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Abstract

The risk of fractures may be increased in individuals with iron deficiency, iron overload, and/or HFE hemochromatosis. To
test this hypothesis, we followed 142,146 individuals from the Danish general population for a median of 11 years (range,
0-41) after study enrollment for hospital and emergency room admissions with fractures. All individuals had blood samples
drawn at study enrollment. We measured iron, transferrin saturation, and ferritin in 136,611, 136,555, and 37,990 individuals,
respectively, while 132,499 individuals were genotyped for the HFE C282Y and H63D variants. We found a U-shaped rela-
tionship between fracture risk and concentration of plasma iron and transferrin saturation when studying all individuals
irrespective of genotype. When studied according to plasma ferritin concentration, fracture risk was increased in individ-
uals with low ferritin concentrations, while risk was not increased in individuals with high concentrations. When compared
to non-carriers, HFE C282Y homozygotes had an increased risk of any fracture (hazard ratio [HR]=1.38; 95% confidence
interval [95% CI]: 1.09-1.75; P=0.008), and risk was increased even in C282Y homozygotes with normal ferritin concentrations
(HR=2.89; 95% CI: 1.50-5.56), which is important as these individuals would not usually be recommended for HFE genotyp-
ing according to clinical guidelines. When compared to risk in non-carriers, risk of fracture of the hip and femur was in-
creased in C282Y homozygotes (HR=1.78; 95% CI: 1.17-2.70; P=0.007) but surprisingly also in H63D homozygotes (HR=1.21;
95% ClI: 1.00-1.47; P=0.04), C282Y heterozygotes (HR=1.10; 95% CI: 1.00-1.21; P=0.04), and C282Y/H63D compound heterozy-
gotes (HR=1.23; 95% ClI: 1.00-1.51; P=0.05). The markedly increased fracture risk in C282Y homozygotes with normal ferritin
may challenge the presumption that systemic iron accumulation is the primary mechanism causing these individuals in-
creased fracture risk. Further studies are needed to examine whether phlebotomy reduces fracture risk.

Introduction

Iron is a mineral essential for life due to its role in sev-
eral fundamental processes, including transport of ox-
ygen, DNA synthesis, and ATP generation.' Systemic iron
regulation is orchestrated by hepcidin, a liver-produced
peptide that binds ferroportin, inhibiting iron export from
macrophages and hepatocytes and reducing intestinal
absorption.? Its expression is primarily stimulated by
elevated plasma iron and high transferrin saturation.? In

clinical settings, plasma iron and transferrin saturation
are often measured to evaluate the amount of iron in
the bloodstream, while ferritin is a marker of overall iron
storage.® Notably, both plasma iron and transferrin satu-
ration are very labile and may fluctuate during common
clinical conditions such as acute infections, acute or
chronic inflammation, liver disease, kidney disease, blood
loss, pregnancy, and when taking certain medications."?*
Hereditary hemochromatosis is one of the most common
genetic diseases in Northern Europe and is primarily
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caused by variants in the HFE gene.? It is generally con-
sidered an iron-overload disorder, characterized by low
hepcidin expression, even when iron stores are high,
causing high iron uptake with the potential for iron ac-
cumulation and progressive organ damage.* In Northern
Europe, the allele frequency of the C282Y variant is around
5-10%, and among individuals diagnosed with hereditary
hemochromatosis, more than 80% are homozygous for
the C282Y variant.®*® The penetrance of clinically ap-
parent hemochromatosis in C282Y homozygotes varies
according to previous studies, depending on the defi-
nitions of evident disease, with estimates ranging from
more than 80% to less than 1%."° The H63D variant has
a broader distribution globally, with allele frequencies
ranging from 10-20%,° but H63D homozygosity and iso-
lated H63D heterozygosity have generally not been found
to cause hemochromatosis-related complications," while
the clinical effects of C282Y/H63D compound heterozy-
gosity remain controversial.

Iron overload has previously been associated with in-
creased risk of osteoporotic bone loss and fractures in
some studies;™™ however, results have been conflicting.®
It is therefore unclear whether individuals in the general
population with low or high concentrations of plasma iron,
transferrin saturation, or ferritin are at increased risk of
fractures. Previous population-based studies found an
increased risk of fractures™' in individuals with C282Y
homozygosity. Although most clinical guidelines are based
on the presumption that complications from hereditary
hemochromatosis are primarily a result of systemic iron
overload, the exact mechanism causing increased risk
of fractures in C282Y homozygotes is unknown.

