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Elevated Levels of Interleukin-18 Predict the
Development of Type 2 Diabetes

Results From the MONICA/KORA Augsburg Study,

1984 -2002
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We investigated prospectively the association between se-
rum levels of interleukin (IL)-18 and the risk of type 2
diabetes in a case-cohort study conducted in middle-aged
men and women who represented 7,936 participants of the
three MONItoring of trends and determinants in CArdio-
vascular disease (MONICA)/Cooperative Research in the
Region of Augsburg (KORA) surveys. Levels of IL-18 were
measured in stored samples of 527 case subjects with
incident type 2 diabetes and 1,698 noncase subjects. Elevated
levels of IL-18 were associated with a significantly in-
creased risk of type 2 diabetes after adjustment for age,
sex, survey, BMI, systolic blood pressure, ratio of total
cholesterol to HDL cholesterol, physical activity, alcohol
intake, smoking status, and parental history of diabetes.
Hazard ratios and 95% confidence intervals comparing
quartile extremes were 1.73 (1.25-2.40). Further adjust-
ment for C-reactive protein and IL-6 had no impact on the
observed associations. However, the risk of developing
type 2 diabetes was highest among subjects with elevated
levels of both IL-18 and CRP or IL-18 and IL-6, respectively.
In conclusion, elevated levels of IL-18 are associated with
a considerably increased risk of type 2 diabetes. This
association is independent of a generalized proinflamma-
tory state, but subjects with elevated levels of several
inflammatory markers seem to be particularly prone to
develop type 2 diabetes. Diabetes 54:2932-2938, 2005
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t has been postulated that type 2 diabetes represents

the manifestation of a chronic subclinical inflamma-

tory state (1). This hypothesis has recently been

supported by several prospective studies that have
shown that subjects who developed diabetes during the
follow-up period had elevated levels of markers of inflam-
mation such as C-reactive protein (CRP), serum amyloid
A, or interleukin (IL)-6 at the baseline examination com-
pared with subjects who did not develop the disease
(2-13).

IL-18, which was originally identified as an interferon-
v-inducing factor (14), is another potent proinflammatory
cytokine that plays a central role in the inflammatory
cascade (15). It is a member of the proinflammatory IL-1
family and can induce either T helper 1 or T helper 2
immune response depending on the immunologic context
(16). IL-18 seems to be involved in atherosclerotic plaque
destabilization (17), and elevated levels have been shown
to predict cardiovascular death in patients with coronary
heart disease (18) and acute coronary events in healthy
middle-aged men (19). Furthermore, IL-18 could be in-
volved in the pathogenesis of type 2 diabetes. Elevated
levels of IL-18 have been found in subjects with type 2
diabetes (20-22), and levels of IL-18 were associated with
fasting plasma glucose and HbA, . (A1C) (20,22). However,
to our knowledge, there are no published prospective data
evaluating the association between IL-18 and the develop-
ment of type 2 diabetes. Therefore, the purpose of this
study is to examine the role of IL-18 in the prediction of
type 2 diabetes in middle-aged men and women, indepen-
dent of known risk factors for diabetes. Of particular
importance is to evaluate whether IL-18 adds to the
prediction of type 2 diabetes independently of other
markers of inflammation that have previously been linked
to the disease.

RESEARCH DESIGN AND METHODS

We designed a prospective case-cohort study (23) within the population-based
MONItoring of trends and determinants in CArdiovascular disease (MONICA)
/Cooperative Research in the Region of Augsburg (KORA) Augsburg studies
conducted between 1984 and 2002. The MONICA Augsburg project was part of
the multinational World Health Organization MONICA project (24). Three
independent cross-sectional population-based surveys covering the city area
of Augsburg, Germany, and two adjacent counties were conducted in 1984/85
(S1), 1989/90 (S2), and 1994/95 (S3) to estimate the prevalence and distribu-
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tion of cardiovascular risk factors among men and women aged 25—64 (S1) or
25-T4 years (S2, S3). The study was approved by the local authorities, and all
participants provided written informed consent. The total number of partici-
pants was 13,427 (6,725 men and 6,702 women). All subjects were prospec-
tively followed within the frame of the KORA. The present study was
restricted to subjects aged 35-74 years at baseline, since the incidence of type
2 diabetes is low in younger subjects. Altogether, 10,718 persons (5,382 men
and 5,336 women) of this age range participated in at least one of the three
baseline surveys. After exclusion of 1,187 subjects with missing blood
samples, 509 participants with self-reported prevalent diabetes, 14 subjects
with incident diabetes other than type 2 diabetes (e.g., type 1 or secondary
diabetes), 30 subjects with self-reported incident diabetes where the diagnosis
could not be validated, 988 subjects without follow-up information, and 54
subjects with a follow-up time of <1 year, the source population for the
present study comprised 7,936 subjects (3,894 men and 4,042 women). The
sample sizes of the source population by survey were 1,156 (S1), 1,463 (S2),
and 1,275 (S3) for men and 1,339 (S1), 1,438 (S2), and 1,265 (S3) for women.

