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Abstract

Aims/hypothesis Elevated serum ferritin levels are associated
with an increased risk of type 2 diabetes, but the nature of this
association remains elusive. The aim of this study was to test
the hypothesis that an elevated fasting serum ferritin level is
associated with an increased risk of type 2 diabetes due to its
association with impaired beta cell function and decreased
insulin sensitivity.

Methods We investigated 6,392 individuals from the Danish
general population. Surrogate measures of beta cell function
and insulin sensitivity were calculated for approximately
6,100 individuals based on OGTT examinations.
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Results The ORs for type 2 diabetes were 4.2 (95% CI 2.4,
7.2) for the highest vs the lowest quintile of serum ferritin, and
17 (95% CI 8.9, 33) for serum ferritin levels >97.5th percentile
vs <20th percentile. Elevated serum ferritin levels were asso-
ciated with elevated plasma glucose levels at 0, 30 and
120 min (p<0.001), elevated serum insulin levels at 0 and
120 min (p=0.02 and p<0.001), decreased beta cell function
estimated as the insulinogenic index and corrected insulin
response (p<0.001), and decreased insulin sensitivity estimat-
ed by the Matsuda index of insulin sensitivity and HOMA-IR
(p<0.001). Whereas the association with impaired beta cell
function was present in both men and women, the association
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with decreased insulin sensitivity was observed among men
and older women but not among younger women.

Conclusions/interpretation Elevated fasting serum ferritin
levels are associated with surrogate measures of both impaired
beta cell function and decreased insulin sensitivity. Meno-
pause seems to modify the association with insulin sensitivity.

Keywords Corrected insulin response - Disposition index -
Ferritin - HOMA-IR - Insulin - Insulin resistance -
Insulinogenic index - MATSUDA - Prediabetes - Type 2
diabetes

Abbreviations
hsCRP High-sensitivity C-reactive protein
[SIpaisuda  Matsuda index of insulin sensitivity

Introduction

Iron is the most abundant metal in the body, and its high
concentration in blood erythrocytes is essential for the
utilisation of oxygen [1]. Excess iron is sequestered intracel-
lularly in the body via the protein ferritin, and serum ferritin
levels are commonly used for the clinical determination of the
body’s iron status [1]. The reference interval for serum ferritin
is wide, comprising levels between approximately 20 and
300 pg/l among men and 15 and 200 pg/l among women.
Biologically, iron is essential for the utilisation of oxygen;
however, it is also a strong pro-oxidant known to catalyse the
formation of reactive oxygen species, potentially causing
severe damage to the insulin-producing pancreatic beta cells,
muscle cells and liver cells [1-3]. Moreover, ferritin not only
reflects iron stores, but is also an acute-phase reactant, com-
monly elevated in individuals with low-grade inflammation
such as is seen in obesity, the metabolic syndrome and type 2
diabetes.

A role of iron in the pathogenesis of diabetes in humans has
been suggested by several previous findings. First, iron over-
load in the genetic disorder hereditary haemochromatosis has
been associated with an increased prevalence of diabetes [4].
In studies of rodents and up to 68 humans, iron overload due
to blood transfusions or the administration of ferric
nitrilotriacetic acid has been shown to induce diabetes or
prediabetic conditions in the form of impaired glucose toler-
ance or reduced insulin sensitivity [5—10]. Second, a reduction
in ferritin level, by either blood-letting or iron-chelating ther-
apy, has been associated with improved glucose tolerance and
insulin sensitivity in both healthy volunteers and patients with
diabetes in studies of up to 59 participants [11-15].

Furthermore, cross-sectional studies have shown that indi-
viduals with impaired fasting glucose or type 2 diabetes
exhibit higher levels of ferritin [16—18]. Several studies have
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been conducted to investigate the association between serum
ferritin levels and future risk of type 2 diabetes [19-27]. A
recent meta-analysis of nine prospective studies including
26,339 participants (ranging from 560 participants in the
smallest cohort to 7,827 in the largest) concluded that a high
serum ferritin level is associated with an increased risk of
incident type 2 diabetes [28]. However, it has not yet been
examined in larger cohort-based studies whether this associa-
tion is explained by impaired beta cell function, decreased
insulin sensitivity or both. In the fasting state, elevated serum
ferritin levels have been found to be associated with levels of
insulin and glucose [16, 22, 29], and a few studies of up to
1,013 participants using OGTTs, IVGTTs or various clamps
have shown an association between elevated ferritin levels and
decreased insulin sensitivity [29-32].

The present study includes data from OGTTs on more than
6,000 individuals and therefore enables an elucidation of the
glycaemic mechanisms that underlie the observed association
between serum ferritin levels and risk of type 2 diabetes. Thus,
the overall aim of this study was to test the hypothesis that an
elevated fasting serum ferritin level is associated with an
increased prevalence of type 2 diabetes due to its association
with impaired beta cell function and decreased insulin
sensitivity.