Most current guidelines recommend that testing for
HFE variants should primarily be performed in individ-
uals with high ferritin and high transferrin saturation
(except for testing family members of patients already
diagnosed with HFE hemochromatosis).®*'®2" However,
recent studies from our group have found increased risk
of infections in C282Y homozygotes despite normaliron,
transferrin saturation, or ferritin, and increased risk of
diabetes in C282Y homozygotes with normal transferrin
saturation and/or ferritin, who are individuals not usually
recommended for HFE genotyping according to clinical
guidelines.?2

In this study, we therefore tested the hypotheses that risk
of fractures is increased in individuals with low or high
plasma iron, transferrin saturation, or ferritin. Further-
more, we tested whether risk of fractures is increased in
hemochromatosis HFE C282Y homozygotes overall and
specifically in C282Y homozygotes with normal concen-
trations of iron, transferrin saturation, or ferritin. To do
so, we studied 142,146 individuals from the Danish gen-
eral population who had blood samples drawn at study
enrollment, after which they were followed prospectively
for a median of 11 years.

M. Warny et al.

Methods

Participants

We studied 142,146 individuals aged 20-100 years from three
general population cohort studies: (i) 13,663 individuals from
the Copenhagen City Heart Study,???* examined between 1981-
1983 or 1991-1994; (ii) 108,051 individuals from the Copenhagen
General Population Study,?® examined between 2003-2015;
and (iii) 20,432 individuals from the Danish General Suburban
Population Study,?® examined between 2010-2013. At study
enrollment, all individuals attended a health examination
during which they filled out a questionnaire regarding lifestyle
and health, had a physical examination, and blood samples
drawn. Due to the completeness of the Danish registries,
no individuals were lost to follow-up. From the Copenhagen
City Heart Study, we included individuals at two different
examinations: 9,002 individuals with ferritin measurements
from the 1981-1983 examination and 9,727 individuals with
iron, transferrin saturation, or HFE genotype data from the
1991-1994 examination. In the Copenhagen City Heart Study
5,063 individuals attended both examinations and had fer-
ritin measured in the blood samples obtained in 1981-1983,
while their plasma iron, transferrin saturation, and/or HFE
genotype were measured using the blood samples obtained
in the 1991-1994 examination. For further details, see the
Online Supplementary Methodss.

The studies received approval from Danish ethics commit-
tees and all individuals supplied written informed consent.

Covariates and comorbidities

All covariates for the multivariable adjusted models were
chosen a priori based on previous reports of an association
with iron, transferrin saturation, ferritin, and/or risk of frac-
tures.?”?° For details, see the Online Supplementary Methods.

Plasma iron, transferrin saturation, and ferritin

Blood samples used for measuring plasma iron, transferrin
saturation, and ferritin were collected at study enrollment.
In total, 136,611 individuals had plasma iron measurements,
136,555 had transferrin saturation measurements, and 37,990
individuals had ferritin measurements. For details, see the
Online Supplementary Methods.

Genotypes

The HFE gene was genotyped for the C282Y and H63D vari-
ants in 132,499 individuals using blood samples collected at
study enrollment. Details on genotyping are described in our
previous publications.??>?® For other details, see the Online
Supplementary Methods.

Fractures, vital status, and diagnoses of hemochromatosis
We used the national Danish Patient Register®® to obtain
information on all inpatient admissions from January 1st,
1977, until December 31, 2021, and information on all out-
patient and emergency room visits from January 1st, 1994,
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until December 31, 2021. We defined fracture events as any
inpatient or emergency room admissions due to fractures,
categorized using World Health Organization’s International
Classification of Diseases (ICD)-8 and ICD-10 codes (Online
Supplementary Table S7).*' Information on emigration and
vital status until December 31, 2021 was obtained from
the Danish Civil Registration system,* with 100% complete
information. To perform stratified analyses on whether or
not C282Y homozygotes were diagnosed with hereditary
hemochromatosis and had therefore potentially been treat-
ed with therapeutic phlebotomy, we obtained information
on hospital contacts due to hereditary hemochromatosis
(ICD-8 code 27329 and ICD-10 code E831A) from January 1¢t,
1977 until December 31, 2021. For details, see the Online
Supplementary Methods.

Statistical analyses

We used Stata version 18.0, and all statistical tests were two-
tailed. Risks of fractures were modeled using Cox proportional
hazards regression, adjusting for age by using left-truncated
age as the timescale. We chose this approach, which is often
recommended for general population studies, as the date of
study enrollment is chosen at random and, therefore, age is
generally a stronger predictor for risk of future disease than
time since study enrollment. Furthermore, when using this
type of age-adjustment, the impact of age on fracture risk is
not assumed to follow a specific pattern, meaning that the
method efficiently adjusts for age at any given age during
follow-up without underlying assumptions regarding linearity
or other specific patterns of the relationship between age
and risk of fractures. To estimate the cumulative incidence
of any fracture, we used the competing risk model by Fine
and Gray,*® taking competing risk of death from any cause
into consideration.

