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BRIEF REPORT 

HFE Genotype Modifies the Influence 
of Heme Iron Intake on Iron Status 

D. C. Greenwood, * J. E. Cade, t J. A. Moreton, t 

B. O'Hara,t V. J. Burley, J. A. Randerson-Moor, 
K. Kukalizch,/ D. Thompson,? M. Worwood,l 
and D. T. Bishop 

Background: Public health policy to prevent iron deficiency 
through food fortification or other measures may be disadvantageous 
to people with hereditary hemochromatosis. 

Methods: From a cohort of U.K. women, 2531 women were typed 
for C282Y and H63D mutations in the hemochromatosis gene. 
These women completed food frequency questionnaires and pro 
vided blood for iron status. 
Results: C282Y homozygotes (n = 31) had serum ferritin concen 
trations 2.4 times higher (95% confidence interval = 1.9-3.1) than 
wild types (n = 1774), but heterozygotes (n = 726) were not 
different from wild types. H63D genotype had no effect on its own. 
The effect of heme iron intake (from meat, fish, and poultry) was 2.0 
times greater (1.2-3.2) on C282Y homozygotes than other groups. 
Nonheme iron had little effect. 
Conclusions: There may be scope for dietary intervention in women 
homozygous for the C282Y mutation. C282Y heterozygotes and 
H63D homozygotes and heterozygotes have similar serum ferritin 
concentrations to wild type and need not reduce their meat intake 
other than as part of a normal healthy diet. 
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Public health policy to prevent iron deficiency may be 
disadvantageous for people with hereditary hemochroma 

tosis. This is an autosomal-recessive disorder in which there 
is iron accumulation as a result of increased dietary absorp 
tion. Most patients with hereditary hemochromatosis are 
homozygous for a single mutation (C282Y) of the HFE 

gene.' In the United Kingdom, over 90% of patients with 

hemochromatosis have this genotype2 as do approximately 1 
in 150 people in the general population.3 Approximately 15% of 
the population are carriers of C282Y. A second variant, H63D, 
is also common in the general population (carrier frequency 

approximately 25%) and may cause iron accumulation if present 
with C282Y. Although the clinical penetrance of homozygosity 
for C282Y is low,4'5 those patients in whom unidentified iron 
accumulation leads to iron overload may develop organ damage 
leading to arthritis, diabetes mellitus, heart disease, liver cirrho 
sis, and hepatocellular carcinoma.6 We therefore set out to 
address the question of whether an individual's response to 
long-term dietary practice differs according to their genotype. 
Previous research suggests that heme iron (found in meat, fish, 
and poultry) should be the focus of this investigation in hemo 
chromatosis.7 

METHODS 
Subjects 

Participants were sampled from the U.K. Women's 
Cohort Study, a cohort of 35,372 U.K. women aged 35-69 in 
1995. The Cohort was designed to cover a broad range of 
dietary intakes with equal proportions of self-reported vege 
tarians, fish-eaters, and red meat-eaters.8 Fifteen thousand 
women were randomly selected to receive 2 cytology brushes 
and asked to return cheek cell samples by mail for DNA 

assays. Potential C282Y homozygotes and heterozygotes 
were then asked to provide blood samples taken at their local 
general practice or hospital phlebotomy clinic. Another 3000 
Cohort women were randomly selected to provide blood 
samples. 

Measurements 
Details of DNA extraction and analysis of blood sam 

ples for serum ferritin concentration are available with the 
online version of this article. Long-term diet was measured 
using a 217-item food frequency questionnaire9'10 based on 
the one used by the UK EPIC study.11 Nutrient values for 
food items, including total iron, were derived from standard 
U.K. Food Composition tables.12 Estimated heme iron intake 
from meat, fish, and poultry was based on meat-specific 
concentrations of heme iron.13 Supplemental intake of vita 
mins and minerals, including iron, was assessed by separate 
questionnaire. 