Methods

Study population The present study is based on the Danish
population-based Inter99 study (ClinicalTrials.gov ID no.
NCT00289237), which was a non-pharmacological interven-
tion study for ischaemic heart disease [33]. A random sample
of 13,016 individuals living in Copenhagen County from
seven different age groups was drawn from the Civil Regis-
tration System, and a total of 6,784 (52%) attended the base-
line examination, which took place from March 1999 to
January 2001. Of the participants, 308 were excluded due to
missing serum ferritin measurements, leaving 6,476 partici-
pants; of these, 84 participants who were receiving medical
treatment for diabetes were excluded, leaving 6,392 for anal-
ysis. Written informed consent was obtained from all the
participants. The study was approved by the Scientific Ethics
Committee of the Capital Region of Denmark (KA 98 155)
and is in accordance with the principles of the Declaration of
Helsinki II.

Anthropometric and biochemical measurements Anthropo-
metric and biochemical measures were obtained after an over-
night fast. Weight (kg) and height (cm) were measured with
the participants in light indoor clothes and without shoes.
Plasma glucose was analysed using the hexokinase/glucose-
6-phosphate dehydrogenase technique (Boehringer, Mann-
heim, Germany), and serum insulin (excluding des-31,32
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and intact proinsulin) was measured using the AutoDELFIA
insulin kit (PerkinElmer/Wallac, Turku, Finland). Serum fer-
ritin and high-sensitivity C-reactive protein (hsCRP) were
measured on serum that had been stored for approximately
13 years, using a chemiluminescence and a nephelometric
assay, respectively (Siemens Healthcare Diagnostics,
Eschborn, Germany). The CV was 2.6% for the ferritin assay.

Glycaemic traits Non-diabetic Inter99 participants underwent
a 75 g OGTT with plasma glucose and serum insulin mea-
sured at fasting and at 30 and 120 min after the oral glucose
load. The participants were characterised as having normal
glucose tolerance, prediabetes (impaired fasting glucose, im-
paired glucose tolerance or both) or self-reported or screen-
detected type 2 diabetes according to the 1999 WHO criteria
[34]. Various surrogate measures of beta cell function and
insulin sensitivity were calculated. Beta cell function was
assessed as the insulinogenic index and corrected insulin
response, which are surrogate measures of oral glucose-
stimulated insulin secretion [35]. Insulin sensitivity was
assessed as Matsuda index of insulin sensitivity (ISIyiacsuda)
[36] and HOMA-IR. Beta cell function corrected for insulin
sensitivity was expressed as the disposition index. Detailed
information on the calculations of measures of beta cell func-
tion and insulin sensitivity is provided in electronic supple-
mentary material (ESM) Table 1.

Statistical analyses Statistical analyses were performed using
Stata statistical software (version 13; StataCorp, College Sta-
tion, TX, USA). A p value <0.05 was considered statistically
significant. We used a non-parametric test for trend across
ordered groups to test whether serum ferritin level increased
across the three groups: normal glucose tolerance, prediabetes
and type 2 diabetes. To estimate the ORs of type 2 diabetes or
prediabetes as a function of fasting serum ferritin levels, we
used a logistic regression model that included (1) age and sex,
(2) age, sex and BMI, and (3) age, sex, BMI and hsCRP
levels. In addition, we used a multifactor-adjusted model
including age, sex, BMI, hsCRP levels, waist circumference,
hypertension (systolic BP <140 mmHg, diastolic BP
<90 mmHg and no antihypertensive treatment vs systolic BP
>140 mmHg, diastolic BP >90 mmHg or antihypertensive
treatment), family history of diabetes (no family history, one
parent with diabetes or two parents with diabetes), smoking
(never, former or current smoker), alcohol use based on rec-
ommendations from the Danish Health and Medicines Au-
thority (<14/21 vs >14/21 units for women and men, respec-
tively, where 1 unit = 12 g of alcohol), physical activity during
leisure and commuting time (02 h/week, 2—4 h/week, 4-7 h/
week or 7-12 h/week), LDL-cholesterol, HDL-cholesterol
and triacylglycerol. Fasting serum ferritin levels were entered
into the model as quintiles of ferritin, and in addition we
subdivided the fifth quintile into four groups (80th—90th

percentile, 90th—95th percentile, 95th-97.5th percentile and
>97.5th percentile) to examine extremely high ferritin levels.

To test whether serum ferritin levels were associated with
glycaemic traits derived from OGTTs, we used linear regres-
sion models that were adjusted for the above-mentioned co-
variates. To examine whether the assumptions for the linear
regression analysis were being fulfilled, all the variables were
inspected with regard to linearity as well as homogeneity of
variance and normality of the residuals. Plasma glucose was
kept in its identity form, and analyses with plasma glucose
were run using robust SEs to meet assumptions concerning the
normality and homogeneity of variance of the residuals. As
the values of serum ferritin, serum insulin, insulinogenic
index, corrected insulin response, ISIyasuds, HOMA-IR and
disposition index displayed non-normal distributions of the
residuals, these were transformed via the natural logarithm to
approximate a normal distribution. Accordingly, the effect
sizes are reported in per cent for a 1% change in serum ferritin.
As serum ferritin levels are generally higher in men than
women, all the analyses are presented for men and women
both together and separately. Interaction with sex and age was
tested for by introducing an interaction term between ferritin
levels and sex or age in the linear regression model. The
statistical software R version 3.1.0 (www.r-project.org,
accessed 14 October 2014) was used to perform piecewise
linear regression to examine whether there was a threshold of
ferritin level that is associated with insulin resistance. A two-
segment piecewise linear model adjusted for age, sex, BMI
and hsCRP levels was fitted for ISIyjauda and HOMA-IR, and
the threshold was determined as the ferritin level at which the
piecewise regression best fitted the ISIyasuda and HOMA-IR,
that is, where the residual SE was smallest.

