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Abstract

Background: The metabolic syndrome (MetS) identifies persons with clustering of multiple cardiometabolic risk
factors. The underlying pathology inducing this clustering is not fully known. We used a targeted proteomics assay to
identify associations of circulating proteins with MetS and its components, cross-sectionally and longitudinally.

Methods: We explored and validated associations of 86 cardiovascular proteins, assessed using a proximity extension
assay, with the MetS in two independent cohorts; the Prospective Investigation of the Vasculature in Uppsala Sen-

iors (PIVUS, n=996) and Uppsala Longitudinal Study of Adult Men (ULSAM, n=785). The analyses were adjusted for
smoking, exercise habits, education, and energy and alcohol intake.

Results: Nine proteins were associated with all five components of the MetS in PIVUS using FDR <0.05 in a cross-
sectional analysis. Of those nine proteins, only Interleukin-1 receptor antagonist protein (IL-1RA) was associated with
all five components of the MetS in ULSAM using p < 0.05. IL-1RA levels were associated with incident MetS (n=109) in
PIVUS during a 5-year follow-up (HR 1.76 for a 1 SD change (95% Cl 1.38, 2.24), p =4.3*1 079). IL-1RA was however not
causally related to MetS in a two-sample Mendelian randomization analysis using published data.

Conclusion: Circulating IL-1RA was related to all five components of the MetS in a cross-sectional analysis in two
independent samples, as well as to incident MetS in a longitudinal analysis. However, Mendelian randomization analy-
ses did not provide support for a causal role for IL-1RA in the development of MetS.
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Background
The metabolic syndrome (MetS) is describing the clus-
tering of multiple cardiovascular risk factors in the
same individual [1-3]. Originally, insulin resistance was
pointed out as the connecting link initiating this cluster-
ing [3], but also other pathophysiological links, such as
visceral obesity, a reduced blood flow, inflammation, liver
steatosis, genetic factors, and an increased sympathetic
tone, have all been suggested to be of importance [4-11].
We have recently published data on a number of pro-
teins that were related to all of the five different compo-
nents of the MetS (consensus-NCEP criteria; glucose,
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blood pressure, triglycerides, HDL, and waist circum-
ference) in a cross-sectional analysis in the EpiHealth
cohort [12], in an attempt to discover possible molecu-
lar pathways involved in MetS development. In the pre-
sent study, we used data from two other cohort studies in
which we have measured multiple proteins by the prox-
imity extension assay (PEA) [13] to test the hypothesis
that proteins being linked to all five MetS components
would also be associated with incident MetS and possibly
causally involved in the development of MetS.

To test this hypothesis, we first used a cross-sec-
tional discovery/replication-approach in two inde-
pendent community-based samples investigating
associations between circulating proteins and the five
components of MetS. We therefore evaluated if pro-
teins consistently being related to all five of the MetS
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components in both cohorts also were related to inci-
dent MetS during 5 years of follow-up in the Pro-
spective Investigation of the Vasculature in Uppsala
Seniors (PIVUS) study. As a third step, we evaluated if
proteins being associated with incident MetS also were
causally related to MetS using Mendelian randomiza-
tion analysis.

Methods

Study population

The Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study consists of 996 sub-
jects with complete data who, at the age of 70 years,
were examined regarding cardiovascular risk factors
and vascular function [14] in 2001-2004. This cohort
was reinvestigated 5 years later (n = 826).

The Uppsala Longitudinal Study of Adult Men
(ULSAM) study consists of 2232 men who at the age of
50 were examined regarding cardiovascular risk factors
[15] in 1970-1974. This cohort has since then been
reinvestigated multiple times and the present study
used data from the reinvestigation at age 77 years (in
1997-2001) when the same proteins as evaluated in
PIVUS were measured (n=785).

Baseline characteristics for the two cohorts can be
found in Table 1.
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Proteomics

Ninety-two proteins were measured in plasma by the
proximity extension assay (PEA) [13]. The proteins ana-
lyzed in the present study were preselected to have a
relationship with cardiovascular disease (the CVD chip
1, OLINK, Uppsala, Sweden) [16]. 86 of the proteins
showed a call-rate >75% and were used in the analysis.
All but 8 showed a call-rate >95% and 67 showed a call-
rate of 100%. Values below the level of detection (LOD)
were imputed as LOD/270.5. The imputed datasets were
used in the further analyses of the proteins. The protein
levels were log2-transformed to achieve normal distribu-
tions. This was checked by inspection of histograms. The
values were further transformed to a standard deviation
(SD)-scale (also called Z-scale) to produce comparable
beta-estimates in the downstream analyses. The protein
analyses in the two population-samples were performed
by the same laboratory on frozen plasma samples (-80°C)
drawn in the fasting state during the fall of 2014.

