ORIGINAL ARTICLE

Circulating Cytokines Predict the Development of
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Context: Metabolicinflammation contributes to the development of insulin resistance (IR), but the
roles of different inflammatory and other cytokines in this process remain unclear.

Objective: We aimed at analyzing the value of different cytokines in predicting future IR.

Design, Setting, and Participants: WWe measured the serum concentrations of 48 cytokines from a
nationwide cohort of 2200 Finns (the Cardiovascular Risk in Young Finns Study), and analyzed their
role as independent risk factors for predicting the development of IR 4 years later.

Main Outcome Measures: We used cross-sectional regression analysis adjusted for known IR risk
factors (high age, body mass index, systolic blood pressure, triglycerides, smoking, physical inac-
tivity, and low high-density lipoprotein cholesterol), C-reactive protein and 37 cytokines to find the
determinants of continuous baseline IR (defined by homeostatic model assessment). A logistic
regression model adjusted for the known risk factors, baseline IR, and 37 cytokines was used to
predict the future IR.

Results: Several cytokines, often in a sex-dependent manner, remained as independent determi-
nants of current IR. In men, none of the cytokines was an independent predictive risk marker of
future IR. In women, in contrast, IL-17 (odds ratio, 1.42 for 1-SD change in In-transformed IL-17) and
IL-18 (odds ratio, 1.37) were independently associated with the future IR. IL-17 levels also inde-
pendently predicted the development of incident future IR (odds ratio, 1.48).

Conclusions: The systemic levels of the T helper 1 cell cytokine IL-18 and the T helper 17 cell cytokine
IL-17 thus may have value in predicting future insulin sensitivity in women independently of
classical IR risk factors. (J Clin Endocrinol Metab 101: 3361-3369, 2016)

nsulin resistance (IR ) is a key element in the pathogenesis
I of metabolic syndrome and type 2 diabetes (1, 2). De-
velopment of IR has been linked to chronic, obesity-in-
duced inflammation, which is reflected by elevated
systemic cytokine levels. In mouse models, certain proin-
flammatory cytokines are causally involved in the devel-
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opment of IR. For instance, mice deficient in TNF-a, TNF
receptor (3), or IL-1 receptor (4) all have improved insulin
sensitivity. Mechanistically, TNF-a inhibits the phos-
phorylation of insulin receptor substrate 1 (5), whereas
IL-1B reduces insulin receptor substrate 1 expression (6).
Many proinflammatory cytokines can also indirectly in-
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Abbreviations: AUC, area under the curve; BMI, body mass index; BP, blood pressure; CCL,
chemokine (C-C motif) ligand; Cl, confidence interval; CRP, C-reactive protein; HDL, high-
density lipoprotein; HGF, hepatocyte growth factor; HOMA, homeostatic model assess-
mentindex; IR, insulin resistance; OR, odds ratio; Th1, T helper 1 cell; Th17, T helper 17 cell.
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duce IR by causing induction of inflammatory genes,
which then alter glucose uptake and insulin sensitivity (7).
However, the clinical relevance of cytokines to the patho-
genesis of IR is still not clear, because intervention stud-
ies using anticytokine treatments against proinflamma-
tory cytokines have given unexpected and complex
results (8). For instance, multiple anti-TNF-« trials
have failed to show effect on glycemic control (9-11),
whereas neutralization of IL-18 improves glycaemia
(12, 13).

In humans, IR has been correlated with TNF-a, IL-18,
IL-6, and chemokine (C-C motif) ligand (CCL) 2 levels in
several studies (14, 15). However, most human studies
have included rather low numbers of participants, con-
founding factors have not been rigorously addressed, and
only a few cytokines at the time had been analyzed. More-
over, the ability of circulating cytokines to predict the de-
velopment of IR has not been studied.

The aim of our study was to explore the role of inflam-
matory markers in explaining current and future IR. Using
high-throughput techniques we simultaneously analyzed
48 cytokines from the blood samples of 2200 young Finns.
Using this prospective cohort, we studied the correlations
of cytokines with IR, body mass index (BMI), and C-re-
active protein (CRP), and determined which cytokines
could predict future IR.

Materials and Methods

Study design and subjects

The Cardiovascular Risk in Young Finns Study is a cohort
study conducted in five Finnish university hospitals (Turku, Hel-
sinki, Tampere, Oulu, Kuopio) since 1980 (16). In this study, we
used the blood samples and data from the 27-year follow-up
(2007) and 31-year follow-up (2011). A total of 2200 subjects
participated in the 27-year follow-up. We excluded participants
who were pregnant (n = 37) or had diagnosed type 1 or type 2
diabetes (n = 16 and 17, respectively), leaving 2130 for the cur-
rentstudy population. A total of 2060 persons participated to the
31-year follow-up study. Of these, 1732 had also participated in
2007 study; of these, 1723 persons had glucose and insulin mea-
surements from the year 2011. Only those participants who had
all the variables available were included in the analysis in the
question. Local ethical committees have approved the study pro-
tocol and all study participants provided written informed
consent.