Results

The baseline characteristics of the study population at the time
of blood sampling are presented in Table 1. A total of 6,476
individuals were present at the health examination and had
their fasting serum ferritin measured. The median ferritin level
was 79 pg/l IQR 35-152 ug/l) among all the participants,
140 pg/l (IQR 86-219 pg/l) among the men, and 42 pg/l (IQR
21-75 pg/l) among the women.

Median fasting serum ferritin levels were 68 pg/l (IQR 31—
134 pg/l), 113 ng/l IQR 53-201 pg/l) and 152 pg/l IQR 75—
271 pg/l) among the participants with normal glucose toler-
ance, prediabetes and type 2 diabetes, respectively (puena<
0.001). A similar pattern was observed when analysing men
(Prena<0.001) and women ( peng<0.001) separately (data not
shown). The ORs of type 2 diabetes increased in a stepwise
manner with increasing fasting serum ferritin levels, and ad-
ditional adjustment for BMI and hsCRP generally attenuated
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Table 1  Baseline characteristics of the Inter99 study participants

Characteristic No. of participants All Men Women
Participants, n (%) 6,476 6,476 3,182 (49) 3,294 (51)
Glucose status at baseline, 7 (%)
Normal glucose tolerance 4,615 (71) 2,157 (68) 2,458 (75)
Prediabetes 1,221 (19) 721 (23) 500 (15)
Impaired fasting glucose 507 (8) 372 (12) 135 (4)
Impaired glucose tolerance 507 (8) 212 (7) 295 (9)
Combined 207 (3) 137 (4) 70 (2)
Screen-detected diabetes 250 (4) 159 (5) 91 (3)
Known diabetes 132 (2) 69 (2) 63(2)
On glucose-lowering treatment 84 48 36
Unknown glucose status 258 (4) 76 (2) 182 (6)
Anthropometric and biochemical measures®
Age (years) 6,392 46 (7.9) 46 (7.9) 46 (8.0)
Serum ferritin (pg/l) 6,392 79 (35-152) 140 (86-219) 42 (21-75)
Plasma glucose (mmol/l)
Fasting 6,388 5.5(0.8) 5.7 (0.9) 54(0.7)
30 min 6,113 8.7(1.9) 9.2 (1.9) 82(1.7)
120 min 6,125 6.2 (2.2) 6224 6.3 (2.0)
Serum insulin (pmol/l)
Fasting 6,383 34 (23-51) 36 (24-54) 32 (23-47)
30 min 6,112 242 (171-352) 248 (169-372) 237 (171- 334)
120 min 6,115 155 (94-256) 141 (78-247) 169 (112-264)
Measures of beta cell function
Insulinogenic index 5,994 65 (40-107) 65 (40-107) 76 (48-129)
Corrected insulin response 6,096 643 (392-1,065) 559 (340-909) 738 (455-1,236)
Measures of insulin sensitivity
ISIvacsuda 5,990 7.8 (5.2-11.3) 7.3 (4.8-11) 8.3 (5.6-12)
HOMA-IR 6,380 1.4 (0.9-2.1) 1.5 (1.0-2.3) 1.3 (0.9-1.9)
Disposition index 5,899 538 (317-914) 473 (286-770) 620 (363-1,078)
BMI (kg/m?) 6,389 26 (4.5) 27 (4.0) 26 (5.0)
Serum hsCRP (nmol/l) 6,063 11 (5.4-25) 9.8 (5.3-21) 11 (5.6-30)

Data are n (%), mean (SD) or median (IQR). Calculations for measures of beta cell function and insulin sensitivity as well as disposition index are
described in ESM Table 1. For the insulinogenic index and corrected insulin response, 83 and 1 participants, respectively, were excluded due to negative

values

# Participants on glucose-lowering treatment excluded

the ORs (Figs | and 2). The ORs adjusted for age, sex, BMI
and hsCRP were 1.0 (95% CI1 0.6, 1.8), 1.2 (95% C1 0.7, 2.1),
1.9(95%CI1.1,3.3)and 4.2 (95% CI1 2.4, 7.2) for the second,
third, fourth and fifth quintiles of ferritin compared with the
first quintile ( peng<0.001) (Fig. 1). Stepwise increasing ORs
of type 2 diabetes (pyeng<0.001) were also observed for the
four subdivisions of the fifth quintile, with an especially high
OR among participants with ferritin levels >97.5th vs <20th
percentile (OR 17; 95% CI 8.9, 33) (Fig. 1).

