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Objective. We hypothesized that there is an association
betweenhaemochromatosis genotypeC282Y ⁄C282Y
and ⁄or iron overload and risk of hypertension and ⁄or
left ventricularhypertrophy (LVH).

Methods. We analysed data from a cross-sectional
study of the general population including 8992 indi-
viduals from the Copenhagen City Heart Study
(CCHS), a follow-up study of 36 480 individuals from
the Copenhagen General Population Study (CGPS),
and a case-only study of 3815 Scandinavians from
the Losartan Intervention For End-point Reduction
in Hypertension Genetic Substudy (LIFEGEN) with
LVHandhypertension.

Results. In the CCHS, individuals with C282Y ⁄C282Y
versus wild type ⁄wild type had an odds ratio for anti-

hypertensive medication use of 4.8 (1.8–13;
P = 0.003). In the CGPS, the corresponding hazard
ratiowas1.7 (1.0–2.3;P = 0.003). Also, hazard ratios
for antihypertensive medication use in the CGPS
were1.6 (1.0–2.6;P = 0.05) for transferrin saturation
‡80% vs. <50%, and 2.3 (1.3–4.2; P = 0.005) for
C282Y ⁄C282Y + transferrin saturation ‡80% vs.
wild type ⁄wild type + transferrin saturation <50%.
These results were most pronounced in men above
55 years of age. We did not find any association be-
tween C282Y ⁄C282Y or iron overload and LVH or
hypertension (measuredasbloodpressure at a single
occasion or continuous blood pressure), or LVHwith
hypertension in the CCHS or with severity of LVH in
LIFEGEN.

Conclusions. We found that haemochromatosis geno-
type C282Y ⁄C282Y and extremely elevated transfer-
rin saturation either separately or combined were
associated with increased risk of antihypertensive
medicationuse.Therefore, testing forhaemochroma-
tosis genotype C282Y ⁄C282Y and extreme transfer-
rin saturation could be considered in patients with
essentialhypertension.

Keywords: haemochromatosis, HFE, hypertension,
iron overload, left ventricular hypertrophy, transfer-
rinsaturation.

Introduction

Hereditaryhaemochromatosis isanautosomalreces-
sive disorder characterized by iron overload and life-
long accumulation of iron primarily in the liver, pan-
creas and heart, leading to liver cirrhosis, diabetes
and cardiomyopathy [1, 2]. Homozygosity for C282Y
in the HFE gene is responsible for 83% of hereditary
haemochromatosis inwhite individuals [3]. The earli-

est detectable biochemical anomaly is increased
transferrin saturation [1],whichgenerally represents
an increased intestinal iron absorption; this may be
followedbyan increase in ferritin concentration, high
enoughtobesuggestiveoforgandamage[1].

Increased thickness of the ventricular wall is proba-
bly the first, and still reversible, cardiac alteration
due to iron deposition in the myocardium [4]. Later,
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with increasing iron overload, left ventricular func-
tion becomes impaired and dilated cardiomyopathy
develops [4]. The echocardiographic features of hae-
mochromatosis are varying degrees of cardiomyopa-
thyand left ventricular hypertrophy (LVH) [5], the lat-
terofwhich isalsoa featureofhypertension [6].

Meta-analyses [7–9] didnot showanyassociation be-
tween HFE gene mutations or iron overload and is-
chaemicheart disease ormyocardial infarction; how-
ever, the association between HFE gene mutations
and diabetic microangiopathy is still controversial
[10–13]. Also, accumulating evidence suggests that
oxidative stressmay alter themodulation of vascular
tone [14], thereby affecting blood pressure leading to
hypertension.Oxidation of iron generates free hydro-
xyl radicals through the Fenton reaction, producing
oxidative stress in cells [15]. An increase in ferritin
levels in men with essential hypertension has been
shown [16]. Furthermore, it has been shown that
arterialwall thicknesswas increasedbefore theonset
of cardiovascular complications in haemochromato-
sis patients and that this alteration was reversed by
iron depletion [17]. It is therefore possible that indi-
viduals with haemochromatosis genotypes and ⁄or
iron overload are overrepresented amongst patients
withhypertensionand ⁄orLVH.

We tested thehypothesis that thehaemochromatosis
genotype C282Y ⁄C282Y and ⁄or extreme elevation in
transferrin saturation, which signals iron overload,
are associated with hypertension and ⁄or LVH. For
this purpose, we used the data from three studies. (i)
The cross-sectional Copenhagen City Heart Study
(CCHS), which included 8992 individuals from the
generalpopulationofwhom,1046wereonantihyper-
tensive medication and 744 had LVH. (ii) A follow-up
study of 36 480 individuals from the Copenhagen
General Population Study (CGPS), of whom 7080 re-
ceived antihypertensive medication. (iii) The Losar-
tan Intervention For End-point Reduction in Hyper-
tension Genetic Substudy (LIFEGEN), which
included 3815 Scandinavian participants all with
hypertensionandLVH.

Materials and methods

Participants

The three studies were approved by the appropriate
institutional review boards and ethical committees.
Written informed consent was obtained from partici-
pants in all studies. This investigation conforms to
theprinciplesof theDeclarationofHelsinki.