Laboratory measurements

The height (m) and weight (kg) were measured and BMI (kg/
m?) was determined. The systolic blood pressure (BP) (BP; mm
Hg) was measured at a supine position using an automatic ma-
nometer (random zero). High density lipoprotein (HDL) cho-
lesterol (mmol/liter), triglycerides (mmol/liter), fasting plasma
glucose (mmol/liter), insulin (mU/liter), and high-sensitivity CRP
(mg/liter) were measured, as described (17).
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Clinical characteristics

The following characteristics were self-reported on a struc-
tured questionnaire: age, pregnancy, diagnosis of type 1 and type
2 diabetes, smoking (never/less than daily vs daily), and physical
activity (combination of intensity, duration and quality of work-
out, total number and length of physical activity, values from 5
to 15 [the higher value indicates a more active person]). In this
study, homeostatic model assessment (HOMA index; insulin-
glucose product divided by 22.5, unit mU - mmol/liter®) was used
to define the IR (18). Future IR consisted of the subjects who had
IR higher than the 90th percentile in continuous IR in 2011 (3.97
mU - mmol/liter? and 4.78 mU - mmol/liter* for women and men,
respectively). Incident IR consisted of only those subjects who
were not in the top 10% in baseline (2007) IR, but were in the top
10% in 2011 IR.

Measurement of cytokines, chemokines, and
growth factors

After overnight fasting (=12 hours), the sera were drawn and
stored at =70 °C until the measurement of the cytokines. The
concentrations of 48 cytokines, chemokines, and growth factors
(names and abbreviations listed in the Supplemental Data (Sup-
plemental Table 1) were measured from 2200 serum samples
with Bio-Rad’s premixed Bio-Plex Pro Human Cytokine 27-plex
Assay (catalog no. M500KCAFOY) and 21-plex Assay (catalog
no. MFOOOSKMII) kits on Bio-Rad’s Bio-Plex 200 System. All
assays were made according to the manufacturer’s instructions
except that the amount of beads, detection antibodies, and
streptavidin-phycoerythrin conjugate were used at half of their
recommended concentration; this was determined to be suffi-
cient in preliminary tests. With the exception of IL-12(p40) and
IL-12p(70), and macrophage inflammatory protein-1a and mac-
rophage inflammatory protein-1p, all analytes demonstrated
less than 2% cross-reactivity (19). Eight-point standard curves
were generated for each cytokine using recombinant proteins.
The values falling outside the standard range were manually
extrapolated according to the standard curve of the given plates.
After this, all the values that deviated more than 10 SDs from the
mean were given the next smallest or largest value. Two of the
analytes (CCLS and IFN-a2) gave values outside the standard
range, and were thus not included in the analysis. The standard
range and the intra-assay and interassay variations are shown in
Supplemental Table 1.

Statistical analysis

All continuous variables are shown as medians (25th-75th
percentile). Class variables are given as numbers of individuals in
percentages. All analyses were done sex-wise.

Mann-Whitney U test was used to compare the distributions
of continuous variables. Spearman correlation was used to study
associations of continuous variables. In all the univariate anal-
yses, the significance level was divided by the number of the
performed tests to rigorously compensate for the multiple
testing.

For the regression models, all the continuous variables were
first In-transformed and then standardized (mean = 0, SD = 1).
Linear regression analysis was used to study the cross-sectional
associations of the variables with IR. The variables were chosen
by using a stepwise selection method in which variables are
added to the model one by one based on their contribution to the
model (the variable’s F statistics must be significant at threshold
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level of P <.05), and after each step all the variables in the model
must produce a F statistic significant at the threshold level of P <
.05. The model variables were chosen from all the variables clas-
sically associated to IR (age, BMI, triglycerides, HDL choles-
terol, systolic BP, smoking, and physical activity), CRP, and all
the cytokines. The results are expressed as parameter estimates
for a 1-SD increase in continuous variables and one category
change in categorical variables. The inter correlations of the cy-
tokines was minimized in the model by using stepwise selection
method and by checking the tolerance and variation inflation of
the factors. The validity of the model was assessed by observing
the regression residuals.