Statistical Methods 
We initially compared C282Y and H63D homozygotes 

with wild types for log-transformed serum ferritin, serum 
iron, unbound iron-binding capacity, total iron-binding ca 
pacity, transferrin saturation, and hemoglobin using 2-sample 
t tests. In this exploratory analysis, 99% confidence intervals 
(CIs) were used as an acknowledgment of the multiple testing 
involved. We used multiple linear regression to investigate 
the relationship between log-transformed serum ferritin con 
centrations and both total iron intake and heme iron intake. 
Adjustment was made for age, genotype, smoking status, 
blood donor status, menopausal status, body mass index, and 
intakes of total energy, alcohol, Englyst fiber, calcium, non 
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heme iron, and vitamin C, including supplemental intakes of 
iron, calcium, and vitamin C as continuous variables. Any 
influence of genotype on the relationship between heme iron 
intake and serum ferritin (ie, the gene-diet interaction) was 
formally tested by adding the appropriate interaction term to 
the model and using a likelihood ratio test. The power 
calculation is available with the online version of this article. 

Ethical approval for the study was obtained from 173 
local research ethics committees, and written consent for 
DNA analysis was obtained from all individuals taking part. 

RESULTS 
Women had a mean (? standard deviation) age of 53 ? 

9 years at recruitment with mean body mass index of 25 ? 4 

kg/M2. Almost all the women were white. Geometric mean 
total iron intake was 18.0 mg/d and 0.3 mg/d for heme iron. 

Of the 15,000 women contacted for cheek cell screen 
ing, 5349 (36%) provided cytology brush samples. Of the 
3000 women contacted solely for blood, 1877 (63%) returned 
blood samples. Combining the results from cheek cell and 
blood samples, C282Y was available for 6747 (93%) of the 
subjects returning samples and H63D genotype information 
for 6766 (94%). Of those successfully genotyped for the 
C282Y mutation, 31 subjects (0.5%) were homozygous, 901 
(13.4%) were heterozygous, and 5815 (86.2%) were wild 
type. For the H63D mutation, 167 (2.5%) were homozygous, 
1745 (25.8%) were heterozygous, and 4854 (71.7%) were 
wild type. Of those who were heterozygous for either C282Y 
or H63D, 173 subjects were heterozygotes for both (com 
pound heterozygotes). HFE genotypes were consistent with 
Hardy-Weinberg equilibrium, and phase analysis confirmed 
the 2 variants to be segregating on distinct haplotypes. 

There were 2573 analyzable blood samples, with 2531 
successfully typed for C282Y (31 homozygous, 726 het 
erozygous, 1774 wild types) and 2535 successfully typed for 
H63D (41 homozygous, 662 heterozygous, 1832 wild types). 
Blood iron status on these subjects is shown by genotype in 
Table 1. Twelve of the 31 (39%) women homozygous for the 
C282Y mutation had serum ferritin concentrations above the 
upper limit of the reference range. This was a substantially 
higher proportion than the 17 (2%) of heterozygotes and 18 
(1%) of wild types with blood measurements. Of the C282Y 
homozygotes, 28 (90%) had transferrin saturation above 
50%, compared with 191 (27%) of heterozygotes and 181 
(10%) of wild types with this measure. 

Adjusting for the potential confounders listed, an incre 
ment of 1 mg/d in heme iron intake (equivalent to approxi 
mately doubling intake) was associated with a 41% increase 
in serum ferritin concentrations (95% CI = 32-51%). Being 
homozygote for C282Y was associated with serum ferritin 
concentrations 2.4 times higher (1.9-3.1) than the wild type. 
C282Y heterozygotes had similar serum ferritin concentra 
tions to wild type (ratio = 1.06; 0.99-1.13). The effect of the 

heme iron intake was 2.0 times greater (1.2-3.2) for C282Y 
homozygotes than other groups, indicating a statistically 
significant gene-diet interaction (P = 0.006). C282Y ho 
mozygotes also still had higher ferritin concentrations over 
all. Serum ferritin concentrations predicted by the model for 
each woman are shown in Figure 1. The stronger relationship 
between heme iron intake and serum ferritin for the C282Y 
homozygotes illustrates the interaction effect. Estimates of 
the interaction remained essentially unchanged after adjust 

ment for socioeconomic status and highest educational level. 
Exclusion of self-reported vegetarians did not substantially 
change the results. There were insufficient data to investigate 
any threshold effect. 

After adjustment for confounding factors, there was no 
evidence of subjects homozygous for H63D having higher 
serum ferritin concentrations than wild type (ratio = 0.97; 
0.74-1.27). No interaction was evident with H63D genotype 
(P = 0.23). Compound heterozygotes (heterozygote for both 
C282Y and H63D) had serum ferritin concentrations 1.2 
times higher (1.0-1.5) than subjects who were wild type for 
both mutations. 