All age- and sex-adjusted models were also adjusted for
study cohort. We decided a priori to study risk of fractures
according to HFE genotype using the age- and sex-adjusted
model, and to study risk of fractures according to concen-
trations of iron, transferrin saturation, and ferritin, using a
multivariable adjusted model additionally adjusting for alcohol
consumption, body mass index, smoking status, cumulative
smoking in pack-years, menopausal status (women only),
plasma C-reactive protein level, and Charlson comorbidity
index. As a sensitivity analysis, we also studied risk of frac-
tures according to HFE genotype using the multivariable
adjusted model. Further details are available in the Online
Supplementary Methods.

Results

The baseline characteristics for 142,146 individuals according
to study cohort are presented in Table 1, while the baseline
characteristics according to HFE genotype are presented
in Online Supplementary Table S2.

M. Warny et al.

Plasma iron, transferrin saturation, and ferritin and risk
of fractures

When studying risk of fractures according to plasma iron,
transferrin saturation, and ferritin levels in all individuals
irrespective of HFE genotype, follow-up began at the time
of study enrollment, giving a median follow-up of 11 years
(range, 0-41), during which 11,549 individuals were hospi-
talized due to any fracture. For individuals diagnosed with
fractures during follow-up, the median time from study
enrollment to fracture diagnosis was 6 years for those
with plasma iron <5™ percentile, 6 years for individuals
with plasma iron in the 26-74%" percentile, and 7 years for
individuals with plasma iron 295 percentile. Similarly, the
median time to fracture diagnosis was 6 years for individu-
als with transferrin saturation <5, in the 26-74t, and =95t
percentiles, and 7, 7, and 8 years for individuals with ferri-
tin <5%, in the 26-74%, and =95 percentiles, respectively.
When performing univariate analyses, each of the variables
included in the multivariable adjusted analyses (age, sex,
menopausal status, smoking status, alcohol consumption,
body mass index, C-reactive protein level, and comorbid
disease) were univariately associated with risk of fractures
(Online Supplementary Figure ST).

Risk of any fracture was increased in individuals with low
plasma iron <5 percentile and high plasma iron 295 per-
centile (hazard ratios are listed below the splines in Figure
1). Similarly, risk of any fracture was increased in individ-
uals with low transferrin saturation <5* percentile, high
transferrin saturation 295 percentile, and low ferritin <5
percentile, whereas we found no association between high
ferritin 295%™ percentile and risk of any fracture (Figure 1).
Results on plasma iron and transferrin saturation were simi-
lar to those presented in Figure 1 when only individuals who
were non-carriers of C282Y and H63D were investigated,
while risk of any fracture was not increased in non-carrier
individuals with low ferritin or high ferritin (Online Sup-
plementary Figure S2). As anemia and comorbid diseases
may affect risk of fractures, we also performed analyses
excluding all individuals with anemia (Online Supplemen-
tary Figure S3) or excluding individuals with any comorbid
disease at study enrollment (Online Supplementary Figure
S4), giving results similar to those presented in Figure 1.
Fractures of the hip and femur were the most common
type of fractures, and also represent clinically important
fracture types, as 1-year mortality after hip fractures is often
reported to be 15-25%.3*° Therefore, risk of fracture of the
hip and femur is presented in Figure 2, showing increased
risk in individuals with low iron <5% percentile, high iron
>95% percentile, low transferrin saturation <5* percentile,
high transferrin saturation 295" percentile, or low ferritin
<5% percentile. When examining other specific fractures,
risk of fracture of the axial skeleton was increased in in-
dividuals with high iron (HR=1.22; 95% CI: 1.02-1.46), low
transferrin saturation (HR=1.23; 95% Cl: 1.02-1.49), and high
transferrin saturation (HR=1.27; 95% ClI: 1.08-1.51) (Online
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Table 1. Baseline characteristics of 142,146 individuals of the Danish general population divided by study cohort.

General population cohort

Baseline characteristics Copenhagen City Copenhagen General  Danish General Suburban

