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Abstract

Aims/hypothesis Macrophage migration inhibitory factor
(MIF) is a central mediator of innate immunity. Our aim
was to investigate the triangular association between MIF
genotypes, circulating MIF concentrations and incident
type 2 diabetes, and to use a Mendelian randomisation
approach to assess the causal role of MIF.

Methods Using a case—cohort design within the popula-
tion-based MONICA/KORA Augsburg Study, based on
502 individuals with incident type 2 diabetes (293 men,
209 women) and 1,632 non-cases (859 men, 773
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women), we determined MIF serum levels at baseline
and genotyped four MIF single nucleotide polymorphisms
(SNPs).

Results The C allele of SNP rs1007888 (3.8 kb 3’ of the
translation termination codon) was associated with in-
creased circulating MIF. MIF genotype rs1007888CC was
associated with an increased risk of type 2 diabetes in
women [hazard ratio (95% CI) 1.74 (1.02-2.97)], but not in
men [1.17 (0.75-1.81)]. Elevated MIF serum levels were
associated with higher type 2 diabetes risk also only in
women [HR (95% CI) 1.95 (1.15-3.29) comparing extreme
quartiles after multiple adjustment], but not in men (p for
interaction 0.039). The association between MIF levels and
incident type 2 diabetes was significantly higher in obese
women (111 cases, 147 non-cases) compared with non-
obese women (98 cases, 626 non-cases; p for BMI
interaction 0.0002).

Conclusions/interpretation The consistent triangular rela-
tionship between genotypes, serum levels and incident type 2
diabetes in women indicates that MIF may play a causal role
in the aetiology of type 2 diabetes and that elevated MIF
levels confer a higher disease risk.

Keywords Cytokine - Inflammation - Macrophage
migration inhibitory factor - Mendelian randomisation -
Obesity - Single nucleotide polymorphism - Type 2 diabetes

Abbreviations

CRP C-reactive protein
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Region Augsburg/Cooperative Health
Research in the Region of Augsburg

LD linkage disequilibrium

MI myocardial infarction

MIF macrophage migration inhibitory factor

MONICA Monitoring of Trends and Determinants in
Cardiovascular Disease

S1/2/3 Survey 1/2/3

SNP single nucleotide polymorphism

TC total cholesterol

Introduction

The link between macrophage migration inhibitory factor
(MIF), a pleiotropic mediator of innate immunity [1, 2], and
glucose metabolism has been addressed in molecular,
cellular and clinical studies. Experiments with pancreatic
islets and beta cell lines showed that high glucose
concentrations augmented MIF expression, and that MIF
stimulated insulin release [3, 4]. In addition, insulin
increased MIF expression together with glucose [5]. This
paracrine regulation suggested that elevated MIF levels
might be part of a compensatory mechanism in early beta
cell failure or insulin resistance to maintain sufficient
insulin levels and thus indicate increased diabetes risk [6].
This hypothesis is in line with observations that systemic
MIF concentrations are elevated in impaired glucose
tolerance and type 2 diabetes [7, 8]. In morbidly obese
women, high MIF levels were associated with decreased
beta cell function, and individuals with high reductions in
systemic MIF levels during a weight loss programme
showed improved insulin resistance and beta cell function
[9]. The only prospective data on MIF and diabetes risk
come from the Finnish Diabetes Prevention Study. High
MIF levels at baseline did not predict progression from
impaired glucose tolerance to type 2 diabetes in the control
group, but appeared to be associated with a better response
to lifestyle intervention [10]. Further studies explored the
role of MIF in obesity, which is also associated with
chronic subclinical immune activation. MIFF mRNA levels
in peripheral blood mononuclear cells and serum levels are
increased in obesity [11]; MIF protein is released by human
adipocytes and its secretion is positively correlated with
donor BMI [12].