When we investigated total iron intake, we found no 
substantial association with serum ferritin concentrations. 
Only the heme iron component appeared to be related to 
serum ferritin concentration. 

DISCUSSION 
We characterized blood iron status in relation to both 

genotype and dietary iron intakes in a large cohort. The 
estimated prevalences of the mutations were similar to pre 
vious published studies of hemochromatosis in the United 
Kingdom,3"14 northern Europe,15"16 and the United States.4 If 
we define biochemical expression of hereditary hemochro 
matosis as serum ferritin concentrations above the upper limit 
of the reference range, then penetrance of this disease in our 
cohort was 39% (although we have no measure of morbidity 
in this study). 

The relative roles of heme and nonheme iron are 
discussed further in the online version of this article, along 
with a comparison of intakes recorded in other studies. Heme 
iron intake was strongly related to iron status. Women con 
suming more heme iron had higher serum ferritin concentra 
tions. This relationship was exacerbated by homozygosity for 
the C282Y mutation; the influence of heme iron intake was 

more than twice as strong among C282Y homozygotes than 
wild types. This resulted in substantially raised serum ferritin 
concentrations in this group. In contrast, even the highest 
intakes of heme iron were not associated with excessive 
serum ferritin concentrations among women who were wild 
type or heterozygous for C282Y. The presence of the H63D 

mutation was not associated with higher serum ferritin 
concentrations except in those who were compound het 
erozygotes with the C282Y mutation. 
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FIGURE 1. Plot of predicted serum ferritin concentrations for 
the regression model, including genotype by heme iron inter 
action. 

These findings confirm results from a series of small 
studies investigating heme and nonheme iron absorption in 
controlled conditions.7 Lynch et al found in healthy volun 
teers that absorption of both heme and nonheme iron was 
lower among those with higher serum ferritin concentrations. 
In patients with hemochromatosis, absorption of both types of 
iron was higher, but only heme iron absorption was free of 
any inverse association with serum ferritin. In their study, 
absorption of iron from normal diets in heterozygotes ap 
peared little different from healthy volunteers. We have also 
formally demonstrated the observation of Rossi et a117 that 
there is no difference in serum ferritin concentrations be 
tween wild type and heterozygous C282Y meat-eaters. 

Women who are homozygous for the C282Y mutation 
should be advised to limit their meat (heme iron) intake to 
reduce the rate of iron accumulation, providing they are not 
anemic. The larger group of women who are heterozygous for 
the C282Y mutation do not have substantially higher serum 
ferritin concentrations than wild type and need not reduce 
their intake on the basis of this study other than as part of a 
normal healthy diet. 

ACKNOWLEDGMENTS 
We thank James Thomas for database design and man 

agement; nutrition students for handling mailings; Zoe 
Kennedy for assistance with DNA analysis and extraction; 
Rupert Gaut for technical advice and DNA extraction; and 

Jenny Barrett for PhD student support. The Food Standards 
Agency sent the study protocol to external peer review before 
funding, but had no role in study design, data collection, data 
analysis, data interpretation, writing of the report, or the 
decision to publish. 

REFERENCES 
1. Feder JN, Gnirke A, Thomas W, et al. A novel MHC class I-like gene 

is mutated in patients with hereditary haemochromatosis. Nat Genet. 

1996;13:399-408. 
2. Robson KJH, Worwood M, Shearman JD, et al. A simple genetic test 

identifies 90% of UK patients with haemochromatosis. Gut. 1997;41: 
841-844. 

3. Jackson HA, Carter K, Darke C, et al. HFE mutations, iron deficiency 
and overload in 10 500 blood donors. Br J Haematol 2001;114:474 
484. 

4. Beutler E, Felitti VJ, Koziol JA, Ngoc JH, Gelbart T. Penetrance of 
845G-A (C282Y) HFE hereditary haemochromatosis mutation in the 

USA. Lancet. 2002;359:211-218. 
5. McCune CA, AI Jader LN, May A, Hayes SL, Jackson HA, Worwood 

M. Hereditary haemochromatosis: only 1% of adult HFE C282Y ho 

mozygotes in South Wales have a clinical diagnosis of iron overload. 
Hum Genet. 2002;111:538-543. 

6. Bothwell TH, MacPhail AP. Hereditary hemochromatosis: etiologic, 
pathologic, and clinical aspects. Semin Hematol 1998;35:55-71. 