Logistic regression analysis was used to study the association
of cytokines with the odds of outcome (persons in the top 10%
of IR calculated from the 2011 HOMA index). In addition to the
baseline variables included in the model (the same as discussed
previously), the baseline (from year 2007) IR was included to the
list of variables available for the stepwise selection method. The
results are shown as odds ratios (OR) with 95% confidence in-
tervals (CI) of standardized In-transformed continuous vari-
ables. The stability of the model building and the results were
studied with 5-fold cross-validation by randomly dividing the
data into five equal parts. Each training fold (comprising four of
five parts) was then used for model variable selection as well as
for obtaining the parameter estimates.

To estimate the model performance in predicting future IR,
5-fold cross-validated area under curve (AUC) was calculated.
Two models were compared, the standard model (model vari-
ables to choose: baseline IR, age, BMI, CRP, triglycerides, HDL
cholesterol, systolic BP, smoking, and physical activity) and the
new model (model variables to choose: those previously men-
tioned and 37 cytokines). The model building was done in each
of the five training folds (each comprising 4/5 of the data). The
intercepts and parameter estimates acquired from a training fold
were then used in the test fold (the remaining 1/5 of the data,
which was not used in the model building). The prediction results
were then pooled and AUCs were calculated.

Statistical analyses were done using SAS version 9.4 (SAS
Institute Inc.), the pROC package (version 1.7.3) for the R proj-
ect for the Statistical Computing, and custom built software im-
plemented in the Python language (version 2.7.6).

Results

Cytokine concentrations and other baseline
characteristics of the baseline study population

A total of 2200 persons participated to the 27-year
follow-up of the Cardiovascular Risk in Young Finns
Study in year 2007. From these, the serum concentra-
tions of 48 cytokines were measured. The success rate
(the percentages of measurements, in which the cyto-
kine concentration was within the range of the 8-point
standard curve) of each cytokine measurement, is
shown in Supplemental Table 1. Even though the values
falling outside the standard range were manually ex-
trapolated, only the cytokines which gave a valid con-
centration within the standard range for more than
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90% of the samples (37 cytokines) were included in the
subsequent analyses.

After the exclusions resulting from pregnancy (n = 37)
or type 1 or 2 diabetes (n = 16 and n = 17, respectively),
2130 participants remained in the baseline study popula-
tion and were eligible for the subsequent analysis. Most of
the clinical and laboratory measurement values had dif-
ferentlevels in women and men (Supplemental Table 2). In
addition, half of the cytokines, including nearly half of the
chemokines and growth factors, were found at different
levels in men and women, and the interaction terms were
significant in the subsequent models. Therefore, in this
study all analyses were done separately for men and
women.

Cytokines associate with IR and multiple other
baseline characteristics

We first analyzed which of the cytokines correlate with
baseline IR (Table 1). In univariate analyses, IL-18, CCL4,
and hepatocyte growth factor (HGF) had strong direct
correlations and CCL27 the strongest indirect correlation
to IR in both sexes. The rest of the associations were only
seen in either of the sexes. Especially, tumor necrosis fac-
tor-related apoptosis inducing ligand and macrophage mi-
gration inhibitory factor in men, and IL-2re, IL-5, IL-10,
IL-13, IL-7, and vascular endothelial growth factor in
women, were associated to higher IR.

In addition to the IR, cytokines had also correlations to
other continuous baseline characteristics. In women, all
growth factors, except stem cell factor, had a direct
univariate association to CRP (Supplemental Table 3).
Eighty-one percent of all cytokines correlated with trig-
lycerides; this was particularly evident with interleukins
and growth factors. Nearly half of the cytokines had a
correlation to BMI and more than one-third of cytokines
to systolic BP. In men, in contrast, only a few correlations
were evident, most of them to CRP (Supplemental Table
4). As expected, cytokines also correlated extensively with
each other (Supplemental Table 5). In many cases very
strong associations were observed (for instance, IL-12p70
associated strongly to vascular endothelial growth factor
[r=0.91,r=0.93]and toIL-10 [r = 0.89, r = 0.92] both
in women and men, respectively). Thus, in univariate anal-
yses, multiple cytokines show correlations not only to IR,
but also to each other and to several known risk factors of
impaired insulin sensitivity in both sexes.