For the case-cohort study, a stratified random sample of the source
population, called the subcohort here and containing 1,885 subjects (1,018
men, 867 women), was selected for each group of women and men stratifying
by survey. From these, we excluded 55 men and 12 women with missing
values of IL-18 or any of the covariables used in the present analysis, leading
to a subcohort of 1,818 subjects (963 men, 855 women). The sample sizes for
the subcohort by survey were 388 (S1), 372 (S2), and 203 (S3) for men and 345
(S1), 300 (S2), and 210 (S3) for women. These final stratum-specific sample
sizes were used together with the stratum-specific sizes of the cohort of
interest to compute sampling fractions, and the inverse of the sampling
fractions yields the survey- and sex-specific sampling weights: 2.98, 3.93, and
6.28 for men and 3.88, 4.79, and 6.02 for women.

A total of 555 incident cases of type 2 diabetes (329 men, 226 women) were
observed between participants’ study start dates and 31 December 2002. Of
these, 24 men and 4 women were excluded because of incomplete information
on any of the inflammatory markers or other covariables, leaving 305 men and
222 women with incident type 2 diabetes for the final analyses. Since 74 male
and 46 female cases were also part of the randomly drawn subcohort, the
present analysis comprised a total of 2,225 participants (305 men with incident
diabetes, 222 women with incident diabetes, 889 male noncases, and 809
female noncases).

To determine the incidence of diabetes, a written follow-up questionnaire
was sent to all participants of the three baseline surveys in 1997-1998 and in
2002-2003. Furthermore, all subjects who participated in the first survey were
invited to participate in a follow-up examination conducted in 1987-1988. At
follow-up, all subjects were asked whether they had diabetes and whether the
disease had been diagnosed by a physician. In addition, the year of diagnosis
was assessed. Participants with self-reported incident diabetes were validated
by a questionnaire mailed to the treating physician or medical chart review.
The mean follow-up time for the study population was 10.8 years with a
standard deviation of 5.1 and a range from 1.0 to 18.2 years.

Standardized interviews were conducted by trained medical staff (mainly
nurses) to assess information concerning sociodemographic variables, smok-
ing habits, leisure-time physical activity level, alcohol consumption, and
parental history of diabetes. In addition, participants underwent standardized
medical examinations including collection of a nonfasting venous blood
sample. All assessment procedures have been described elsewhere in detail
(25-27). Total serum cholesterol and HDL cholesterol were measured by
enzymatic methods (CHOD-PAP, Boehringer Mannheim, Mannheim, Ger-
many). HDL cholesterol was precipitated with phosphotungstic acid and
magnesium ions. Serum and plasma samples stored at —80°C were used to
analyze IL-18, IL-6, and CRP. Serum levels of IL-18 were measured by Luminex
technology using an antibody pair and recombinant IL-18 protein from
Medical and Biological Laboratories (Nagoya, Japan). The assay was based on
a protocol of de Jager et al. (28). Serum levels of IL-6 were determined using
a previously described sandwich ELISA (29). CRP concentrations were
measured using a high-sensitivity immunoradiometric assay (IRMA) (range
0.05-10 mg/1) (S1: men aged 45-64; S3) (30) or a high-sensitivity latex-
enhanced nephelometric assay on a BN II analyzer (S1: men aged 35-44 and
all women; S2) (Dade Behring, Marburg, Germany). Both methods gave
similar results when the same samples were analyzed (31). The intra- and
interassay coefficients of variation (CV) of quality control test sera for CRP
and cytokines were as follows: CRP-IRMA, 4.0 and 12.0%; CRP nephelometric
assay, 2.5 and 5.1%; IL-6, <10.0 and <10.0%; and IL-18, <10.0 and <25.0%.

Means or proportions for baseline demographic and clinical characteristics
were computed by linear or logistic regression using the SAS macros
SURVEYREG (32) or LOGITSE (33), which estimated standard errors (SEs)
appropriate to the sampling scheme. Tests of differences between subjects
with and without incident diabetes were based on these procedures. In case
of nonnormality, tests were carried out with log-transformed variables, and
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results were presented as geometric means with antilogs of SEs of the
adjusted log means.

Weighted Pearson correlations were used to describe univariate associa-
tions between markers of inflammation and continuous risk factors for
diabetes, and P values were obtained from weighted regression models using
the SAS macro SURVEYREG (32).

Cox proportional hazards analysis was used to assess the association
between IL-18 and incident type 2 diabetes. Due to the case-cohort design, SEs
were corrected using a SAS macro with a “sampling weight” approach
developed by Barlow et al. (23). The weighted quartiles of IL-18 in the
subcohort were used to classify subjects in different risk groups. In multiva-
riable analyses, we adjusted for sex, age (continuous), survey, BMI (continu-
ous), smoking status (never smoker, former smoker, or current smoker),
alcohol consumption (0, 0.1-39.9 vs. = 40 g/day for men; 0, 0.1-19.9 vs. = 20
g/day for women), physical activity (inactive versus active, i.e., regular
physical activity in summer and in winter with a duration of at least 1 hour per
week in either season), systolic blood pressure (continuous), ratio of total
cholesterol to HDL cholesterol (continuous), and parental history of diabetes
(negative, positive, or unknown). Moreover, to assess whether the impact of
IL-18 on incident type 2 diabetes was independent of a generalized proinflam-
matory state, additional Cox models that also included CRP and IL-6 as
covariables were calculated. Results are presented for each quartile of IL-18
(coded as dummy variables with the first quartile as the reference category) as
hazard ratios (HRs) together with 95% ClIs. To assess the joint effects of either
IL-18 and CRP or IL-18 and IL-6 in the prediction of type 2 diabetes, subjects
were divided into four groups based on weighted median cut points in the
subcohort for each biomarker. P values are based on robust variance
estimates using the Barlow macro. To test for trends, quartiles were coded
with their median values. Interactions between quartiles of IL-18 (coded as
dummy variables) and other risk factors were examined using likelihood ratio
tests that compared the —2 log (likelihood) between the model that contained
only the main effects and the model that contained both the main effects and
interaction terms. For all statistical analyses, a P value less than 0.05 was
considered to be statistically significant. All evaluations were performed with
the statistical software package SAS (version 8.02 for Unix, SAS Institute,
Cary, NC).