Heart Study Population Study Population Study
Individuals, N 13,663 108,051 20,432
Plasma iron measurements,* N (%) 8,882 (65) 107,334 (99) 20,395 (100)
Plasma transferrin saturation,” N (%) 8,869 (65) 107,294 (99) 20,392 (100)
Plasma ferritin,* N (%) 9,002 (66) 8,633 (8) 20,355 (100)
HFE genotyped individuals,* N (%) 9,172 (67) 103,270 (96) 20,057 (98)
Age, years, median (IQR) 61 (49-70) 58 (48-67) 57 (46-67)
Male sex, N (%) 6,439 (47) 48,634 (45) 9,333 (46)
Pre-menopausal women, N (% of all women) 1,907 (26) 19,299 (32) 3,958 (36)
Ever smokers (current or former), N (%) 10,880 (80) 62,495 (58) 11,639 (57)
Cumulative smoking,t pack-years, median (IQR) 25 (12-40) 16 (6-30) 18 (8-32)
Alcohol consumption above 168/84 g/week,* N (%) 3,945 (29) 40,934 (38) 4,835 (24)
Body mass index, kg/m?, median (IQR) 24.9 (22.5-27.9) 25.6 (23.2-28.4) 26.1 (23.5-29.2)
C-reactive protein level, mg/L, median (IQR) 1.7 (1.3-3.0) 1.4 (0.9-2.3) 1.4 (0.7-3.0)
Any comorbid disease,®N (%) 2,195 (16) 22,867 (21) 4,285 (21)

Values are median (interquartile range) for continuous variables and number of individuals (%) for categorical variables. *From the Copenha-
gen City Heart Study, we included individuals at two different examinations: in 1981-1983 and 1991-1994. We included 9,002 individuals with
ferritin measurements during the 1981-1983 examination (out of 12,696 attending [71%]) and 9,727 individuals with iron, transferrin saturation,
or HFE genotype measured from the 1991-1994 examination, of whom 8,882 out of 10,133 attending (88%) had iron measurements, 8,869 out
of 10,133 attending (88%) had transferrin saturation measured, and 9,172 out of 10,133 attending had HFE genotyping performed (91%). Of note,
5,063 individuals attended both examinations in the Copenhagen City Heart Study. fOnly ever smokers. *Defined as >168 g/week for men and
>84 g/week for women, which was the recommendation from The Danish State Health Authority at the end of follow-up for this study. SAs

defined by the Charlson comorbidity index. IQR: interquartile range.

Supplementary Figure S5). Furthermore, risk of fracture of
the humerus was increased in individuals with low iron
(HR=1.24; 95% CI: 1.02-1.50), low transferrin saturation
(HR=1.25; 95% CI: 1.03-1.53), high transferrin saturation
(HR=1.35; 95% CI: 110-1.66), and high ferritin (HR=1.53; 95%
Cl: 110-2.13), while levels of iron, transferrin saturation, or
ferritin were not associated with risk of fracture of the wrist
(Online Supplementary Figure S5). When stratifying by sex,
relative risk estimates for any fracture according to levels
of iron, transferrin saturation, and ferritin were similar for
women and men (Online Supplementary Figure S6).

As serum iron, transferrin saturation, and ferritin may
change over time, we did a sensitivity analysis examining
risk of any fracture separately in the first 5 years after
blood sampling, and from 5 years after blood sampling
and onwards. Generally, we found similar risk estimates for
fractures according to concentrations of iron, transferrin
saturation, and ferritin during the first 5 years after blood
sampling as in the time period from 5 years after blood
sampling and onwards (Online Supplementary Figures S7-9).

Hemochromatosis HFE genotypes and risk of fractures
Overall, 132,499 individuals were genotyped for the HFE
C282Y and H63D variants and 422 were homozygous for the

