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ABSTRACT

Purpose: Excess iron is involved in the development of non-communicable diseases such as cancer, type 2 diabetes and
cardiovascular conditions. We aimed to describe the prevalence of excess iron and its determinants in healthy European

adults.

Methods: Sociodemographic, lifestyle, iron status, dietary information, and HFE genotyping were obtained from controls
in the EPIC-EurGast study, encompassing 7 European countries. High sensitivity C-reactive protein (hsCRP) was
measured to address possible systemic inflammation. Descriptive and multivariate analyses were used to assess iron status

and its determinants.

Results: Out of the 828 participants (median age: 58.7 years), 43% were females. Median serum ferritin and prevalence
of excess iron were 143.7ug/L and 35.2% in males, respectively, and 77ug/L and 20% in females, both increasing with
latitude across Europe. Prevalence of HFE C282Y mutation was significantly higher in Northern and Central Europe
(~11%) than in the South (5%). Overweight/obesity, age, and daily alcohol and heme iron intake were independent
determinants for iron status, with sex differences, even after excluding participants with hsCRP>5mg/L. Obese males

showed a greater consumption of alcohol, total and red meat, and heme iron, compared with those normal weight.

Conclusion: Obesity and higher alcohol and heme iron intake were the main risk factors for excess iron in males while
only age was associated with iron overload in females. Weight control and promoting healthy lifestyle may help prevent
iron overload, especially in obese people. Further research is needed to clarify determinants of excess iron in healthy adult

population, helping to reduce the associated comorbidities.

Keywords: serum ferritin, iron status, iron overload, excess iron, EPIC
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INTRODUCTION

Iron absorption and metabolism are regulated through a complex homestasis, in order to prevent both deficiency and
excess. The harmful effects of iron deficiency have been extensively investigated, while interest in excess iron has been
on the rise for the past decades. However, there are no well-established data on the prevalence of iron overload for the
general population, and the only estimates in Europe concern pregnant women (8.7%-42%) [1, 2]. The high reactivity of
iron makes it a highly oxidative metal, its excess being toxic to several organs. While iron overload is associated with
some non-communicable diseases, such as type 2 diabetes [3—6], cardiovascular conditions [7, 8], cancer [9, 10] and

chronic respiratory pathologies [11, 12], some other studies reported controversial findings [13, 14].

Mutations in the HFE gene, involved in hepcidin expression and intestinal iron absorption, have been proposed as one of
the main causes of iron overload [15, 16]. The geographical distribution of HFE genotypes across Europe has been
previously reported, with higher prevalence of HFE mutations in Central and Northern Europe than in Southern areas
[17, 18]. The homozygous C282Y genotype is especially associated with hereditary hemochromatosis (HH), which results
in very high (>1,000 pg/L) levels of serum ferritin (SF) [19]. However, mild iron overload (SF >200 ng/L in males and
>150 pg/L in females) can also be harmful and should be treated [20]. Scientific evidence supports that mild excess iron
could be caused by less frequent HFE genotypes [21] and also non-genetic factors, including many individual,
environmental and lifestyle characteristics that might influence iron status beyond genetic polymorphisms. It is well
known that average SF concentrations are higher in males than females and also that iron stores increase with age [22].
Unbhealthy lifestyle habits such as smoking and alcohol consumption also lead to increased SF levels [23, 24]. Other
determinants of iron stores include body mass index (BMI) [25, 26], habitual blood donation [27], and physical activity
(PA) —with high SF levels for both sedentary and intense exercise behaviors— [22]. Some of these conditions have been
previously found to contribute to systemic inflammation, which could underlie certain associations with iron overload

[28-30].

Moreover, diet has a great influence over iron status; suboptimal iron intake mostly leads to iron deficiency and anemia.
In contrast, excessive consumption of certain food groups and nutrients (e.g. heme iron and meat) [4, 31-33] contributes
to increases in iron levels, especially in individuals with the aforementioned genetic predisposition. Furthermore, dietary

fiber affects intestinal absorption of many nutrients, including iron [34], although evidence is conflicting to date.

Considering that non-communicable diseases constitute a major health issue and their association with excess iron remains
unclear, this study aimed to describe the frequency of excess iron and its dietary, sociodemographic, and lifestyle

determinants, for the healthy, European, adult population.
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METHODOLOGY

Study participants

The subjects in this study were participants from the European Prospective Investigation into Cancer and Nutrition (EPIC)
study. Detailed information about EPIC study has been described elsewhere [35]. Briefly, they were control subjects
selected from a nested case-control design (EurGast study), who were age- and sex-matched with the cases at each

participating center.

Analyses comprised 828 individuals from 7 of the 10 countries involved in the EPIC cohort (Germany, Spain, France,
Italy, the United Kingdom [UK], Sweden and the Netherlands). Approximately 60% of Spanish participants, distributed
throughout all centers, in addition to some participants from two Italian centers (Ragusa and Turin) were blood donors.

According to Italian law regulating blood donation, hemoglobin 1

evel must be >13.5g/dl in males and >12.5g/dl in females [36]; at the local blood transfusion center, the “alert” level of
SF for periodic donors are 15ug/L in males and 12pg/L in females, ensuring that subjects from Ragusa and Turin had SF

levels higher than these thresholds by the time of recruitment.