RESULTS

Selected baseline demographics, lifestyle, and clinical
characteristics of subjects who developed incident type 2
diabetes during the follow-up period (cases) and those
who remained free of diabetes (noncases) are shown in
Table 1. As expected, cases were older, less educated, less
physically active, and more obese. Furthermore, cases
suffered more often from hypertension and previous myo-
cardial infarction (MI); they had a higher ratio of total
cholesterol to HDL cholesterol and were more likely to
have a positive or unknown parental history of diabetes.
Also, levels of inflammatory markers including IL-18, IL-6,
and CRP were elevated in subjects who developed inci-
dent type 2 diabetes.

IL-18 was not associated with many of the established
risk factors for diabetes or cardiovascular disease, includ-
ing physical activity, alcohol consumption, parental his-
tory of diabetes, BMI, and total cholesterol (Tables 2 and
3). Significant associations were observed for smoking,
actual hypertension, systolic and diastolic blood pressure,
HDL cholesterol, waist-to-hip ratio (WHR), IL-6, and CRP,
but the strength of these associations was low with
correlation coefficients below 0.10 for all continuous vari-
ables. For IL-6 and CRP, in contrast, correlations with
other risk factors were much stronger.

Elevated concentrations of IL-18 were strongly associ-
ated with an increased risk of type 2 diabetes (Table 4).
Crude HRs were 1.96 (95% CI 1.49-2.58) for the fourth and
1.57 (1.18-2.09) for the third quartile compared with the
first quartile of IL-18 (model 1). Adjustment for age, sex,
and survey (model 2) hardly influenced the HRs. Addi-
tional adjustment for BMI, systolic blood pressure, ratio of
total cholesterol to HDL cholesterol, level of leisure-time
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TABLE 1

Baseline demographic, lifestyle, and clinical characteristics of the study participants by diabetes status at follow-up

Subjects with incident
type 2 diabetes during

Subjects without incident
type 2 diabetes during

Characteristic follow-up follow-up P value*
Demographic
n (wWomen/men) 222/305 809/889
Age (years) 56.1 = 0.4 51.7 = 0.3 <0.001
Education <12 years (%) 82.4 75.1 0.039
Lifestyle
Smoking status (%) 0.285
Current smoker 26.9 24.1
Former smoker 31.7 27.8
Never smoker 414 48.1
Frequency of exercise (%) 0.011
Active 30.2 40.6
Inactive 69.8 59.4
Alcohol consumptiont 0.473
0 g/day 33.4 29.0
>0-39.9/19.9 g/day 39.7 44.1
= 40/20 g/day 26.9 26.9
Current HRT# 8.2 11.7 0.461
Current use of oral contraceptives§ 7.7 15.3 0.420
Clinical
BMI (kg/m?) 30.2 £ 0.2 26.7 = 0.1 <0.001
WHR]| 0.924 = 0.004 0.865 = 0.003 <0.001
History of actual hypertension 67.6 39.7 <0.001
History of MI 5.1 2.0 0.033
Total-to-HDL cholesterol ratio 5.6 £0.1 4.5 = 0.04 <0.001
Parental history of diabetes 0.002
Positive 28.3 19.8
Unknown 26.8 20.5
Negative 45.0 59.7
CRP (mg/1) 2.6 (1.0) 1.4 (1.0) <0.001
IL-6 (pg/ml) 3.0 (1.0) 2.0 (1.0) <0.001
IL-18 (pg/ml) 188.7 (1.0) 159.4 (1.0) <0.001
Survey 0.039
S1 36.2 30.9
S2 40.8 36.4
S3 23.0 32.8

Data are weighted percentages for categorical variables, weighted means = SE for normally distributed continuous Vanables and weighted
geometric means (antilog of SEs of log means) for skewed continuous variables. #¢ test for continuous variables and x? test for categorical
variables. tMen, 0, >0-39.9 g/day, = 40 g/day; women, 0, >0-19.9 g/day, = 20 g/day. +Only for women aged =50 years (n = 606) with no
current use of oral contraceptives. §Only for women aged <50 years (n = 413) with no current HRT. ||Only measured in participants of
surveys 2 and 3 (cases: n = 333; noncases: n = 1,028). Weights: cases = 1; noncases = 1/sampling fraction with sampling fraction =
subcohort/full cohort without cases for each sex and survey. HRT, hormone replacement therapy.