The Copenhagen City Heart Study

TheCCHSisastudyof theDanishgeneralpopulation
initiated between 1976 and 1978 [18, 19]. We deter-
mined the genotypeof8992white individuals ofDan-
ish descent from the 1991 to 1994 examination for
C282Y and H63D [20, 21]. Clinically overt haemo-
chromatosis was not diagnosed in any of the 23
C282Y ⁄C282Y individuals before the study. Four of
the 23C282Y ⁄C282Y individuals had been blood do-
nors [21]. All living C282Y ⁄C282Y individuals were
informed of their genotype status in 2001. They were
also informed of the possibility of a slightly increased
riskofdevelopinghaemochromatosis, but that thera-
peutic phlebotomy could be considered. Of the 20
C282Y ⁄C282Y individuals still alive in 2001, all were
then referred to a hospital for possible treatment for
haemochromatosis. Whether or not C282Y ⁄C282Y
individuals were treated with phlebotomy from 2001
andonwardshavenotbeenrecorded.

The Copenhagen General Population Study

TheCGPS isa studyof theDanishgeneralpopulation
initiated in 2003. We determined the genotype of
36 480 white individuals of Danish descent for
C282Y and H63D. No subjects took part in both the
CCHS and CGPS. Because clinically overt haemo-
chromatosis was not diagnosed in any of the
C282Y ⁄C282Y individuals in the CCHS, those with
C282Y ⁄C282Yin theCGPSwere not informed of their
genotype status. We do not know whether any of
theseC282Y ⁄C282Y individualshadapreviousdiag-
nosisofhaemochromatosis.

Losartan Intervention For End-point Reduction in Hypertension Genetic
Substudy

Losartan Intervention For End-point Reduction in
Hypertension Genetic Substudy included 3815
Scandinavian patients with hypertension and elec-
trocardiogram (ECG)-verified LVH [22–24] who
were all genotyped for C282Y and H63D. All patients
were white, and were recruited between June
1995 and April 1997 in Denmark (N = 904), Finland
(N = 1262),Norway (N = 641)andSweden (N =1008).

Hypertension

CCHS and CGPS Patient-reported intake of antihy-
pertensivemedicationwas takenasthebest indicator
ofhypertension in thesestudies,because it is likely to
indicate that the participant’s general practitioner
found evidence of hypertension during several con-
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sultations. Only in the CGPS were data available on
theprescription date of antihypertensivemedication.
Bloodpressurewasmeasuredby trained technicians
using the London School of Hygiene sphygmoma-
nometer on the left armafter 5 min rest with the sub-
ject in the sitting position. The disappearance of the
Korotkoff sound (phaseV)wasused todeterminedia-
stolic pressure. The fall of the mercury column was
set to 2 mm s)1. The blood pressure cuff was
12 · 26 cm; however, a cuff that measured
15 · 38 cmwas used for subjects with an upper arm
circumferenceof>46 cm[25–27].

LIFEGEN Hypertension was defined as mean sitting
diastolic blood pressure reading of 95–115 mmHg or
mean sitting systolic blood pressure readings of 160–
200 mmHg, after 1 and 2 weeks of single-blind pla-
cebo treatment [22–24].

Left ventricular hypertrophy

CCHS Left ventricular hypertrophy was diagnosed
by standard 12-lead ECGs and coded by a core labo-
ratory, according to theMinnesota code [28]: 3.1 and
3.3with anRamplitude>26 mm ineither of leadsV5
orV6, anRamplitude>20 mm inany of leads I, II, III,
aVF,anRamplitude>12 mmin leadaVL,anRampli-
tudeof15–20 mmin lead I, oranRamplitude inV5or
V6 plus S amplitude in V1 > 35 mm. Eligible ECG
datawereavailable for8937individuals.

LIFEGEN Left ventricular hypertrophy was diag-
nosed by standard 12-leadECGby a core laboratory,
and was defined according to criteria based on the
product of Cornell voltage (RaVL + SV3) and QRS
duration [22]: >2440 mm · ms inmen, and the same
product plus 6 mm in women [22]. Furthermore, So-
kolow-Lyon voltage combination (SV1 + RV5 or RV6)
>38 mm was accepted as an alternative criterion for
LVH inbothmenandwomen.

Genotyping

Genotyping of the CCHS participants for C282Y
(dbSNP: rs1800562), a G ⁄A nucleotide change at po-
sition 845 in the HFE gene [3], and H63D (dbSNP:
rs1799945), aC ⁄Gnucleotide change at position 187
in the HFE gene [3], by allele specific amplification
[29], with restriction enzyme digestion to confirm
genotyping [3, 20]. The amplification refractory
mutation system (ARMS) simultaneously detects
both hereditary haemochromatosis mutations
C282Y and H63D, including sense and antisense
primers for C282Y, H63D and human growth hor-

mone as an internal amplification control [29]. Geno-
typing of the CGPS and LIFEGEN participants by a
TaqMan assay (Applied Biosystems, Foster City, CA,
USA) (details available from authors), and confirmed
using sequencing. CCHS, CGPSandLIFEGENpopu-
lations were in Hardy–Weinberg equilibrium for
C282YandH63D.