Traditional risk factors

Blood was drawn in the morning after an overnight fast.
Fasting HDL- and LDL-cholesterol and glucose were
measured at the department of Clinical Chemistry at the
University Hospital, Uppsala, by standard techniques.
Blood pressure was measured in the supine position after
5-15 min of rest with a mercury sphygmomanometer.
Waist circumference was measured av the umbilical level.

Table 1 Basic characteristics and life-style factors in the ULSAM and PIVUS studies. Mean (SD) or proportions are given.

MetS = metabolic syndrome

PIVUS ULSAM p-value
n 996 785
Age (years) 70(0.1) 77 (0.8) <0.001
Sex (% female) 50 0 -
Energy intake (kcal) 1881 (468) - -
Alcohol intake (g/day) 6.3(7.0) - -

Education

Current smokers (%)
Exercise habits

MetS (%)

Glucose criteria (%)

HDL criteria (%)

Triglyceride criteria (%)

Blood pressure criteria (%)
Waist circumference criteria (%)

1-9 years: 57%
10-12 years: 18%
> 12 years: 25%
11
Sedentary:11%
Light: 59%
Regular: 23%
Athlete: 7%

23

21

17

17

83

35

1-9 years: 63% <0.001
10-12 years: 27%

>12 years: 10%

24 0.024
Sedentary: 8% <0.001
Light: 35%

Regular: 53%

Athlete: 4%

27 0.090
24 0.23
19 042
25 <0.001
90 <0.001
22 <0.001
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BMI was calculated as weight divided by squared height.
The measurements were performed in the same manner
in the two cohorts. See [14, 15] for details.

Life-style factors

All life-style factors were self-reported. Exercise habits
were given on a 4 level scale based on two questions; how
many times a week do you engage in regular exercise for
at least 30 min which does not make you sweat/which
makes you sweat? The lowest level was defined as light
exercise <2 times a week and no heavy exercise. Next
level as light exercise > 1 times a week and no heavy exer-
cise. Next level as heavy exercise 1-2 times a week and
highest level as heavy exercise >2 times a week. Smoking
was defined as current smoking. Alcohol was determined
from questions on different kind of alcohol and calcu-
lated as g/week. Energy intake was given from a 7-day
dietary record and calculated from a variety of food items
(given in kcal/day). The subjects were asked how many
years they have been in school/university.

Metabolic syndrome

The MetS was defined according to the consensus NECP
(National Cholesterol Education Program) criteria [1]
and the five components were defined as follows: Blood
pressure >130/85 mmHg or antihypertensive treat-
ment, fasting plasma glucose >6.1 mmol/l or antidia-
betic treatment, serum triglycerides > 1.7 mmol/l, waist
circumference >102 cm in men and >88 cm in women,
HDL-cholesterol <1.0 mmol/l in men and <1.3 in
women. Three of the mentioned five criteria should be
fulfilled for MetS.

Statistical methods

In the descriptive Table 1, one-way factorial ANOVA was
used for the continuous variables and the chi-square test
for the nominal variables to test for differences between
the two samples.

The PIVUS sample was used as the discovery dataset
and ULSAM as replication in the cross-sectional analysis.
In this analysis, a logistic regression analysis with one of
the components of MetS was carried out for each of the
86 proteins. Thus, 86*5 models were analyzed.

In the discovery analysis, these models were adjusted
for sex (age same in all subjects in PIVUS) and the life-
style factors smoking, alcohol and energy intake, exer-
cise habits, and education level, as well as storage time
in the freezer. In the validation step (in ULSAM), the
models were adjusted for age and the life-style factors
smoking, exercise habits, and education level (alcohol
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and energy intake not known), as well as storage time
in the freezer. Results with a false discovery rate (FDR)
<0.05 in the discovery step were further evaluated in
the validation step and at this stage a nominal p-value
(p<0.05) was considered as significant. This strategy
for significance testing was chosen a priori. The rational
for this choice is that many of the proteins are related
to each other, and therefore Bonferroni-adjustment is
too strict.