As ferritin levels are highly dependent on sex, we stratified
the data in terms of sex and found that increasing levels of
ferritin were associated with increasing ORs for type 2
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diabetes among both men and women. However, the associ-
ation was strongest among men: the OR for the fifth vs the first
quintile of ferritin was 6.3 (95% CI 3.4, 12) among men and
2.8(95% CI 1.4, 5.7) among women (Fig. 2). The correspond-
ing ORs were 31 (95% CI 13, 71) and 7.7 (95% CI 3.1, 19) for
ferritin levels >97.5th vs <20th percentile (Fig. 2). Increasing
levels of serum ferritin were also associated with a stepwise
increase in OR of prediabetes among all the participants (ESM
Fig. 1) and among men and women separately (ESM Fig. 2).
In addition, when analysing impaired fasting glucose and
impaired glucose tolerance separately, increasing levels of
serum ferritin were also associated with increasing ORs of
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No. of

Serum

partici- No. of ferritin, pg/I
pants events (min—-max)

Quintiles of ferritin

Below 20th 972
20th—-40th 983
40th—60th 980
60th—-80th 990

80th or above 988

23 2-26
31 27-53
41 54-94
64 95-161

139 162-1,488

Extreme percentiles of ferritin

80th—-90th 495
90th-95th 247
95th—97.5th 122

97.5th or above 124

41 162-232
34  233-307
18  308-384
46 386-1,488

OR (95% Cl)

1 (reference)
1.1(0.7, 2.0)
1.5 (0.9, 2.5)
2.4 (1.5,4.1)
6.2 (3.7, 10)

3.7 (2.1,6.6)
6.7 (3.6, 12)
7.0 (3.4, 14)
24 (18, 45)

OR (95% Cl)

1 (reference)

1.1 (0.6, 1.9)

1.4 (0.8, 2.4)

e 2.2(1.3,3.8)
e 5.0 (3.0, 8.6)

- 3.1(1.7,57)
o 5.1(2.7,9.7)
e 46(2.2,97)

Fe—  22(11,42)

OR (95% Cl)

1 (reference)

0.1

Adjusted for age and sex

1 10 100 0.1
OR (95% Cl)

Adjusted for age, sex and BMI

1.0 (0.6, 1.8)
1.2(0.7,2.1)
e 1.9 (1.1,3.3) e
el 4.2(2.4,7.2) el
el 2.7 (1.5, 4.9) el
o 4.1(2.2,7.9) o
e 3.6 (1.7,7.6) e
e 17 (8.9, 33) e
1 10 100 0.1 1 10 100

OR (95% Cl)

OR (95% Cl)

Adjusted for age, sex, BMI

and hsCRP

Fig. 1 ORs of type 2 diabetes according to fasting serum ferritin levels. The numbers of participants and events are provided for the age- and sex-
adjusted analysis. There was no information on BMI for one participant and on serum hsCRP for 289 participants. pueng<0.001 for all analyses

both outcomes, and when impaired fasting glucose was
defined as a fasting plasma glucose level >5.6 mmol/l,
the results for prediabetes as
fasting glucose were similar to the main results (data

not shown).
No. of
partici- No. of
pants events
Men
Quintiles of ferritin
Below 20th 462 13
20th—40th 470 19
40th-60th 467 26
60th—80th 465 34

80th or above 473 88
Extreme percentiles of ferritin

80th—90th 239 30
90th-95th 115 16
95th-97.5th 60 14

97.5th or above 59 28

Women

Quintiles of ferritin

Below 20th 491 11
20th—40th 519 14
40th—60th 521 13
60th—80th 519 22

80th or above 526 58
Extreme percentiles of ferritin

80th—90th 267 16
90th-95th 130 16
95th-97.5th 64 9

97.5th or above 65 17

Ferritin, g/l

well as for impaired

(min—max) OR (95% ClI)

5-69 1 (reference)
70-112  1.7(0.8,3.4)
113-155 2.2 (1.1,4.4)
156230 2.9 (1.5,5.7)
231-1,488 8.2 (4.5, 15)

231-307 5.4 (2.7, 11)

308-384 5.5 (2.5, 12)

386-487 10 (4.5, 24)
490-1,488 30 (14, 65)

2-16 1 (reference)
17-30 1.2(0.5,2.7)
31-48 1.1 (0.5,2.4)
49-78 1.7 (0.8, 3.6)

79-886 4.5(2.3,8.9)

79-110  2.5(1.1,5.5)
111-150 5.3 (2.3, 12)
151-183 6.0 (2.3, 15)
186-886 13 (5.4, 29)

After adjustment for age, sex, BMI and hsCRP, elevated
fasting serum ferritin levels were associated with elevated
plasma glucose levels at fasting, 30 min and 120 min
(p<0.001), elevated serum insulin levels at fasting and

120 min (p=0.02 and p<0.001), decreased beta cell function

OR (95% Cl)

1 (reference)

1.9 (0.9, 4.0)

—e—i 2.3(1.1,4.6)
—o—i 2.9(1.5,5.7)
e 6.9 (3.7, 13)
—e— 45(22,9.2)
—eo— 3.9(1.7,8.8)
—o— 9.8 (4.1, 23)

—e— 34 (15,79)

1 (reference)

OR (95% Cl)

1 (reference)

1.2(0.5,2.7)
0.8 (0.4, 2.0)
1.7 (0.8, 3.7)
e 3.7 (1.9,7.4)
—e—i 2.0 (0.9, 4.6)
e 3.9(1.7,9.2)
—e—i 5.3 (1.9, 14)
e 12 (4.9, 29)
T T T 1 T
1 10 100 0.1

0.1

Adjusted for age

OR (95% Cl)

