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Abstract

Summary Data gathered from a nationally representative
cohort demonstrate that higher serum ferritin levels are
significantly associated with lower bone mass at various
skeletal sites and the increased prevalence of osteoporosis
and fractures, especially in women >45 years of age.
Introduction Despite extensive in vitro and in vivo studies
showing the detrimental effects of iron on bone metabolism,
the clinical studies relating to osteoporosis-related pheno-
types have not been evaluated extensively. In the present
study, we investigated and compared the association be-
tween serum ferritin and bone mineral density (BMD),
depending on the stratified age groups in both genders.
Methods This is a population-based, cross-sectional study
from the Korea National Health and Nutrition Examination
Surveys, including 14,017 Koreans (6,817 men and 7,200
women) aged 10-80 years. BMD was measured using dual
X-ray absorptiometry, and osteoporosis was diagnosed by
the World Health Organization definition.

Results Initially, we divided the subjects into three age
groups, based on the patterns of age-related BMD changes
in this national cohort (i.e., <24, 25-44, and >45 years old).
Serum ferritin concentrations were inversely associated with
BMD values at all measured sites after adjustment for con-
founders, only in women >45 years of age (P=0.041 to
<0.001). Furthermore, when we divided these women into
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serum ferritin quartiles, the odds for prevalent osteoporosis
and fractures were 1.55-fold (95 % CI=1.09-2.23) and
1.52-fold (95 % CI=1.02-2.27) higher, respectively, in sub-
jects in the highest quartile compared with those in the
lowest quartile.

Conclusions These results provide the first clinical evidence
that the associations between serum ferritin level and bone
parameters could be the most prominent in women >45 years
of age.

Keywords Bone mineral density - Ferritin - Fracture - Iron -
Osteoporosis

Introduction

Iron is a transition metal that can catalyze the formation of
hydroxyl radicals, which are powerful pro-oxidants that
attack cellular membrane lipids, proteins, and nucleic acids,
resulting in tissue damage [1, 2]. Therefore, increasing iron
stores can contribute to the pathogenesis of various diseases,
such as insulin resistance [3]. Many lines of evidence now
indicate that iron has direct detrimental effects on bone
metabolism as well. In vitro studies have shown that iron
promotes osteoclast differentiation and bone-resorbing ac-
tivity by enhancing mitochondrial biogenesis [4], whereas it
suppresses osteoblastogenesis [5, 6]. Iron-overloaded mice
demonstrate increased oxidative stress and bone resorption,
leading to changes in bone microarchitecture and material
properties and thus bone loss [7]. In addition, the increased
prevalence of osteoporosis and fractures that are observed in
patients with disorders associated with iron overload, such
as hemochromatosis and thalassemia, independently of
hypogonadism and cirrhosis, support these experimental
and in vivo findings [8—10].
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Despite these potential roles of iron in bone metabolism,
clinical studies relating to osteoporosis-related phenotypes,
especially in subjects with moderately elevated body iron
stores that are below the levels commonly found in genetic
hemochromatosis, have not been extensively evaluated. On-
ly recently have we determined that body iron stores
reflected by higher ferritin concentrations are significantly
associated with accelerated bone loss at various proximal
femur sites and a higher risk for incident radiologic vertebral
fracture in the large longitudinal study of healthy Koreans
[11]. This study has important implications in that it clini-
cally validates previous experimental and animal data and
provides the first clinical evidence that higher total body
iron stores could be an independent risk factor for future
deterioration of bone mass even under nonpathological con-
ditions. However, the study population in the cited study
was comprised of subjects who visited a health promotion
center and may not have been representative of the general
population, thus possibly resulting in selection bias.

Bone is a highly dynamic tissue that is constantly under-
going changes in response to biochemical and mechanical
signals, and the characteristics of bone metabolism vary
throughout life. By the removal of bone from one site and
deposition at a different one during development and
growth, the skeleton reaches peak bone mass; this process
is called modeling. After achieving maturity, continuous
remodeling occurs through a dynamic process of osteoclastic
breakdown and osteoblastic rebuilding, which is normally
balanced and tightly controlled by the coupling phenomenon
[12]. Then, accelerated bone loss stage proceeds, especially in
women predominantly after menopause. Therefore, the effects
of risk factors on bone health could be various depending on
biological differences in each stratified age group. In the
present study, we investigated the association between serum
ferritin concentrations and bone mineral density (BMD) at
various skeletal sites using representative data from the gen-
eral Korean population across a wide range of ages.