physical activity, alcohol intake, smoking status, and pa-
rental history of diabetes (model 3) lead to slightly atten-
uated HRs for the fourth quartile, but the association
remained highly significant. In multivariable-adjusted
models, subjects with levels of IL-18 in the upper quartile
had a >70% increased risk of developing type 2 diabetes
(L.73 [1.25-2.40]). To determine whether the observed
association was independent of a generalized proinflam-
matory state, models were also adjusted for concentra-
tions of CRP and IL-6, which have previously been shown
to predict the development of type 2 diabetes. Adjustment
for these markers of inflammation had no impact on the
observed HRs (model 4) (HR [95% CI] for the fourth
quartile versus the first quartile 1.73 [1.25-2.40]). In
women, adjustment for hormone replacement therapy and
use of oral contraceptives had virtually no impact on the
observed HRs (data not shown).

As previously described, IL-18 was more strongly corre-
lated with WHR than with BMI. Therefore, we examined
the effect of additional adjustment for WHR, which is a
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measure of abdominal adiposity, in a subgroup where
these measurements were available (n = 1,361, 333 cases,
1,028 noncases). HRs were generally somewhat lower in
this subgroup than in the whole study sample, particularly
for the fourth quartile (crude HR [95% CI] 1.64 [1.17-2.31]),
but the impact of additional adjustment for WHR was
relatively small. HRs comparing quartile extremes were
1.33 (0.88-2.03) after adjustment for all variables in model
3 and 1.25 (0.83-1.88) after additional adjustment for
WHR.

Table 5 describes the association between IL-18 and
type 2 diabetes stratified by sex, BMI, smoking status, level
of physical activity, and parental history of diabetes.
Significant associations were seen in most subgroups
except for Jmen, subjects who were overweight (BMI 25 to
<30 kg/m?), former smokers, and subjects with an un-
known parental history of dlabetes Associations were
slightly stronger in women than in men, in active com-
pared with inactive persons, and in subjects with a posi-
tive parental history of diabetes compared with those with
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TABLE 2

Age-, sex-, and survey-adjusted geometric mean concentrations of serum IL-18 and antilog of SEs of the adjusted log means by
selected categorical covariates in the randomly sampled subcohort

IL-18 (pg/ml)
Geometric Antilog of SE
n mean of log mean P value*
1,818

Sex 0.742
Men 963 160.9 1.03
Women 855 159.0 1.02

Education 0.392
<12 years 1,364 161.4 1.02
=12 years 454 155.4 1.04

Smoking status 0.007
Never smoker 835 152.8 1.03
Former smoker 525 158.3 1.03
Current smoker 458 176.8 1.04

Frequency of exercise 0.808
Inactive 1,107 160.5 1.02
Active 711 159.0 1.03

Alcohol consumption 0.761
0 g/day 513 163.1 1.04
>0-39.9 g/day 791 157.6 1.03
= 40 g/day 514 160.2 1.03

Parental history of diabetes 0.263
Negative 1,060 156.5 1.02
Positive 376 161.5 1.04
Unknown 382 168.1 1.04

Actual hypertension 0.001
No 1,078 151.6 1.03
Yes 740 172.6 1.03

History of MI 0.690
No 1,776 159.7 1.02
Yes 42 166.9 1.11

Current HRTT 0.098
No 417 154.8 1.05
Yes 50 183.5 1.10

Current use of oral contraceptives: 0.112
No 322 155.3 1.08
Yes 54 180.1 1.13

Survey 0.911
S1 733 160.6 1.03
S2 672 161.0 1.03
S3 413 157.9 1.04

*Test for equality of means; Tonly for women aged =50 years (n = 467) with no current use of oral contraceptives; only for women aged

<50 years (n = 376) with no current HRT.

a negative parental history, but P values from all tests for
interaction were nonsignificant.

The joint effect of IL-18 combined with either CRP or
IL-6 is shown in Fig. 1. In both cases, the risk was highest
in subjects with elevated levels of both markers of inflam-
mation, but there was no significant interaction on a
multiplicative scale (P values for interaction were 0.221
[Figure 1A] and 0.200 [B], respectively).

We conducted several sensitivity analyses. To ensure
that the observed associations were not caused by undi-
agnosed prevalent cases of diabetes at baseline, we ex-
cluded all subjects with =3 years of follow-up (n = 186, 96
cases, 90 noncases). Multivariable-adjusted HRs estimated
from these models were very similar to the HRs estimated
for the whole group (HR [95% CI] comparing extreme
quartiles was 1.81 [1.27-2.58], P for trend = 0.001, after
multivariable adjustment including CRP and IL-6). To
exclude any potential confounding effect by the presence
of cardiovascular disease at baseline, we performed fur-
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TABLE 3
Correlation of inflammatory markers with age and continuous
risk factors for diabetes in the randomly sampled subcohort

Pearson correlation coefficient*

Log Log Log

IL-18 1L-6 CRP
Age 0.002 0.1887F 0.2287
BMI 0.022 0.2497 0.402+
WHR)|| 0.073% 0.1887 0.243%
Systolic blood pressure 0.0649 0.1567F 0.2247
Diastolic blood pressure 0.056% 0.092} 0.1117
Total cholesterol —0.025 0.082F 0.1207
HDL cholesterol —0.053% —0.1627 —0.1597
Log IL-18 — 0.0759 0.085%
Log IL-6 0.0759 — 0.367+
Log CRP 0.0857 0.367F —