1.8 (0.9, 3.9)
e 2.1 (1.0, 4.4)
—o—i 2.8(1.4,5.6) —e—i
o 6.3 (3.4,12) e
—e— 4.2 (2.0, 8.6) —eo—
—o—i 3.5(1.5,7.9) —e—i
—e— 8.8 (3.6, 21) —e—i
—e— 31 (13,71) —o—
1 (reference)
1.1 (0.5, 2.5)
0.7 (0.3, 1.8)
1.3(0.6,2.8)
e 2.8(1.4,57) e
1.6 (0.7,3.7)
—eo— 3.1(1.3,7.3) —e—
—e—i 3.7 (1.3,10) —e—1
—e— 7.7 (3.1, 19) —eo—
T T 1 T T T 1
1 10 100 0.1 1 10 100
OR (95% Cl) OR (95% Cl)

Adjusted for age and BMI

Adjusted for age, BMI
and hsCRP

Fig.2 ORs of type 2 diabetes according to fasting serum ferritin levels stratified by sex. The numbers of participants and events are provided for the age-
adjusted analysis. There was no information on BMI for one woman, and on serum hsCRP for 122 men and 167 women. p,g<0.001 for all analyses
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assessed as the insulinogenic index and corrected insulin
response (p<0.001), and decreased insulin sensitivity
assessed as the [SIyjasuda and HOMA-IR (p<0.001) (Table 2).
Generally, adjustment for BMI and hsCRP resulted in attenu-
ated effect sizes compared with the effect sizes from the age-
and sex-adjusted analyses (Table 2).

Interaction analyses suggested that sex modified the asso-
ciation between ferritin levels and 120 min plasma glucose,
fasting serum insulin, 120 min serum insulin, [SIyfasudga and
HOMA-IR (p;nt<0.001) (Table 3). Serum ferritin levels were
only associated with fasting insulin, ISIyjau4e and HOMA-IR
among men but not among women. Furthermore, serum fer-
ritin levels were more strongly associated with 120 min plas-
ma glucose and 120 min serum insulin among men than
women (Table 3). To examine whether the discrepancies in
the association between ferritin levels and measures of insulin
sensitivity could be explained by women having menstrual
periods and thereby losing iron, or by sex hormone differ-
ences, we stratified women by age below or above 52 years,
which is the median age of menopause among Danish women
[37]. Women <52 years had a median ferritin level of 35 pg/l
(IQR 18-62 pg/l) whereas women >52 years had a median
ferritin level of 72 pg/l (IQR 45-116 pug/l).

Generally, when stratifying by age, the effect sizes among
younger women resembled the effect sizes among all women,
whereas the effect sizes among older women resembled the

effect sizes observed among men (Table 4). Significant inter-
actions between serum ferritin levels and age <52 or >52 years
were observed for fasting insulin (p;,=0.003), 120 min insu-
lin (pin=0.002), ISIpatsuda (Pine=0.006) and HOMA-IR
(pine=0.02). Thus, elevated serum ferritin levels were associ-
ated with a decreased fasting serum insulin level among
younger women but increased fasting serum insulin among
older women, whereas elevated serum ferritin levels were
associated with 120 min serum insulin, ISTyjasuga @nd
HOMA-IR among older women but not among younger
women (Table 4). When stratifying by age 52 years
among men, we found no major differences between
the younger and older group of men, and no significant
interaction between ferritin levels and age <52 or
>52 years (data not shown).

By using a piecewise linear regression model, we found a
negative association between ferritin levels and insulin resis-
tance among individuals with serum ferritin levels <52 pg/l
(ISTpagsuda [7=2,010] 0.04; 95% CI 0.005, 0.07; HOMA-IR
[n=2,158] —0.04; 95% CI —0.08, —0.01) but a positive asso-
ciation among individuals with levels >52 pg/l (ISIypagsuda
[n=3,666] —0.13; 95% CI —-0.16, —0.10; HOMA-IR
[7n=3,891]0.11; 95% CI 0.08, 0.14). However, when individ-
uals with ferritin levels <15 pg/l (the lower limit of the
reference interval for women) were excluded (n=473 for
ISTyviatsuda @and n=518 for HOMA-IR), the negative association

Table 2 Associations between fasting serum ferritin levels and glycaemic traits obtained during OGTTs in the Inter99 cohort

Variable Adjusted for age and sex Adjusted for age, sex and Adjusted for age, sex, BMI and hsCRP
BMI
n Effect (95% CI) p value n Effect (95% CI) pvalue n Effect (95% CI) p value

Plasma glucose (mmol/l)

Fasting 6,388 0.11 (0.08, 0.13) <0.001 6,385 0.09 (0.06, 0.11) <0.001 6,056 0.08 (0.06, 0.11) <0.001

30 min 6,113 0.24 (0.19, 0.29) <0.001 6,112 0.19 (0.14, 0.24) <0.001 5,794 0.16 (0.11,0.21) <0.001

120 min 6,125 0.46 (0.39, 0.53) <0.001 6,124 0.40 (0.33, 0.46) <0.001 5,806 0.36 (0.29, 0.43) <0.001
Serum insulin (%)

Fasting 6,383 0.06 (0.04, 0.07) <0.001 6,380 0.02 (0.01, 0.04) 0.002 6,052 0.02 (0.003, 0.03) 0.02

30 min 6,112 0.008 (-0.009, 0.03) 0.35 6,111 —0.02 (—0.03, —0.00) 0.05 5,792 -0.02 (—0.04, —0.001) 0.04

120 min 6,115 0.15(0.12,0.17) <0.001 6,114 0.11 (0.09, 0.13) <0.001 5,798 0.10(0.07,0.12) <0.001
Measures of beta cell function (%)