C282Y variant. Since HFE genotype is constant throughout
life, follow-up for the analyses on risk of fractures accord-
ing to HFE genotype began at the time of creation of the
Danish National Patient Register in 1977 or each individual’s
20% birthday, whichever came last. During a median fol-
low-up of 42 years (range, 0-45), 17,474 of the genotyped
individuals were hospitalized because of any fracture.
C282Y homozygotes had increased risks of any fracture
(age- and sex-adjusted HR=1.38; 95% CI: 1.09-1.75; P=0.008
when compared to non-carriers for C282Y and H63D) and
fracture of the hip and femur (HR=1.78; 95% CI: 1.17-2.70;
P=0.007) (Figure 3). Notably, C282Y homozygotes had frac-
tures at an earlier age than non-carrier individuals (mean
age at any fracture: 60.6 years in C282Y homozygotes vs.
64.9 years in non-carriers; P=0.03) (Figure 3). When exam-
ining risk of other specific fractures in C282Y homozygotes,
we did not find convincingly increased risks of fractures
of the wrist (HR=1.35; 95% CI: 0.95-1.91), axial skeleton
(HR=117; 95% CI: 0.69-1.97), or humerus (HR=1.29; 95% CI:
0.75-2.22) (Online Supplementary Figure S10). Risk of any
fracture was not increased in H63D heterozygotes, H63D
homozygotes, C282Y heterozygotes, or C282Y/H63D com-
pound heterozygotes. Importantly, however, risk of fracture
of the hip and femur was increased to a moderate extent
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Figure 1. Risk of any frac-
ture according to iron,
transferrin saturation,
and ferritin levels at
study enrollment. Based
on risk estimates from
Cox proportional hazards
regression, cubic splines
were fitted. Hazard ratios
are represented by a sol-
id red line and 95% con-
fidence intervals by
dashed black lines. Mul-
tivariable adjustment in-
cluded age, sex, study
cohort, alcohol con-
sumption, body mass in-
dex, smoking status, cu-
mulative smoking in
pack-years, menopausal
status (women only),
Charlson comorbidity in-
dex, and C-reactive pro-
tein level. For the cate-
gorical analyses and
when modeling the
splines, all individuals
with available measure-
ments of iron, transferrin
saturation, or ferritin
were included; however,
for graphical presenta-
tion of the splines, the
x-axis was limited to the
99.9t™ percentile for iron
and transferrin satura-
tion, and the 99t percen-
tile for ferritin. Reference
levels for the graphical
splines were set at the
median values of iron,
transferrin saturation, or
ferritin. 95% Cl: 95% con-
fidence interval; N: num-
ber; sat: saturation; ref:
reference group.
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Figure 2. Risk of fracture
of the hip and femur ac-
cording to plasma iron,
transferrin saturation,
and ferritin levels at
study enrollment. Based
on risk estimates from
Cox proportional hazards
regression, cubic splines
were fitted. Hazard ratios
are represented by a sol-
id red line and 95% con-
fidence intervals by
dashed black lines. Mul-
tivariable adjustment
included age, sex, study
cohort, alcohol con-
sumption, body mass
index, smoking status,
cumulative smoking in
pack-years, menopausal
status (women only),
Charlson comorbidity in-
dex, and C-reactive pro-
tein level. For the cate-
gorical analyses and
when modeling the
splines, all individuals
with available measure-
ments of iron, transferrin
saturation, or ferritin
were included; however,
for graphical presenta-
tion of the splines, the
x-axis was limited to the
99.9t™ percentile for iron
and transferrin satura-
tion, and the 99t per-
centile for ferritin. Ref-
erence levels for the
graphical splines were
set at the median values
of iron, transferrin satu-
ration, or ferritin. 95% Cl:
95% confidence interval;
N: number; sat: satura-
tion; ref: reference group.
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in H63D homozygotes (HR=1.21; 95% CI: 1.00-1.47; P=0.04),
C282Y heterozygotes (HR=1.10; 95% CI: 1.00-1.21; P=0.04),
and C282Y/H63D compound heterozygotes (HR=1.23; 95%
Cl: 1.00-1.51; P=0.05) (Figure 3).

Most clinical guidelines recommend testing for the HFE
genotype primarily in individuals with high concentra-
tions of ferritin and high transferrin saturation.*®-2' To
test whether these guidelines are sufficient for identifying
C282Y homozygotes at high risk of fractures, we studied
risk of any fracture in C282Y homozygotes according to
concentrations of iron, transferrin saturation, and ferritin.
As therapeutic phlebotomy affects concentrations of iron,
transferrin saturation, and ferritin, we excluded individuals
diagnosed with hemochromatosis before study enrollment
from these stratified analyses as they may have been treat-
ed with phlebotomy before blood samples were drawn.
Notably, C282Y homozygotes with normal concentrations
of ferritin had a high risk of any fracture (HR=2.89; 95%
Cl: 1.50-5.56, for C282Y homozygotes with normal ferritin
vs. non-carriers with normal ferritin). In contrast, risk of
any fracture was not increased in C282Y homozygotes
with normal plasma iron (HR=1.27; 95% Cl: 0.97-1.68) or
normal transferrin saturation (HR=0.86; 95% Cl: 0.49-1.52)
(Figure 4). Results were similar to those presented in Fig-
ure 4 when performing sensitivity analyses on risk of any
fracture according to concentrations of iron, transferrin
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Figure 3. Risk of any frac-
ture (upper panel) and
fracture of the hip and fe-
mur (lower panel) accord-
ing to HFE genotype.
C282Y/C282Y: homozygous
for C282Y; C282Y/HG3D:
compound heterozygous
for C282Y and HG63D;
C282Y/non-carrier: hetero-
zygous for C282Y; H63D/
H63D: homozygous for
H63D; H63D/non-carrier:
heterozygous for H63D;
Non-carrier/non-carrier:
non-carrier for both C282Y
and H63D; N: number; 95%
Cl: 95% confidence inter-
val.

saturation, and ferritin using the multivariable adjusted
model (Online Supplementary Figure S71). To investigate
whether the increased risk of fractures in C282Y homo-
zygotes with normal concentrations of ferritin is due to
slow iron accumulation occurring after study enrollment,
we performed additional analyses restricted to only study
risk of fractures occurring before blood samples were
obtained at study enrollment (Figure 5). When doing this,
the hazard ratio for any fracture in C282Y homozygotes
with normal ferritin was 3.27 (95% CI: 1.36-7.87), similar
to the risk estimate in Figure 4 for investigating the total
follow-up time. This implies that the increased fracture
risk in C282Y homozygotes with normal concentrations of
ferritin is not a result of iron accumulation occurring after
study enrollment.

