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Objective: Soluble ST2 (sST2), a novel biomarker predictive for heart disease, has recently been shown
associated with the progression of atherosclerotic disease in a mouse model. The present study was
designed to assess sST2 plasma levels in patients scheduled for carotid endarterectomy and relate it with
the occurrence of adverse cardiovascular events during follow-up. In addition, sST2 levels were associ-
ated to patient clinical data and atherosclerotic plaque characteristics.
Methods and results: Plasma sST2 levels were measured in 391 patients who underwent carotid end-
arterectomy and were subsequently followed for 3 years. Primary composite endpoint was the occur-
rence of an adverse cardiovascular event.
At baseline, no differences were observed in sST2 levels between asymptomatic (n ¼ 75) and symp-
tomatic (n ¼ 316) patients (85 [49e122] versus 90 [58e137] pg/ml, p ¼ 0.263). Soluble ST2 plasma levels
did not differ between patients who experienced a secondary manifestation of cardiovascular disease
and patients who remained free of symptoms (90 [60e129] versus 88 [46e140] pg/ml, p ¼ 0.519).
There was no association between sST2 levels and any of the following plaque characteristics: size of a
lipid core, degree of calcification, number of macrophages or smooth muscle cells, amount of collagen
and number of microvessels.
Conclusions: Soluble ST2 plasma levels have no predictive value for future cardiovascular events in
patients with significant carotid artery stenosis. In addition, we did not observe an association between
plasma sST2 levels and the histopathological features of a rupture prone plaque. This study does not
provide supportive evidence that sST2 reflects a progressive state of advanced atherosclerotic disease.

� 2013 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

The aging population leads to an increase of cardiovascular
morbidity and mortality. Biomarkers may facilitate the identifica-
tion of patients at high risk who subsequently can undergo pre-
ventive treatment. ST2, the receptor for the Th2 associated cytokine
l Cardiology (Room G02.523),
100, 3584 CX Utrecht, The
2693.
llems).

nd Ltd. All rights reserved.
interleukin (IL)-33, is a member of the IL-1 receptor family that has
recently gained significant interest in the biomarker research field.
As a result of alternative splicing, ST2 is expressed in a trans-
membrane form (ST2L) and a soluble form (sST2) [1]. Soluble ST2
has been studied extensively as it was shown to be elevated in
patients with cardiovascular disease [2,3]. Moreover, sST2 levels
were demonstrated to have predictive value for the occurrence of
future cardiovascular events in patients suffering from ischemic
heart disease [4].

ST2L, expressed on the surface of many inflammatory cells [5], is
the receptor trough which signalling of IL-33 has been found to
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exert a cardioprotective role. Administration of IL-33 in animal
models of cardiovascular disease resulted in functional improve-
ments and increased survival rates [6e8]. This might explain an
unfavourable role of sST2 in cardiovascular disease [6,8,9] since
capturing of IL-33 by the soluble form of ST2 from the circulation
hampers the beneficial effect of IL-33 [10].

Previous human studies on the predictive value of sST2 for heart
failure and mortality mainly focussed on patients with ischemic
heart disease [11]. In the present study, we investigated the pre-
dictive value of sST2 on future cardiovascular atherosclerotic events
in a patient group with significant carotid artery disease: in this
patient domain the predictive value of sST2 is still unknown. Sol-
uble ST2 protein levels were assessed in the plasma of patients that
underwent carotid endarterectomy and related to the occurrence of
adverse cardiovascular events during follow-up.

In patients with coronary and carotid artery disease, acute car-
diovascular manifestations are often the result of plaque rupture
followed by thrombus formation. Therefore, a particularly inter-
esting observation was that ApoE�/� mice on a high fat-diet
receiving IL-33 treatment developed smaller lesions, while sST2
administration resulted in increased plaque size [9]. Experiments
showing that administration of IL-33 lowered foam cell formation
considerably in vitro and in vivo [12], further support an important
role for the IL-33/ST2 pathway in atherosclerotic plaque develop-
ment. Therefore, in the current study, associations between sST2
plasma levels and the characteristics of a vulnerable plaque have
been investigated.

2. Materials and methods

2.1. Study population and design

A total of 391 patients of the Athero-Express were included in
this study. The Athero-express biobank involves patients that
underwent carotid endarterectomy (CEA) in two Dutch teaching
hospitals in Utrecht and Nieuwegein the Netherlands [13]. Indica-
tion for CEA was based on recommendations by the Asymptomatic
Carotid Atherosclerosis Study, the North American Symptomatic
Carotid Endarterectomy Trial and the European Carotid Surgery
Trial [14e16]. Patients were operated between March 2002 and
August 2008 and randomly selected among those of whom blood
plasma samples were available. The local medical ethical boards of
both participating hospitals approved this study. The participating
patients signed a written informed consent prior to inclusion.
The patient’s baseline characteristics and medical history were
obtained via questionnaires and the patient medical records.