Iron overload

CCHSandCGPS Iron overloadwas defined as trans-
ferrin saturation levels of ‡50%. Transferrin satura-
tion (%)wasdeterminedas iron levels (inlmol L)1) di-
vided by 2· transferrin levels (in lmol L)1) · 100.
Transferrin was measured by turbidimetry and iron
levels by absorption photometry (Konelab autoana-
lyzer; ThermoFisher Scientific, Waltham, MA, USA).
Transferrin saturation data were available for 8201
individuals in the CCHS and 36 463 in the CGPS.
Transferrin saturation was dichotomized in the
CCHS (<50%, ‡50%)due to reduced power compared
to the CGPS, in which transferrin saturation was
divided into five groups (<50%, 50% to <60%, 60%
to<70%,70%to<80%,‡80%).

Other characteristics

CCHS, CGPS and LIFEGEN Individuals were ques-
tioned about alcohol intake and smoking habit. Body
mass index (BMI) was calculated as weight in kilo-
gramsdividedbyheight inmetres squared. The pres-
ence of diabetesmellituswasdefinedas self-reported
disease, treatment for diabetes and ⁄or nonfasting
plasma glucose >11 mmol L)1. Plasma total choles-
terol, HDL cholesterol and glucose levels were mea-
suredbycolorimetricassays (BoehringerMann-heim
GmbH,Mannheim,Germany) in thestudy laboratory
(CCHS, CGPS) [18, 19] or in a central laboratory
(LIFEGEN) [22–24]. Risk factor status was deter-
mined at study entry for the CCHS and CGPS, and
prior torandomization forLIFEGEN.

Study designs

CCHS Data from theCCHSwere used in a cross-sec-
tional design for these analyses; however, the total
number of individuals available for thedifferent anal-
yses varies because of thenumber of individualswith
different covariates or available end-points.We stud-
ied the association between: (i) genotype and iron
overload; (ii) genotype or iron overload and risk of
hypertension as (a) intake of antihypertensive medi-
cation, (b) hypertension based on a single blood
pressuremeasurementwith cut-off of140 ⁄90 mmHg
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and inclusion of those receiving antihypertensive
treatment in the hypertensive group before analysis
and (c) continuous blood pressure measurement
[diastolic blood pressure, systolic blood pressure,
pulse pressure (the difference between systolic and
diastolic blood pressures)]; and (iii) genotype or iron
overloadandriskofLVH.

CGPS Individuals from the CGPSwere followed from
birthuntil thedateofprescriptionofantihypertensive
medication or end of follow-up at the enrollment date
(i.e., 2 065 021person-years).

LIFEGEN We performed a case-only study within
LIFEGEN of (i) the variation in diastolic blood pres-
sure, systolic bloodpressure, pulsepressure,Cornell
voltage–duration product (mm · ms) and Sokolow-
Lyon voltage (mm) according to haemochromatosis
genotype, and (ii) the severity of LVH according to
haemochromatosisgenotypeusingdichotomizedval-
ues [aboveversusbelowmedianCornell voltageprod-
uct (2668 mm · ms) and Sokolow-Lyon voltage
(29 mm)].

Statistics

NCSS-PASS software was used for power calcula-
tions. The free internet source Haploview from
http://www.broadinstitute.org was used to estimate
pairwise linkage disequilibrium. Otherwise, the sta-
tistical software package Stata ⁄SE 9.0 was used.
Two-sidedprobability valuesofP < 0.05were consid-
ered significant. We used Bonferroni correction for
multiple comparisons for genotype results, aswehad
five genotype comparisons for each end-point
(P £ 0.01wasconsideredsignificant).

For differences in continuous measurements (trans-
ferrin saturation, diastolic blood pressure, systolic
blood pressure, pulse pressure, Cornell voltage-
duration product and Sokolow-Lyon voltage) in the
CCHS, CGPS or LIFEGEN according to haemochro-
matosis genotype or transferrin saturation, we used
Mann–Whitney U-test for two-group comparisons
and Kruskal–Wallis test for multiple comparisons.
Correlation between transferrin saturation (logarith-
mically transformed) and continuous blood pressure
measurement in theCCHSwas examinedwith linear
regression. For participants who were taking antihy-
pertensivemedication,weadded10 mmHg to the ob-
served systolic bloodpressure values and5 mmHg to
the observed diastolic blood pressure values [30, 31]
in the analyses of blood pressure as continuous
traits.

In the CCHS, logistic regression analyses estimating
odds ratios for antihypertensive medication, hyper-
tension and LVH according to haemochromatosis
genotypes or iron overload were performed crude or
adjusted.

In the CGPS, plots of cumulative incidences of treat-
ment with antihypertensive medication with the use
of Kaplan–Meier curves as a function of age were
determined. Differences between haemochromatosis
genotypes or degree of iron overload were tested for
significance with the log-rank test. Cox proportional
hazards regression (adjusted for age and gender) was
used to estimate hazard ratios with 95% confidence
intervals for risk of treatment with antihypertensive
medication.

In LIFEGEN, logistic regression analyses estimating
odds ratios for severity of LVH by either Cornell volt-
age product or Sokolow-Lyon voltage according to
haemochromatosis genotype were performed crude
oradjusted.