*Weighted to reflect the sampling strategy. P values were obtained
from weighted regression models; P < 0.001; P < 0.05; §P < 0.01;
lonly for n = 1,082.
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TABLE 4

HRs (95% CI) of developing diabetes comparing quartiles of IL-18 levels

Quartile of IL-18

1 2 3 4
Median (lower, P value
upper limit) (pg/ml) 80.09 (4.9, 116.7) 145.18 (116.8, 173.5)  205.04 (173.6, 244.6)  322.08 (244.7, 8,792.4)  for trend
n (nondiabetic/diabetic) 424/95 429/108 417/146 428/178
Model 1 1.0 1.13 (0.84-1.52) 1.57 (1.18-2.09) 1.96 (1.49-2.58) <0.001
Model 2 1.0 1.18 (0.87-1.60) 1.64 (1.22-2.20) 1.93 (1.45-2.56) <0.001
Model 3 1.0 1.10 (0.78-1.57) 1.62 (1.16-2.25) 1.73 (1.25-2.40) <0.001
Model 4 1.0 1.10 (0.78-1.57) 1.61 (1.16-2.24) 1.73 (1.25-2.40) <0.001

Model 1, crude; model 2, adjusted for age, sex, and survey; model 3, adjusted for factors in model 2 + BM]I, systolic blood pressure, ratio of
total cholesterol to HDL cholesterol, physical activity, alcohol intake, smoking status, and parental history of diabetes; and model 4, adjusted

for factors in model 3 + CRP and IL-6.

ther analyses after exclusion of subjects with prevalent
MI, prevalent stroke, or incident MI (n = 192, 75 cases, 117
noncases). Results were virtually unchanged after these
exclusions (the HR [95% CI] comparing quartile extremes
was 1.73 [1.20-2.48] in the fully adjusted model).

Moreover, in a subgroup of 512 subjects (118 cases, 394
noncases) with available A1C measurements, we assessed
the potential confounding effect of chronic hyperglycemia.
The addition of A1C to the multivariable-adjusted model
had virtually no impact on the observed HRs, but multiva-
riable-adjusted HRs were generally not significant in this
relatively small subgroup (HR [95% CI] for the fourth
quartile versus the first quartile in the fully adjusted model,
including A1C 1.75 [0.75-4.09]).

DISCUSSION

The results of the present study demonstrate for the first
time a strong positive association between serum levels of

TABLE 5

IL-18 and risk of type 2 diabetes in a population-based
cohort of middle-aged men and women. The association
between IL-18 and type 2 diabetes was independent of
other known risk factors for type 2 diabetes and other
inflammatory markers. In fully adjusted analyses, subjects
with IL-18 concentrations in the highest quartile (=244.7
pg/ml) had a >70% increased risk of developing type 2
diabetes compared with those in the lowest quartile
(=116.7 pg/ml). This relationship was slightly stronger in
women than in men, in physically active than in inactive
subjects, and in subjects with a positive parental history of
diabetes compared with those with a negative parental
history, but differences did not reach statistical significance.

The present observations extend the results from previ-
ous studies, which have shown that subjects with preva-
lent type 2 diabetes have elevated concentrations of IL-18
(20-22) by demonstrating that increased IL-18 concentra-
tions are already present before onset of overt clinical

Multivariable-adjusted* HRs of developing diabetes comparing quartiles of IL-18 levels stratified by sex, BMI, smoking status, physical

activity, and parental history of diabetes

Quartile of IL-18

1 2 3 4
Median (lower, upper 80.09 145.18 205.04 322.08 P value for P value for
limit) (pg/ml) n (4.9, 116.7) (116.8, 173.5) (173.6, 244.6) (244.7, 8,792.4) trend interaction
Sex
Men 1,194 1.0 1.07 (0.67-1.69) 1.48 (0.97-2.24) 1.45(0.95-2.21) 0.061 0.707
Women 1,031 1.0 1.17 (0.67-2.04) 1.54 (0.88-2.71) 2.06 (1.21-3.52) 0.003
BMI (kg/m?)}
<25 659 1.0 1.02 (0.36-2.90) 0.94 (0.30-2.94) 2.33 (0.93-5.85) 0.031 0.986
25 to <30 1,006 1.0 1.22 (0.75-1.97) 1.60 (1.02-2.52) 1.49 (0.94-2.36) 0.083
=30 560 1.0 1.05 (0.60-1.83) 1.82 (1.07-3.09) 1.84 (1.07-3.17) 0.008
Smoking status
Never smoker 1,011 1.0 1.24 (0.72-2.13)  1.65 (0.95-2.88) 1.88 (1.10-3.22) 0.013 0.886
Former smoker 651 1.0 1.13 (0.61-2.08) 1.31(0.76-2.26) 1.36 (0.77-2.39) 0.277
Current smoker 563 1.0 0.92 (0.42-2.02) 1.86 (0.92-3.76) 1.90 (0.93-3.91) 0.028
Frequency of exercise
Inactive 1,391 1.0 1.00 (0.65-1.52) 1.60 (1.07-2.39) 1.53 (1.03-2.27) 0.013 0.645
Active 834 1.0 1.64 (0.88-3.08) 1.95 (1.05-3.64) 2.40 (1.30-4.43) 0.006
Parental history of diabetes
Negative 1,248 1.0 1.02 (0.61-1.72)  1.60 (1.00-2.57) 1.96 (1.26-3.06) 0.001 0.597
Positive 485 1.0 1.40 (0.68-2.91) 2.00 (0.97-4.13) 2.61 (1.25-5.44) 0.006
Unknown 492 1.0 0.91 (0.46-1.82) 1.35(0.68-2.67) 0.97 (0.50-1.90) 0.976