2.2. Follow-up

After CEA patients were followed up to 3 years by questionnaire.
Primary outcome was defined as any cardiovascular event
including; (non-) fatal stroke, (non-) fatal myocardial infarction,
sudden death and other vascular death and any invasive arterial
intervention that had not been planned at the time of inclusion (e.g.
carotid surgery or angioplasty, coronary artery bypass grafting
(CABG), percutaneous transluminal coronary angioplasty (PTCA),
peripheral vascular surgery or angioplasty).

2.3. Materials

The carotid plaques used in this study were processed as
described previously [13]. In short, after surgical dissection the
plaque was cut into segments of 5 mm. The segment with the
largest plaque area was fixed in formalin and embedded in paraffin
for histology. The two adjacent sections were frozen in liquid
nitrogen and used for protein isolation. In addition, blood was
drawn prior to CEA procedure and plasma was stored at �80 �C.

2.4. Quantification of sST2 levels in patient plasma

Soluble ST2 levels were measured with an IL-1 R4/ST2 enzyme-
linked immunosorbent assay (ELISA, RayBiotech, Norcross, Georgia,
USA) according to the manufacturer’s instructions. In brief, plasma
samples 1:1 diluted with dilution buffer and standards were
incubated for 2.5 h in a 96-well plate pre-coated with a capture
antibody for human ST2. After the 96-well plate was washed using
an automatic washer, a biotin labelled anti-human ST2 antibody
was added to the wells. In between washes, the HRP antibody was
added, followed by administration of the substrate. After 30 min
the stop solutionwas added and the luminescencewasmeasured at
450 nm with an ELISA reader (Multiskan FC, Thermo Fisher Scien-
tific, Vantaa, Finland). The upper detection limit of the RayBio�

human IL-1 R4/ST2 ELISA kit was 1200 pg/ml and the lower limit of
detection was 2 pg/ml, with an intra-assay CV<10% and inter-assay
CV<12%.

2.5. Plaque protein measurements

To investigate whether sST2 levels are associated with the pla-
que’s inflammatory status, we used expression data of pro-and
anti-inflammatory cytokines e.g. IL-2, IL-4, IL-5, IL-6, IL-8, IL-10,
INF-g and TNF-a that were available from measurements of a
previous study. These expression levels had been assessed in 211 of
the carotid atherosclerotic plaques that were included for the cur-
rent study by Fluorescent Bead Immunoassay 810FF (Bendermed
Systems, Vienna, Austria).

2.6. Kidney function assessment

Kidney function was determined by calculating the glomerular
filtration rate (eGFR) expressed in ml/min/1.73 m2 as previously
described [17]. Serum creatinin was measured in blood plasma.

2.7. Immunohistochemistry

Consecutive sections were stained for CD68 (macrophages),
smooth muscle cells (alpha actin) CD66 (neutrophils), mast cell
tryptase (mast cells) and CD34 (endothelial cells). As previously
described, image-analyzing software (Soft Imaging Solutions
GmbH, Münster, Germany) was used to determine positive
macrophage and smooth muscle cell staining expressed as a per-
centage of covered plaque area. Microvessels were counted in three
hot-spots and were expressed as average microvessel density per
hotspot [18]. The presence of intraplaque hemorrhagewas assessed
with Hematoxylin and Eosin (H&E) staining and fibrin (Mallory’s
phosphotungstic acid-hematoxylin) [19]. Calcification (H&E) and
collagen content (Picrosirius red) were scored semi-quantitatively.
The size of the extracellular lipid core (atheroma) was assessed by
the H&E and Picrosirius red stain [13]. Overall plaque phenotype
was based on the percentage of confluent lipid areas of the total
plaque area that were visually estimated (fibrous: <10% fat;
fibroatheromatous: 10%e40%; atheromatous: >40% fat).

2.8. Statistics and data analysis

IBM SPSS statistics version 20 was used for all analyses (IBM
corporation, Armonk, NY, USA). Soluble ST2 levels are not normally
distributed; non-parametrical testing was used to determine dif-
ferences. The Wilcoxon signed rank test was applied to compare
differences in sST2 levels before and after surgery. The Spearman
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correlation coefficient was calculated to assess associations
between sST2 and all continuous variables in this study.
The ManneWhitney U test was used to study sST2 levels as a
continuous variable for all risk factors. To assess the independent
association between sST2 plasma levels and history of cardiovas-
cular events and interventions, a binary logistic regression model
was used in which we corrected for the potential confounders age
and diabetes. The relation between sST2 and the occurrence of
future manifestations during follow-up was examined using the
cox-regression survival analysis. Differences were considered
significant with a p-value of below 0.05.

3. Results

3.1. Baseline characteristics

Soluble ST2 plasma levels were measured in a total of 391 pa-
tients that underwent carotid endarterectomy. In Table 1 the
baseline clinical characteristics of the patients are depicted. With a
mean age of 67 years and 67%males, the study population reflects a
relatively typical population of patients with cerebral vascular
occlusive diseases. Themajority of patients was symptomatic (81%),
hypertensive (87%) and used statins (74%).