Cytokines are independent determinants of IR

To study which of the cytokines explained most of the
variance in baseline IR (ie, to find a model with highest
explanatory power), we used a stepwise selection method
for the variable selection. The model building for contin-
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Table 1. Associations of Baseline Concentrations of
Cytokines to Baseline Insulin Resistance (HOMA Index)
Women (n = 1156) Men (n = 974)
Spearman Spearman
r P r
Chemokines
CCL2 0.071 .016 0.074 .021
CCL3 0.067 .022 0.055 .085
CClL4 0.13 8.3 E-06° 0.19 2.4 E-09
CCL11 —0.030 31 —0.086 .0072
CCL27 —0.26 7.4 E-20 -0.22 5.3 E-12
CXCL1 0.051 .081 0.043 18
CXCL8 0.045 13 0.049 12
CXCL9 0.052 .075 0.044 17
CXCL10 0.093 .0016 0.12 .0001
CXCL12 -0.072 .014 —0.095 .0030
Growth factors
FGF basic 0.062 .034 0.037 .25
G-CSF 0.078 .0077 —0.0038 91
HGF 0.24 7.7 E-17 0.27 2.8 E-17
IL-7 0.13 4.9 E-06 0.060 0062
PDGF bb 0.099 0008 0.034 .29
SCF 0.10 .0006 0.081 .012
SCGFB 0.039 18 0.081 .012
VEGF 0.12 5.0 E-05 0.081 .012
BNGF 0.081 .0059 0.075 .019
Other cytokines
[FN-y 0.074 .012 0.0021 .95
IL-18 0.077 .0091 0.014 .67
IL-1ra 0.082 .0050 0.037 .25
IL-2 0.037 21 —-0.024 46
IL-2ro 0.14 2.7 E-06 0.053 .099
IL-4 0.028 .34 0.019 .55
IL-5 0.13 6.5 E-06 0.076 .018
IL-6 0.050 .092 0.021 51
IL-9 0.087 .0031 0.11 0.0007
IL-10 0.11 0003 0.046 15
IL-12p70 0.098 .0008 0.075 .019
IL-13 0.13 1.3 E-05 0.069 .032
IL-16 0.040 17 —0.0083 .80
IL-17 0.022 .45 0.019 .55
IL-18 0.23 26 E-15 0.24 9.5 E-14
MIF 0.038 .19 0.14 1.4 E-05
TNF-« 0.028 .34 0.011 72
TRAIL 0.037 21 0.12 .0002

@ Significant P values (after correction for multiple comparisons) are
shown in bold.

uous baseline IR was done separately for both sexes and
the variables available included the known risk factors
(high age, BMI, triglycerides, smoking, physical inactivity,
and systolic BP, low HDL cholesterol), CRP, and the 37
cytokines. The variables, which explained baseline IR, are
shown in Table 2. Collectively, these variables explained
41.1% and 48.3% of the variance in IR values in women
and in men, respectively. Among the cytokines, only IL-
18, CCL27, and CCL11 were independent determinants
for IR in both sexes. In addition, IL-4, IL-5, C-X-C motif
9, and HGF were independent determinants of IR in
women, and IL-9, IL-16, macrophage migration inhibi-
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tory factor, and stem cell growth factor 8 in men. Thus,
even when the confounding factors are taken into account,
several cytokines remain as independent determinants of
current IR.

Cytokines can predict the development of IR

A total of 1723 persons participated in the study both
in 2007 (baseline) and 2011 (follow-up). We used the top
10% of IR (ie, the HOMA index) in each sex to define a
study participant as insulin resistant. We first tested
whether the baseline cytokine levels in 2007 were different
in those persons who, 4 years later, had developed IR (ie,
were in the 90th percentile of IR in 2011) when compared
to those who had not developed IR (Table 3). In women,
the levels of 16 of 37 cytokines were different according to
the 90th future IR percentile. Most notably, women with
IR in 2011 had 27.7% higher IL-18 and 31.3% higher
HGF in 2007 than those women who did not develop IR.
In men, only CCL27, CCL4, and HGF had different levels
according to future IR.

To study underlying possible causal relationships, we
built models to explain the future IR. The associations of
cytokines with the odds of future IR (top 10% IR) were
done with standardized continuous In-transformed vari-
ables using multivariable logistic regression. The model
variables were chosen from the known risk factors of IR
(high age, BMI, triglycerides, smoking, physical inactivity,
systolic BP, low HDL cholesterol), CRP, all cytokines, and
baseline IR (year 2007) in a stepwise manner. [L-18,1L-17,
BMI, and baseline IR were associated with higher odds of
future IR in women (Figure 1A). In men, only BMI (OR,
1.44;95% CI,1.02-2.02) and baseline IR (OR, 5.15;95%
CI, 3.25-8.14) were significantly associated with higher
odds of future IR.