Insulinogenic index 5,994 —0.04 (-0.07,-0.02) <0.001 5,993 —0.06 (-0.08,-0.03) <0.001 5,684 —0.05(-0.07,—0.03) <0.001

Corrected insulin response 6,096 —0.07 (—0.09, —0.05) <0.001 6,095 —0.08 (=0.10,-0.06) <0.001 5,777 —0.07 (=0.09,-0.05) <0.001
Measures of insulin sensitivity (%)

ISIMatsuda 5,990 —0.09 (-0.10,—0.07) <0.001 5,989 —0.05(—0.06,-0.04) <0.001 5,676 —0.04 (—0.06,—0.03) <0.001

HOMA-IR 6,380 0.07 (0.06, 0.09) <0.001 6,377 0.04 (0.02, 0.05) <0.001 6,049 0.03 (0.02, 0.05) <0.001
Disposition index (%) 5,899 —0.13 (-0.15,-0.10) <0.001 5,898 —0.11 (-0.13,-0.08) <0.001 5,593 -0.09 (-0.11,—0.07) <0.001

All traits except for plasma glucose were logarithmically transformed before analysis. Effects (95% CI) for plasma glucose are given for a 1 unit increase
in log,(ferritin), whereas effects on serum insulin, measures of beta cell function, measures of insulin sensitivity and disposition index are given fora 1%
increase in ferritin. Calculations of measures of beta cell function, insulin sensitivity and disposition index were carried out as described in ESM Table 1
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Table 3  Associations between fasting serum ferritin levels and glycaemic traits obtained during OGTTs in the Inter99 cohort stratified by sex

Variable Men ‘Women

n Eftect (95% CI) p value n Effect (95% CI) p value Pinteraction

Plasma glucose (mmol/l)

Fasting 2,990 0.10 (0.06, 0.14) <0.001 3,066 0.08 (0.04, 0.11) <0.001 0.12

30 min 2,925 0.17 (0.08, 0.25) <0.001 2,869 0.15(0.08, 0.21) <0.001 0.84

120 min 2915 0.52 (0.40, 0.63) <0.001 2,891 0.27 (0.18, 0.35) <0.001 <0.001
Serum insulin (%)

Fasting 2,990 0.05 (0.03, 0.08) <0.001 3,062 —0.01 (=0.03, 0.01) 0.34 <0.001

30 min 2,923 —0.009 (-0.04, 0.02) 0.53 2,869 —0.03 (—0.06, —0.01) 0.001 0.04

120 min 2,911 0.17 (0.14, 0.21) <0.001 2,887 0.04 (0.009, 0.06) 0.008 <0.001
Measures of beta cell function (%)

Insulinogenic index 2,887 —0.04 (-0.07, —0.006) 0.02 2,797 —0.06 (—0.09, —0.03) <0.001 0.06

Corrected insulin response 2,919 —0.06 (—0.09, —0.02) 0.001 2,858 —0.08 (—0.11, —0.05) <0.001 0.05
Measures of insulin sensitivity (%)

ISIMatsuda 2,875 —0.08 (—0.10, —0.06) <0.001 2,801 —0.008 (—0.03, 0.01) 0.43 <0.001

HOMA-IR 2,988 0.07 (0.04, 0.09) <0.001 3,061 0.002 (—0.02, 0.02) 0.89 <0.001
Disposition index (%) 2,847 —0.12 (-0.15, —0.08) <0.001 2,746 —0.07 (-0.10, —0.03) <0.001 0.09

All traits except for plasma glucose were logarithmically transformed before analysis. Effects (95% CI) for plasma glucose are given for a 1 unit increase
in log,(ferritin), whereas effects on serum insulin, measures of beta cell function, measures of insulin sensitivity and disposition index are given fora 1%
increase in ferritin level. Analyses are adjusted for age, BMI and hsCRP. Calculations of measures of beta cell function, insulin sensitivity and disposition
index were carried out as described in ESM Table 1

with insulin resistance observed among individuals with Elevated levels of triacylglycerol are known to be associ-
levels <52 pg/l was insignificant (p=0.46 and 0.90 for  ated with decreased insulin sensitivity, and in this study in-
ISTyiatsuda @and HOMA-IR, respectively). creasing levels of triacylglycerol were associated with

Table4  Associations between fasting serum ferritin levels and glycaemic traits obtained during OGTTs in women from the Inter99 cohort stratified by
age

Variable Women <52 years Women >52 years
n Effect (95% CI) p value n Effect (95% CI) p value Pinteraction

Plasma glucose (mmol/l)

Fasting 2,368 0.07 (0.03, 0.11) 0.001 698 0.15(0.07, 0.22) <0.001 0.17

30 min 2,205 0.13 (0.05, 0.20) 0.001 664 0.26 (0.09, 0.43) 0.003 0.63

120 min 2,227 0.21(0.12,0.31) <0.001 664 0.48 (0.26, 0.70) <0.001 0.24
Serum insulin (%)

Fasting 2,367 —0.03 (-0.05, —0.005) 0.02 695 0.05 (=0.0007, 0.09) 0.05 0.003

30 min 2,202 —0.04 (—0.06, —0.01) 0.002 667 —0.03 (-0.08, 0.02) 0.26 0.51

120 min 2,222 0.01 (-0.02, 0.04) 0.40 665 0.10 (0.04, 0.17) 0.002 0.002
Measures of beta cell function (%)