At present, it is not clear whether elevated MIF levels
represent a cause or the consequence of hyperglycaemia. In
order to investigate the link between MIF and the risk of
type 2 diabetes, a Mendelian randomisation approach can
be utilised [13, 14]. The association between elevated MIF
levels and incident type 2 diabetes may be attributable to
reverse causation or residual confounding. However, the
additional analysis of the relationship between single

nucleotide polymorphisms (SNPs) within the MIF gene
and both MIF concentrations in the circulation and type 2
diabetes incidence could reveal whether MIF really plays a
causal role in the development of type 2 diabetes.
Genotypes that are associated with high MIF levels and
are randomly transmitted to carriers from their parents may
also be associated with higher disease risk for the carriers of
these genotypes. Potentially confounding factors should be
distributed evenly among those with high-risk or low-risk
genotypes. In addition, genotypes are determined before the
incidence of type 2 diabetes and are thus not subject to
reverse causation.

There is evidence that there may indeed exist MIF
genotypes that modulate MIF levels and thus enable such a
Mendelian randomisation approach. The MIF gene on
chromosome 22ql1.2 consists of three short exons and
two introns. An SNP (—173G>C; rs755622) and a CATT
tetranucleotide repeat (—794CATTs_g) in the promoter
region have been tested for their associations with inflam-
matory diseases. Associations for one or both polymor-
phisms with systemic-onset juvenile idiopathic arthritis,
rheumatoid arthritis, atopy, psoriasis, systemic lupus erythe-
matosus and obesity have been reported [15-21] and
suggest that these SNPs may have some functional
relevance.

The aim of the present study was to investigate the triangular
relationship between MIF levels, MIF gene variants and
incident type 2 diabetes. We determined MIF genotypes for
four SNPs in the promoter, in intron 2 and in the 3'-region, as
well as circulating MIF levels in the large, prospective
population-based Monitoring of Trends and Determinants in
Cardiovascular Disease (MONICA )/Kooperative Gesundheits-
forschung in der Region Augsburg [Cooperative Health
Research in the Region of Augsburg (KORA)] case—cohort
study to address the following questions: (1) do elevated MIF
levels precede the onset of type 2 diabetes; (2) which are the
determinants of circulating MIF levels: MIF genotypes or
traditional (i.e. anthropometric, metabolic or lifestyle) risk
factors; and (3) are MIF genotypes directly associated with
type 2 diabetes risk.

Methods

Study population The design of this prospective case—
cohort study [22], conducted within the population-based
MONICA/KORA cohort, has recently been described in
detail [23-28]. For detailed information on the study
population see the Electronic supplementary material
(ESM).

The present study was based on 2,134 participants (293
men, 209 women with incident type 2 diabetes; 859 men,
773 women without incident type 2 diabetes). Mean follow-
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up time (£SD) was 10.1£4.9 years. For all analyses which
included genetic markers the number of individuals was
lower, since DNA samples were missing for about 10% of
all individuals. For cross-sectional analyses, DNA samples
were available in 1,872 participants (1,001 men, 871
women). For analyses with type 2 diabetes as end-point,
DNA samples were available for 2,067 participants (1,142
men, 925 women). However, individuals with and without
available DNA did not differ regarding distribution of risk
factors.

MIF ELISA MIF serum concentrations were measured with
the Quantikine ELISA kit (R&D Systems, Wiesbaden,
Germany). Intra- and inter-assay variations were deter-
mined using three controls with recombinant MIF and three
sera in duplicates on 43 plates. Mean intra- and inter-assay
CV values were 2.6 and 5.1%, respectively, for the
recombinant controls, and 3.8 and 11.1%, respectively, for
the sera.

SNPs, haplotypes and genotyping method In order to
obtain complete coverage of the MIF gene, four SNPs
were selected. SNPs rs2070766 (in intron 2: IVS2-6C>QG),
rs2070767 and rs1007888 (both in the 3'-flanking region)
were selected according to HapMap information (http://
www.hapmap.org, last accessed in July 2007) in May 2005
for a 10 kb locus of the MIF gene. SNP rs1007888 is 3,807
bp 3’ of the translation termination codon, but was included
as it is a HapMap tagging SNP with a minor allele
frequency G of 0.425 in persons with European descent
(http://www.hapmap.org). SNP 15755622 in the promoter
region (—269G>C, also known as —173G>C) was selected
because associations of this SNP with inflammatory
diseases have been reported before [15-21]. This SNP had
not been genotyped by the HapMap project, and it was not
known at the time of SNP selection that rs755622 is in
almost complete linkage disequilibrium (LD) with
rs2070766. The four SNPs that were selected covered the
total common variation in the M/F gene at the time of SNP
selection.