We next analyzed whether the inclusion of cytokines
would improve the overall performance of the model pre-
dicting the future development of IR compared to the stan-
dard model in women. To avoid overoptimistic predictive
accuracy and validate the model building and results, we
studied the performance of the model on independent test
data by using 5-fold cross-validation. The standard model
was built in a stepwise manner from the baseline levels of
known IR risk factors (listed previously) separately in each
of the five training folds. In all training folds, only baseline
IR and BMI were significantly associated with the odds of
future IR in a standard model (data not shown). In the new
models, the 37 cytokines were available for the variable
selection in addition to the known risk factors. The vari-
ables left in the new models with cytokines in each training
fold are shown in Supplemental Table 6. The parameter
estimates from the training folds were used to predict the
outcome in the test folds (the part of the data not used in
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Table 2. Independent Baseline Variables Explaining the Variance in Continuous Baseline Insulin Resistance (HOMA
Index)®
Parameter estimate (sg)® Partial r? P
Women (n = 1100)

In BMI 0.32 (0.029) 0.2808 2.2E-28
In triglycerides 0.30(0.027) 0.0838 3.2E-27
In HDL cholesterol —0.082 (0.025) 0.0059 .0012
Smoking (no, yes) —0.29 (0.069) 0.0055 3.3E-05
Physical activity index —0.041 (0.014) 0.0056 .0040
InIL-4 —0.076 (0.030) 0.0028 .0098
In IL-5 0.084 (0.030) 0.0025 .0044
InIL-18 0.092 (0.025) 0.0082 .0003
In CCL27 —0.085 (0.025) 0.0077 .0007
In CCL11 —0.057 (0.028) 0.0029 .041

In CXCL9 —0.063 (0.025) 0.0026 012

In HGF 0.058 (0.026) 0.0027 .027

Men (n = 917)

In BMI 0.37 (0.029) 0.3523 1.8E-33
In triglycerides 0.25(0.031) 0.0779 2.8E-15
In HDL cholesterol —0.11(0.028) 0.0090 .0002
In systolic blood pressure 0.074 (0.026) 0.0048 .0041
Smoking (no, yes) —0.20 (0.060) 0.0061 .0007
Physical activity index —0.047 (0.013) 0.0081 .0002
In IL-9 0.065 (0.026) 0.0030 .014
InIL-16 —0.067 (0.026) 0.0038 .0099
InIL-18 0.086 (0.026) 0.0047 .0013
In CCL27 —0.073 (0.027) 0.0036 .0072
In CCL11 —0.089 (0.026) 0.0037 .0008
In MIF 0.070 (0.027) 0.0027 .0096
In SCGFb 0.068 (0.025) 0.0029 .0079

@ The stepwise linear regression model included age, BMI, CRP, triglycerides, HDL cholesterol, systolic BP, smoking, physical activity, and 37

cytokines.

b Parameter estimates are for 1 sb change in In-transformed continuous variables, and one category change in categorical variables.

the model training). The pooled AUC for the standard
model was 0.9034, and for the new model 0.9067, but this
improvement did not reach statistical significance.

Collectively, these data indicate that in men none of the
37 cytokines was an independent predictor of future IR
development. In women, in contrast, IL-18 and IL-17
showed causal relationship to the future IR in multivari-
able models. Interestingly, most of the known risk factors
(high age, triglycerides, and systolic BP, low HDL choles-
terol, smoking, or physical inactivity) or CRP did not as-
sociate with odds of future IR in the standard model, and
inclusion of IL-17 and IL-18 serum concentrations in the
model did not improve the predictive power of the model,
implying the dominant role of baseline IR and BMI in these
models.

IL-17 predicts the development of incident IR in
women

Finally, we studied whether the same cytokines that
were independently associated to the odds of future IR
among all women would also predict development of in-
cident IR. Future IR (top 10% IR in 2011) consisted of 42
incident cases (not in top 10% IR in 2007) and 46 prev-
alent cases (already in top 10% IR in 2007). Compared to

the healthy subjects (not in top 10% IR in either time
point), the prevalent cases as well as the incident cases had
higher serum IL-17 levels already in 2007, but this was
statistically significant only in the incident cases (median
[25th-75th percentile] 271 [233-319] pg/ml in healthy,
302 [237-308] pg/ml in prevalent, and 306 [239-357]
pg/ml in incident cases; P values 0.054 and 0.018, respec-
tively). All cytokines and traditional risk factors were
available for the model selection. The results showed that,
in addition to the baseline IR and BMI, IL-17 remained
significantly associated with the higher odds of the devel-
opment of incident IR in the future (Figure 1B). Notably,
in contrast to IL-17, several of the known risk factors of IR
did not remain independent risk factors in prediction of
incident IR. Thus, in women an increase in IL-17 levels in
serum seems to precede the deterioration of insulin
sensitivity.