The proteins being validated to associate with 5 of the
MetS components in the cross-sectional analysis were
taken forward to the longitudinal analyses of MetS
incidence during 5 years follow-up in the PIVUS study.
In this part the subjects with MetS at baseline were
excluded. Logistic regression analyses were carried out
for the validated proteins vs incident MetS and these
models were adjusted for sex and the life-style factors
smoking, alcohol and energy intake, exercise habits,
and education level. In this step, the limit of the p-value
for significance was pre-specified as a Bonferroni-
adjustment (p<0.05/no. of tests). In secondary analy-
ses, we also investigated associations with proteins that
were associated with 4 MetS components in the repli-
cation step, and incident MetS.

In the Mendelian randomization (MR) part of the
study, data from the SCALLOP CVD-1 project [17]
were used to find SNPs suitable as instrumental vari-
ables for IL-1RA. Only SNP with p<5*10-8 and being
independent from each other were used as instrumen-
tal variables.

The independency of potential SNPs to be used as
instruments for IL-1RA was previously evaluated in ref-
erence 17 by conditioning on the primary signal using
conditional-joint analysis in GCTA (version 1.26.0)
followed by filtering for MAF (0.01) and r* (<0.001)
to ensure that secondary association signals identified
were not driven by linkage disequilibrium (LD) with the
primary signal.

Two cis-SNPs were found, which were evaluated to
be causally related to MetS using a published genome-
wide association study (GWAS) for MetS in UK biobank
[10]. The causal estimates (Wald ratio) were calculated
for each of those two SNPs, and those results were
meta-analyzed using the inverse variance weighted
method (IMW). P<0.05 was considered significant in
this meta-analysis of the Wald ratios. In addition, as
an exploratory analysis, we evaluated if any SNPs in or
close to the IL-1 alpha and beta genes (the ligands for
the IL-1 receptor) were related to MetS in the GWAS
of MetS in the UK biobank. The package MRbase in R
(4.0.4) was used for LD-pruning of the SNPs identified
in or close to the IL-1 alpha and beta genes.
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STATA16.1 (Stata inc, College Station, TX, USA) was
used for the statistical analysis (www.stata.com).

Results

Comparison of the two population-based samples

The ULSAM sample was older than the PIVUS sam-
ple and consisted of men only. The ULSAM sample also
showed less subjects with an education >12 years, less
smokers, a higher proportion of subjects performing reg-
ular exercise, as well as higher proportions of the MetS
criteria for triglycerides and blood pressure, but lower
proportion of the waist circumference criteria when
compared to the PIVUS sample. No differences with a
p-value<0.05 were seen for the proportion of MetS or
the MetS criteria for glucose or HDL-cholesterol.

Protein measurements

Of the 92 proteins included in the CVD-1 chip, 86
showed a call-rate above 75%. All but 8 showed a call-
rate >95% and 67 showed a call-rate of 100%. The six
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excluded proteins were: B-nerve growth factor, SIR2-like
protein, interleukin-4 [IL-4], brain natriuretic peptide
[BNP], nuclear factor-kB essential modulator and melu-
sin [[TGB1BP2].

These 86 proteins were available in 996 subjects in the
PIVUS study and in 785 subjects in the ULSAM study.

The different MetS components vs proteomics

in cross-sectional analysis

Using logistic regression analysis, nine of the 86 pro-
teins were related to all five components of the MetS in
PIVUS following adjustment for life-style factors using
FDR<0.05 (Leptin, Fatty acid-binding protein 4 (FABP4),
Tissue-type plasminogen activator (t-PA), Interleu-
kin-1 receptor antagonist protein (IL-1RA, see Fig. 1),
Hepatocyte growth factor (HGF), Tumor necrosis factor
ligand superfamily member 14 (TNEFSF14), Cathepsin
D (CTSD), C-C motif chemokine 3 (CCL3), Chitinase-
3-like protein 1 (CHI3L1)) (for details see Additional
file 1: Table S1).