Genotyping was carried out with matrix-assisted laser
desorption ionisation—time of flight analysis of allele-
dependent primer extension products as described [29].
Overall genotyping success rates were 99.2, 99.0, 99.4 and
99.3% for rs755622, rs2070766, rs2070767 and rs1007888,
respectively.

Haplotype blocks were identified through examination
of LD between consecutive SNPs in the subcohort.
Consecutive SNPs with Lewontin’s D'>0.8 were defined
to lie in the same haplotype block. Haplotypes within these
blocks were estimated using the estimation maximisation
algorithm presented by Schaid et al. [30]. Due to the study
design, haplotype estimation for analysis of incident type 2
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diabetes had to be performed separately for cases and non-
cases. For association analysis within the subcohort, no
distinction had to be made for haplotype estimation. The
most frequent haplotype was chosen as reference. For all
other haplotypes with an overall frequency of >1%,
separate variables indicating the individually expected
number of copies of the haplotype were created. Less
frequent haplotypes were pooled in a variable for rare
haplotypes.

Statistical analyses Most aspects of the statistical analyses
have been previously described (see ESM) [23-27]. For all
SNPs, Hardy—Weinberg equilibrium (HWE) was tested
using SAS procedure PROC ALLELE. Pairwise LD was
measured using Lewontin’s D' and the squared correlation
coefficient *. Haplotype association analysis was carried
out for the individually expected number of copies within
each haplotype with frequency >1% (reference haplotype
excluded) and the pooled group of rare haplotypes. This
approach is closely related to the haplotype trend regression
described by Zaykin et al. [31]. In contrast to Zaykin et al.,
we preferred to model expected numbers of copies instead
of the haplotypes’ probabilities.

In general, p<0.05 was considered statistically signifi-
cant. In our analysis of the associations between the four
MIF SNPs and incident type 2 diabetes, we calculated the
number of effectively independent tests from the correlation
structure between the four SNPs according to Li and Ji [32].
Given three effective SNPs, stratified analyses for men and
women and two outcomes (serum levels and type 2
diabetes), the significance level adjusted for multiple testing
according to Bonferroni for each of the SNPs, therefore, was
0.0042 for both the random subcohort and the type 2
diabetes case—cohort. All evaluations were performed with
the statistical software package SAS (Version 8.02 for Unix,
Version 9.1 for Windows; SAS Institute, Cary, NC, USA)
and the statistical analysis software R, Version 2.2.1 [33].

Results

Study population Baseline demographic, clinical, immuno-
logical and lifestyle characteristics of the study participants
have been described for almost identical samples [23, 25].
Data for the present sample are given in ESM Table 1.
Briefly, individuals who developed type 2 diabetes during
the follow-up period (cases) differed significantly from
individuals without later onset of type 2 diabetes (non-
cases) by higher age, BMI, WHR, prevalence of hyperten-
sion, prevalence of myocardial infarction (MI), total
cholesterol (TC):HDL-cholesterol ratio, C-reactive protein
(CRP), IL-6 and frequency of smokers, and a lower level of
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Table 1 MIF serum concen- )
trations (ng/ml) in the study Type 2 diabetes cases Non-cases p value®
population at baseline - - - -
Median (25th—75th percentiles) n Median (25th—75th percentiles) n

All 18.5 (14.9-23.3) 502 17.7 (14.1-22.3) 1,632 0.042
Test for log, MIF and adjust- Men 18.6 (15.5-23.3) 293 18.4 (15.1-23.9) 859 0.79
ed for age, sex (in the whole Women  18.3 (14.6-23.5) 209  16.5 (13.1-21.0) 773 0.0035

sample only) and survey

physical activity and of education at baseline compared
with non-cases,

Systemic MIF concentrations and risk of type 2 diabetes In
a cross-sectional analysis in the randomly sampled subcohort
(n=2,077), MIF serum levels (median [25th—75th percen-
tiles]) were significantly higher in men than in women
[18.7 ng/ml (15.3-24.0) vs 17.2 ng/ml (13.5-21.6); p<
0.0001]. The analysis of MIF baseline levels showed
significantly higher levels for incident type 2 diabetes cases
compared with non-cases (Table 1, n=2,134). The difference
in MIF levels between type 2 diabetes cases and non-cases
was highly significant only in women (p for interaction
0.009).