Adjustments were made for age, gender, BMI, smok-
ing, alcohol consumption, cholesterol and HDL cho-
lesterol levels and diabetes mellitus as shown in
Table1.To test forbivariatemultiplicative interaction
between genotype or iron overload and the covariates
listed inTable 1 onend-points, two-factor interaction
termswere included individually inthedifferentmod-
els and tested for significance with a likelihood ratio
test. No statistically significant interactions were ob-
served. In analyses, iron overload was stratified for
alcohol intake as excessive intake may increase
transferrin saturation levels [32]; however, this did
notaffect the results.

We estimated the pairwise linkage disequilibrium, a
measure of deviation from random association (i.e.,
no recombination), between the A allele of C282Y
and the G allele of H63D. The measure r2 represents
the statistical correlation between two sites,
and takes the value of 1 if only two haplotypes are
present [33].

Absolute risks for antihypertensive medication by
genotype or iron overload (transferrin saturation)
were estimated by using the regression coefficients
from a Poisson regression model. Absolute risks
are presented as estimated incidence rates
(events ⁄10 years) in percentage. Smoking (no ⁄yes)
was entered as a covariate, but did not affect the
results; therefore, data are shown without smoking
as a covariate.
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Population-attributable risk was calculated as
[f(HR ) 1)] ⁄ [1 + f(HR)1)], where f is the frequency of
thegenotypeor transferrinsaturation level of interest
in the population and HR is the hazard ratio for anti-
hypertensivemedication.

Results

Characteristics of participants in the CCHS, CGPS
and LIFEGEN are shown in Table 1. Minor allele fre-
quencies in the three studies were 5.9%, 5.9% and
5.3%, respectively, for the A allele of C282Y and 13%

inallstudiesfor theGalleleofH63D.These twoalleles
werenot in linkagedisequilibrium in the general pop-
ulationstudiesCCHSandCGPS;r2was0.009inboth.

Genotype and iron overload

CCHS Amongst8201 individuals in this generalpop-
ulation, transferrin saturation levels were elevated in
C282Y ⁄C282Y versus wild type ⁄wild type (Kruskal–
Wallis test, P = 0.0001; Mann–Whitney U-test for
individual comparisons against wild type ⁄wild type,
P < 0.0001) (datanot shown).

Table 1 Characteristicsofparticipants

CCHS CGPS LIFEGEN

Numbers (N) 8992 36 480 3815

Age (years) 60(47–70) 58(48–67) 66 (60–72)

Men (%) 44 46 46

Diastolicbloodpressure (mmHg) 84(75–92) 83(75–90) 99 (94–104)

Systolicbloodpressure (mmHg) 136 (122–152) 140 (126–155) 174 (165–185)

Pulsepressure (mmHg) 51(42–65) 55(45–68) 76 (66–87)

BMI (kg m)2)

1st tertile 22(20–23) 22(21–23) 24 (23–25)

2ndtertile 25(24–26) 26(25–27) 27 (26–28)

3rd tertile 30(28–32) 30(29–32) 32 (31–34)

Smokers (%) 49 23 16

Alcohol consumption (unitsa week)1)

None (%) 21 14 40

1–4 (%) 23 20 43

5–7 (%) 14 14 9

8–10(%) 11 12 4

More than10(%) 31 40 4

Cholesterol (mmol L)1)

1st tertile 4.9 (4.5–5.3) 4.7 (4.3–5.0) 5.1 (4.7–5.4)

2ndtertile 6.1 (5.8–6.4) 5.7 (5.5–5.9) 6.1 (5.9–6.4)

3rd tertile 7.4 (7.0–8.0) 6.7 (6.4–7.2) 7.2 (6.9–7.8)

HDLcholesterol (mmol L)1)

1st tertile 1.1 (1.0–1.2) 1.2 (1.0–1.3) 1.1 (1.0–1.2)

2ndtertile 1.5 (1.4–1.5) 1.6 (1.5–1.7) 1.5 (1.4–1.6)

3rd tertile 2.0 (1.9–2.3) 2.2 (2.0–2.4) 2.0 (1.8–2.2)

Diabetesmellitus (%) 4 4 11

aOneunitofalcohol isequivalent to12 g.
Valuesare frequencies (%)ormedians (interquartile ranges).
BMI,bodymass index;CCHS,CopenhagenCityHeartStudy;CGPS,CopenhagenGeneralPopulationStudy;HDL,high-density
lipoprotein; LIFEGEN,Losartan InterventionForEnd-pointReduction inHypertensionGeneticSubstudy; LVH, left ventricular
hypertrophy.
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Genotype and hypertension

CCHS Wetookuseofantihypertensivedrugs in1046
of 8908 CCHS participants as the best indicator of
hypertension in this study. Individuals with
C282Y ⁄C282Y had an increased risk of treatment
with antihypertensive medication compared with
wild type ⁄wild type,withanadjustedodds ratio of4.8
(1.8–13; P = 0.003) in all participants (Figure S1A)
and of 34 (4.3–270; P = 0.001) in men (data not
shown), which remained significant after correction
formultiple comparisons; results in womenwere not
significant (data not shown). In individuals with
C282Y ⁄C282Y, the adjusted odds ratio for hyperten-
sion using a cut-off of 140 ⁄90 mmHgwas not signifi-
cant versuswild type ⁄wild type (Figure S1B); gender-
stratified results were not significant (data not
shown).Diastolic bloodpressure, systolic bloodpres-
sure and pulse pressure as continuous traits did not
differ between genotypes (datanot shown). Therewas
80%power todetectanoddsratioof4.6 forantihyper-
tensive medication use and of 3.7 for hypertension
using a cut-off of 140 ⁄90 in individuals with
C282Y ⁄C282Ygenotype.