Materials and methods
Study population

We recruited participants from the second (2008) and third
year (2009) of the fourth Korea National Health and Nutri-
tion Examination Surveys (KNHANES) and the first year
(2010) of the fifth KNHANES because BMD data have
been available since 2008. This cross-sectional nationwide
survey uses a stratified, multistage, clustered probability
sampling method to select a representative sample of the
noninstitutionalized, civilian Korean population [13]. The
survey was composed of a health interview survey, a nutri-
tion survey, and a health examination survey. Data were
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collected by household interviews and by direct standard-
ized physical examinations that were conducted at mobile
examination centers. All participants in this survey signed
an informed consent form. The database of KNHANES is
publicly available at the KNHANES website (http://
knhanes.cdc.go.kr; available in Korean).

A total of 9,308, 10,078, and 8,473 subjects participated
in KNHANES in 2008, 2009, and 2010, respectively, and
the response rates were 74.3, 79.2, and 77.5 %, respectively.
Among those who participated in the survey, BMD was
measured in 17,965 subjects (7,903 men and 10,062
women) between the ages of 10 and 80 years from all 16
administrative districts of Korea. Initially, we excluded sub-
jects who were missing data on serum ferritin (n=838).
Subjects with chronic liver diseases, chronic renal diseases,
neoplastic diseases, increased serum liver enzyme activities
[e.g., aspartate aminotransferase (AST) or alanine amino-
transferase (ALT) >100 IU/L], increased serum creatinine
levels (>1.6 mg/dL), and/or abnormal leukocyte counts
(>10,000 or <4,000 cells/mm®) were excluded from this
study (n=1,599). Subjects were also excluded if they had
taken drugs for thyroid dysfunction and/or osteoporosis,
such as bisphosphonate or estrogen (n=1,434). Finally,
subjects with exceptionally high serum ferritin levels
(>500 ng/mL; n="77) were excluded in order to rule out those
who could potentially have hemochromatosis [14, 15]. The
remaining 14,017 subjects (6,817 men and 7,200 women)
were eligible for this study.

Lifestyle factors and anthropometric measurements

All subjects underwent a thorough physical examination.
Age, body weight, height, smoking, drinking, and exercise
habits, and calcium (Ca) and phosphorus (P) intake were
recorded. Smoking habit was categorized into three levels
(never, past, or current), and drinking habit was indicated as
yes when the subject drinks alcohol above 3 U/day, respec-
tively. Dietary intake of Ca and P were estimated using the
24-h dietary recall method. Exercise was indicated as yes
when the subject exercised regularly at moderate levels
(e.g., for more than 20 min per session and more than three
times per week). Height (centimeters) and weight (kilograms)
were measured using standardized protocols, while the subject
was dressed in light clothing without shoes.

Biochemical measurements

Blood samples were obtained for biochemical analysis from
all participants during the survey. These samples were im-
mediately refrigerated, transported to the Central Testing
Institute in Seoul, Korea, and then analyzed within 24 h.
The serum ferritin level was determined using an
immunoradiometric assay with a 1470 Wizard Gamma
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Counter (PerkinElmer, Turku, Finland; reference ranges=
30-400 ng/mL for men and 13—150 ng/mL for women). The
coefficient of variation (CV) value was <5 %. The serum
levels of iron and total iron binding capacity (TIBC) were
measured by a bathophenanthroline direct method using a
Hitachi automatic analyzer 7600 (Tokyo, Japan; reference
ranges=33-193 pg/dL and 266422 pg/dL, respectively).
Serum transferrin saturation was calculated from the serum
levels of iron and TIBC {transferrin saturation (%)=[serum
iron (ng/dL)/TIBC (ug/dL)]*100} (reference range=20—
55 %). Serum 25-hydroxyvitamin D [25(OH)D] level was
measured by a radioimmunoassay method using a 1470
Wizard Gamma Counter (sufficient level=30 ng/mL or mo-
re). The serum levels of AST, ALT, and alkaline phospha-
tase (ALP) were measured enzymatically using a Hitachi
automatic analyzer 7600 (reference ranges <40 IU/L for
AST and ALT and 40-130 IU/L for ALP).