In Cox proportional hazards models, elevated MIF concen-
trations were significantly associated with higher type 2
diabetes risk in women, whereas the opposite trend was
observed in men (Table 2). Adjustment for established risk
factors of type 2 diabetes including BMI attenuated the
hazard ratios (HRs) when comparing extreme MIF quatrtiles,
but the sex difference persisted (model 3: p for interaction
0.040). Addition of CRP and IL-6 to the model had no
substantial effect on HRs (model 4: p for interaction 0.039).

Model 3 was also calculated adjusting for WHR instead of
BMI. WHR was only available for participants of Survey 2
(S2) and S3 (719 men, 602 women). We chose the same MIF
quartiles as for the whole study population. In this

subsample, the associations between MIF levels and incident
type 2 diabetes were rather similar in men and women
adjusting either for BMI [HR (95% CI) for comparing
extreme quartiles 0.49 (0.27-0.89) in men, 2.55 (1.23-5.30)
in women] or for WHR [HR (95% CI) for comparing
extreme quartiles 0.56 (0.31-1.00) in men, 2.37 (1.17-4.81)
in women].

Circulating MIF levels have been described to vary by
circadian rhythm [34], and time of blood draw was also
associated with MIF levels in the total subcohort of our
study [median MIF levels 18.0 ng/ml before 11:00 hours
(n=522), 18.3 ng/ml from 11:00-13:59 hours (n=562),
18.5 ng/ml from 14:00-16:59 hours (n=642) and 16.8 ng/ml
from 17:00 hours (#=329)]. When time of blood draw was
added to model 3, HRs were virtually unchanged. MIF
levels remained associated with type 2 diabetes risk in
women [HR (95% CI) for quartiles 2, 3 and 4: 1.90 (1.11-
3.26), 1.64 (0.96-2.81) and 1.89 (1.11-3.22), respectively;
p for trend 0.039] and were not associated with type 2
diabetes risk in men [HR (95% CI) for quartiles 2, 3 and 4:
0.92 (0.60-1.41), 0.91 (0.59-1.42) and 0.70 (0.44-1.11),
respectively; p for trend 0.11].

Post hoc subgroup analyses were performed stratified by
BMI (<30 vs >30 kg/m?). In non-obese women (98 cases,
626 non-cases), HRs (95% CI) for MIF quartiles 2, 3 and 4
were 1.21 (0.65-2.25), 1.12 (0.58-2.17) and 1.52 (0.79—
2.94), respectively, in model 3. However, in obese women

Table 2 HRs (95% Cls) of developing type 2 diabetes comparing quartiles of MIF serum concentrations

Model Quartile 1 Quartile 2 Quartile 3 Quartile 4 p value (trend)
Men

1 1.0 0.97 (0.67-1.42) 1.05 (0.72-1.53) 1.02 (0.70-1.48) 0.84

2 1.0 0.98 (0.66-1.45) 0.99 (0.67-1.47) 0.97 (0.65-1.43) 0.88

3 1.0 0.88 (0.58-1.35) 0.85 (0.55-1.30) 0.67 (0.42-1.05) 0.08

4 1.0 0.89 (0.58-1.36) 0.86 (0.56-1.32) 0.68 (0.43-1.07) 0.09
Women

1 1.0 1.35 (0.89-2.07) 1.42 (0.93-2.17) 2.18 (1.44-3.30)*** 0.0003
2 1.0 1.41 (0.91-2.19) 1.35 (0.87-2.09) 1.97 (1.29-3.02)** 0.0028
3 1.0 1.75 (1.04-2.96)* 1.60 (0.96-2.69) 1.83 (1.10-3.05)* 0.034
4 1.0 1.86 (1.08-3.20)* 1.70 (1.00-2.89) 1.95 (1.15-3.29)* 0.023