Conclusions

We found that the circulating levels of multiple, mainly
proinflammatory, cytokines are increased in those with
impaired insulin sensitivity. In univariate analyses, 17 cy-
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Table 3. Baseline Variables (median and 25th-75th percentile)® According to 4-Year Insulin Resistance (Top 10% of
HOMA Index in 2011)
Women Men
Non-IRP IR Non-IR IR
(n = 821-842) (n = 91-94) P (n = 685-708) (n = 75-79) P
HOMA index ( mU - mmol/iter?) 1.4 (0.9-2.2) 4(2.6-5.6) 2.0E-34° 1.6(1-2.4) 4.3(2.8-6.9) 2.0E-27
Age (y) 39 (33-42) 39 (36-42) 1.4E-01 39 (33-42) 39 (36-42) 2.8E-02
BMI (kg/m?) 23.8(21.5-26.5) 31(27.5-36) 4.1E-29 25.7(23.7-28.1) 30.5(28-33.4) 1.6E-18
Triglycerides (mmol/liter) 0.95 (0.8-1.3) 1.5(1.2-2.2) 5.9E-15 1.3(1-1.9) 2(1.5-2.8) 6.3E-11
HDL cholesterol (mmol/liter) 1.4(1.3-1.6) 1.2 (1-1.4) 4.8E-11 1.2(1-1.4) 1.1(0.9-1.2) 1.4E-05
CRP (mg/liter) 0.8 (0.4-1.7) 2.6(1-5.2) 3.0E-15 0.7 (0.4-1.4) 1.4(0.8-2.9) 8.3E-10
Systolic BP (mm Hg) 114 (106-123) 121 (113-133) 2.0E-07 124(116-133) 129 (122-135) 2.2E-03
Physical activity index 9 (8-10) 8(7-9) 1.1E-02 9 (7-10) 8 (7-9) 3.6E-03
Insulin (mU/liter) 6.3(3.9-9.2) 16.4(10.9-22.2) 1.9E-33 6.8(4.3-9.9) 16.7 (11.4-26.8) 6.0E-28
Glucose (mmol/liter) 5(4.8-5.4) 5.6 (5.2-5.9) 5.9E-16 5.4 (5.1-5.7) 5.6 (5.3-6) 5.7E-04
Smoking (%) 13.4% 16.1% 4.3E-01 20.9% 15.4% 3.0E-01
Chemokines (pg/ml)
CCL2 31.8 (26.3-38.9) 36.1(28.9-46.6) 5.5E-04 32.9(27—41.3) 34.8 (28.6—45.6) 1.1E-01
CCL3 12.4 (11-14.2) 13.1(11.6-15.8) 7.4E-03 12.1(10.8-13.8) 12.2(10.8-14) 9.3E-01
cCL4 83.4 (65.3-102) 92.7 (75.2-111) 2.5E-03 85.6 (7-1-105) 102 (80.7-121) 4.7E-05
CCL11 112 (87.6-140) 115 (87.8-148) 5.3E-01 126 (96.9-161) 119 (92.5-144) 3.0E-01
CCL27 842 (686-1017) 755 (648-847) 1.2E-05 844 (698-1007) 712 (607-883) 2.1E-04
CXCL1 86.7 (60.6-115) 90.5 (74.7-141) 7.2E-03 75.9 (56.1-105) 75.2 (53.5-102) 9.6E-01
CXCL8 31.8(28.3-35.9) 34.8(29.2-39.8) 1.6E-03 31.1(27.8-34.8) 31.8(28.3-36.5) 2.5E-01
CXCL9 442 (344-602) 498 (367-744) 9.1E-03 440 (344-599) 475 (351-639) 2.5E-01
CXCL10 585 (442-808) 707 (518-938) 1.7E-04 588 (439-813) 676 (489-993) 7.3E-03
CXCL12 69.6 (50.7—90.4) 64.5 (51-86.9) 3.3E-01 62.4(44-79.5) 53.1(31.1-76) 1.4E-02
Growth factors (pg/ml)
FGF basic 67.6 (58.1-81.7) 73.8 (58.2-92) 3.4E-02 65.9 (56.5-76.6) 66.9 (58.8-82) 4.3E-01
G-CSF 138 (119-164) 154 (130-175) 1.1E-03 134 (117-155) 137 (119-153) 7.2E-01
HGF 501 (402-652) 658 (533-838) 3.0E-11 491 (395-603) 588 (475-724) 3.8E-07
IL-7 20.6 (16.8-25.1) 23.8(20.3-28.5) 3.5E-05 19.7(16.2-23.8) 20.1(17.4-25.2) 9.1E-02
PDGF bb 8468 (6759-10 190) 9429 (7761-11 415) 2.9E-03 8640 (6973-10 574) 8767 (6870-11 578) 4.9E-01
SCF 85.7 (68.4-103) 89.7 (75.5-113) 1.6E-02 97.6 (80-113) 99.2 (77.3-121) 8.3E-01
SCGFB 10293 (8153-13262) 11235(8041-13 681) 2.9E-01 11616 (9109-14 676) 12 636 (9460-16 010) 8.8E-02
VEGF 70.6 (50.6-103) 101 (62.3-133) 7.7E-05 71.3(47.7-104) 76.3 (55.8-116) 1.0E-01
BNGF 1.4(1.1-1.8) 1.6 (1.3-2) 4.6E-05 1.3(1-1.7) 1.4 (1-1.9) 5.5E-01
Other cytokines (pg/ml)
IFN-vy 267 (228-313) 283 (248-344) 6.2E-03 259 (224-306) 258 (223-303) 8.8E-01
IL-18 4.9 (4.2-5.8) 5.4 (4.5-6.8) 2.4E-04 4.8 (4.1-5.5) 4.6 (4-5.6) 8.8E-01
IL-1ra 236 (194-284) 260 (209-324) 4.9E-03 219 (187-266) 230 (197-284) 2.6E-01
IL-2 19.2(16.1-22.3) 20(17.4-24.2) 2.5E-02 18.4(16-21.2) 18.3(15.2-20.8) 5.9E-01
IL-2ra 72.8 (52.1-94.8) 89.5 (65.3-120) 3.7E-05 81.2(61.7-104) 86 (58.1-116) 1.5E-01
IL-4 11.5(10.4-12.6) 12.1(10.8-13.6) 4.3E-03 11.4(10.3-12.5) 11.2(10.3-12.3) 9.0E-01
IL-5 6(5.1-7.2) 6.8 (5.7-8.2) 1.3E-04 59(5.1-6.9) 6.2 (5-7) 7.8E-01
-6 12(10.2-13.9) 13.3(10.8-15.6) 2.2E-03 11.4(10-13.1) 11.4(9.8-14) 6.0E-01
IL-9 57.2 (46.2-75.8) 63 (51.4-97.2) 1.1E-02 53.7 (43.8-66.6) 58.2 (46.8-81.4) 5.1E-02
IL-10 19.3(13.8-24.8) 23.4(18.7-30.4) 3.1E-05 18.3(12.9-24.5) 18.7 (13.4-25.5) 3.3E-01
IL-12p70 68.5 (48.2-91) 85.9 (61.5-114) 5.8E-05 65.5(45.7-90.7) 68 (51.8-99.3) 1.2E-01
IL-13 17.5(13.9-21.3) 20.2 (16.2-25.7) 2.2E-05 17.5(13.5-21.5) 18.8 (14.8-23.6) 4.4E-02
IL-16 71.5(40.4-103) 81 (54-111) 2.0E-02 76.2 (44.6-108) 74.4 (47.8-96.1) 7.9E-01
IL-17 270 (233-319) 304 (237-354) 2.8E-03 264 (229-306) 260 (221-319) 7.5E-01
IL-18 60.2 (44.5-75.8) 76.9 (55.9-105) 8.7E-09 69.9 (53.7-90.6) 82.8 (58.7-105) 5.6E-03
MIF 151 (109-213) 180 (115-233) 1.0E-01 163 (107-227) 199 (116-248) 1.6E-02
TNF-a 48.7 (40.5-59.3) 54.4 (45.6-65.7) 6.1E-04 48.6 (41.1-56.2) 48.5 (41-55.4) 9.8E-01
TRAIL 111 (86.3-143) 135 (94-175) 4.0E-04 154 (121-192) 167 (127-230) 1.5E-02