Data are median ranges (lower, upper limits) or HRs (95% CIs). *Models were adjusted for age, sex, survey, BMI, systolic blood pressure, ratio
of total cholesterol to HDL cholesterol, physical activity, alcohol intake, smoking status, and parental history of diabetes. {BMI was included
as a continuous variable in the main effects model and in the model with the interaction term.
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FIG. 1. The joint effect of IL-18 combined with either CRP (A) or IL-6
(B). Variables were stratified based on weighted median cut points for
each biomarker using the distribution in the randomly drawn subco-
hort; median values were 173.5 pg/ml for IL-18, 1.4 mg/l for CRP, and
2.3 pg/ml for IL-6. Error bars indicate 95% CIs.

diabetes. Thus, as previously suggested for other proin-
flammatory cytokines such as IL-6 (3,9,12,13), IL-18 could
be involved in the pathogenesis of type 2 diabetes. Of note
in this context is the observation that the association
between elevated concentrations of IL-18 and type 2
diabetes was independent of IL-6 and CRP. Thus, IL-18
seems to induce specific inflammatory responses that may
promote the development of insulin resistance and type 2
diabetes.

IL-18 is a very potent proinflammatory cytokine that
plays a central role in the proinflammatory cascade (15).
IL-18 originates from a wide variety of cells, including
Kupffer cells, macrophages, T-cells, B-cells, osteoblasts,
keratinocytes, dendritic cells, astrocytes, and microglias
(16). Recently, it has been shown that adipocytes are also
a source of IL-18 (34). Furthermore, weight loss leads to
reduced concentrations of IL-18 (35). Thus, IL-18 could be
one link through which obesity influences the risk for type
2 diabetes and insulin resistance. This hypothesis is sup-
ported by the observation that adjustment for BMI and
WHR attenuated HRs for IL-18. However, adjustment for
measures of body fat had a much smaller impact on the
associations between IL-18 and incident diabetes than on
associations between CRP or IL-6 and incident diabetes
(data not shown), and thus, other still unknown patho-
physiologic mechanisms seem to be responsible for the
detrimental effects of IL-18 concerning the development of
type 2 diabetes. Alternatively, the association between
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IL-18 and type 2 diabetes could be explained by unmea-
sured correlates of IL-18.

This study has several limitations that need to be
considered. First, we cannot rule out that selection bias
due to missing blood samples and incomplete follow-up
information could have influenced the results. However,
there is little evidence that supports the assumption that
the association between IL-18 and type 2 diabetes is
different between the two groups. Also, baseline levels of
IL-18 were similar in subjects with available follow-up
information and those who were excluded due to missing
follow-up data. Second, incident cases of diabetes were
initially identified by self-report only, and we did not
perform an oral glucose tolerance test at baseline or
follow-up. Thus, we most likely missed subjects with
undiagnosed diabetes on both occasions. Misclassification
of incident cases at follow-up would, however, have biased
our results toward the null and thus cannot explain the
positive associations that were observed. Misclassification
of subjects at baseline could in theory have caused spuri-
ous positive associations; however, most of these subjects
probably would have been diagnosed during the 1st year of
follow-up, and exclusion of cases diagnosed within the 1st
3 years of follow-up hardly affected the results. Also,
interassay CVs for IL-18 were relatively high, which might
have attenuated the observed associations. Finally, some
misclassification of exposure could have occurred since
levels of IL-18 were only measured at a single point in time
at baseline.

The strengths of the study are its population-based
prospective design, the large number of incident cases, a
long follow-up period, and detailed assessment of poten-
tial confounding factors.

In conclusion, we report a strong positive association
between levels of IL-18 and risk of type 2 diabetes, which
was independent of known risk factors for diabetes.
Furthermore, the association was independent of a gener-
alized proinflammatory state as reflected by elevated lev-
els of CRP and IL-6; however, subjects with elevated levels
of both IL-18 and CRP or IL-18 and IL-6 had the highest risk
of developing type 2 diabetes. Our observations suggest
that upregulation of specific proinflammatory cytokines
favors the development of type 2 diabetes, but the exact
pathophysiologic mechanisms remain to be elucidated.

ACKNOWLEDGMENTS

This study was supported by research grants from the
German Research Foundation (TH-784/2-1); by the Euro-
pean Foundation for the Study of Diabetes; and by addi-
tional funds provided by the University of Ulm, Germany;
the German Diabetes Center; the GSF National Research
Center for Environment and Health, Neuherberg, Ger-
many; and the Federal Ministry of Education and Re-
search, Berlin, Germany (NGFN). The MONICA/KORA
Augsburg cohort study was financed by the GSF National
Research Center for Environment and Health and sup-
ported by grants from the Federal Ministry of Education
and Research, Berlin, Germany.