BMD measurements

Areal BMD (g/cm?) was measured using dual-energy X-ray
absorptiometry (DXA; QDR 4500A, Hologic Inc., Wal-
tham, MA, USA), which was performed at mobile exami-
nation centers and operated by licensed, trained technicians.
The in vivo precision was 0.73-1.07 %, 1.20-2.14 %, and
0.71-1.18 % for the lumbar spine, femur neck, and total
femur, respectively. These values were obtained by scanning
randomly selected 30 subjects who underwent two scans on
the same day, getting on and off the table between exami-
nations. In the National Health and Nutrition Examination
Survey (NHANES), the DXA instruments were calibrated
using the methods in a previous report [16]. We obtained the
reference values of the NHANES using this calibration
method [17]. The NHANES calibrations were applied for
appropriate comparisons between the present and previous
data. We maintained DXA calibrations via an internal
referencing system and daily measured spine phantoms,
which are bone and soft tissue equivalent reference stan-
dards, during the examination, as previously described [18,
19]. BMD measurement provided absolute values for each
anatomic site and, in postmenopausal women and/or
women >50 years of age, were compared with those
of healthy young Japanese adults (T-score), which were
provided by the manufacturer of the bone densitometry
equipment [13]. The mean reference BMD values at the
lumbar spine, femur neck, and total femur in women are
1.006+0.115, 0.803+0.107, and 0.851+0.115, respec-
tively, whereas the values in men are 1.024+0.120,
0.846+0.124, and 0.940+0.137 g/cm?, respectively.
According to the World Health Organization (WHO),
osteoporosis is diagnosed by a T-score<—2.5 standard devia-
tion (SD) at any of sites in the lumbar spine, femur neck, or
total femur.

Fracture detection in personal histories

Fracture events were recorded using a standardized self-
administered questionnaire. Fractures clearly caused by
high-trauma events were excluded. High-trauma events in-
cluded motor vehicle accidents, violence, and falls from
more than the standing height of the individual. We included
fracture events at only six sites (vertebra, hip, wrist, humer-
us, clavicle, and ribs). In addition, historical height loss,
which was calculated as the difference between the subject’s
current measured height and self-reported recalled tallest
height, of 4.0 cm or more was regarded as indicative of a
prevalent vertebral fracture [20-22].

Statistical analysis

The continuous and categorical variables are reported as the
mean with 95 % confidence intervals (CIs) and percentages,
respectively, unless otherwise specified. The baseline char-
acteristics of the three groups were compared using one-way
analysis of variance (ANOVA) for continuous variables or
chi-square test for categorical variables. To determine the
independent effects of serum iron-related markers, including
ferritin, iron, TIBC, and transferrin saturation, on BMD at
various skeletal sties, we used a multiple regression model
with the BMD value at each skeletal site as the dependent
variable and each serum iron-related marker as the indepen-
dent variable. In these analyses, the serum ferritin concen-
tration was logarithmically transformed because the
distribution was positively skewed. Confounding indepen-
dent variables were selected on the basis of clinical appli-
cability. The base adjustment model included age, weight,
and height. In addition to the factors included in the base
model, the multivariable adjustment model included
smoking, drinking, and exercise habits, serum 25(OH)D
level, and Ca and P intake. To further test our hypothesis
that higher ferritin levels may be associated with lower bone
mass, especially in women >45 years of age, we categorized
these women into four groups according to their serum
ferritin concentrations and then performed the analyses.
The multivariate-adjusted least-square mean (95 % Cls)
BMD values, in terms of the serum ferritin quartiles, were
estimated using analysis of covariance (ANCOVA) after
adjustment for confounders. The trends in the BMD values
at each skeletal site across increasing ferritin quartiles were
checked by examining P value for trends using multiple
linear regression analysis, with BMD values as the depen-
dent variable and ordinal ferritin quartiles as the indepen-
dent variable. ANCOVA was used to compare BMD values
according to serum ferritin quartiles after adjustment for
confounding variables. We performed multiple logistic re-
gression analyses to generate odds ratios (ORs) that com-
pared the odds of prevalent osteoporosis and fractures for
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subjects in each of the higher three ferritin quartiles to the
odds of subjects in the lowest quartile after adopting the
base and multivariable adjustment models. The independent
association between serum ferritin and ALP levels was also
investigated using a multiple regression analysis after ad-
justment for confounders. All analyses were performed by
reflecting weighted values at the stratification of the samples
applied to KNHANES. These statistical analyses were
performed using SPSS statistical software (version 17.0;
SPSS Inc., Chicago, IL, USA), and P<0.05 was considered
statistically significant.