Data collection and laboratory procedures

Dietary assessment was performed using validated center-specific dietary questionnaires [35, 37]. To record diet history,
most centers used an extensive self-administered food frequency questionnaire (FFQ) while in Spain and Italy it was
completed during an interview. Malmo (Sweden) combined a FFQ, a 7-day dietary recall and an interview. Total energy
intake, some food groups (total, red and processed meat, fruit, vegetables and legumes, and dairy products), and some
nutrients that modulate iron absorption (fiber, calcium, vitamin C and heme iron) were assessed. Daily consumption of
each food and nutrient was calculated from information collected by validated dietary questionnaires and, then, dietary

variables were expressed as nutrient density per 2000 Kcal ([g/Kcal]*2000).

Anthropometric measurements were collected at recruitment, except in France and part of the UK where they were self-
reported [35]. Information on education level and lifestyle including smoking status, alcohol intake and PA [38] was
recorded. PA index was created from the Cross-Classification of Occupational and Combined Recreational and

Household Activity using Metabolic Equivalents-hours/week [39].

Based on previous evidence about geographical differences across Europe in regards with lifestyle habits and HFFE
genotype distribution [17, 18, 40, 41], the countries were grouped according to the following geographic region:
“Southern Europe” (Italy, Spain and France); “Central Europe” (Germany, the Netherlands and the UK); ‘“Northern

Europe” (Sweden).
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Biochemical analyses of iron biomarkers were performed for all participants at the “Laboratori de Referéncia Sud de
Catalunya” (Tarragona, Spain). SF was measured by electrochemiluminescence immunoassay (Elecsys analyser, Roche
Diagnostics, Mannheim, Germany) and serum iron by immune chemiluminescence. Serum transferrin and high-sensitive
C-reactive protein (hsCRP) were measured by immunoturbidimetry (Modular Analytics P800 chemistry analyser, Roche
Diagnostics, Mannheim, Germany). Total iron binding capacity (TIBC, pg/dL) was calculated as follows: [serum

transferrin (mg/dL)*1.43].

Iron sufficiency was established at SF levels 15-200ug/L for males and 15-150ug/L for females, while excess iron was

set at SF>200pg/L and SF>150ug/L, respectively [20].

Genotyping of HFE polymorphisms (rs1800562, C282Y and rs1799945, H63D) was performed on 403 participants, using
the Illumina BeadStation Platform and GoldenGate technology (San Diego, CA) at the laboratory of the Spanish National

Genotyping Center (Barcelona, Spain).

Statistical Analysis

Median and interquartile range were used to describe iron biomarkers (SF, serum transferrin, serum iron and TIBC) given
their non-normal distribution. The remaining continuous variables were expressed as mean and standard deviation, and
categorical data as percentages. Natural logarithm transformation was applied to normalize the distribution of SF.
Continuous variables were compared using Student’s t-test and ANOVA while chi-square was used for frequencies.
Information on dietary intake, HFE genotype, iron status, and sociodemographic and lifestyle characteristics was
described by country and geographical region. A multivariate linear regression and logistic regression were performed to
assess the association between possible determining factors and SF levels and excess iron, respectively, in the overall
sample and by sex. Based on descriptive analyses, multivariate models included the following a priori variables: center,
sex, age, BMI (<18.5, 18.5-24.9, 25-29.9, >30 Kg/m?), educational level (uncompleted primary school, primary/secondary
school, technical/professional education, and higher/vocational education), frequency and daily amount of alcohol

consumption (never/former, <1 serving (s)/d, >1-2 s/d, >2-3 s/d, >3 s/d; 1 serving is 14g), smoking (non-smoker, ex-

smoker and smoker), PA (inactive, moderate, active), HFE genotype (wild-type [WT], carriers of C282Y mutation,

carriers of H63D mutation), hsCRP, and dietary intake. Regarding dietary intake, regression models were performed

separately adjusting for nutrients and food groups to avoid overfitting.

To explore the effect of blood donation on SF levels, sensitivity analyses were performed excluding only the Spanish
subjects, since the Italian law ensures that blood donors had SF levels higher than the recommended thresholds and,
therefore, comparable to those of non-blood donors. In addition, we did not observe statistically significant differences in

median SF levels between Italian donors and non-donors, which reinforced our decision.
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In order to assess the effect of systemic inflammation in iron stastus we performed a sensitivity analysis by excluding

participants with hsCRP>5 mg/L.

Statistical analyses were performed using SPSS v 25.0 (Windows; Chicago, IL, USA) and significance was set at p<0.05.

RESULTS

Out of the 828 participants (43% females), 28.6% had excess iron. Their characteristics are presented in Table 1. The
median age at recruitment was 58.7 (35-77) years with no statistically significant differences by sex. Males reported
statistically significant greater percentages of excess iron, overweight, inactive behaviour, alcohol consumption, higher
education levels and smoking habit than females. HFE genotyping was performed on 403 participants, out of which 29.1%
had some mutation (21.3% H63D/WT, 6.2% C282Y/WT, 1.6% C282Y/H63D); given the few individuals with both
heterozygous mutations (n=7), they were considered together with those heterozygous carriers of C282Y mutation.
Results showed that H63D mutation was more abundant than C282Y (22.8% and 8.7%, respectively) and more prevalent
in females than males (30.9% and 15.8%, respectively). These two mutations were always in heterozygous form.
Participants from France (n=8) and those with iron deficiency (SF<15pg/L, n=35) were excluded from further analyses

given their low representation.