CGPS Of 36 480 individuals, 7080 ended the study
receiving antihypertensive medication. The cumula-
tive incidence of antihypertensive medication in-
creased with C282Y ⁄C282Y compared to wild type ⁄ -
wild type (Figure S2A, Table 2). Adjusted hazard
ratios for C282Y ⁄C282Y versus wild type ⁄wild type
was1.7 (1.2–2.3;P = 0.003)overall, and2.1 (1.3–3.3;
P = 0.002) inmen (Table 2, Fig. 1a; both results were
significantaftercorrection formultiplecomparisons);
results in women were not significant. There was
80% power to detect a hazard ratio for risk of use
of antihypertensive medication in individuals with
C282Y ⁄C282Y genotype of 1.7 overall and of 2.1 in
men.

Absolute 10-year risk of treatment with anti-
hypertensivemedication for individualswithC282Y ⁄
C282Y was 4.3% for women and 5.6% for men
(Fig. 2). Population-attributable risks for anti-
hypertensivemedicationuse forC282Y ⁄C282Ygeno-
type overall and in men were 0.2% and 0.4%,
respectively.

Genotype and LVH

CCHS Amongst 8937 CCHS participants, 744 had
ECG evidence of LVH. C282Y ⁄C282Ywas not associ-
atedwith risk of LVH (Figure S1C). Adjusted odds ra-
tio for LVH in C282Y ⁄H63D versus wild type ⁄wild

type was 1.8 (1.1–3.1; P = 0.02) (Figure S1C) but was
not significant after correction for multiple compari-
sons. Therewas80%power todetect an odds ratio for
LVH of 5.2 in C282 ⁄C282Y compared to wild type ⁄ -
wild type.

Genotype and LVH with hypertension

CCHS Amongst 8937 CCHS participants, 402 had
both LVH and hypertension. The odds ratio for LVH
with hypertension in individuals with C282Y ⁄C282Y
versuswildtype ⁄wildtypedidnotdiffer from1.0 (data
not shown).

LIFEGEN Diastolic blood pressure, systolic blood
pressure, pulse pressure, Cornell voltage-duration
product and Sokolow-Lyon voltage did not vary
acrosshaemochromatosis genotypes inpatientswith
hypertension and LVH (Table 3). None of the haemo-
chromatosis genotypes was associated with severity
of LVH (i.e., above median versus below median)
using eitherCornell voltageproduct orSokolow-Lyon
voltage criteria (Figure S3), or both criteria combined
(datanot shown).

Iron overload and hypertension and ⁄ or LVH

CCHS Iron overload (transferrin saturation ‡50%vs.
<50%) was not associated with hypertension or LVH
separately (Figure S4) or combined (data not shown).
Diastolic blood pressure, systolic blood pressure and
pulse pressure as continuous traits were not affected
by the presence or absence of iron overload (data not
shown).

CGPS The cumulative incidence of antihypertensive
medication use increasedwith extreme iron overload
with transferrin saturation ‡80% compared to <50%
overall (Figure S2B, Table 4) and inmen (Fig. 1b). Ad-
justed hazard ratios for transferrin saturation ‡80%
compared to <50%was1.6 (1.0–2.6;P = 0.05) overall
(Table 4) and 2.6 (1.6–4.2; P < 0.0001) in men
(Fig. 1b); the result in men was still significant after
correction formultiplecomparisons.

Adjusted hazard ratios for transferrin saturation
‡80% + C282Y ⁄C282Y genotype compared to trans-
ferrin saturation <50% + wild type ⁄wild type geno-
typewas2.3 (1.3–4.2;P = 0.005)overall (Table4) and
3.1 (1.6–5.7; P < 0.0001) in men (Fig. 1c); results
werestill significantaftercorrection formultiplecom-
parisons. Results inwomenwere not significant. The
cumulative incidence of antihypertensivemedication
use increased only after 40 years of age; after
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55 years this was most pronounced for those with
C282Y ⁄C282Y and transferrin saturation ‡80%
either separately or combined (Fig. 1, Figure S2).
There was 80% power to detect a hazard ratio of 2.3
and 3.0 overall and in men, respectively, for antihy-
pertensive medication use in individuals with trans-
ferrin saturation ‡80% + C282Y ⁄C282Y genotype
compared to transferrin saturation <50% + wild
type ⁄wild typegenotype.

Absolute10-year risk of antihypertensivemedication
use for individuals with transferrin saturation ‡80%
vs. <50%was1.0% forwomen (basedononly onewo-
man)and7.1%formen (Fig. 2).Values for individuals
with transferrin saturation ‡80% + C282Y ⁄C282Y

were2.9%forwomenand7.7%formen (Fig.2). Popu-
lation-attributable risks for antihypertensive medi-
cation use for transferrin saturation ‡80% overall
and in men were 0.1% and 0.4%, respectively; for
transferrin saturation ‡80% + C282Y ⁄C282Y geno-
type, the population-attributable risks were 0.1%
overalland0.3%inmen.