Abbreviations: CXC, C-X-C motif; G-CSF, granulocyte colony-stimulating factor; IR, insulin resistance; NGF, nerve growth factor; PDGF, platelet-
derived growth factor; SCGF, stem cell growth factor; TRAIL, tumor necrosis factor-related apoptosis inducing ligand; VEGF, vascular endothelial

growth factor.

@ Except for smoking, which is presented as %.

b Significant P values (after correction for multiple comparisons) are shown in bold.

tokines were associated with IR. The levels of many of
these same cytokines increased along with the increasing
BMI. Nevertheless, in multivariable regression analyses,
fully adjusted for BMI and other known risk factors of IR,
the proinflammatory T helper 1 cell (Th1)-type cytokine
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IL-18 still showed positive and T helper 2 cell-type cyto-
kine CCL11 negative associations with IR in both sexes.
Most importantly, circulating proinflammatory cytokines
(T helper 17 cell [Th17]-type IL-17 and IL-18) were pre-
dictive biomarkers for future development of IR in models
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A
Baseline IL-18 1.37(1.05-1.79), p=0.021
Baseline IL-I7 1.42(1.10-8.15), p=0.0082
_ -08
Baseline BMI 2.33(1.73-3.15), p=3.4e
4.51(2.89-7.04), p=3.1e'11
Baseline IR
0 2 4 6
Odds Ratio
B
Baseline IL-17 1.48(1.11-1.97), p=0.0071
Baseline BMI 2.03(1.43-2.88), p=0.0001
Baseline IR 2.13(1.32-3.43), p=0.0019
0 2 4 6
Odds Ratio