The median SF level was 107.2ug/L for the overall study population, with a highly significant difference between males
(143.7pg/L) and females (77.0ug/L). The difference on SF levels by sex was strong enough to remain after excluding
Spanish participants, whose concentrations were markedly lower than the others; thus, the overall SF median in the
sensitivity analyses rose up to 118.6ug/L, being 163.5ug/L for males and 84.3ug/L for females (data not shown). We
also found a significant difference between males and females in the prevalence of iron deficiency (2.8% and 6.2%,
respectively) and iron excess (35.2% and 20.0%, respectively). The difference in the prevalence of iron deficiency by sex
was no longer statistically significant in sensitivity analyses (2.3% and 4.8%, respectively) (data not shown). Just 10.1%

of participants showed hsCRP>5 (Table 1).

Additionally, SF levels were significantly higher in participants from Central and Northern Europe, smokers and alcohol
consumers as well as in obese males and those with technical/professional and high/vocational education (Table S1).

Values for serum transferrin, serum iron and TIBC were in the optimal ranges for both sexes (Table 1).

Table 2 compares participants’ characteristics and dietary intake across countries and geographic regions. A statistically
significant pattern of increasing SF levels was observed from Southern (79.6pug/L) towards Central (132.8pug/L) and
Northern Europe (127.6ug/L), which remained in the sensitivity analyses after excluding Spain (Southern Europe:
90.4ug/L) (data not shown). Likewise, the prevalence of iron excess was significantly higher in Central and Northern

Europe than in the Southern regions for males (43.5%, 40.4% and 23.8%, respectively), although not for females (22.3%,
8
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21.9% an 19.4%, respectively).

Statistically significant differences by geographic region in regards to HFE genotype were only found for the C282Y
mutation (p=0.031), it being less frequent in Southern Europe (5.0%) than in Central (11.3%) and Northern areas (11.1%).
That difference remained evident when Spanish participants were left out of the analyses, since the frequency of C282Y

mutation in the Southern region dropped to 3% (p=0.004) (data not shown).

As for dietary intake across Europe, higher energy intake and greater consumption of total and red meat, fruits, vegetables
and legumes, and heme iron were observed for participants in the South of Europe. Highest consumption of processed
meat, dairy products and fiber was described for Northern European countries. The consumption of vitamin C was very
similar across geographical regions with no significant differences among them. Regarding alcohol intake, participants in
Southern Europe reported the highest daily amount consumed followed by those from Central and Northern regions

(Table 2).

The sex-specific predictors of iron status are detailed in Table S2. Compared with males with iron sufficiency, those with
excess iron showed a greater prevalence of obesity (11.6% and 21.1%, respectively), and reported a higher daily
consumption of total and processed meat, and alcohol. In females, only fruits intake differed significantly between those
with iron sufficiency, who reported a greater amount, and excess iron. Participants with excess iron were older than those

with iron sufficiency, but the difference was statistically significant only in females (61 and 57.5 years, respectively).

Being male, obesity, increasing age, and consuming higher amounts of heme iron, calcium and alcohol were positively
associated with SF in the overall study population (Table 3). In contrast, higher consumption of vitamin C tended to be
associated with lower SF levels. The following characteristics were also positively associated with excess iron: increasing
age (OR:1.04, 95%CI:1.01,1.09), overweight (OR:1.81, 95%CI:1.16,2.83), obesity (OR:3.02, 95%CI:1.70,5.38), and
consuming a higher daily amount of heme iron (OR:1.65, 95%CI:1.22,2.24). When stratified by sex, associations of
excess iron with overweight, obesity, and dietary intake of heme iron, calcium and alcohol turned more strength in males
than overall sample, while age became a stronger determining factor only for females. No statistically significant effect
of genetics was found on iron biomarkers or iron excess. When adjusted for food groups’ consumption instead of nutrient

intake as well as following the sensitivity analyses, regression models rendered similar results (data not shown).

Sensitivity analyses excluding participants with hsCRP>5 mg/L yielded similar results to those performed in total sample
(Table S3). The main predictive factors remained unchanged, including the daily intake of heme iron and alcohol.
Regarding BMI, the observed effect of being overweight on SF levels and the risk of excess iron disappeared while the

association with obesity remained only for males.

Obese males in our study showed worse dietary habits than their counterparts; it is, compared with those with normal
9
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weight, they consumed a greater daily amount of alcohol (14.35g vs 28.74g) and animal-origin products such as total
meat (89.02g vs 117.01g), red meat (33.52g vs 49.39¢g), and heme iron (1.04g vs 1.54g). Indeed, the daily alcohol
consumption and heme iron intake, together with calcium intake, showed a statistically significant effect on iron status in
the adjusted multivariate analyses, suggesting that having several factors at the same time would additively increase the

risk of excess iron.

DISCUSSION

This study presents, for the first time and jointly, the median SF levels and prevalence of excess iron in 7 European
countries, representing Northern, Central, and Southern Europe. We found an association between several factors

including dietary, sociodemographic, and lifestyle and SF levels and excess iron in a sample of healthy adults.

The median SF concentration observed in our study was within the optimal range [20] and similar to those reported in
previous studies for the European population [4, 5]. We found that median SF for Spain (64.5ug/L) was lower than in the
other countries, although agreed with recent studies in the Spanish population [42, 43], and the overall median increased
when Spain was excluded from the analyses. An interesting finding in this study was that a substantial number of
participants (28.6%) had excess iron with significant differences among population groups and geographic regions. Given
the scarcity of studies providing data on prevalence of excess iron in different countries, we could not appropriately

compare our data with other studies.