We thank all members of the GSF Institute of Epidemi-
ology and the field staff in Augsburg who were involved in
the planning and conduct of the MONICA/KORA Augsburg
studies. Specifically, we would like to thank Professor
Ulrich Keil (University of Miinster, Germany), who was the
principal investigator of the MONICA Augsburg study, and
Andrea Schneider and Mainsi Marowsky-Koppl, who were

2937



INTERLEUKIN-18 PREDICTS TYPE 2 DIABETES

responsible for the data management. Furthermore, we
thank Gerlinde Trischler (University of Ulm), Gabi Gornit-
zka, Ulrike Poschen, and Karin Rohrig (all from the
German Diabetes Center) for their excellent technical
assistance, and Wilco de Jager (University Medical Center,
Utrecht) for his support with establishing the Luminex
assay for IL-18 measurements. Finally, we express our
appreciation to all study participants.

REFERENCES

—_

o

©

6.

10.

1

—_

12.

13.

14.

15.

16.

. Pickup JC, Crook MA: Is type II diabetes mellitus a disease of the innate

immune system? Diabetologia 41:1241-1248, 1998

Schmidt MI, Duncan BB, Sharrett AR, Lindberg G, Savage PJ, Offenbacher
S, Azambuja MI, Tracy RP, Heiss G: Markers of inflammation and predic-
tion of diabetes mellitus in adults (Atherosclerosis Risk in Communities
study): a cohort study. Lancet 353:1649-1652, 1999

Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM: C-reactive protein,
interleukin 6, and risk of developing type 2 diabetes mellitus. JAMA
286:327-334, 2001

. Barzilay JI, Abraham L, Heckbert SR, Cushman M, Kuller LH, Resnick HE,

Tracy RP: The relation of markers of inflammation to the development of
glucose disorders in the elderly: the Cardiovascular Health Study. Diabetes
50:2384-2389, 2001

. Han TS, Sattar N, Williams K, Gonzalez-Villalpando C, Lean ME, Haffner

SM: Prospective study of C-reactive protein in relation to the development
of diabetes and metabolic syndrome in the Mexico City Diabetes Study.
Diabetes Care 25:2016-2021, 2002

Festa A, D’Agostino R Jr, Tracy RP, Haffner SM: Elevated levels of
acute-phase proteins and plasminogen activator inhibitor-1 predict the
development of type 2 diabetes: the insulin resistance atherosclerosis
study. Diabetes 51:1131-1137, 2002

. Freeman DJ, Norrie J, Caslake MJ, Gaw A, Ford I, Lowe GD, O’Reilly DS,

Packard CJ, Sattar N: C-reactive protein is an independent predictor of risk
for the development of diabetes in the West of Scotland Coronary
Prevention Study. Diabetes 51:1596-1600, 2002

. Thorand B, Lowel H, Schneider A, Kolb H, Meisinger C, Frohlich M, Koenig

W: C-reactive protein as a predictor for incident diabetes mellitus among
middle-aged men: results from the MONICA Augsburg Cohort Study,
1984-1998. Arch Intern Med 163:93-99, 2003

. Spranger J, Kroke A, Mohlig M, Hoffmann K, Bergmann MM, Ristow M,

Boeing H, Pfeiffer AFH: Inflammatory cytokines and the risk to develop
type 2 diabetes: results of the prospective population-based European
Prospective Investigation into Cancer and Nutrition (EPIC)-Potsdam
study. Diabetes 52:812—817, 2003

Krakoff J, Funahashi T, Stehouwer CDA, Schalkwijk CG, Tanaka S,
Matsuzawa Y, Kobes S, Tataranni PA, Hanson RL, Knowler WC, Lindsay
RS: Inflammatory markers, adiponectin, and risk of type 2 diabetes in the
Pima Indian. Diabetes Care 26:1745-1751, 2003

. Snijder MB, Dekker JM, Visser M, Stehouwer CDA, Yudkin JS, Bouter LM,

Heine RJ, Nijpels G, Seidell JC: Prospective relation of C-reactive protein
with type 2 diabetes. Diabetes Care 26:1656-1657, 2003

Hu F, Meigs JB, Li TY, Rifai N, Manson JE: Inflammatory markers and risk
of developing type 2 diabetes in women. Diabetes 53:693-700, 2004
Duncan BB, Schmidt MI, Pankow JS, Ballantyne CM, Couper D, Vigo A,
Hoogeveen R, Folsom AR, Heiss G: Low-grade systemic inflammation and
the development of type 2 diabetes: the Atherosclerosis Risk in Commu-
nities Study. Diabetes 52:1799-1805, 2003

Okamura H, Tsutsi H, Komatsu T, Yutsudo M, Hakura A, Tanimoto T,
Torigoe K, Okura T, Nukada Y, Hattori K: Cloning of a new cytokine that
induces IFN-gamma production by T cells. Nature 378:88-91, 1995
Gracie JA, Robertson SE, Mclnnes IB: Interleukin-18. J Leukoc Biol
73:213-224, 2003

Nakanishi K, Yoshimoto T, Tsutsui H, Okamura H: Interleukin-18 is a
unique cytokine that stimulates both Th1l and Th2 responses depending on
its cytokine milieu. Cytokine Growth Factor Rev 12:53-72, 2001