When stratifying according to whether or not C282Y homo-
zygotes had been diagnosed with hemochromatosis at any
time, risk of any fracture was similar in C282Y homozygotes
never diagnosed with hemochromatosis (HR=1.37; 95% ClI:
1.05-1.79 when compared to non-carrier individuals) and
C282Y homozygotes diagnosed with hemochromatosis
(HR=1.42; 95% CI: 0.84-2.40) (Figure 6). Likewise, relative
risk estimates for any fracture were similar for C282Y
homozygotes never diagnosed with liver disease and/or
diabetes (HR=1.33; 95% CI: 1.02-1.73 when compared to
non-carriers without liver disease and/or diabetes) and
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Figure 4. Risk of any fracture for HFE C282Y homozygotes versus non-carriers for the C282Y and H63D variants stratified by
normal versus high concentrations of plasma iron (upper panel), transferrin saturation (middle panel), and ferritin (lower panel)
at study enrollment. Normal iron was defined as 9-34 umol/L and high iron as >34 umol/L. For transferrin saturation, the refer-
ence range varies according to age and sex, and therefore normal transferrin saturation was defined as 10-45% for women <50
years of age and 15-45% for women >50 years of age and men of any age. High transferrin saturation was defined as >45% for
men and women of any age. Normal ferritin was defined as 12-200 ug/L for women and 12-300 ug/L for men, and high ferritin as
>200 ug/L for women and >300 ug/L for men. Follow-up began at the time of creation of the Danish National Patient Register in
1977 or each individual’s 20 birthday, whichever came last. As therapeutic phlebotomy can affect plasma iron, transferrin sat-
uration, or ferritin levels, we excluded 11 C282Y homozygous individuals because they had been diagnosed with hemochromato-
sis before the day of study enrollment when blood samples were obtained. C282Y/C282Y: homozygous for C282Y; Non-carrier/
non-carrier: non-carrier for both C282Y and H63D; N: number; 95% Cl: 95% confidence interval.

Haematologica | 111 November 2026
3662



ARTICLE - Iron, HFE genotype, and risk of fractures M. Warny et al.

Figure 5. Risk of any fracture for HFE C282Y homozygotes versus non-carriers for the C282Y and H63D variants stratified by
normal versus high concentrations of plasma iron (upper panel), transferrin saturation (middle panel), and ferritin (lower panel)
when restricting the analyses to only study risk of fractures occurring before study enrollment (when blood samples were ob-
tained). Normal iron was defined as 9-34 umol/L and high iron as >34 umol/L. For transferrin saturation, the reference range
varies according to age and sex, and therefore normal transferrin saturation was defined as 10-45% for women <50 years of age
and 15-45% for women >50 years of age and men of any age. High transferrin saturation was defined as >45% for men and wom-
en of any age. Normal ferritin was defined as 12-200 ug/L for women and 12-300 ug/L for men, and high ferritin as >200 ug/L for
women and >300 ug/L for men. Follow-up began at the time of creation of the Danish National Patient Register in 1977 or each
individual’s 20* birthday, whichever came last. As therapeutic phlebotomy can affect plasma iron, transferrin saturation, or fer-
ritin levels, we excluded 11 C282Y homozygous individuals because they had been diagnosed with hemochromatosis before the
day of study enrollment when blood samples were obtained. C282Y/C282Y: homozygous for C282Y; Non-carrier/non-carrier:
non-carrier for both C282Y and H63D; N: number; 95% Cl: 95% confidence interval.
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for C282Y homozygotes diagnosed with liver disease and/
or diabetes (HR=1.58; 95% CI: 0.91-2.73 when compared
to non-carriers with liver disease and/or diabetes) (Online
Supplementary Figure S12). When stratifying by sex, rela-
tive risk estimates for any fracture and fracture of the hip
and femur were similar for C282Y homozygous men and
women when compared to non-carrier men and women,
respectively (P values for interaction between genotype and
sex were 0.09 and 0.37 for risk of any fracture and fracture
of the hip and femur, respectively) (Online Supplementa-
ry Figure S13). Likewise, when compared to non-carriers
of the same age, relative risk estimates for any fracture
and fracture of the hip and femur were similar for C282Y
homozygotes <60 years and for C282Y homozygotes 260
years of age (Online Supplementary Figure S14).