This study also identified sex, age, BMI, and some nutritional and lifestyle aspects as relevant factors for SF

concentrations and excess iron.

Sex, age and BMI

The higher SF levels observed in males could be explained by differences reported in iron metabolism as females,
especially pre-menopausal females, have lower iron levels than males due to menstrual losses and childbearing [22, 44,
45]. In addition to sex, age also plays an important role in iron status. We observed a progressive increase of SF
concentrations with age in both sexes, reinforcing the existing evidence [44, 46]. Age-related iron accumulation and
dyshomeostasis could explain that, as extensively reported in the litterature [47, 48]; the expression of ferroportin, the
only known cellular iron exporter in mammals, is downregulated in aging, which could partially explain poor iron
recycling and iron accumulation in various tissues [49]. Consequently, a strong association between increasing age and
excess iron in females was also found in this study, surely due to SF concentrations and iron stores continuing to increase

after menopause, as has been pointed to above [22].

Our findings of a positive association between SF levels and overweight/obesity indicates that obese males, but not

10
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females, were more than five times more likely to develop excess iron than those with normal weight. These results would
confirm previous findings that increasing BMI may lead to hyperferritinemia [26, 44], usually related with high CRP
concentration [26]. Systemic inflammation and insulin resistance, typical of obesity, are considered possible causes of
the excess iron [26, 44, 49, 50]. However, the observed effects in our sample remained unchanged after excluding the
individuals with high hsCRP. This is of special interest given that obese subjects had a diet rich in proinflammatory foods,
including animal products (meat and heme iron), and a higher consumption of alcohol, similar to what has been widely
describe in former studies [51-53]. This leads us to believe that SF should not be used as the only indicator of iron status
in obese people and that factors associated with obesity should also be screened in clinical practice to address the

multicausal origin of iron overload in these patients.

Geographic region

We found an increase in iron excess from the South to Central and Northern European countries in males, although not
in females. Significant variations in diet and HFE genotype according to country and geographic region were also found.
Regarding the geographic distribution of HFE mutations, the greater prevalence of C282Y mutation observed in Northern
(11.1%) and Central (11.3%) Europe than in Southern region (5.0%) was in line with previous reports describing its
geographic gradient across Europe [17, 18]. As for the H63D mutation, its prevalence was greater than that of C282Y in
the total sample and each country, which also matches previous reports [17] despite not finding a statistically significant

geographic gradient across Europe in this case.

All this makes us consider that the impact observed on biomarkers and iron status could be due to the population’s

characteristics and lifestyle, and not strictly to their geographic location.

HFE genotype

Mutations in HFE gene have been established as one the main causes of iron overload due to the characteristic increased
iron absorption associated with this condition [15, 16]. However, contrary to expectations, no significant differences were
found in our study in SF levels and excess iron according to the HFE genotype. Although HFE mutations are common in
the European population and their association with SF concentrations has been previously reported [4, 54, 55], it is also
true that their clinical penetrance is low [56], which could have prevented us from observing a substantial effect on iron
status in our sample. This was in line with previous findings in a Spanish population, in which no effect of HFE mutations

on SF was found although they observed an effect on hemoglobin concentration [57].

Diet and lifestyle

As expected, and in accordance with published studies [5, 58, 59], each additional daily mg of heme iron intake increased

11
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SF concentration, and showed a strong positive association with excess iron although only in males. Similar results
obtained for meat consumption, once the regression models were adjusted for food groups instead of nutrients reinforced
this finding. As for dietary vitamin C, the interplay with the fiber content in fruits and vegetables could lead to the striking
conclusion of vitamin C reducing SF levels. We speculate that the inhibitory effect of fiber on intestinal iron absorption

could have possibly counteracted the enhancer effect of vitamin C [60].

Statistically significant differences were observed for consumption of most food groups and nutrients, based on country
and geographic region. People in Southern Europe reported higher total and red meat as well as heme iron intake, which
promote iron absorption [60]. On the other hand, they reported the lowest fiber intake, lessening its inhibitory effect on
nutrient bioavailability [34, 60]. If only diet was considered, it could be thought that SF levels and, consequently, the
prevalence of iron excess, should be higher in Southern Europe; contrary to that, the values were higher in Central and
Northern countries. We believe that factors other than diet, such as the higher prevalence of the C282Y mutation, could

be behind this finding.

Several studies have observed that some lifestyle, especially toxic habits, may alter iron status [23, 59]. We noted that SF
concentration was higher in participants who reported frequent alcohol consumption, which is consistent with previous
results [61], although this association was not significant after adjusting for potential confounders. In addition, we found
a positive association between each daily 10-gram increase of alcohol and SF levels and the risk of excess iron, though
only in males; this association has been reported before [62, 63] and recently reinforced [23, 24, 64]. Studies suggest that
alcohol deregulates the synthesis and expression of hepcidin in the liver, leading to increased intestinal iron absorption
and, consequently, to iron overload [61, 62, 64, 65]. Also smoking has repetitively been identified as a determining factor
for iron overload [23, 66]. Smokers tend to have higher SF concentrations than non-smokers/ex-smokers [66, 67], which
was observed in this study (127.7ug/L and 97.7ug/L, respectively). Extensive literature suggests that cigarette smoking
disrupts iron homeostasis, leading to a systemic iron overload and excessive deposits [66, 68]. Despite this being widely
accepted [69, 70], we were not able to observe the effect of smoking status on iron overload after multivariate adjusted
analyses. This suggests that other lifestyle habits could be related to iron levels to a greater extent than smoking in our

study population.