7. Lynch SR, Skikne BS, Cook JD. Food iron-absorption in idiopathic 
hemochromatosis. Blood. 1989;74:2187-2193. 

8. Greenwood DC, Cade JE, Draper A, Barrett JH, Calvert C, Greenhalgh 
A. Seven unique food consumption patterns identified among women in 
the UK Women's Cohort Study. Eur J Clin Nutr. 2000;54:314-320. 

9. Cade JE, Burley VJ, Greenwood DC. The UK Women's Cohort Study: 
comparison of vegetarians, fish-eaters and meat-eaters. Public Health 

Nutr. 2004;7:871-878. 
10. Spence M, Cade JE, Burley VJ, Greenwood DC. Ability of the UK 

Women's Cohort food frequency questionnaire to rank dietary intakes: a 

preliminary validation study [Abstract]. Proc Nutr Soc. 2002;61:117A. 
11. Riboli E. Nutrition and cancer: background and rationale of the Euro 

pean Prospective Investigation into Cancer and Nutrition (EPIC). Ann 
Oncol 1992;3:783-791. 

12. Holland B, Welch AA, Unwin ID, Buss DH, Paul AA, Southgate DAT. 
The Composition of Foods. Cambridge: The Royal Society of Chemistry 
and Ministry of Agriculture, Fisheries and Food; 1991. 

13. Bratley BA, Burley VJ, Greenwood DC, Barrett JH, Cade JE. Estimation 
of haem iron intake from a food frequency questionnaire [Abstract]. 
Proc Nutr Soc. 2002;61:137A. 

14. Merryweather-Clarke AT, Pointon JJ, Shearman JD, Robson KJH. 
Global prevalence of putative haemochromatosis mutations. J Med 
Genet. 1997;34:275-278. 

15. Ellervik C, Mandrup-Poulsen T, Nordestgaard BG, et al. Prevalence of 

hereditary haemochromatosis in late-onset type 1 diabetes mellitus: a 

retrospective study. Lancet. 2001;358:1405-1409. 
16. Merryweather-Clarke AT, Pointon JJ, Jouanolle AM, Rochette J, 

Robson KJH. Geography of HFE C282Y and H63D mutations. Genet 
Test. 2000;4:183-198. 

17. Rossi E, Bulsara MK, Olynyk JK, Cullen DJ, Summerville L, Powell 
LW. Effect of hemochromatosis genotype and lifestyle factors on iron 
and red cell indices in a community population. Clin Chem. 2001;47: 
202-208. 

? 2005 Lippincott Williams & Wilkins 805 

This content downloaded from 35.8.11.2 on Tue, 15 Dec 2015 19:29:14 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. 802
	p. 803
	p. 804
	p. 805

	Issue Table of Contents
	Epidemiology, Vol. 16, No. 6 (Nov., 2005) pp. 715-808
	Front Matter
	Commentary
	Optimal Referent Selection Strategies in Case-Crossover Studies: A Settled Issue [pp. 715-716]

	Case-Crossover Analyses of Air Pollution Exposure Data: Referent Selection Strategies and Their Implications for Bias [pp. 717-726]
	Spatial Analysis of Air Pollution and Mortality in Los Angeles [pp. 727-736]
	Childhood Asthma and Exposure to Traffic and Nitrogen Dioxide [pp. 737-743]
	Polycyclic Aromatic Hydrocarbons and Fatal Ischemic Heart Disease [pp. 744-750]
	Chronic Exposure to Ambient Ozone and Lung Function in Young Adults [pp. 751-759]
	Bronchiectasis in Persons with Skin Lesions Resulting from Arsenic in Drinking Water [pp. 760-765]
	Binge Drinking in Midlife and Dementia Risk [pp. 766-771]
	Dietary Iron, Zinc, and Calcium and the Risk of Lung Cancer [pp. 772-779]
	Physical Activity as a Determinant of Mortality in Women [pp. 780-785]
	Analysis of Mortality Data from Cancer Screening Studies: Looking in the Right Window [pp. 786-790]
	Review Article
	Dynamically Modeling SARS and Other Newly Emerging Respiratory Illnesses: Past, Present, and Future [pp. 791-801]

	Brief Report
	HFE Genotype Modifies the Influence of Heme Iron Intake on Iron Status [pp. 802-805]

	Letters
	Maternal Asthma, Preeclampsia and Risk of Hypospadias [pp. 806-807]

	Back Matter