2938

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mallat Z, Corbaz A, Scoazec A, Besnard S, Leseche G, Chvatchko Y, Tedgui
A: Expression of interleukin-18 in human atherosclerotic plaques and
relation to plaque instability. Circulation 104:1598-1603, 2001
Blankenberg S, Tiret L, Bickel C, Peetz D, Cambien F, Meyer J, Rupprecht
HJ: Interleukin-18 is a strong predictor of cardiovascular death in stable
and unstable angina. Circulation 106:24-30, 2002

Blankenberg S, Luc G, Ducimetiere P, Arveiler D, Ferrieres J, Amouyel P,
Evans A, Cambien F, Tiret L: Interleukin-18 and the risk of coronary heart
disease in European men: the Prospective Epidemiological Study of
Myocardial Infarction (PRIME). Circulation 108:2453-2459, 2003

Aso Y, Okumura K, Takebayashi K, Wakabayashi S, Inukai T: Relationships
of plasma interleukin-18 concentrations to hyperhomocysteinemia and
carotid intimal-media wall thickness in patients with type 2 diabetes.
Diabetes Care 26:2622-2627, 2003

. Esposito K, Nappo F, Giugliano F, Di Palo C, Ciotola M, Barbieri M,

Paolisso G, Giugliano D: Meal modulation of circulating interleukin 18 and
adiponectin concentrations in healthy subjects and in patients with type 2
diabetes mellitus. Am J Clin Nutr 78:1135-1140, 2003

Moriwaki Y, Yamamoto T, Shibutani Y, Aoki E, Tsutsumi Z, Takahashi S,
Okamura H, Koga M, Fukuchi M, Hada T: Elevated levels of interleukin-18
and tumor necrosis factor-alpha in serum of patients with type 2 diabetes
mellitus: relationship with diabetic nephropathy. Metabolism 52:605-608,
2003

Barlow WE: Robust variance estimation for the case-cohort design.
Biometrics 50:1064-1072, 1994

Tunstall-Pedoe H, the WHO MONICA Project Principal Investigators: The
World Health Organization MONICA Project (Monitoring of Trends and
Determinants in Cardiovascular Disease): a major international collabora-
tion. J Clin Epidemiol 34:105-114, 1988

Hense HW, Filipiak B, Doring A, Stieber J, Liese A, Keil U: Ten-year trends
of cardiovascular risk factors in the MONICA Augsburg Region in Southern
Germany: results from the 1984/85, 1989/90 and 1994/1995 surveys. CVD
Prevention 1:318-327, 1998

Schaeffler V, Doring A, Winkler G, Keil U: Trends in food consumption in
a south German population from 1984/85 to 1989/90: results from the WHO
MONICA project Augsburg. Ann Nutr Metab 40:129-136, 1996

Meisinger C, Thorand B, Schneider A, Stieber J, Doring A, Lowel H: Sex
differences in risk factors for incident type 2 diabetes mellitus: the
MONICA Augsburg cohort study. Arch Intern Med 162:82—89, 2002

De Jager W, te Velthuis H, Prakken BJ, Kuis W, Rijkers GT: Simultaneous
detection of 15 human cytokines in a single sample of stimulated periph-
eral blood mononuclear cells. Clin Diagn Lab Immunol 10:133-139, 2003
Miiller S, Martin S, Koenig W, Hanifi-Moghaddam P, Rathmann W, Haastert
B, Giani G, Illig T, Thorand B, Kolb H: Impaired glucose tolerance is
associated with increased serum concentrations of interleukin 6 and
co-regulated acute-phase proteins but not TNF-alpha or its receptors.
Diabetologia 45:805-812, 2002

Hutchinson WL, Koenig W, Frohlich M, Sund M, Lowe GD, Pepys MB:
Immunoradiometric assay of circulating C-reactive protein: age-related
values in the adult general population. Clin Chem 46:934-938, 2000
Khuseyinova N, Imhof A, Trischler G, Rothenbacher D, Hutchinson WL,
Pepys MB, Koenig W: Determination of C-reactive protein: comparison of
three high-sensitivity immunoassays. Clin Chem 49:1691-1695, 2003

SAS Institute: SAS/STAT User’s Guide, Version 8. Cary, NC, SAS Institute,
1999, p. 3215-3271

Canchola JA, Marx BD, Catania, JA: LOGITSE: An SAS Macro for Logistic
Regression Modeling in Complex Surveys. In Proceedings of the 22nd
Annual SAS Users Group International Conference, 1997, San Diego, CA
(SAS Institute, Cary, NC, 1997), p. 1282-1287

Skurk T, Kolb H, Miiller-Scholze S, Rohrig K, Hauner H, Herder C: The
proatherogenic cytokine interleukin-18 is secreted by human adipocytes.
Eur J Endocrinol 152: 863—868, 2005

Esposito K, Pontillo A, Di Palo C, Giugliano G, Masella M, Marfella R,
Giugliano D: Effect of weight loss and lifestyle changes on vascular
inflammatory markers in obese women: a randomized trial. JAMA 289:
1799-1804, 2003

DIABETES, VOL. 54, OCTOBER 2005