Regarding PA, our results agree with a prior study [69], as we found no association with SF levels or excess iron. Few
researches have explored the role PA plays in iron status in the general population, as studies generally focus on athletes
or consider high-intensity exercise, in which case significant variations in hepcidin and SF levels were observed [71, 72].
Researchers argue that SF concentrations may increase in response to exercise-induced acute inflammation and not
actually reflect iron storage [71, 72]. We believe, therefore, that the lack of effect of PA on iron status observed in our

study could be due to the fact that the intensity of exercise usually performed by the general population is low-medium
12
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rather than high, as in the aforementioned investigations.

Strengths and limitations

This is the first time that determinant factors of SF levels and excess iron have been jointly evaluated in a population from
different European countries as part of the same study. Data used covered a wide variety of variables from a well-
established cohort. The hsCRP assay provides an estimate of systemic inflammation, and including it as an adjustment
variable reinforced our findings by allowing us to rule out that SF levels were due to an infection or inflammation process.
Moreover, HFE genotyping constitutes valuable information in relation to iron status. However, some limitations should
be considered. First, the study population used controls selected in a nested case-control study, so that it may not be
representative of the general European population. The sample size may limit the interpretation of some of our findings,
especially in stratified analyses. Also, around 60% of Spanish participants were blood donors that could lead to SF levels
being skewed; however, similar studies in the general population in Europe [4, 5] and Spain [42, 43] obtained comparable
results. Furthermore, we reached similar findings from sensitivity analyses excluding Spanish subjects. The high median
age of the participants imply that results should be extrapolated with caution. In addition, biochemical analyses were
performed using samples collected at baseline, which prevented us from monitoring iron status over time. Finally,
hemoglobin data could have been useful for further verification of the association with HFE genotypes but they were not

available.

CONCLUSIONS

We found a moderate-high prevalence of excess iron, which increased from the Southern to Northern Europe and was
higher in males than females. Geographical differences between European regions were only found for C282Y mutation
in HFE gen, whose prevalence was higher in the Northern and Central countries than in the South. This could explain the
increase in SF levels and the prevalence of excess iron towards Northern Europe, although genetics ended up not showing
a powerful enough effect by itself to constitute a determining factor for iron overload. Predictive factors of excess iron
were different by sex; while only age was related to iron overload in females, the main risk factors in males were obesity,
and a higher intake of alcohol and heme iron. Thus, an integrative clinical approach including strategies for weight control
as well as the promotion of lifestyle changes towards healthier habits could help control iron status and prevent iron
overload, especially in obese people. Finally, more research is needed to further clarify the determinants of SF and excess
iron in the healthy adult population. A better understanding of the associated factors may help reduce the incidence of

associated comorbidities.

DECLARATIONS

Funding This study has been funded by Instituto de Salud Carlos III (project ref. PI11/1486), by European Regional
13



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

Development Fund through the project “A way to build Europe”, and by the World Cancer Research Fund (grant ref.

2011/428).

Conlflicts of interest The authors declare that they have no conflict of interest.

Ethics approval This study was approved by the Ethical Committees at the International Agency for Research on Cancer
(IARC) and in each of the EPIC centers. It has been performed in accordance with the ethical standards laid down in the

1964 Declaration of Helsinki.

Consent to participate All participants gave their informed consent prior to their inclusion in the study.

Consent for publication Not applicable

Availability of data and material Not applicable

Code availability Not applicable

Disclaimer Where authors are identified as personnel of the International Agency for Research on Cancer/World Health
Organization, the authors alone are responsible for the views expressed in this article and they do not necessarily represent

the decisions, policy or views of the International Agency for Research on Cancer/World Health Organization.

REFERENCES

1. Arija V, Ribot B, Aranda N (2013) Prevalence of iron deficiency states and risk of haemoconcentration during
pregnancy according to initial iron stores and iron supplementation. Public Health Nutr 16:1371-1378.

https://doi.org/10.1017/S1368980013000608

2. Pena-Rosas JP, Viteri FE (2009) Effects and safety of preventive oral iron or iron+folic acid supplementation for
women during pregnancy. Cochrane Database Syst Rev CDO004736.

https://doi.org/10.1002/14651858.CD004736.pub3

3. Arija V, Fernandez-Cao JC, Basora J, et al (2014) Excess body iron and the risk of type 2 diabetes mellitus: A
nested case-control in the PREDIMED (PREvention with MEDiterranean Diet) study. Br J Nutr 112:1896-1904.

https://doi.org/10.1017/S0007114514002852

4. Meidtner K, Podmore C, Kroger J, et al (2018) Interaction of dietary and genetic factors influencing body iron
status and risk of type 2 diabetes within the EPIC-InterAct study. Diabetes Care 41:277-285.

https://doi.org/10.2337/dc17-1080

14



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

10.

11.

12.

13.

14.

15.

16.