Model 1: crude; model 2: adjusted for age and survey; model 3: adjusted for factors in model 2+BMI, systolic blood pressure, TC/HDL-

cholesterol ratio, physical activity, alcohol intake, smoking status, prevalent MI; model 4: adjusted for factors in model 3+CRP and IL-6

*p<0.05 compared with quartile 1
**p<0.01 compared with quartile 1
**%p<0.001 compared with quartile 1
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(111 cases, 147 cases), HRs were considerably higher and
reached 3.00 (1.23-7.28), 2.97 (1.22-7.24) and 2.54 (1.07—
6.01) for MIF quartiles 2, 3 and 4. These data suggest that
BMI is an effect modifier in the association between MIF
and type 2 diabetes risk in women (p for BMI interaction
0.0002), whereas in men, the interaction with BMI
appeared opposite, but was not significant [HR (95% CI)
for quartiles 2, 3 and 4 in non-obese men in model 3: 0.89
(0.51-1.52), 1.22 (0.71-2.09) and 0.91 (0.53-1.57); HR
(95% CI) for quartiles 2, 3 and 4 in obese men: 0.69 (0.30—
1.59), 0.46 (0.21-1.05) and 0.38 (0.15-0.91); p for BMI
interaction 0.074].

Determinants of MIF concentrations in serum In order to
characterise sex-specific determinants of MIF serum levels,
which could confound the association between MIF
levels and incident type 2 diabetes, the association of MIF
levels with a range of anthropometric, clinical, immunolog-
ical and lifestyle-related risk factors of type 2 diabetes was
analysed in the subcohort separately for both sexes. In men,
high MIF levels were significantly associated with smoking,
high BMI, low HDL-cholesterol, high TC/HDL-cholesterol
ratio and high CRP and IL-6 levels, whereas in women, high
systolic blood pressure and high TC/HDL-cholesterol were
significantly associated with high MIF levels (data not
shown). Sex differences were significant for the associations
of systemic MIF concentrations with BMI (higher positive
correlation in men; p=0.040) and log, CRP (p=0.048).

Association of SNPs and haplotypes with MIF serum
levels We also investigated the impact of four SNPs on
MIF serum levels in the subcohort. Genotype frequencies for
the randomly sampled subcohort are shown in Table 3, and
detailed genotype frequencies stratified for cases/non-cases
and men/women are shown in ESM Table 2. No deviations
from HWE were found (p>0.05). High D' between
neighbouring SNPs indicated that all SNPs lie in the same
haplotype block, and haplotypes should be estimated over
the complete set of SNPs (Fig. 1). In addition, rs755622
and 152070766 were highly correlated (+*=0.955) and
provided rather similar information. As shown in Table 4,
MIF serum levels were higher in carriers of the C allele of
rs1007888 in men (panova=0.009, p.qqa=0.004) and, even
more pronounced, in carriers of the T allele of rs2070767 or
the C allele of rs1007888 in women (P anova=0.005, paga=
0.003 and panova=3*%10"%, p.aa=2x10"%, respectively).
To assess whether the association of M/F SNPs with MIF
serum levels was confounded by other factors including
metabolic variables, we adjusted for the continuous
variables age, BMI, systolic blood pressure, TC/HDL-
cholesterol, CRP, IL-6 and the categorical variables sex,
survey, smoking status, alcohol consumption, physical
activity, time of blood draw, prevalent MI and prevalent
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Table 3 Frequencies of MIF genotypes in the randomly sampled
subcohort (n=1,872)

SNP Allele
(1/2)

n (11/12/22) Weighted frequency (%)

1s755622 G/C
152070766 C/G
1s2070767 C/T
rs1007888 T/C

1,317/488/44
1,315/485/45
1,075/684/94
555/954/342

71.1/26.4/2.4
71.1/26.3/2.6
58.1/36.9/5.0
30.6/51.2/18.3

Genotype information was not available for all 1,872 participants, but
genotyping success rates were >99.0% for each SNP

diabetes. The multiple adjustment revealed that the associ-
ations between MI/F SNPs and MIF serum levels were not
confounded by these variables (data not shown).