IL-1RA vs GLU-criteria in PIVUS
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Fig. 1 Relationships between Interleukin-1 receptor antagonist (IL.-1RA) and the five components of the metabolic syndrome in PIVUS; glucose
(GLU), blood pressure (BP), triglycerides (TG), HDL-cholesterol and waist circumference (WC). Logistic regression analysis was used to relate the
proportion of these 5 components to IL-1RA. Graph is given with margins (and 95% Cl) at each 0.5 SD, since IL-1RA is given at a SD-scale
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Of those nine proteins, only IL-1RA was related to all
five components of the MetS in ULSAM following adjust-
ment for life-style factors using p<0.05 when applying
logistic regression analysis (see Fig. 2). Leptin, FABP4,
t-PA, HGF, and CTSD was associated with all MetS com-
ponents with the exception of blood pressure. See Table 2
and Additional file 1: Table S2 for details.

Longitudinal analysis of incident MetS in PIVUS
Using logistic regression analysis, IL-1RA was signifi-
cantly related to incident MetS in the PIVUS study dur-
ing 5 years follow-up (number of events=109) when
adjusted for smoking, exercise habits, education, and
energy and alcohol intake (HR 1.76 for a 1 SD change
(95% CI 1.38, 2.24), p=4.3*10"°, see Fig. 3). For all 86
proteins vs incident MetS in PIVUS, please see Fig. 4.
When the five replicated proteins identified as being
related to four of the different components of the MetS
were evaluated in relation to incident MetS in the PIVUS
study in a secondary analysis using logistic regression
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analysis, all but t-PA were associated with incident MetS
following Bonferroni-adjustment for 5 tests (HR 1.93
(95% CI 1.46, 2.55) for HGF, HR 1.76 (1.38, 2.24) for IL-
1RA, HR 1.88 (1.42, 2.48) for leptin, HR 1.76 (1.33, 2.32)
for FABP4, HR 1.49 (1.14, 1.94) for CTSD, and HR 1.32
(1.02, 1.70), p=0.034, for t-PA). Data for the proteins
showing p<0.05 in relation to incident MetS in PIVUS
over 5 years are given in Table 3.

Mendelian randomization of IL-1RA vs MetS
Two cis-SNPs (rs12990810 and rs6734238) were identi-
fied to be GWAS-significantly related to IL-1RA levels
in the SCALLOP consortium [17]. However, when using
those as instrumental variables in a Mendelian rand-
omization analysis using the GWAS of MetS in the UK
biobank applying a meta-analysis of the two Wald ratios,
no evidence for a causal effect of IL-1RA on MetS was
found (beta 0.009, 95% CI —0.052 to 0.070, p=0.77).

In an exploratory analysis, we further evaluated if the
150 SNPs in and near the IL1-alpha and IL1-beta genes
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Fig. 2 Relationships between Interleukin-1 receptor antagonist (IL.-1RA) and the five components of the metabolic syndrome in ULSAM; glucose
(GLU), blood pressure (BP), triglycerides (TG), HDL-cholesterol and waist circumference (WC). Logistic regression analysis was used to relate the
proportion of these 5 components to IL-1RA. Graph is given with margins (and 95% Cl) at each 0.5 SD, since IL-1RA is given at a SD-scale
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Table 2 Odds ratio (OR), standard error (SE), Wald z, p-values
and 95% ClI for the six proteins that in the PIVUS study were
significantly associated with all five metabolic syndrome (MetS)
components in PIVUS (false discovery rate at 5%) and with
at least 4 of the 5 MetS components in the ULSAM study (at
nominal p-values p <0.05)