Podmore C, Meidtner K, Schulze MB, et al (2016) Association of multiple biomarkers of iron metabolism and

type 2 diabetes: The EPIC-Inter act study. Diabetes Care 39:572-581. https://doi.org/10.2337/dc15-0257

Jiang L, Wang K, Lo K, et al (2019) Sex-Specific Association of Circulating Ferritin Level and Risk of Type 2
Diabetes: A Dose-Response Meta-Analysis of Prospective Studies. J Clin Endocrinol Metab 104:4539-4551.

https://doi.org/10.1210/jc.2019-00495

Pourmoghaddas A, Sanei H, Garakyaraghi M, et al (2014) The relation between body iron store and ferritin, and

coronary artery disease. ARY A Atheroscler 10:32-36.

Silvestre OM, Gongalves A, Nadruz W, et al (2017) Ferritin levels and risk of heart failure—the Atherosclerosis

Risk in Communities Study. Eur J Heart Fail 19:340-347. https://doi.org/10.1002/ejhf.701

Chang VC, Cotterchio M, Khoo E (2019) Iron intake, body iron status, and risk of breast cancer: A systematic

review and meta-analysis. BMC Cancer 19:543. https://doi.org/10.1186/s12885-019-5642-0

Toyokuni S (2009) Role of iron in carcinogenesis: Cancer as a ferrotoxic disease. Cancer Sci 100:9-16.

https://doi.org/10.1111/j.1349-7006.2008.01001.x

Cloonan SM, Mumby S, Adcock IM, et al (2017) The iron-y of iron overload and iron deficiency in chronic
obstructive pulmonary disease. Am J Respir Crit Care Med 196:1103-1112. https://doi.org/10.1164/rccm.201702-

0311PP

Gono T, Kawaguchi Y, Hara M, et al (2010) Increased ferritin predicts development and severity of acute
interstitial lung disease as a complication of dermatomyositis. Rheumatology 49:1354-1360.

https://doi.org/10.1093/rheumatology/keq073

Fonseca-Nunes A, Agudo A, Aranda N, et al (2015) Body iron status and gastric cancer risk in the EURGAST

study. Int J Cancer 137:2904-2914. https://doi.org/10.1002/ijc.29669

Knuiman MW, Divitini ML, Olynyk JK, et al (2003) Serum ferritin and cardiovascular disease: A 17-year follow-

up study in Busselton, Western Australia. Am J Epidemiol 158:144-149. https://doi.org/10.1093/aje/kwg121

Barton JC, Edwards CQ, Acton RT (2015) HFE gene: Structure, function, mutations, and associated iron

abnormalities. Gene 574:179-192. https://doi.org/10.1016/j.gene.2015.10.009

Katsarou MS, Papasavva M, Latsi R, Drakoulis N (2019) Hemochromatosis: Hereditary hemochromatosis and

15



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

HFE gene. Vitam Horm 110:201-222. https://doi.org/10.1016/bs.vh.2019.01.010

Merryweather-Clarke AT, Pointon JJ, Jouanolle AM, et al (2000) Geography of HFE C282Y and H63D

mutations. Genet Test 4:183-198. https://doi.org/10.1089/10906570050114902

Lucotte G, Dieterlen F (2003) A European allele map of the C282Y mutation of hemochromatosis: Celtic versus
Viking origin of the mutation? Blood Cells Mol Dis 31:262-267. https://doi.org/10.1016/S1079-9796(03)00133-

5

Crownover B, Covey C (2013) Hereditary Hemochromatosis. Am Fam Physician 87:183-190.

https://doi.org/10.1179/1024533213Z.000000000222

WHO guideline on use of ferritin concentrations to assess iron status in individuals and populations. Geneva:

World Health Organization; 2020. Licence: CC BY-NC-SA 3.0 IGO.

Mura C, Le Gac G, Raguénes O, et al (2000) Relation between HFE mutations and mild iron-overload expression.

Mol Genet Metab 69:295-301. https://doi.org/10.1006/mgme.2000.2981

Worwood M (2007) Indicators of the iron status of populations: ferritin. World Health Organization, Centers for
Disease Control and Prevention.
https://www.who.int/nutrition/publications/micronutrients/anaemia_iron_deficiency/9789241596107 annex2.p

df?ua=1

Kim H, Shin C, Baik I (2016) Associations between Lifestyle Factors and Iron Overload in Korean Adults. Clin

Nutr Res 5:270. https://doi.org/10.7762/cnr.2016.5.4.270

Ioannou GN, Dominitz JA, Weiss NS, et al (2004) The Effect of Alcohol Consumption on the Prevalence of Iron
Overload, Iron Deficiency, and Iron Deficiency Anemia. Gastroenterology 126:1293-1301.

https://doi.org/10.1053/j.gastro.2004.01.020

Shattnawi KK, Alomari M, Al-Sheyab N, Bani Salameh A (2018) The relationship between plasma ferritin levels

and body mass index among adolescents. Sci Rep 8:15307. https://doi.org/10.1038/s41598-018-33534-4

Alam F, Memon AS, Fatima SS (2015) Increased Body Mass Index may lead to Hyperferritinemia Irrespective

of Body Iron Stores. Pak J Med Sci 31:1521-1526. https://doi.org/10.12669/pjms.316.7724

Reddy K V, Shastry S, Raturi M, Baliga B P (2020) Impact of Regular Whole-Blood Donation on Body Iron
16



463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Stores. Transfus Med Hemotherapy 47:75-79. https://doi.org/10.1159/000499768