Results

The mean ages of the 6,817 men and 7,200 women included
in this study were 44.9+£18.5 (range, 10-93) and 43.8+17.8
(range, 10-95) years, respectively. The baseline characteris-
tics according to the age groups (i.e., <24 years old for age
group I, 25-44 years old for age group I, and >45 years old
for age group III) in each gender are shown in Table 1.
Because the serum levels of iron, TIBC, and transferrin
saturation were measured since 2010 in this national cohort,
information about these variables was available for 2,621
(38.4 %) of the 6,817 men and 2,527 (35.1 %) of the 7,200
women and was used for analyses in Tables 1 and 2. Men in
age group II and III demonstrated significantly higher serum
levels of ferritin, iron, and transferrin saturation and lower
serum level of TIBC than those in age group I. The mark-
edly lower levels of serum ferritin in age group I may be
mainly explained by the abrupt growth in a teenager and the
resultant relative iron deficiency. The serum 25(OH)D level
was the highest in men classified as in age group III;
however, the differences were weak and seemed to have
little clinical significance. The serum ALP level was the
highest in men classified as in age group I because some
of subjects in this age group may not complete their growth.
Men in age group III had the lowest BMD values at the
femur neck and total femur, whereas the lumbar spine BMD
was the lowest in those in age group 1. The consistent lower
BMD values at all skeletal sites in men in age group III,
compared with those in age group II, could be attributable to
the higher mean ages and age-related biological changes in
this group [23]. In women, subjects in age group III had the
highest serum ferritin and the lowest serum TIBC levels,
which could be favored by the cessation of menses. How-
ever, there were no significant differences in the serum
levels of iron and transferrin saturation among those in three
age groups. As observed in men, women in age group III
had the highest serum 25(OH)D level, while those in age
group I had the highest serum ALP level. Women in age
group III consistently had the lowest BMD values at all
measured skeletal sites.
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Multiple regression analyses were used to examine the
independent effects of the various iron-related markers on
the BMD values at various skeletal sites in each stratified
age group after considering other possible covariates
(Table 2). In men, serum ferritin, iron, TIBC, and transferrin
saturation did not contribute to the BMD values at any of the
skeletal sites in any age groups. In women, serum iron-
related markers had no significant association with the
BMD values at any of the skeletal sites in age group I and
II, except at the lumbar spine BMD in age group II, which
demonstrated an inverse correlation with the serum ferritin
concentration. On the other hand, the serum ferritin level
was inversely associated with the BMD values at all mea-
sured skeletal sites in women in age group III after adopting
the multivariable adjustment model. Therefore, we
performed further analyses that focused on the effects of
serum ferritin on bone metabolism in women >45 years of
age, classified as age group III.

In women belonging to age group III, when we
performed simple linear regression analyses with the BMD
value at each skeletal site as the dependent variable and the
log-transformed serum ferritin concentration as the indepen-
dent variable, the coefficient of determination R? values at
the lumbar spine, femur neck, and total femur were 0.072,
0.058, and 0.050, respectively. These results indicate that
7.2, 5.8, and 5.0 % of the variation in BMD at the lumbar
spine, femur neck, and total femur, respectively, is explained
by the serum ferritin concentration.

After women in age group III were categorized into the
four groups according to their serum ferritin concentrations
[1.1-28.0 ng/mL for Q1 (the lowest quartile), 28.1—
50.5 ng/mL for Q2, 50.6-77.9 ng/mL for Q3, and 78.0—
486.1 ng/mL for Q4 (the highest quartile)], multivariate-
adjusted least-square mean BMD values were estimated
after considering potential confounding factors (Fig. 1).
The BMD value at the lumbar spine significantly decreased
in a dose-response manner across increasing ferritin quar-
tiles in both the base and multivariable adjustment models.
Consistently, compared with women in Q1 in age group III,
those in Q3 and Q4 demonstrated significantly lower lumbar
spine BMD values. However, the trends for the BMD values
that were determined at the femur neck and total femur, in
terms of the serum ferritin quartiles, were not statistically
significant.