OR SE z p-value  95%ClI
Leptin
PIVUS
Fasting glucose 1.34 14 279 53e—03 1.09-1.66
Blood pressure 1.86 22 515  27e—07 147-237
Triglycerides 151 a7 364 27e—04 1.21-1.89
HDL—cholesterol 158 .18 401 6.1e—05 1.26-1.99
Waist circumference  6.27 90 1272  47e=37 472-832
ULSAM
Fasting glucose 1.74 20 461  40e—06 137-220
Blood pressure 1.09 .18 054 59e—01 .78-152
Triglycerides 1.85 21 524 16e—07 147-233
HDL-cholesterol 136 .16 259  96e—03 1.07-1.73
Waist circumference  5.50 1.09 856 1.1e—17 372-813
t-PA
PIVUS
Fasting glucose 122 .10 232 20e—02 1.03-146
Blood pressure 129 1 279 53e—03 1.07-1.55
Triglycerides 1.74 7 551 37e—08 143-2.13
HDL-cholesterol 146 .14 381  14e—04 1.20-1.77
Waist circumference  1.86 15 730  28e—13  1.57-2.20
ULSAM
Fasting glucose 2.28 28 6.68  24e—11 1.79-2.90
Blood pressure 1.09 15 065 52e—01 .83-143
Triglycerides 243 30 705 18e—12  190-3.11
HDL-cholesterol 150 17 352 44e—04 1.19-1.89
Waist circumference 212 27 583 55e—09 1.64-273
FABP4
PIVUS
Fasting glucose 129 12 278 55e—03 1.08-1.56
Blood pressure 140 15 320 14e—03 1.14-1.73
Triglycerides 1.79 18 5.61 20e—08  1.46-2.19
HDL-cholesterol 165 17 472  23e—06  134-203
Waist circumference  3.02 30 1094  0.0001 247-3.68
ULSAM
Fasting glucose 1.58 16 442  97e—06 1.29-193
Blood pressure 120 17 129  20e—-01  .90-1.59
Triglycerides 194 21 608 12e—09 157-241
HDL-cholesterol 1.36 14 289 39e-03 1.10-1.68
Waist circumference  2.87 39 779  65e—15 220-3.75
IL-TRA
PIVUS
Fasting glucose 1.45 11 466 3.1e—=06 1.24-1.71
Blood pressure 166 .18 454  55e—06  133-2.06
Triglycerides 156 13 531 1.1e—07 1.32-184
HDL-cholesterol 1.85 16 6.87 62e—12  155-221
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Table 2 (continued)
OR SE z p-value  95%Cl
Waist circumference 248 22 1020 20e—24  2.08-295
ULSAM
Fasting glucose 1.39 13 345 55e—04 1.15-1.68
Blood pressure 137 20 209 37e—02 1.01-184
Triglycerides 180 .18 573  1.0e—08 147-2.20
HDL-cholesterol 1.52 15 407  48e—05 124-187
Waist circumference  1.71 18 503 49e—-07 139-2.12
HGF
PIVUS
Fasting glucose 1.38 11 387  1.1e—=04 1.17-1.63
Blood pressure 126 .12 233 20e—02 1.03-1.54
Triglycerides 146 12 432  16e—05 1.23-173
HDL-cholesterol 1.81 a7 629 33e—10 1.50-2.18
Waist circumference 193 16 783  50e—15 1.64-2.28
ULSAM
Fasting glucose 1.39 13 334 83e—04 1.14-1.69
Blood pressure 105 .14 037 7.1e-01 .79-138
Triglycerides 146 14 379  1.5e—04 120-1.78
HDL-cholesterol 130 13 250 1.3e—02 1.05-1.60
Waist circumference  1.50 16 3.81 14e—04  1.22-1.86
CTSD
PIVUS
Fasting glucose 1.63 14 560 21e—-08 1.37-1.93
Blood pressure 127 12 249  13e—02 1.05-155
Triglycerides 182 .16 649 83e—11 152-219
HDL-cholesterol 1.73 16 569 12e—08 143-2.09
Waist circumference  1.73 14 6.75 15e—11 147-2.03
ULSAM
Fasting glucose 192 21 592  33e—-09 1.55-2.39
Blood pressure 1.05 14 037 7.1e—01  .80-1.38
Triglycerides 1.70 .18 500 58e—07 1.38-2.09
HDL-cholesterol 144 16 329 1.0e—03 1.15-1.79
Waist circumference  1.56 a7 398  7.0e—05 1.25-1.94

OR, p-values, and 95% Cl are given in both the PIVUS study and the ULSAM
study for the different MetS criteria. t-PA: Tissue-type plasminogen activator;
FABP4: Fatty acid-binding protein 4; IL-1RA: Interleukin-1 receptor antagonist
protein; HGF: Hepatocyte growth factor; CTSD: Cathepsin D

(2:113531491-113542167 and 2:113587327-113594480,
respectively, using GRCh37/hgl9) were related to MetS
using the GWAS of MetS in the UK biobank. Following
LD-pruning, these 150 SNPs represent 6 independent loci
(rs112536764, rs114021768, rs115781547, rs116681462,
rs138451217 and rs41294736). The top locus of the 150
evaluated SNPs (rs3136558) showed p=0.0012, being far
from GWAS-significant (see Additional file 1: Table S3).
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IL-1RA vs incident MetS in PIVUS
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Fig. 3 Relationships between Interleukin-1 receptor antagonist (IL.-1RA) and incident metabolic syndrome (MetS) in PIVUS. Logistic regression
analysis was used to relate the proportion of incident MetS to IL-1RA. Graph is given with margins (and 95% Cl) at each 0.5 SD, since IL-1RA is given
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Discussion of the present study is the validation in an independent

The present study discovered and validated one protein
to be related to all five components of the MetS (IL-1RA).
IL-1RA was also related to incident MetS over 5 years of
follow-up in the longitudinal evaluation, but a Mendelian
randomization did not find support for a casual asso-
ciation between circulating levels of this protein and the
MetS.