Discussion

We examined the association between haemochro-
matosisgenotypeC282Y ⁄C282Yorextremeelevation
in transferrin saturation (signalling iron overload)
and hypertension and ⁄or LVH in two independent
general population studies (a cross-sectional study

Table 2 Risk of antihypertensivemedication use according to haemochromatosis genotype in theCopenhagenGeneral Population

Study

Genotype

Participants

N

Antihypertensive

medication

N

Incidence rate

(95%CI), events ⁄1000
person-years Log-rankP

Hazard

ratio (95%CI) P Power

All

Wild type ⁄wildtype 24 064 4631 3.4 (3.3–3.5) – 1.0 – –

H63D ⁄wild type 7578 1485 3.5 (3.3–3.6) 0.3 1.0 (1.0–1.1) 0.3 1.1

H63D ⁄H63D 675 139 3.6 (3.1–4.3) 0.3 1.1 (0.9–1.3) 0.3 1.3

C282Y ⁄wild type 3455 670 3.4 (3.2–3.7) 0.6 1.0 (0.9–1.1) 0.6 1.1

C282Y ⁄H63D 588 121 3.7 (3.1–4.4) 0.07 1.2 (1.0–1.4) 0.07 1.3

C282Y ⁄C282Y 120 34 5.0 (3.6–7.0) 0.003 1.7 (1.2–2.3) 0.003 1.7

AnyC282Ygenotype 4163 825 3.4 (3.3–3.7) 0.6 1.0 (1.0–1.1) 0.5 1.1

Women

Wildtype ⁄wildtype 12 895 2464 3.4 (2.3–3.5) – 1.0 – –

H63D ⁄wild type 4074 811 3.5 (3.3–3.8) 0.6 1.0 (0.9–1.1) 0.6 1.1

H63D ⁄H63D 351 73 3.6 (2.9–4.6) 0.6 1.1 (0.8–1.4) 0.6 1.4

C282Y ⁄wild type 1832 338 3.2 (2.9–3.6) 0.3 0.9 (0.8–1.1) 0.3 1.2

C282Y ⁄H63D 310 66 3.8 (3.0–4.9) 0.1 1.2 (0.9–1.5) 0.1 1.5

C282Y ⁄C282Y 64 16 4.4 (2.7–7.1) 0.2 1.3 (0.8–2.2) 0.2 2.1

AnyC282Ygenotype 2206 420 3.4 (3.1–3.7) 0.8 1.0 (0.9–1.1) 0.8 1.2

Men

Wildtype ⁄wildtype 11 169 2167 3.4 (3.3–3.5) – 1.0 – –

H63D ⁄wild type 3504 674 3.4 (3.1–3.7) 0.3 1.0 (1.0–1.1) 0.3 1.1

H63D ⁄H63D 324 66 3.6 (2.8–4.6) 0.4 1.1 (0.9–1.4) 0.4 1.5

C282Y ⁄wild type 1623 332 3.6 (3.2–4.0) 0.7 1.0 (0.9–1.2) 0.7 1.2

C282Y ⁄H63D 278 55 3.6 (2.7–4.6) 0.3 1.2 (0.9–1.5) 0.3 1.5

C282Y ⁄C282Y 56 18 5.8 (3.6–9.2) 0.002 2.1 (1.3–3.3) 0.002 2.1

AnyC282Ygenotype 1957 405 3.6 (3.3–4.0) 0.2 1.1 (1.0–1.2) 0.2 1.2

Analyses included data from36 480 individuals (19 526women and 16 954men). Hazard ratios are adjusted for age and gen-
der (all), oragealone (women,men).Power:80%power todetectahazardratio (two-sidedP £ 0.05).
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anda follow-up study) and ina case-only study of pa-
tients with hypertension and LVH. We found that
haemochromatosis genotype C282Y ⁄C282Y and ex-
treme iron overload (transferrin saturation ‡80%)
separately or combined were associated with in-
creased riskofantihypertensivemedicationuseover-
all and in men; although a lesser degree of iron over-
loadwas not associated with risk of antihypertensive
treatment.

The significant finding inmen but not in women is in
accordance with previous findings that the genetic
penetrance of haemochromatosis is higher in men
than inwomen [34]. The fact that haemochromatosis
is less penetrant in women than in men, does not,

however explain why the association between trans-
ferrinsaturation(>80%)andhypertensiondidnotdif-
fer in women andmen.Whether or not there is a pro-
tective effect of female gender, irrespective of iron
overload, isnot clear fromour study. Inaddition,only
a minority of women with transferrin saturation
>80% were homozygous for C282Y suggesting that
factors other thanHFE haemochromatosis were able
to induce iron overload in women (e.g. iron supple-
mentation); however, we did not have the data to ex-
plore this further.Alternatively,aswomenwithtrans-
ferrinsaturationof70–80%showeda threefold riskof
antihypertensive medication use, compared with
those with a saturation of <50%, the lack of associa-
tion with antihypertensive medication for the 17
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Fig.1 Cumulative incidenceof
antihypertensivemedicationuse.
C282Yhaemochromatosisgeno-
type (a), ironoverload (b) or the
combinationofgenotypeand
ironoverload (c) in theCopenha-
genGeneralPopulationStudy
(CGPS) inmen.TS, transferrin
saturation.
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womenwitha transferrin saturation>80%couldalso
represent a chance finding. The sharp increase in
antihypertensive medication use in those with
C282Y ⁄C282Y and transferrin saturation ‡80%
either separately or combinedmainly above 55 years
of age is in accordance with previous findings that
this is the most common age for the onset of symp-
tomaticorgandisease inhereditaryhaemochromato-
sis due to C282Y ⁄C282Y [1]. Though the presence of
ahigh transferrinsaturationcanbeassociatedwitha
more expressed phenotype in haemochromatosis, it