Because the International Society for Clinical Densitom-
etry advises that the WHO criteria should not be used in
premenopausal women or subject <50 years of age [24], we
performed the logistic regression analyses for the prevalent
osteoporosis according to serum ferritin quartiles in post-
menopausal women and/or women >50 years of age (n=
2,712; 81.4 % of women in age group III; mean age=62.6+
9.3 years). The overall proportion of these women who met
the criteria for osteoporosis was 31.1 %. The prevalence of
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Table 1 Baseline characteristics of the study population
Men
Variables Age group | Age group 11 Age group III P value®
(<24 years old; n=1,081) (2544 years old; n=2,332) (>45 years old; n=3,404)
Age (years) 18.3 (17.9-18.7)° 34.6 (34.2-34.9)° 57.1 (56.7-57.6)"¢ <0.001
Weight (kg) 64.9 (63.7-66.1)° 722 (71.6-72.8)° 67.8 (67.3-68.2)"¢ <0.001
Height (cm) 170.5 (169.7-171.3)° 172.6 (172.3-173.0)° 167.7 (167.5-168.0)"¢ <0.001
Ferritin (ng/mL) 74.0 (69.4-78.6)° 120.9 (117.1-124.7)° 118.9 (115.0-122.9)° <0.001
Iron (pg/dL) 116.9 (111.2-122.6)° 131.8 (127.1-136.4)° 126.4 (122.7-130.2)° <0.001
TIBC (ng/dL) 322.6 (317.5-327.8)° 309.4 (305.8-312.9)° 309.8 (306.8-312.9)° <0.001
Transferrin 36.7 (34.8-38.7)¢ 43.1 (41.5-44.7)° 41.5 (40.2-42.7)° <0.001
saturation (%)
25(0OH)D (ng/mL) 17.4 (16.8-18.1)° 19.0 (18.4-19.5)° 21.3 (20.9-21.8)>¢ <0.001
ALP (IU/L) 462.6 (436.3-488.9)° 2243 (220.9-227.7)° 236.3 (233.2-239.4)>° <0.001
Ca intake (mg/day) 555.2 (525.2-585.3) 583.3 (565.5-601.1) 572.7 (556.4-589.1) 0.282
P intake (mg/day) 1327.8 (1277.3-1378.4)° 1446.8 (1414.6-1479.1)° 1336.7 (1311.8-1361.7)° <0.001
Current smoker (%) 22.9 54.9 38.2 <0.001
Alcohol drinker (%) 23.0 442 43.4 <0.001
Regular exercise (%) 19.1 12.5 12.6 0.013
Bone mineral density (g/cm?)
Lumbar spine 0.911 (0.896-0.925)° 0.991 (0.985-0.996)° 0.956 (0.949-0.962)"¢ <0.001
Femur neck 0.881 (0.868-0.894)° 0.860 (0.854-0.867)° 0.776 (0.770-0.781)"¢ <0.001
Total femur 0.979 (0.966-0.992)° 0.996 (0.990-1.003)° 0.953 (0.947-0.959)"¢ <0.001
Women
Variables Age Group I Age Group 11 Age Group III P value
(< 24 years old; n=1,130) (2544 years old; n=2,739) (> 45 years old; n=3,331)
Age (years) 18.2 (17.8—18.6)° 34.8 (34.6-35.1)° 57.9 (57.4-58.4)°¢ <0.001
Weight (kg) 53.1 (52.4-53.9)° 57.5 (57.0-57.9)° 57.9 (57.5-58.3)° <0.001
Height (cm) 159.7 (159.2-160.1) 159.6 (159.3-159.9) 154.5 (154.2-154.8)>° <0.001
Ferritin (ng/mL) 30.6 (29.0-32.2)° 33.2 (31.8-34.5)" 58.1 (55.8-60.4)>° <0.001
Iron (pg/dL) 97.5 (92.1-102.9) 99.3 (95.411103.2) 97.7 (94.5-100.9) 0.783
TIBC (ng/dL) 338.9 (332.3-345.6)° 328.0 (324.3-331.6)° 317.6 (313.6-321.6)>° <0.001
Transferrin saturation (%) 29.5 (27.8-31.2) 31.3 (30.0-32.5) 31.6 (30.4-32.8) 0.130
25(OH)D (ng/mL) 15.6 (15.1-16.1)° 16.4 (16.1-16.8)° 18.0 (17.5-18.4)>¢ <0.001
ALP (IU/L) 328.4 (309.2-347.7)° 186.7 (183.7-189.7)° 240.4 (236.2-244.6)>° <0.001
Ca intake (mg/day) 427.3 (406.2-448.4)° 463.2 (449.4-477.0)° 440.4 (422.2-458.6) 0.009
P intake (mg/day) 972.6 (938.6-1006.5)° 1048.4 (1027.1-1069.7)° 984.5 (962.5-1006.5)° <0.001
Current smoker (%) 5.9 7.6 5.2 <0.001
Alcohol drinker (%) 11.9 12.2 6.6 <0.001
Regular exercise (%) 8.2 11.8 14.6 0.001
Bone mineral density (g/cm?)
Lumbar spine 0.899 (0.889-0.910)° 0.990 (0.985-0.995)° 0.866 (0.858-0.874)>° <0.001
Femur neck 0.764 (0.756-0.773) 0.765 (0.761-0.770) 0.668 (0.662—0.674)>° <0.001
Total femur 0.871 (0.862-0.879)° 0.901 (0.896-0.907)° 0.821 (0.815-0.827)>° <0.001