Comparison with the literature

We have previously reported an analysis of the proteomic
profile of different MetS components using 249 proteins
in another community-based sample (the EpiHealth
study, n=2444) [12]. In that study, twenty proteins
were related to all five of the MetS components follow-
ing Bonferroni-adjustment. IL-1RA, the most interesting
protein in the present study, was amongst the top ranked
proteins in terms of relationships with all MetS compo-
nents also in the EpiHealth study. Of the other proteins
being related to five or 4 components in both PIVUS and
ULSAM, Leptin, FABP4, t-PA, HGF, and CTSD, all but
HGF were related to all 5 MetS components in the Epi-
Health cohort. The EpiHealth study had the advantage to
be almost 2.5 time larger than the PIVUS study used for
discovery, and thereby the power was greater. However,
the EpiHealth study was only cross-sectional in its char-
acter, did not include any validation step in a separate
sample, nor were Mendelian randomization analyses per-
formed to assess causality. Thus, the novelty and strength

sample, the extension of the cross-sectional analyses to a
longitudinal setting, and the use of Mendelian randomi-
zation to address causality.

IL-1RA is an endogenous antagonist to IL-1-alpha
and beta, and is elevated in proportion to the activa-
tion of IL-1 [18]. Since this protein is easier to detect in
plasma than the agonists, this is a commonly used as a
marker for IL-1-pathway activation. The fact that IL-
1RA was related to all five of the components of MetS,
including the blood pressure criteria, made this protein
an interesting candidate for further exploration. The fact
that is was related also to incident MetS in the longitudi-
nal analysis might indicate that this protein, or the IL-1
pathway, could be of pathogenetic importance for the
clustering of risk factors, but it could not excluded that
high IL-1RA levels are a consequence of the syndrome
rather than causing MetS. This latter explanation is prob-
ably the most likely, since our two-sample MR analysis
did not show any causal effect of IL-1RA on MetS, and
the recently published SCALLOP analysis of proteins
on the CVD-1 chip showed that genetic instruments
for BMI, as well as for percent body fat, were causally
related to IL-1RA levels [17]. The link to body fat is fur-
ther supported by a previous study reporting increased
expression of IL-1-beta and IL-1RA in adipose tissue in
obese as compared to lean subjects [19], and weight loss
has been linked to reduced adipose tissue expression of
these cytokines [20]. It has also been shown that visceral
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Proteins vs incident MetS in PIVUS
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Fig. 4 Relationships between the 86 evaluated proteins and incident metabolic syndrome (MetS) over 10 years follow-up in PIVUS. Logistic
regression analysis was used for calculation of odds ratios (OR) and 95% ClI. For abbreviations of the proteins, please see Additional file 1: Table S1
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Table 3 Proteins significantly associated with incident metabolic syndrome (MetS, number of events =109) in the PIVUS study during

5 years follow-up. OR, odds ratio

Protein OR (95% Cl) p-value
Hepatocyte growth factor (HGF) 1.93 (1.46, 2.55) 3.23%10°°
Interleukin-1 receptor antagonist protein (IL-1RA) 1.76 (1.38,2.24) 4.32%107°
Leptin (LEP) 1.88 (1.42,2.48) 000011
Fatty acid-binding protein 4 (FABP4) 1.76 (1.33,2.32) 000065
Tumor necrosis factor ligand superfamily member 14 (TNFSF14) 1.52(1.20,1.92) 00049
Vascular endothelial growth factor A (VEGF-A) 1.54(1.2,1.96) .00055
Growth/differentiation factor 15 (GDF-15) 1.67(1.24,2. 24) 00061
Myoglobin (MB) 148 (1.16,1.90) 0017
Cathepsin D (CTSD) 1.49 (1.14,1.94) 0036
Stem cell factor (SCF) 0.71(0.57,0.90) 0041
Matrix metalloproteinase-12 (MMP-12) 47 (1.12,1.93) .0060
Galanin peptides (GAL) 0.73 (0.56, 0.94) 015
Cystatin-B (CSTB) 4(1.06, 1.71) 016
Placenta growth factor (PIGF) (1 05,1.71) 019
Fractalkine (CX3CL1) 0.76 (0.60, 0.96) 021
Interleukin-6 (IL-6) 7(1.03,1.57) 022
Matrix metalloproteinase-7 (MMP-7) 2(1.03,1.45) 022
Vascular endothelial growth factor D (VEGF-D) 0.75(0.58,0.97) 029
Tissue factor (TF) 0.76 (O 59,0.97) 030
TNF-related apoptosis-inducing ligand receptor 2 (TRAIL-R2) 1(1.03,1.67) 030
Tissue-type plasminogen activator (t-PA) 2(1.02,1.7) 034
E-selectin (SELE) 13 (101, 1.67) 039