Further analysis investigating the associations of MIF
haplotypes and MIF serum levels confirmed the aforemen-
tioned results, as significant associations were only ob-
served for the most common haplotypes designated by
variants in loci identified through the analysis of single
SNPs. MIF levels entered the model as log, MIF, all results
were adjusted for age and survey. MIF haplotypes and their
frequencies are shown in Table 5. The most common
haplotype, G-C—C-T (1s755622-1s2070766-1s2070767—
rs1007888), was set as reference. In men, only haplotype 2
(G—C-T-C) was associated with higher MIF levels (3=0.056;
p=0.009), whereas in women the impact of rs2070767T
and rs1007888C was stronger and highly significant for
both haplotype 2 (G-C-T-C; 3=0.097; p=6x10") and
haplotype 3 (G-C—C—C; 3=0.090; p=8x10"%).

Genotypes, haplotypes and their association with incident
type 2 diabetes In men, there were no significant associa-
tions between any of the SNPs and incident type 2 diabetes
(Table 6). In contrast, women had a 1.7-fold increased risk
(»=0.041) of developing type 2 diabetes if they were
homozygous for the rs1007888C allele (Table 6), which
was also associated with the highest MIF serum levels
(Table 4). However, none of the genotype—sex interactions
was significant (all p>0.2). Additive models revealed
similar results to models described above. In women, one
copy of the rs1007888C allele was associated with an HR
of 1.32 (95% CI 1.01-1.72, p=0.042). All other associa-
tions in the additive model were not significant. The
association between rs1007888C and type 2 diabetes risk
appeared slightly stronger in obese women compared with
non-obese women (data not shown), but a formal test for
interaction did not reach significance (p=0.46).

Finally, MIF haplotypes were investigated with respect
to their association with incident type 2 diabetes (adjusted
for age and survey). None of the more common haplotypes
(frequency >5%) was predictive of type 2 diabetes.
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However, haplotype 5 was associated with increased type 2
diabetes risk in men [estimated frequencies in cases and
non-cases 5.1 and 3.4%, respectively; HR (95% CI) 1.72
(1.07-2.77); p=0.027]. In the fully adjusted model (adjust-
ed for age, survey, BMI, smoking, frequency of exercise,
alcohol consumption, systolic blood pressure and TC/HDL-
cholesterol), the HR was increased further [HR 2.41 (1.47—
3.97); p=0.0005].

Discussion

The present study extends previous investigations in several
important aspects. First, it demonstrates an association
between elevated MIF levels and incident type 2 diabetes in
women from a large population-based prospective cohort,
whereas for men, the opposite trend was observed.
Second, it includes MIF genotypes and their association
with circulating MIF levels and type 2 diabetes and thus
allows utilisation of a Mendelian randomisation approach to
investigate the link between MIF and the risk of type 2

diabetes. The C allele of rs1007888, an SNP that lies 3.8 kb 3’
of the translation termination codon and is associated with
higher circulating MIF levels, was associated with a 1.7-fold
increased risk of incident type 2 diabetes in women. Although
the mechanism by which the C allele of rs1007888 increases
circulating MIF levels is not known and our positive finding
regarding the association between rs1007888 and incident
type 2 diabetes was not significant after adjustment for
multiple testing, our data still suggest that MIF might play a
causal role in diabetes development rather than being a mere
marker of beta cell failure or hyperinsulinaemia. In other
words, this study provides evidence that elevated MIF levels
are a cause and not a consequence of type 2 diabetes in
women.