Figure 1. Adjusted odds ratios of baseline variables for future insulin
resistance (IR). A, Adjusted ORs (with 95% confidence intervals) for
future IR when both incident and prevalent IR cases are as the
outcome. B, Adjusted ORs (with 95% confidence limits) for future IR
when only incident IR cases are as the outcome. Black circle = odds
ratio (OR); gray line = 95% confidence limits of the OR.

fully adjusted for baseline IR and other known risk factors
of IR in women. IL-17 also predicted the development of
future IR 4 years later among those women who did not
have IR at the time of analyses. In contrast, general low-
grade inflammation reflected as increased CRP level was
neither explanatory nor predictive biomarker for IR. Our
data thus suggest that specific IL-17-driven inflammation
may precede the deterioration of insulin sensitivity in gen-
eral population.

We found that cytokines IL-17 and IL-18 were predic-
tive markers for future IR in multivariable regression mod-
els in women. IL-17 in particular had relatively high OR
(1.42) in predicting 4-year IR in women. Interestingly,
human liver and skeletal muscles synthesize receptors for
IL-17. Adipose tissue of obese subjects contains increased
numbers of Th17 cells in comparison to lean subjects, and
administration of IL-17 reduces insulin sensitivity in cul-
tured human liver cells (20). Th17 cells are increased in the
blood of type 2 diabetes patients (21), and standard treat-
ment of newly diagnosed type 2 diabetes reduces IL-17
levels in blood (22). In genetic mouse models, IL-17 is
causally involved in exacerbating diet-induced obesity and
adipose tissue deposition, and anti-IL-17 treatment en-
hances glucose uptake in skeletal muscle (23, 24). How-
ever, in humans, the association of IL-17 with glucose
tolerance is not firmly established because others have re-
ported decreased levels of IL-17 in metabolic syndrome
(25). Our data with cross-validated predictive models
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strongly support the notion that Th17 type inflammation
precedes and may be pathologically relevant to the devel-
opment of IR.

High CRP has been suggested to be a marker of emerg-
ing IR (26-30). We found that CRP levels are indeed sig-
nificantly higher in persons with IR and in obese persons,
and that CRP positively correlates with many proinflam-
matory cytokines. However, CRP did not remain as an
independent contributor for current or developing IR in
our study cohort. We thus hypothesize that the general
low-level inflammation reflected by increased CRP values
is not relevant for the development of IR, but instead,
proinflammatory Th17-dominant subclinical inflamma-
tion is more important in the impairment of insulin
sensitivity.

Many of the correlations between cytokines and IR
disappeared when BMI was taken into account as a
confounding factor. These results support the notion
that the elevations in systemic cytokines in IR are often
merely secondary to the increased fat cell mass, and that
the cytokines can be produced by the inflamed fat tissue.
We also found significant differences in the levels of half
of the measured cytokines between females and males.
Although the differences between the sexes in the ab-
solute concentrations of these cytokines were often
modest, it is notable that the cytokines associated to or
predictive of IR were very different among women and
men. The reason for the marked sex-dependent varia-
tions in cytokine levels remains speculative. However, it
is firmly established that sex steroids heavily affect both
the nature and extent of immune responses. For in-
stance, estrogen increases IL-17 and decreases HGF
production in rodent models (31, 32). Notably, we also
found that in the regression model (eg, IL-17 *), the
gender interaction term was statistically significant.
Our findings thus strongly implicate that all association
studies between cytokines and IR have to be done and
interpreted in a sex-specific manner and by adjusting for
BMI or another measure of obesity, which often has not
been the case in previous studies.

We are aware that our study has certain limitations.
Because oral glucose tests were not included in the study
protocol, we had to use the HOMA index as an approx-
imation of insulin sensitivity. It is known that the im-
paired stimulated glucose tolerance is the most sensitive
measure of developing IR. Nevertheless, in a relatively
young population, such as in our cohort, HOMA index
isstill regarded as a relatively reliable marker of IR (33).
We feel that the 90th percentile cutoff separately for
each gender is useful for finding the insulin resistant
individuals. We did not have available a replication co-
hort to study the predictive value of the cytokines. How-
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ever, we used rigorous S5-fold cross validations in our
reclassification analyses to control for the potential
overfitting of the models. Finally, our study was per-
formed in an ethnically homogenous European popu-
lation, and therefore the validity of the results in other
populations remains to be confirmed.

In conclusion, we found that baseline IR, BMI, IL-18,
and IL-17, but not other traditional risk factors, other
cytokines or CRP, predicted the development of future IR
in women in multivariable models. The specific proinflam-
matory cytokine IL-17 was also an independent risk factor
for incident IR in women.
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