ± 0.7
Serum ferritin (μg/L, mean ± SD):
G1: 46.6 ± 47.4
G2: 52.4 ± 43.9
G3: 52.6 ± 52.1
G4: 43.7 ± 37.3
Transferrin saturation (%, 

mean ± SD):
G1: 27.6 ± 10.1
G2: 28.1 ± 12.3
G3: 26.5 ± 11.0
G4: 26.9 ± 9.8

Supplement form: Tablets 
containing for G2 and 
G3 ferric pyrophosphate 
(liposomal Fe), for G4 
ferrous sulfate.

Intervention: Daily 1× on 
an empty stomach

Control group: untreated
Doses:
G2: 14 mg ferric 

pyrophosphate
G3: 28 mg ferric 

pyrophosphate
G4: 30 mg ferrous sulfate
Covariates: NR
Compliance: assessment 

methods NR

Data on birth outcomes:
Birth weight: regression 

model. Apgar score: 
Apgar test

Gestational weeks, 
placental weight, 
umbilical pH, estimated 
blood losses, pregnancy 
complications: collected 
at birth, assessment 
method NR

Birth weight (g, mean ± SD)
G1: 3092.9 ± 469.5
G2: 3280.0 ± 312.1
G3: 3499.3 ± 464.1
G4: 3253 ± 323.8
No significant overall effect of 

treatment on birth weight 
(p = 0.07).

The LI28 group showed a higher mean 
birth weight, compared with 
controls (p = 0.0089)

Placental weight (g, mean ± SD):
G1: 513.1 ± 105.0
G2: 514.1 ± 73.5
G3: 488.8 ± 48.3
G4: 482.6 ± 46.8
Umbilical pH (pH, mean ± SD):
G1: 7.27 ± 0.10
G2: 7.29 ± 0.08
G3: 7.28 ± 0.09
G4: 7.24 ± 0.10
Apgar score (Apgar score, 

median, range):
G1: 10 (8–10)
G2: 10 (8–10)
G3: 10 (9–10)
G4: 10 (9–10)
p-values for group comparisons not 

reported. The interaction between 
the supplementation groups (G2, 
G3, G4) and control group (G1) for 
these parameters are reported to 
be non-significant

Abbreviations: BMI, body mass index; G, group; Hb, haemoglobin; Hct, haematocrit; IUGR, intrauterine growth restriction; MCV, mean corpuscular volume; N, total number; n, number; NR, not reported; RCT, randomised controlled trial; SD, standard 
deviation.
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