Interestingly, we did not observe any significant associ-
ation between 15755622 (—173G>C) and serum levels or
incident type 2 diabetes. Previous studies indicated that this
SNP may modulate MIF expression in vitro [15, 21], affect
circulating MIF levels in vivo [15, 21, 35] and increase the
susceptibility to several inflammatory diseases [15-21].
However, opposite effects of 15755622 genotypes on gene
expression were observed in different cell types [15, 21]

Table 4 Associations of MIF' genotypes and MIF serum concentrations (adjusted for age and survey) in the randomly sampled subcohort (n=1,872)

SNP Sex Mean (SE) for genotypes p value (ANOVA) p value (additive)
11 12 22
1755622 Men 19.59 (1.01) 18.58 (1.02) 19.86 (1.07) 0.110 0.084
Women 17.41 (1.02) 17.07 (1.02) 15.83 (1.06) 0.260 0.183
152070766 Men 19.51 (1.01) 18.66 (1.02) 19.55 (1.07) 0.225 0.140
Women 17.45 (1.02) 16.99 (1.02) 15.68 (1.06) 0.156 0.102
rs2070767 Men 18.89 (1.02) 19.84 (1.02) 20.08 (1.05) 0.090 0.032
Women 16.68 (1.02) 18.18 (1.02) 17.77 (1.05) 0.005 0.003
rs1007888 Men 18.64 (1.02) 19.24 (1.02) 20.73 (1.03) 0.009 0.004
Women 16.10 (1.02) 17.15 (1.02) 19.71 (1.03) 3x1078 2x107%

See Table 3 for allele codes 1/2
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Table 5 MIF haplotype frequencies in the randomly sampled
subcohort (n=1,828: 974 men, 854 women)

Number Haplotype® Frequency (%)
Men Women

1 (ref) G-C-C-T 413 41.0

2 G-C-T-C 20.6 213

3 G-C-C-C 19.9 19.1

4 C-G-C-T 11.4 11.5

5 C-G-C-C 3.7 3.7

6 G-C-T-T 2.5 2.8
Rare® Sum (all other) 0.6 0.6

*Haplotypes are based on the SNPs rs755622-1s2070766-1s2070767—
rs1007888

®The category ‘rare haplotypes’ contains all haplotypes with a
frequency of <1% in the subcohort

and the C allele was associated with significantly higher
MIF levels in patients with juvenile idiopathic arthritis [21,
35], but not in patients with Crohn’s disease [36], so that the
functional impact of 1s755622 is not entirely clear. The absence
of an association between this SNP and MIF serum levels in
our population-based study may differ from observations in
patient samples [21, 35], but nevertheless is consistent with the
lack of an association with incident type 2 diabetes.

Third, this study has sufficient power to look at sex
differences. Based on the method developed by Cai and
Zeng [37] for case—cohort studies, the power to detect
significant sex differences in the association of an MI/F SNP
or MIF serum levels with incident type 2 diabetes assuming
an HR modification of 50% was over 80% for each SNP
and 98% for serum levels. So far, data on sex differences

regarding MIF serum levels have been inconsistent [7, 38].
This study indicates for the first time that M/F SNPs in the
3’-flanking region (rs2070767, rs1007888) are more strong-
ly associated with circulating MIF protein levels in women
than in men and that there are significant sex differences in
the association of MIF genotypes and serum levels with
incident type 2 diabetes as described above. The reason for
this is unknown, but it can be speculated that MIF
transcription or transcript stability may be influenced by
sex hormones. Oestradiol stabilises oestrogen receptor
RNA via sequences in the 3’-untranslated region of the
gene [39]. An effect of sex hormones is underlined by the
finding that oestrogen regulates MIF production in murine
and human monocytes and macrophages [40] via a nuclear
factor kB-dependent mechanism [41]. The fact that our
study revealed not only an interaction with sex, but also
with obesity, indicates that differences in fat distribution
between men and women, and in particular in obese
individuals, could also contribute to this phenomenon.
Obese men tend to have more visceral fat than obese
women, and women tend to have more subcutaneous fat
than men, irrespectively of BMI. Data from the MONICA/
KORA study clearly demonstrate that for a given BMI, hip
circumference is similar in men and women, whereas WHR
is substantially higher in men than in women [42]. It is also
known that sex differences exist in the associations between
body composition, markers of inflammation and risk of
type 2 diabetes [43, 44]. However, on the basis of data from
this study it is not possible to explain why high MIF levels
appear as significant risk factors in particular in obese
women and are associated with reduced diabetes risk in