cannot give a true measure of iron overload alone; in
this case ferritin levels would also be needed. Fur-
thermore, high transferrin saturation need not be
due to genetically defined haemochromatosis to be of
pathogenetic importance.

It is indeed likely that haemochromatosis genotype
C282Y ⁄C282Y is associatedwith an increased risk of
severe hypertension (i.e., use of antihypertensive
medication), because there is the strongest evidence
for this genotype of iron overload. Furthermore,
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Table 3 BloodpressureandECGcharacteristicsofpatients inLIFEGENaccording tohaemochromatosisgenotype

Wild type ⁄
wild type

N = 2576

H63D ⁄
wild type

N = 766

H63D ⁄
H63D

N = 74

C282Y ⁄
wild type

N = 338

C282Y ⁄
H63D

N = 52

C282Y ⁄
C282Y

N = 9 P-value

Diastolicblood

pressure (mmHg)

100 (94–105) 100 (95–105) 100 (95–102) 100 (96–107) 100 (90–110) 103 (93–113) 0.6

Systolicblood

pressure (mmHg)

178 (168–188) 175 (164–185) 183 (174–190) 178 (165–189) 173 (170–185) 176 (175–176) 0.5

Pulsepressure (mmHg) 78(69–89) 77 (65–88) 84(73–90) 75 (63–89) 78(73–82) 73(63–82) 0.4

Cornell voltage-duration

product (mm · ms)

2648

(2274–3081)

2592

(2160–3036)

2711

(2280–3536)

2668

(2248–3116)

2688

(2173–3248)

3055

(2700–3410)

0.6

Sokolow-Lyon

voltage (mm)

29(22–37) 31 (23–38) 28(22–30) 30 (23–38) 21(19–32) 25(22–27) 0.1

Values are medians (interquartile ranges). P-value: Kruskal–Wallis test across genotypes. For participants who were taking
antihypertensivemedication, we added 10 mmHg to the observed systolic blood pressure values and 5 mmHg to the observed
diastolic blood pressure values [30, 31] in the analyses of blood pressure as continuous traits. A total of 2502 participants re-
ceivedantihypertensive treatmentatbaseline, i.e.,before randomization.
LIFEGEN,Losartan InterventionForEnd-pointReduction inHypertensionGeneticSubstudy.
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presence of the C282Y ⁄C282Y genotype explains
83% of hereditary haemochromatosis [3], also sup-
porting the concept that this genotype could associ-
ate with other clinical symptoms. That C282Y ⁄wild
type as well as the other haemochromatosis

genotypes is not associated with hypertension also
seems plausible because there is only modest
evidence of iron overload for these genotypes, and
generally they do not cause hereditary haemochro-
matosis [3]. However, some studies have shown a

Table 4 Riskofantihypertensivemedicationuseaccording to levels of transferrin saturation in theCopenhagenGeneralPopulation