Ellulu MS, Patimah I, Khaza’ai H, et al (2017) Obesity and inflammation: the linking mechanism and the

complications. Arch Med Sci 13:851-863. https://doi.org/10.5114/a0ms.2016.58928

Elisia I, Lam V, Cho B, et al (2020) The effect of smoking on chronic inflammation, immune function and blood

cell composition. Sci Rep 10:1-16. https://doi.org/10.1038/s41598-020-76556-7

Burini RC, Anderson E, Durstine JL, Carson JA (2020) Inflammation, physical activity, and chronic disease: An

evolutionary perspective. Sport Med Heal Sci 2:1-6. https://doi.org/10.1016/j.smhs.2020.03.004

Hoppe M, Briin B, Larsson MP, et al (2013) Heme iron-based dietary intervention for improvement of iron status

in young women. Nutrition 29:89-95. https://doi.org/10.1016/j.nut.2012.04.013

Young I, Parker HM, Rangan A, et al (2018) Association between haem and non-haem iron intake and serum

Ferritin in healthy young women. Nutrients 10:81. https://doi.org/10.3390/nu10010081

Jackson J, Williams R, McEvoy M, et al (2016) Is higher consumption of animal flesh foods associated with
better iron status among adults in developed countries? A systematic review. Nutrients 8:89.

https://doi.org/10.3390/nu8020089

Adams S, Sello CT, Qin GX, et al (2018) Does dietary fiber affect the levels of nutritional components after feed

formulation? Fibers 6:29. https://doi.org/10.3390/fib6020029

Riboli E, Hunt KJ, Slimani N, et al (2002) European Prospective Investigation into Cancer and Nutrition (EPIC):

study populations and data collection. Public Health Nutr 5:1113-1124. https://doi.org/10.1079/PHN2002394

Italian Minister of Health (2005) Decree of the Italian Minister of Health. Gazz Uff della Repubb Ital 146:5-26.

https://www.gazzettaufficiale.it/eli/gu/2005/04/13/85/sg/pdf

Margetts B (1997) European Prospective Investigation into Cancer and Nutrition: validity studies on dietary

assessment methods. Int J Epidemiol 26 Suppl 1:S1-S5. https://doi.org/10.1093/ije/26.suppl 1.sl

Wareham NJ, Jakes RW, Rennie KL, et al (2003) Validity and repeatability of a simple index derived from the
short physical activity questionnaire used in the European Prospective Investigation into Cancer and Nutrition

(EPIC) study. Public Health Nutr 6:407-413. https://doi.org/10.1079/phn2002439

17



488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Friedenreich C, Cust A, Lahmann PH, et al (2007) Physical activity and risk of endometrial cancer: The European

prospective investigation into cancer and nutrition. Int J Cancer 121:347-355. https://doi.org/10.1002/ijc.22676

Trichopoulou A, Naska A, Costacou T (2002) Disparities in food habits across Europe. Proc Nutr Soc 61:553-

558. https://doi.org/10.1079/pns2002188

Rumm-Kreuter D (2001) Comparison of the eating a nd cooking habits of northern Europe and the Mediterranean
countries in the past, present and future. Int J Vitam Nutr Res. 71:141-148. https://doi.org/ 10.1024/0300-

9831.71.3.141

Reyes C, Pons NA, Refiones CR, et al (2020) Association between serum ferritin and acute coronary heart disease:
A population-based cohort study. Atherosclerosis 293:69-74.

https://doi.org/10.1016/j.atherosclerosis.2019.12.011

Diaz-Lopez A, Iglesias Vazquez L, Pelleja-Millan M, et al (2020) Association between Iron Status and Incident

Type 2. Nutrients 12:3249. https://doi.org/10.3390/nu12113249.

Mckinnon EJ, Rossi E, Beilby JP, et al (2014) Factors That Affect Serum Levels of Ferritin in Australian Adults
and&nbsp;Implications for Follow-up. Clin Gastroenterol Hepatol 12:101-108.e4.

https://doi.org/10.1016/j.cgh.2013.07.019

Ueno Y, Fujita K, Takashina N, et al (1991) Studies on the change in the levels of serum ferritin, serum iron and

total iron binding capacity caused by aging and sex difference. Rinsho Byori 39:523-530

Yip R (1994) Changes in iron metabolism with age. In: Brock JH, Halliday JW, Pippard MJ, Powell LW (eds)

Iron Metabolism in Health and Disease. WB Saunders, London, pp 428448

Picca A, Mankowski RT, Kamenov G, et al (2019) Advanced Age Is Associated with Iron Dyshomeostasis and

Mitochondrial DNA Damage in Human Skeletal Muscle. Cells 8:1525. https://doi.org/10.3390/cells8121525

Xu J, Jia Z, Knutson MD, Leeuwenburgh C (2012) Impaired iron status in aging research. Int J Mol Sci

13(2):2368-2386. https://doi.org/10.3390/ijms13022368

Lecube A, Hernandez C, Pelegri D, Simé R (2008) Factors accounting for high ferritin levels in obesity. Int J

Obes 32:1665-1669. https://doi.org/10.1038/ij0.2008.154

Moore Heslin A, O’Donnell A, Buffini M, et al (2021) Risk of Iron Overload in Obesity and Implications in
18



514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Metabolic Health. Nutrients 13:1539. https://doi.org/10.3390/nu13051539

Traversy G, Chaput JP (2015) Alcohol Consumption and Obesity: An Update. Curr Obes Rep 4:122-130.

https://doi.org/10.1007/s13679-014-0129-4

McCarty MF (2000) The origins of Western obesity: A role for animal protein? Med Hypotheses 54:488-494.