Insulinogenic index 2,144 —0.06 (—0.09, —0.02) 0.002 653 —0.06 (—0.13, 0.005) 0.07 0.77

Corrected insulin response 2,196 —0.08 (-0.11, —0.02) <0.001 662 —0.11 (-0.18, —0.04) 0.002 0.22
Measures of insulin sensitivity (%)

ISIvtatsuda 2,155 0.01 (-0.01, 0.03) 0.31 646 —0.07 (-0.12, -0.02) 0.003 0.006

HOMA-IR 2,366 —0.02 (—0.04, 0.006) 0.14 695 0.07 (0.02, 0.12) 0.007 0.02
Disposition index (%) 2,107 —0.05 (-0.09, —0.008) 0.02 644 —0.13 (-0.20, —0.05) 0.001 0.19

All traits except for plasma glucose were logarithmically transformed before analysis. Effects (95% CI) for plasma glucose are given for a 1 unit increase
in log(ferritin), whereas the effects on serum insulin, measures of beta cell function, measures of insulin sensitivity and disposition index are given for a
1% increase in ferritin level. Analyses are adjusted for age, BMI and hsCRP. Calculations of measures of beta cell function, insulin sensitivity and
disposition index were carried out as described in ESM Table 1
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elevated levels of serum ferritin, a decreased [SITyjauda and an
elevated HOMA-IR. However, we found no statistically
significant interaction between serum ferritin and serum
triacylglycerol on either the ISIyauaa (2=0.09) or
HOMA-IR (p=0.10).

Sensitivity analyses Additional adjustment for waist circum-
ference, hypertension, family history of diabetes, smoking,
alcohol use, physical activity, LDL-cholesterol, HDL-
cholesterol and triacylglycerol resulted in an OR of type 2
diabetes for the fifth vs the first quintile of ferritin of 3.3 (95%
CI 1.7, 6.5) and decreased the effect sizes for surrogate mea-
sures of beta cell function and insulin sensitivity (ESM Fig. 3
and ESM Table 2). Notably, the effect sizes for the associa-
tions between elevated serum ferritin levels and ISTysuda and
HOMA-IR were directionally consistent with the results from
models adjusted for age, sex, BMI and hsCRP only, although
they were statistically insignificant. Importantly, however, 830
participants were excluded from the fully adjusted model due
to lipid-lowering treatment (n=78) or missing information on
one or more covariates (n=752), resulting in reduced statisti-
cal power.

As serum ferritin levels are influenced by a variety of
diseases or conditions, for example haematological disorders
and acute inflammatory conditions, we analysed the data after
excluding individuals with very high serum ferritin levels, that
is, >97.5th percentile. Generally, the effect sizes decreased
slightly, but elevated serum ferritin levels remained associated
with elevated plasma glucose and surrogate measures of de-
creased beta cell function and insulin sensitivity (ESM Ta-
ble 3). Likewise, after the exclusion of individuals with serum
ferritin levels >97.5th percentile, the OR of type 2 diabetes for
the fifth vs the first quintile of ferritin decreased to 3.0 (95%
CI 1.7,5.3) (ESM Fig. 4).

Discussion

We evaluated ferritin status and glycaemic traits obtained from
OGTTs in more than 6,000 Danish individuals and observed
that elevated fasting serum ferritin levels were associated with
surrogate measures of impaired beta cell function and de-
creased insulin sensitivity. Whereas the association with im-
paired beta cell function was present in both men and women,
the association with decreased insulin sensitivity was ob-
served among men and older women but not among younger
women. We also replicated previous findings of an association
between elevated ferritin levels and increased odds of type 2
diabetes. Of interest, our examination of extremely high levels
of serum ferritin showed stepwise increasing odds of type 2
diabetes, with a particularly high risk among people with very
high fasting serum ferritin levels.

@ Springer

The precise mechanisms underlying the crosstalk between
iron stores reflected in serum ferritin levels and the develop-
ment of type 2 diabetes remain unclarified. Three alternative
interpretations of our findings may exist.

First, elevated ferritin levels may, in concert with other
pathogenic factors, play a causal role in the development of
impaired beta cell function and decreased insulin sensitivity.
Iron mediates oxidative stress [38], and oxidative stress has
many deleterious effects [1-3]. Studies in mouse models of
the genetic disorder haemochromatosis have shown that pan-
creatic beta cells have an extreme susceptibility to oxidative
damage that translates into increased apoptosis and a
desensitisation of glucose-induced insulin secretion, which
together result in decreased insulin secretory capacity [39].
Moreover, oxidative stress has been shown to result in im-
paired insulin endocytosis in endothelial cell lines [40], and
iron overload has been shown to result in disturbed metabolic
activity of the liver and skeletal muscle [39, 41] together
supporting a role of ferritin in insulin resistance.

Second, our findings may represent reverse causality;
that is, impaired glucose regulation may lead to elevated
levels of ferritin rather than the converse. In support of
this hypothesis, cell studies have shown that insulin
regulates the transcription of ferritin and stimulates iron
uptake in fat cells [42, 43].