Table 6 HRs (95% CIs) of

developing type 2 diabetes Sex SNP Model” Genotype®
comparing MIF genotypes in
2,067 participants (1,142 men, 11 12 22
925 women)
Men 1755622 1 1 (ref) 1.07 (0.80—1.44) 0.82 (0.36-1.84)
2 1 (ref) 1.14 (0.82-1.60) 1.09 (0.46-2.59)
12070766 1 1 (ref) 1.06 (0.79-1.43) 1.11 (0.51-2.40)
2 1 (ref) 1.14 (0.82-1.60) 1.36 (0.62-3.00)
152070767 1 1 (ref) 1.09 (0.83—1.44) 1.11 (0.57-2.16)
2 1 (ref) 1.19 (0.87-1.62) 1.31 (0.63-2.72)
rs1007888 1 1 (ref) 1.01 (0.74-1.37) 0.99 (0.67—1.47)
*Model 1: adjusted for age and 2 1 (ref) 1.06 (0.75-1.49) 1.17 (0.75-1.81)
survey; model 2: adjusted for Women 15755622 1 1 (ref) 0.94 (0.64-1.38) 1.57 (0.69-3.61)
age, survey, BMI, smqklng, 2 1 (ref) 0.98 (0.64-1.52) 2.48 (0.97-6.38)
?éfl‘;hglloggfr‘g::uﬁ“;g}fgi 152070766 1 I (ref) 0.93 (0.64-1.36) 1.55 (0.68-3.56)
cholesterol, history of MI 2 1 (ref) 1.00 (0.65-1.54) 2.40 (0.93-6.20)
® See Table 3 for allele codes 1/2 152070767 1 1 (ref) 1.18 (0.84-1.65) 0.93 (0.42-2.04)
*p=0.031 compared with ref- 2 1 (ref) 1.22 (0.83-1.81) 1.04 (0.40-2.69)
erence genotype 11 rs1007888 1 1 (ref) 1.05 (0.72-1.54) 1.65 (1.05-2.61)*
##5=0.041 compared with ref- 2 1 (ref) 1.30 (0.84-2.04) 1.74 (1.02-2.97)**

erence genotype 11
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obese men, whereas associations with disease risk were
much less pronounced in non-obese study participants.

Further investigations are required, but analysing the
physiological role of MIF in the context of obesity and type 2
diabetes is complicated by two aspects of its biology. First, MIF'
is almost ubiquitously expressed [1], and cell-type specific
differences in the regulation of MIF gene expression and
production of the protein have been reported [45]. Second,
many molecular mechanisms could explain why elevated MIF
levels may contribute to the development of diabetes. MIF has
been described as a proinflammatory cytokine and as
potentiating lipopolysaccharide-mediated immune activation
[46]. MIF counter-regulates glucocorticoid-mediated
immune suppression, suppresses p53 activity, has enzyme
activities and may also participate in antigen presentation
[1, 46, 47]. However, no complete signal transduction
pathway is known [48].

Major limitations of our study are the facts that more
detailed information on body composition and fat depots as
well as circulating sex hormone levels were not available.
Strengths of the study include the use of the MONICA/
KORA cohort with a large number of cases and non-cases,
long follow-up, and detailed information on immune
markers and disease risk. In addition, the availability of
both MIF genotypes and circulating MIF levels were
important as they enabled a Mendelian randomisation
approach to explore the potential causal link between MIF
and type 2 diabetes.

Taken together, we investigated the triangular associa-
tion between MIF levels, MIF' genotypes and the risk of
type 2 diabetes in a population-based case—cohort study.
We found that elevated MIF serum levels are associated
with increased risk of type 2 diabetes in women, but not in
men. This association was stronger in obese compared with
non-obese women. Serum MIF levels were significantly
associated with MIF genotypes in women. Women who
were homozygous for the rs1007888C allele, which was
associated with the highest MIF serum levels, had a 1.7-
fold increased risk of type 2 diabetes. This combination of
genetic and observational epidemiology points towards a
causal role of MIF in the development of type 2 diabetes in
women. The reason for the observed sex difference and for
the impact of obesity is not known, so further research is
required to characterise the mechanisms that link MIF and
the risk of type 2 diabetes.
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