Cumulative incidence of any fracture

Cumulative incidence of any fracture according to age was
analyzed using Fine-Gray competing risk models to take into
account the competing risk of death from any cause. For the
overall group of C282Y homozygotes, the cumulative inci-
dence of any fracture was 8% at the age of 60 years and 24%
at the age of 80 years, while the corresponding cumulative
incidences were 6% and 18% in non-carriers aged 60 and 80
years, respectively. Notably, C282Y homozygotes with normal
ferritin had a substantially higher cumulative incidence of any
fracture, as their cumulative incidences were 19% at the age
of 60 and 49% at the age of 80 years (Figure 7).

Discussion

In this prospective study of 142,146 individuals from the
general population, risk of any fracture and risk of fracture
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of the hip and femur were increased in individuals with
low or high plasma iron, low or high transferrin saturation,
or low ferritin when studying all individuals irrespective of
HFE genotype. Individuals with HFE C282Y homozygosity
had increased risk of any fracture, and fracture risk was
markedly increased even in C282Y homozygotes with normal
ferritin, which is important as these individuals would not
usually be recommended for HFE genotyping according to
most guidelines. Risk of fracture of the hip and femur was
increased in HFE C282Y homozygotes but surprisingly also
in H63D homozygotes, C282Y heterozygotes, and C282Y/
H63D compound heterozygotes, which is a novel finding.
Our discovery that risk of any fracture was increased
in individuals with low or high plasma iron, low or high
transferrin saturation, or low ferritin, irrespective of HFE
genotype, indicates that fracture risk may be increased
in both iron deficiency and iron overload. These results
are to some extent supported by previous studies.*™ Kim
et al. investigated 14,017 individuals from the Korean Na-
tional Health and Nutrition Examination Survey and found
an inverse association between serum ferritin and bone
mineral density scores in women 245 years of age, and an
increased prevalence of fractures in women in the highest
vs. lowest ferritin quartile.? No previous studies have in-
vestigated fracture risk in individuals with low plasma iron,
transferrin saturation, or ferritin, underlining the novelty
of these results.

Mechanistically, both low and high iron may hypothetically
affect bone remodeling, which could potentially explain our
findings. Bones constantly undergo remodeling involving
osteoclasts that resorb bone tissue and osteoblasts that
actively synthesize new bone.* Iron overload facilitates
bone resorption by promoting osteoclastogenesis and in-
creasing osteoclast activity, both in vitro® and in vivo.®* In

Figure 6. Risk of any fracture for HFE C282Y homozygotes versus non-carriers for the C282Y and H63D variants stratified ac-
cording to whether or not C282Y homozygotes had been diagnosed with hemochromatosis at any time. Diagnoses of hemochro-
matosis were obtained from the Danish National Patient Register, which covers all hospitals in Denmark. C282Y/C282Y: homo-
zygous for C282Y; Non-carrier/non-carrier: non-carrier for both C282Y and H63D; N: number; 95% Cl: 95% confidence interval.
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addition, high iron suppresses osteoblast function.*® Low
iron concentrations may also affect bone remodeling, as
iron is involved in collagen synthesis,* vitamin D hydrox-
ylation,*? and as hypoxia, which may be seen in anemia,
also stimulates bone resorption.** However, in our study,
the risk of fractures remained high in individuals with low

All individuals
100%

%

- - (C282Y/C282Y (N= 422 individuals)

Non-carrier/non-carrier (N = 87,286 individuals)

®
Q
>

|
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concentrations of plasma iron, transferrin saturation or
ferritin after excluding individuals with anemia, indicating
that anemia is not a likely explanation for the high risk of
fractures.

Our finding of an overall increased risk of any fracture and
fracture of the hip and femur in C282Y homozygotes is part-

Figure 7. Cumulative incidence of any
fracture in HFE C282Y homozygotes and
non-carriers of C282Y and H63D variants
as a function of age. Fine-Gray compet-
ing risk regression was used to calculate
cumulative incidence of any fracture,
taking death from any cause as a com-
peting event into consideration. The da-

- ta presented are cumulative incidences

of any fracture for all C282Y homozy-
gotes and non-carriers, and specifical-
ly for C282Y homozygotes and non-car-