Study

Transferrinsaturation

Participants

N

Antihypertensive

medication

N

Incidence

rate (95%CI),

events ⁄1000
person-years Log-rankp

Hazard

ratio

(95%CI) P Power

All

<50% 35 946 6966 3.4 (3.3–3.5) – 1.0 – –

‡50%and<60% 328 67 3.6 (2.8–4.5) 0.8 1.0 (0.8–1.3) 0.7 1.4

‡60%and<70% 99 19 3.4 (2.2–5.3) 0.9 1.0 (0.7–1.6) 0.9 1.9

‡70%and<80% 35 8 4.2 (2.1–8.5) 0.3 1.4 (0.7–2.9) 0.3 2.7

‡80% 55 17 5.4 (3.3–8.7) 0.05 1.6 (1.0–2.6) 0.05 2.3

Trend,P 0.05

Women

<50% 19 350 3734 3.4 (3.3–3.5) – 1.0 – –

‡50%and<60% 97 20 3.7 (2.4–5.7) 0.5 1.1 (0.7–1.8) 0.5 1.9

‡60%and<70% 39 7 3.1 (1.5–6.5) 0.6 0.8 (0.4–1.8) 0.6 2.6

‡70%and<80% 13 5 7.8 (3.1–18) 0.005 3.3 (1.4–8.0) 0.007 3.6

‡80% 17 1 1.0 (0.1–7.3) 0.1 0.2 (0.1–1.6) 0.1 3.6

Trend,P 0.8

Men

<50% 16 596 3232 3.4 (3.3–3.5) – 1.0 – –

‡50%and<60% 231 47 3.5 (2.6–4.7) 0.9 1.0 (0.7–1.3) 0.9 1.5

‡60%and<70% 60 12 3.6 (2.0–6.3) 0.5 1.2 (0.7–2.1) 0.5 2.2

‡70%and<80% 22 3 2.4 (0.8–7.8) 0.6 0.7 (0.2–2.3) 0.6 3.4

‡80% 38 16 7.3 (4.5–12) 0.0001 2.6 (1.6–4.2) <0.0001 2.6

Trend,P 0.008

OnlyC282Y ⁄C282Ya

All

<50%&wild type ⁄wild type 23 898 4592 3.4 (3.3–3.5) – 1.0 – –

‡80%&C282Y ⁄C282Y 28 11 6.9 (3.8–12) 0.005 2.3 (1.3–4.2) 0.005 2.3

Women

<50%&wild type ⁄wild type 12 841 2456 3.4 (3.3–3.5) – 1.0 – –

‡80%&C282Y ⁄C282Y 6 1 2.9 (0.4–21) 0.7 0.7 (0.1–4.7) 0.7 6.0

Men

<50%&wild type ⁄wild type 11 057 2136 3.4 (3.2–3.5) – 1.0 – –

‡80%&C282Y ⁄C282Y 22 10 8.0 (4.3–15) 0.0002 3.1 (1.6–5.7) <0.0001 3.0

aComparisons of C282Y ⁄C282Y and transferrin saturation ‡80% versuswild type ⁄wild type and transferrin saturation <50%.
Analyses included data from36 463 individuals (19 516women and 16 947men). Hazard ratios are adjusted for age and gen-
der (all), oragealone (women,men).Power:80%power todetectahazard ratio (two-sidedP £ 0.05).
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higher prevalence of C282Y ⁄wild type in disorders
associated with mild iron overload; for example, por-
phyria cutanea tarda [7], Hepatitis C Virus-related
hepatitis [35]andnonalcoholicsteatohepatitis [36].

It could appear contradictory that C282Y ⁄C282Y is
associated with use of antihypertensive medication,
but not with hypertension based on a single blood
pressure measurement or with blood pressure on a
continuous scale in the general population.However,
use of antihypertensive medication probably indi-
cates that a patient’s general practitioner has found
evidence of hypertension on several occasions, and
therefore antihypertensive medication in the CCHS
and CGPS is likely to be the best indicator of severe
hypertension. Otherwise hypertension was recorded
as blood pressuremeasurement on a single occasion
in CCHS. Misclassification is likely from a single
blood pressure measurement makes, as a result of a
substantial variability in the measurement, a white
coat effect and the possibility of masked hyperten-
sion. Thus, antihypertensive medication use may
represent verified severe hypertension, whereas
hypertension based on a single measurement may
not.

The cause of the association between C282Y ⁄C282Y
genotype and treatment with antihypertensive medi-
cation may be extreme iron overload accumulated
over a long period. Previous findings have shown an
association between C282Y ⁄C282Y [7] or iron over-
load [16, 37, 38] and features of the metabolic syn-
drome including hypertension. However, it is worth
noting that increased transferrin saturation mea-
sured in this study (generally thought to represent an
increased intestinal ironabsorptiontypicalofhaemo-
chromatosis) is different from hyperferritinaemia
alone, which is a common presentation of the so-
called dysmetabolic iron overload syndrome not re-
lated to haemochromatosis and in which transferrin
saturation is often within the normal range [39]. A
functional explanation of the detected association
may be that long-term iron overload generates reac-
tive oxygen species by the Fenton reaction, creating
oxidative stress that increases vascular tone [14] and
consequently results inhypertension.

As the susceptibility for hypertension (determined by
the use of antihypertensive medication) observed in
this study may be a genetic factor causing iron over-
load forwhich there is a treatment (phlebotomy), 0.1–
0.4%of cases of hypertension could be resolved if pa-
tients received such treatment. Extrapolating these
results to all patientswithhypertension inDenmark,

200–600patientspermillionpersonscouldbehelped
withphlebotomy.

A limitation of the CCHS and CGPS was the lack of
measurement of ferritin levels to estimate the extent
of iron overload; however, elevated transferrin satu-
ration, another marker of iron overload, is clearly
associated with haemochromatosis genotypes. Like-
wise, a limitation of LIFEGEN was the lack of mea-
surement of transferrin saturation as well as ferritin
levels as C282Y homozygous genotype is not always
associated with significant iron overload [34, 40].
Twenty-four-hour ambulatory measurement and
homereadingsarebetterpredictorsofcardiovascular
risk thanasinglebloodpressuremeasurement; how-
ever, these standards were not part of the CCHS or
CGPSprotocol [41].

In conclusion, we found that haemochromatosis
genotype C282Y ⁄C282Y and extreme iron overload
separately or combined are associated with in-
creased risk of use of antihypertensive medica-
tion. Therefore, testing for haemochromatosis
genotype C282Y ⁄C282Y and extreme iron overload
could be considered for patients with essential
hypertension.
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(two-sidedP £ 0.05).
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sive medication use. C282Y haemochromatosis
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ferrin saturation.
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cates the odds ratio that canbedetected at 80% (two-
sidedP £ 0.05).
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HeartStudy (CCHS).Thepower indicates theoddsra-
tio that canbedetectedat80%(two-sidedP £ 0.05).
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