Values are presented as the mean with 95 % confidence intervals (Cls) unless otherwise specified. Italic emphasis means that values are statistically

significant

TIBC total iron binding capacity, 25(OH)D 25-hydroxyvitamin D, ALP alkaline phosphatase, Ca calcium, P phosphorus

#These P values for comparing the baseline characteristics of the three groups were generated using analysis of variance (ANOVA) for continuous
variables and x? test for categorical variables

 P<0.05 vs. the Age Group I by post-hoc analysis using the ANOVA test
€ P<0.05 vs. the Age Group II by post hoc analysis using the ANOVA test.
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A) Base model
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Fig. 1 Bone mineral density (BMD) at various skeletal sites according
to serum ferritin quartiles after adjustment for confounders in women
>45 years of age. Values are presented as the mean with 95 % confi-
dence intervals (CIs). Multivariate-adjusted least-square mean BMD
values, in terms of the serum ferritin quartiles, were estimated using

osteoporosis from Q1 to Q4 was 24.9, 29.5, 32.6, and
38.0 %, respectively. After adjustment for age, weight, and
height, the ORs for prevalent osteoporosis linearly increased
across increasing ferritin quartiles, and the odds for preva-
lent osteoporosis was 47 % higher in women in Q4, com-
pared with those in Q1 (Fig. 2). After adopting the
multivariable adjustment model, the ORs in Q3 and Q4
remained statistically significant.

The overall proportion of women in age group III who
had prevalent fractures was 13.3 % (n=443). In detail, 77
subjects (2.3 %) had osteoporotic fracture history based on a
standard self-administered questionnaire (e.g., 16 vertebra, 4
hip, 46 wrist, 3 humerus, 2 clavicle, and 6 rib fractures), and
376 subjects (11.3 %) were considered having suffered from
a vertebral fracture by historical height loss of 4.0 cm or
more. Ten women met both criteria. The prevalence of
fractures from Q1 to Q4 was 8.4, 12.3, 14.7, and 18.7 %,
respectively. After considering potential confounders, the
ORs for prevalent fractures linearly increased across in-
creasing ferritin quartiles, and the odds for prevalent frac-
tures was 52 % higher in women in Q4, compared with
those in Q1 (Fig. 3).

Among women classified as in age group III, multiple
regression analyses revealed that serum ferritin concentra-
tions were positively associated with serum total ALP levels

analysis of covariance (ANCOVA). Base model: adjustment for age,
weight, and height. Multivariable model: adjustment for smoking,
drinking, and exercise habits, serum 25-hydroxyvitamin D level, and
calcium and phosphorus intake, as well as factors from the base model

A) Base model

Ferritin quartiles ORs (95% Cl)

Q1 ® 1.00 (Ref.)

Q2 e 1.29 (0.91 - 1.83)

Q3 —e— 1.36 (0.97 — 1.92)

Q4 —e—— 1.47 (1.03 - 2.09)
1.0 1'_5 2‘_0 2_’5 P for trend = 0.027

B) Multivariable model
Ferritin quartiles ORs (95% CI)

Q1 [} 1.00 (Ref.)

Q2 H—e— 1.36 (0.96 — 1.95)

Q3 e 1.45 (1.02 — 2.05)

Q4 —e— 1.55 (1.09 — 2.23)
1.0 1'_5 2'_0 2_'5 P for trend = 0.013

Fig. 2 Odds ratios (ORs) and 95 % confidence intervals (CIs) for osteo-
porosis according to serum ferritin quartiles after adjustment for con-
founders in postmenopausal women and/or women >50 years of age.
Osteoporosis was diagnosed by a T-score<—2.5 SD at any of the sites on
the lumbar spine, femur neck, or total femur. Base model: adjustment for
age, weight, and height. Multivariable model: adjustment for smoking,
drinking, and exercise habits, serum 25-hydroxyvitamin D level, and
calcium and phosphorus intake, as well as factors from the base model
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A) Base model

Ferritin quartiles ORs (95% CI)

Q1 q 1.00 (Ref.)

Q2 ———— 1.17 (0.80 — 1.72)
Q3 H——— 1.37 (0.94 — 2.00)
Q4 —————— 1.52 (1.02 — 2.25)

0.5 1.0 15 20 25 Pfortrend=0.030

B) Multivariable model

Ferritin quartiles ORs (95% CI)

Q1 [} 1.00 (Ref.)