https://doi.org/10.1054/mehy.1999.0882

You W, Henneberg M (2016) Meat consumption providing a surplus energy in modern diet contributes to obesity

prevalence: An ecological analysis. BMC Nutr 2:1-11. https://doi.org/10.1186/s40795-016-0063-9

Pedersen P, Milman N (2009) Genetic screening for HFE hemochromatosis in 6,020 Danish men: Penetrance of

C282Y, H63D, and S65C variants. Ann Hematol 88:775-784. https://doi.org/10.1007/s00277-008-0679-1

Whitfield JB, Cullen LM, Jazwinska EC, et al (2000) Effects of HFE C282Y and H63D polymorphisms and
polygenic background on iron stores in a large community sample of twins. Am J Hum Genet 66:1246-1258.

https://doi.org/10.1086/302862

Bacon BR, Britton RS (2008) Clinical Penetrance of Hereditary Hemochromatosis. N Engl J Med 25:183-190.

https://doi.org/10.1056/nejme078215

Iglesias Vazquez L, Arija V, Aranda N, et al (2019) The effectiveness of different doses of iron supplementation
and the prenatal determinants of maternal iron status in pregnant spanish women: ECLIPSES study. Nutrients

11:2418. https://doi.org/10.3390/nu11102418

Fernandez-Cao JC, Arija V, Aranda N, et al (2013) Heme iron intake and risk of new-onset diabetes in a
Mediterranean population at high risk of cardiovascular disease: An observational cohort analysis. BMC Public

Health 13:1042. https://doi.org/10.1186/1471-2458-13-1042

Hu PJ, Ley SH, Bhupathiraju SN, et al (2017) Associations of dietary, lifestyle, and sociodemographic factors
with iron status in Chinese adults: A cross-sectional study in the China Health and Nutrition Survey. Am J Clin

Nutr 105:503-512. https://doi.org/10.3945/ajcn.116.136861

Péneau S, Dauchet L, Vergnaud AC, et al (2008) Relationship between iron status and dietary fruit and vegetables

based on their vitamin C and fiber content. Am J Clin Nutr 87:1298-1305. https://doi.org/10.1093/ajcn/87.5.1298

Harrison-Findik DD (2007) Role of alcohol in the regulation of iron metabolism. World J Gastroenterol 13:4925-
19



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

4930. https://doi.org/10.3748/wjg.v13.137.4925

Milman N, Kirchhoff M (1996) Relationship between serum ferritin, alcohol intake, and social status in 2235

Danish men and women. Ann Hematol 72:145-151. https://doi.org/10.1007/s002770050153

White A, Nicolas G, Foster K. Health Survey for England 1991. Her Majesty’s Stationary Office, 1993.

Whitfield JB, Zhu G, Heath AC, et al (2001) Effects of Alcohol Consumption on Indices of Iron Stores and of
Iron Stores on Alcohol Intake Markers. Alcohol Clin Exp Res 25:1037-1045. https://doi.org/10.1111/j.1530-

0277.2001.tb02314.x

Mehta K, Farnaud S, Patel VB (2016) Molecular Effects of Alcohol on Iron Metabolism. In: Patel VB (ed)
Molecular Aspects of Alcohol and Nutrition: A Volume in the Molecular Nutrition Series. Elsevier Inc., pp 355—

368

Ghio AJ, Hilborn ED, Stonehuerner JG, et al (2008) Particulate Matter in Cigarette Smoke Alters Iron
Homeostasis to Produce a Biological Effect. Am J Respir Crit Care Med 178:1130-1138.

https://doi.org/10.1164/rccm.200802-3340C

Lee CH, Goag EK, Lee SH, et al (2016) Association of serum ferritin levels with smoking and lung function in
the Korean adult population: analysis of the fourth and fifth Korean National Health and Nutrition Examination

Survey. Int J Chron Obs Pulmon Dis 11:3001-3006. https://doi.org/10.2147/COPD.S116982

Zhang WZ, Butler JJ, Cloonan SM (2020) Smoking-induced iron dysregulation in the lung. Free Radic Biol Med

133:238-247. https://doi.org/10.1016/j.freeradbiomed.2018.07.024

Munasinghe LL, Ekwaru JP, Mastroeni MF, et al (2019) The association of serum 25-hydroxyvitamin D
concentrations with elevated serum ferritin levels in normal weight, overweight and obese Canadians. PLoS One

14:¢0213260. https://doi.org/10.1371/journal.pone.0213260

Broderstad A, Smith-Sivertsen T, Marie Dahl I, et al (2006) Serum levels of iron in Ser-Varanger northern
Norway-An iron mining municipality. Int J Circumpolar Health 65:432-442.

https://doi.org/10.3402/ijch.v65i5.18131

McClung JP, Martini S, Murphy NE, et al (2013) Effects of a 7-day military training exercise on inflammatory

biomarkers, serum hepcidin, and iron status. Nutr J 12:141. https://doi.org/10.1186/1475-2891-12-141

20



566 72. Skarpanska-Stejnborn A, Basta P, Trzeciak J, Szcze$niak-Pilaczynska L. (2015) Effect of intense physical exercise

567 on hepcidin levels and selected parameters of iron metabolism in rowing athletes. Eur J Appl Physiol 115:345-
568 351. https://doi.org/10.1007/s00421-014-3018-3
569

21