Third, other factors, such as low-grade inflammation, may
elevate both circulating ferritin levels and the risk of type 2
diabetes, a hypothesis that is supported by the fact that serum
ferritin is an acute-phase reactant that is elevated in, for
example, the metabolic syndrome. In the present study, addi-
tional adjustment for hsCRP generally resulted in only slightly
attenuated effect sizes, suggesting that the association between
elevated serum ferritin levels and impaired glucose regulation
did not simply reflect confounding by low-grade
inflammation.

We confirm the findings of previous studies showing a
positive association between serum ferritin levels and fasting
plasma glucose and serum insulin levels [16, 18], and of
previous smaller studies showing an association with
120 min plasma glucose and 120 min insulin levels [29, 31].
However, our observation of an association between elevated
ferritin levels and impaired beta cell function is in contrast to a
study of 538 non-diabetic persons undergoing an OGTT and
69 non-diabetic persons undergoing a hyperglycaemic clamp
in which no associations were observed between ferritin levels
and beta cell function [31]. Our finding of an association with
decreased insulin sensitivity assessed as the I[SIyfasuga and
HOMA-IR is in accordance with the findings of previous
smaller studies [30, 31]. A study of 257 non-diabetic people
applied euglycaemic—hyperinsulinaemic clamps—the gold
standard to assess insulin sensitivity—and found that elevated
serum ferritin levels were associated with decreased insulin
sensitivity [31]. These results were supported by a study of
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138 men that used a frequently sampled IVGTT to evaluate
the association between ferritin and insulin sensitivity [30].

Our observation that elevated serum ferritin levels are
associated with decreased insulin sensitivity in men and older
women but not in younger women is intriguing. In agreement
with our findings, a study of approximately 12,000 Koreans
reported that serum ferritin was associated with HOMA-IR in
men but not in women (pre- and postmenopausal) [44],
whereas another study of 6,311 Koreans found an association
between serum ferritin and HOMA-IR in men and postmen-
opausal women but not in premenopausal women [45]. In
contrast, a significant association between serum ferritin and
HOMA-IR has been reported in Chinese women (pre- and
postmenopausal) (#=277) but not in men (n=140) [32].

Our results from a stratified analysis based on the median
age of menopause suggest that the difference in effect sizes
seen between men and women may rely on differences be-
tween pre- and postmenopausal women. Thus, the association
between insulin sensitivity and serum ferritin seen in older but
not younger women could simply signify that younger women
have physiologically lower levels of ferritin, not associated
with impaired glucose regulation. In support of this notion,
our results suggest that there may be a threshold of serum
ferritin of 52 pg/l above which elevated serum ferritin levels
are associated with surrogate measures of insulin resistance.
At menopause, the production of oestrogen declines and men-
strual blood loss ceases, resulting in a rise in ferritin levels.
The reduction in oestrogen levels seen at menopause has also
been shown to increase levels of oxidative stress [46], proba-
bly reinforcing the association between ferritin and insulin
sensitivity. The fact that our analysis of men stratified by age
showed no difference between age groups supports an inter-
action between ferritin levels and menopausal status on insulin
sensitivity, and not simply an interaction with age.

This study is, to our knowledge, the largest to date to
examine the association between serum ferritin levels and
glycaemic traits through OGTT data. Nevertheless, some
limitations need to be addressed. Although ferritin is a widely
used marker of iron status, the physiological role of serum
ferritin and its relation to the intracellular labile iron pool has
not been fully clarified, and additional analyses of other
biomarkers of iron status are needed to understand in depth
the role of iron in the pathogenesis of type 2 diabetes [47].
Moreover, a full blood count profile including haemoglobin
was not measured in this study, precluding an analysis of the
interactions between anaemia and other factors in terms of a
full blood count profile and ferritin levels. In addition, the
exclusion of individuals based on information on diseases and
conditions influencing ferritin levels (e.g. inflammatory con-
ditions, haemochromatosis, transfusions and iron therapy)
would have been preferable to our simplistic exclusion of
individuals with very high ferritin levels. Although the results
from our study suggest that confounding by low-grade

inflammation cannot explain the observed association be-
tween elevated serum ferritin levels and impaired glucose
regulation, it is important to underline that ferritin is also an
inflammatory biomarker that is elevated in the metabolic
syndrome.

Along these lines, the causality of the observed association
between serum ferritin and type 2 diabetes cannot be deter-
mined from this cross-sectional study. Mendelian
randomisation studies could help to inform us whether serum
ferritin is likely to play a causal role in development of type 2
diabetes and consequently whether the initiation of interven-
tion studies would be reasonable. One may speculate that a
Westernised diet contributes to the risk of diabetes not only
through an excess caloric intake, but also through an excess
iron content in the diet and via the use of iron supplements. If
Mendelian randomisation studies and interventional studies
confirm an aetiological role of iron in the pathogenesis of type
2 diabetes, a reduced dietary iron intake, especially in men and
postmenopausal women with additional risk factors for type 2
diabetes, could be a logical consequence.

In conclusion, we found that the observed association
between elevated fasting serum ferritin levels and increased
risk of type 2 diabetes is explained by an association with both
surrogate measures of impaired beta cell function and surro-
gate measures of decreased insulin sensitivity. Interestingly,
menopause seems to modify the association with insulin sen-
sitivity since the association with decreased insulin sensitivity
was only observed among men and older women but not
among younger women.
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