Cumulative incidence of any fracture
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|

riers with normal plasma iron, normal
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ly supported by findings from the UK Biobank.'®'” Banfield
et al. investigated 451,143 individuals from the UK general
population and found increased risk of hip and femur frac-
tures in C282Y homozygous men, but not in women, while
they did not find an overall increased risk of any fracture
in women and men.” In contrast, we observed an overall
increased risk of any fracture and fracture of the hip and
femur in all C282Y homozygous individuals combined,
without convincing evidence for interaction between gen-
otype and sex on risk of fractures. Importantly, and a novel
finding, we found a markedly increased risk of any fracture
even in C282Y homozygotes with normal concentrations of
ferritin, which has not been studied in other large general
population cohorts such as the UK Biobank, as ferritin was
not measured in that cohort. The reliability of our results
is further illustrated by the fact that fractures occurred at
ayounger age in C282Y homozygous individuals compared
to non-carrier individuals. Another surprising finding is our
novel observation of a moderately increased risk of frac-
ture of the hip and femur in H63D homozygotes, C282Y
heterozygotes, and C282Y/H63D compound heterozygotes.
Although the magnitude of the risk estimates for fracture
of the hip and femur in individuals with the above men-
tioned genotypes was lower than for C282Y homozygotes,
the finding of an increased risk in H63D homozygotes and
C282Y heterozygotes is particularly surprising, as previous
studies were found that individuals with these genotypes
are not at increased risk of other hemochromatosis-re-
lated complications such as liver disease, infections, or
diabetes.'®2223 While this is interesting from a mechanistic
point of view, the moderately increased risk may be of lim-
ited clinical relevance, and we do not believe our findings
should cause changes in the current clinical practice for
these intermediate genotypes.

Mechanistically, common signaling pathways involved in
bone remodeling and hepcidin expression may potentially
explain the increased fracture risk in HFE hemochroma-
tosis, including the increased risk of fractures in C282Y
homozygotes with normal ferritin. The expression of hep-
cidin in hepatocytes is controlled by signaling through
the bone morphogenetic protein pathway, which is also a
critical regulator of bone metabolism.***®* Furthermore, HFE
is highly expressed in both osteoblasts and osteoclasts.*®
HFE is located on chromosome 6 within the extended HLA
class | region,*” and the HLA locus also contains genes
encoding major histocompatibility complex proteins and
tumor necrosis factor-alpha (TNF-a).*” Notably, TNF-a might
be implicated in the risk of fractures by promoting bone
resorption through osteoclast activation,*® but we cannot
make any conclusions on the exact mechanisms underlying
our findings due to the observational nature of the study.
Our finding of a markedly increased risk of fractures in
individuals with C282Y homozygosity and normal concen-
trations of ferritin may challenge the presumption that
systemic iron accumulation is the primary mechanism
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causing increased fracture risk in C282Y homozygotes.***
Although our observational study cannot determine the
potential effect of lowering ferritin through therapeutic
phlebotomy, the high risk of any fracture in C282Y homo-
zygotes with normal ferritin questions whether phlebotomy
aimed at reducing iron storage is sufficient for reducing
fracture risk in C282Y homozygotes, underlining the need
for further studies.

Given the high morbidity and mortality associated with hip and
femur fractures,** interventions aimed at reducing fracture
risk may possibly improve quality of life while also reducing
healthcare spending.*® Several prophylactic measures, such
as smoking and alcohol cessation, regular weight-bearing
exercise, or treatment with antiresorptive agents, including
calcium and vitamin D, either alone or in combination with
anabolic agents, have been found to reduce fracture risk in
other high-risk populations.5® Further studies are needed to
determine whether similar interventions could effectively
mitigate fracture risk in HFE hemochromatosis.

Strengths of this study include the large general population
cohort of 142,146 individuals who were invited based on
age and geography without taking prior health conditions
or healthcare utilization into account. Another strength
is the extensive national Danish registries with detailed
information on hospitalizations due to fractures, comor-
bidities, and vital status without any losses to follow-up.
Among the limitations of our study is that we do not know
whether concentrations of iron, transferrin saturation, or
ferritin might have changed between study enrollment
and the time of fracture. However, we have previously
investigated changes in plasma iron and transferrin satu-
ration in repeat blood samples after a median of 10 years
in 89 of the same C282Y homozygotes who were included
in our present study. At study enrollment, 76 of the 89
C282Y homozygotes had normal plasma iron, and in 67 of
these (88.2%) plasma iron levels were persistently normal
after a median of 10 years. Among 24 C282Y homozygotes
with normal transferrin saturation at study enrollment, 15
(62.5%) persistently had normal transferrin saturation in
the repeat blood samples.???®> Another limitation is that
more than 99% of individuals in our study were white and
of Danish descent, making us unable to examine whether
our findings are generalizable to other ethnic groups.

In conclusion, risk of any fracture and fracture of the hip
and femur was increased in individuals with low or high
iron, low or high transferrin saturation, or low ferritin when
studying all individuals irrespective of HFE genotype. HFE
C282Y homozygotes had increased risks of any fracture
and fracture of the hip and femur. Importantly, even C282Y
homozygotes with normal concentrations of ferritin had
an increased risk of any fracture, highlighting that this
subgroup, typically not recommended for HFE genotyping
under current clinical guidelines, remains at considerable
fracture risk with a cumulative incidence of any fracture
of 49% at age 80 years.
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