Q2 ——— 1.20 (0.82 - 1.76)
Q3 H—e—— 1.36 (0.93 - 2.00)
Q4 ———i 1.52 (1.02 - 2.27)

05 1.0 15 20 o5 Pfortrend =0.034

Fig. 3 Odds ratios (ORs) and 95 % confidence intervals (ClIs) for
prevalent fractures according to serum ferritin quartiles after adjust-
ment for confounders in women >45 years of age. Prevalent fractures
are identified based on self-reported data and a height loss threshold of
4.0 cm, as described in the “Materials and methods.” Base model:
adjustment for age, weight, and height. Multivariable model: adjust-
ment for smoking, drinking, and exercise habits, serum 25-
hydroxyvitamin D level, and calcium and phosphorus intake, as well
as factors from the base model

after adjustment for multivariable confounding factors (6=
0.046, SE=0.009, P<0.001, R2=0.155). Because increased
body iron stores could lead to increased liver iron concentra-
tion that might affect serum total ALP levels, we additionally
adjusted for liver enzymes, including AST and ALT, and
observed that the statistical significance persisted (3=0.031,
SE=0.009, P=0.001, R*=0.191).

Discussion

In this large population-based cohort of 14,017 Koreans, we
found that serum ferritin concentrations were inversely as-
sociated with the BMD values at the lumbar spine, femur
neck, and total femur in women >45 years of age, classified
as age group III, after performing multiple regression anal-
yses. When we divided these women into serum ferritin
quartiles, the odds for prevalent osteoporosis and fractures
were 1.55- and 1.52-fold higher, respectively, in subjects in
the highest quartile compared with those in the lowest
quartile after adjustment for potential confounders. This is
the first report showing that the significant associations
between serum ferritin level and osteoporosis-related phe-
notypes are observed in a nationally representative cohort as
well.

Ferritin is an iron storage molecule that has the capacity
to bind up to 4,500 atoms of iron and is known to modulate
the potential toxicity of iron [25]. Because this protein can
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accurately reflect differences in body iron storages by age
and sex [26], it has been widely used as a marker of iron
status in epidemiological studies [27]. Considered along
with a plausible explanation regarding the effects of iron
on bone metabolism in experimental and animal data, the
consistent results in the present population-based and previous
longitudinal studies [11] support the possibility that serum
ferritin could be one of useful biomarkers for predicting poor
bone health.

The patterns of age-related BMD changes that occur in
life vary with differences in ethnic, gender, hormonal, and
environmental variables. To investigate the pattern in Ko-
reans, we presented the BMD values at the lumbar spine,
femur neck, and total femur by 5 years interval in this cohort
as Supplementary Fig. 1. Specifically, women and men
reached peak bone mass in the early 20s, although there
were some differences in the exact timing depending on the
skeletal sites. In women, after a relatively small change in
BMD values, BMD dramatically decreased after the mid-
40s. The previous study reported that the mean age of
natural menopause in Korean women was 47 years, mark-
edly younger than in Caucasians [28, 29]. In addition, a
number of studies have observed accelerated bone loss even
in perimenopausal women prior to their menopause [30, 31].
Based on these backgrounds and the observed patterns of
age-related BMD changes at various skeletal sites in the
KNHANES, we adopted 24 and 45 years old as the cutoff
points for age stratification in women. In men, age-related
bone loss begins immediately after peak bone mass and
BMD gradually decreases without a prominent acceleration
phase. However, we applied the same criterion with women
for grouping to obtain a comparable analysis regarding the
association between serum iron-related markers and BMD
in the present study.

In agreement with previous studies [32], our study shows
that mean serum ferritin levels were markedly lower in
women than in men. However, in spite of the lower ferritin
levels, a particularly interesting point is that the association
between serum ferritin and BMD was only consistently
significant in women >45 years of age. We speculate that
the inconsistent results may be mainly explained by abrupt
loss of estrogen in these women, besides the gender differ-
ence. In more detail, substantial evidence indicates that
estrogen deficiency during menopause can cause relative
increases in osteoclastic bone resorption through directly
affecting bone cells [33] and indirectly involving diverse
mechanisms, such as reactive oxygen species, cytokines,
and growth factors [34, 35], resulting in more accelerated
bone loss. Therefore, our present results indicate that this
dynamic period causing enormous changes in bone metab-
olism may be the most vulnerable to iron overload and the
subsequent increase of oxidative stress. Studies focusing on
how male and female hormones interact with iron in relation
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to bone metabolism may help to explain the differences
depending on the age groups and the genders in the associ-
ation between iron storages and low bone mass. Meanwhile,
the association of higher serum ferritin levels with lower
BMD in women >45 years of age appears to be more
prominent at the lumbar spine, which is mainly composed
of trabecular bone, than at the proximal femur, which is
usually composed of cortical architecture. Because the tra-
becular bone is known to be more metabolically active after
menopause, these results further support the notion that the
deleterious effects of iron on bone could be augmented in a
state of high bone turnover.