adipose tissue (VAT) releases more IL-1-beta than sub-
cutaneous adipose tissue (SAT) [21]. Since excess visceral
adipose tissue is particularly linked to MetS [22], this
might explain the relationship vs MetS also revealed in
the longitudinal analysis.

Another 5 proteins were related to four of the five MetS
components; Leptin, FABP4, t-PA, HGF, and CTSD. For
all of those, no certain link could be established vs the
blood pressure component. All of those, except t-PA,
were associated also with incident MetS. Interestingly,
IL-1RA and the other five proteins found to be related
to five or four of the MetS components were amongst
the proteins previously validated to be linked to insulin
resistance (HOMA-index) in the ULSAM and PIVUS
studies [23]. That was an expected finding since HOMA-
index was closely related to MetS in both cohorts
(p<0.0001 in both samples).

We could generally see that the blood pressure com-
ponent is less likely to be significantly related to proteins
than other MetS components, especially in the ULSAM
cohort. This was also seen in a previous study [12]. There
could be different reasons why blood pressure is the MetS
component that is related to the lowest number of pro-
teins. First, blood pressure is a rather unstable measure-
ment with a lot of variation during the day and between

days. A measurement of HDL or waist circumference is
more stable from day to day. Second, although related to
obesity and insulin resistance, blood pressure is a hemo-
dynamic variable, while the other four components more
directly reflect metabolism. Third, the prevalence of the
blood pressure criteria was very high in both PIVUS and
especially ULSAM (90%), so the power to detect signifi-
cant relationships vs this MetS component is rather low
compared to the others. No significant interactions were
seen between the proteins of interest and sex regarding
the blood pressure component in PIVUS. Thus, the fact
that the validation step only included men does not seem
to explain the low number of proteins being related to
blood pressure in ULSAM.

Only one of the nine proteins identified in the discov-
ery step were replicated in the validation step. This could
be due to different reasons. First, some of the discovery
findings could be chance findings. Two, the two cohorts
differ both in time of collection of data, as well as in age.
Third, although the same methods were used for collec-
tion of data to be used to define MetS components, drifts
in laboratory methods might have occurred over time.
Fourth, although, we did not find any sex-interactions
of interest in the PIVUS discovery stage, the fact that
ULSAM consists of men only might still have an impact.
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Fifth, the ULSAM sample is smaller and therefore have
less power to detect significant relationships. Thus, sev-
eral factors may cause that many proteins were not repli-
cated. However, it is still our belief that it is better to only
report replicated findings to avoid false positive results in
the scientific literature.

As could be seen in Table 1, the two samples differ not
only in age and sex-distribution, but also in other charac-
teristics, such as smoking, exercise habits and education.
However, in order to be regarded as a robust reproduced
result, such as IL-1RA, the result has to be validated in
samples being not identical to the discovery sample.

The strength of the present study is that we could
evaluate a large number of proteins in relation to the
MetS components using independent cohorts and both
cross-sectional and longitudinal data. A limitation is that
the proteins included in the present proteomics assay
were selected for their involvement in atherosclerosis
and cardiovascular disease, rather than insulin resist-
ance or other dimensions of metabolic disturbances. We
also acknowledge the fact that the study was performed
in homogenous populations of elderly Swedes, thus
our findings require replication in other age and ethnic
groups.

In conclusion, IL-1RA was related to all five compo-
nents of the MetS in a cross-sectional analysis in two
independent samples, as well as to incident MetS in a
longitudinal analysis, but was not causally related to
MetS as evaluated by Mendelian randomization analyses.
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