The ultimate goal of bone biology research is to reduce
the risk of osteoporotic fractures. Because data from radio-
graphs were not available for this national cohort, as an
alternative line of investigation, we assessed the effects on
fractures based on self-reported data and a height loss
threshold of 4.0 cm as an indicator of prevalent vertebral
fractures. Although the self-reported fractures could have
been affected by recall bias, they have been demonstrated to
be accurate with a specificity above 80 % [36—38] and are
rarely underreported [37]. Furthermore, a height loss thresh-
old of 4.0 cm has also been shown to demonstrate a spec-
ificity of 98.3 % and a positive predictive value of 63.9 %
for the development of new vertebral fractures [22]. In the
present study, we identified the women >45 years of age in
the highest ferritin quartile had significantly higher odds for
prevalent fractures, which in consistent with the findings
observed in our previous longitudinal study on postmeno-
pausal women [11]. These results validate that there is the
presence of gender difference in terms of the effects of iron
on fractures as well.

Serum total ALP, normally contributed to by bone and
liver isoforms in approximately equal amounts [39], is
regarded as a useful marker which can reflect the degree
of bone turnover in subjects without liver diseases [40].
Based on this background, we performed the multiple
regression analysis and found that the serum ferritin
concentrations were positively correlated with the serum
total ALP levels in women >45 years of age after
adjusting for confounders. This result indirectly suggests
that the higher prevalence of osteoporosis and fractures
observed in women with higher serum ferritin levels
may have resulted from the increased bone turnover rate
in these subjects.

The major strength of this study is that we analyzed data
collected from a nationwide survey of Korea that included
more than 14,000 participants of both genders between 10
and 80 years of age. Despite this strength, there are some
limitations to this study. Most importantly, the serum ferritin
concentration can be elevated in response to systemic in-
flammation, which is thought to be involved in the patho-
physiological mechanisms underlying osteopenia and/or

osteoporosis [41]. However, we could not adjust for serum
high sensitivity C-reactive protein, a well-known acute-
phase reactant [42]. Therefore, there is the possibility that
the present results could be biased by this potential con-
founder. Second, because this is a cross-sectional study, we
cannot determine if a causal relationship exists between
variables. Furthermore, because serum estrogen level was
not measured in the KNHANES, we could not adjust for the
menopausal status and the resultant change of this sex
hormone in the data analyses. Therefore, some researchers
can argue that high serum ferritin level may be just an
inactive bystander reflecting low serum estrogen level,
based on the recent study reporting the inverse relationship
between serum levels of estrogen and ferritin during meno-
pausal transition [43]. We cannot answer this concern from
the present study. However, in our longitudinal cohort in
which serum estrogen levels were available [11], additional
adjustment for estrogen did not attenuate the significant
correlation between higher serum ferritin levels and accel-
erated bone loss at all measured skeletal sites (Supplemen-
tary Table 1). Accordingly, we believe that our present
results support in vitro and in vivo studies showing the
direct deleterious effects of iron on bone metabolism. Third,
prevalent fractures were assessed using self-reported data
and historical height loss; however, they were not validated
by radiographs, and thus, the analyses involving fractures
could be seriously biased by the memory of subjects.
Fourth, smoking and drinking habits were categorized into
three and two levels, respectively, and thus, this simple
classification may not fully reflect the dose dependent ef-
fects of these variables on bone health. Finally, although we
attempted to consider as many confounding factors as pos-
sible, we cannot exclude the possibility that the observed
association could be attributable to uncontrolled factors that
affect serum ferritin levels and/or BMD values.

In summary, data gathered from a nationally representa-
tive cohort demonstrate that higher body iron stores are
significantly associated with lower bone mass at various
skeletal sites and the increased prevalence of osteoporosis
and fractures, especially in women >45 years of age. The
present study may have clinical implications in that it pro-
vides the first evidence that the associations between serum
ferritin level and bone parameters are the most prominent in
women >45 years of age and suggests that the measurement
of serum ferritin levels may provide additional information
for predicting poor bone health outcomes in these women.
Further interventional studies are needed to confirm the
causal role of body iron stores in humans.
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