3.2. Soluble ST2 plasma levels and clinically relevant characteristics

Table 1 summarises the associations between sST2 expression
levels and relevant clinical characteristics. Plasma sST2 levels
correlated with age (r ¼ 0.240, p ¼ 0.037). Higher sST2 levels were
observed in males compared to females (91.8 [62.3e145.0] versus
76.7 [47.1e111.2] pg/ml, p ¼ 0.002) and in patients with diabetes
Table 1
Baseline characteristics of the patients in relation to sST2 plasma levels.

sST2 (pg/mL) p-value

Age, mean years (sd) 67 (9) r ¼ �0.119 0.018
BMI, mean kg/m2 (sd) 27 (4) r ¼ 0.053 0.318
Sex
Male 263/391 (67%) 91.8 [62.3e145.0] 0.002
Female 128/391 (33%) 76.7 [47.1e111.2]

Current smoker
Yes 133/383 (35%) 90.5 [53.8e137.8] 0.926
No 250/383 (65%) 89.4 [60.4e128.2]

Diabetes mellitus
Yes 88/391 (23%) 106.4 [62.8e181.6] 0.021
No 303/391 (77%) 88.0 [55.0e125.3]

Statin use
Yes 288/389 (74%) 89.5 [55.6e141.8] 0.591
No 101/389 (26%) 88.3 [58.0e124.4]

Hypertension
Yes 340/391 (87%) 88.5 [57.5e130.5] 0.588
No 51/391 (13%) 100.9 [57.2e127.4]

History peripheral intervention
Yes 71/391 (18%) 95.3 [64.9e160.4] 0.244
No 320/391 (82%) 88.7 [56.1e126.9]

History coronary artery disease
Yes 104/391 (27%) 100.8 [69.6e153.4] 0.007
No 285/391 (73%) 84.4 [52.6e126.4]

Clinical presentation
Asymptomatic 75/391 (19%) 85.1 [48.6e121.5] 0.263*
Symptomatic 316/391 (81%) 90.0 [58.2e136.8]
Amaurosis fugax 56/316 (18%) 89.0 [59.4e164.1]
TIA 180/316 (57%) 91.8 [55.3e127.1]
Stroke 80/316 (25%) 87.7 [63.4e155.4]

Data are presented as No. (%) and median [IQR] unless otherwise indicated;
r ¼ Spearman’s rank correlation coefficient; sd ¼ standard deviation;
IQR¼ interquartile range; BMI¼ bodymass index; TIA¼ transient ischemic attack; *
p-value represents statistical analysis for asymptomatic patients versus symptom-
atic patients (composed of amaurosis fugax, TIA and stroke).
mellitus (106.4 [62.8e181.6] versus 88.0 [55.0e125.3] pg/ml,
p ¼ 0.021). Furthermore, we observed that patients with a history
of coronary artery disease that previously experienced amyocardial
infarction (MI) or underwent PTCA/CABG had higher sST2 levels
(100.8 [69.6e153.4] versus 84.4 [52.6e126.4] pg/ml; p ¼ 0.007).
However, in a logistic regression model controlling for age and
diabetes, sST2 levels were no longer associated with previous MI or
coronary interventions. Soluble ST2 levels were not significantly
higher in patients that previously underwent a peripheral artery
intervention (95.3 [64.9e160.4] versus 88.7 [56.1e126.9] pg/ml;
p ¼ 0.244).

Clinical presentation was not associated with sST2 levels: no
differences were observed in sST2 levels between asymptomatic
patients (n ¼ 75) and symptomatic (n ¼ 316) patients (85 [49e122]
versus 90 [58e137] pg/ml, p ¼ 0.263). Additionally, no association
was found between sST2 levels and the delay between surgery and
presentation of symptoms.

3.3. Relation of sST2 and other biomarkers

A correlation was found between sST2 and the acute phase
protein CRP mg/l (r ¼ 0.107, p ¼ 0.035). Kidney function expressed
as eGFR (ml/min/1.73 m2) correlated negatively with sST2
(r ¼ �0.165, p ¼ 0.008).

3.4. Outcome

A total of 75 out of 391 patients suffered from secondary car-
diovascular manifestations during a 3-year follow-up. There was no
significant difference in baseline sST2 plasma levels between
patients that did and those that did not experience a cardiovascular
event (90 [60e129] versus 88 [46e140] pg/ml, p¼ 0.519). Likewise,
when divided into two groups by the median, high sST2 levels did
not associate with secondary manifestations of cardiovascular
disease (39 [20%] in the low level sST2 group versus 36 [19%] events
in the high sST2 group; Fig. 1). Median sST2 levels were higher in
patients that experienced a cardiac event (n ¼ 10), but this did not
reach significance (p ¼ 0.324). Soluble ST2 plasma levels were
significantly higher in patients with all-causemortality (88.2 versus
111.8 pg/ml; n ¼ 24, p ¼ 0.031). However in a cox regression
Fig. 1. KaplaneMeier survival curves for sST2 plasma levels versus combined cardio-
vascular outcome after carotid endarterectomy. High sST2 levels (continuous line)
versus low sST2 levels (dashed line) based on the median (89 pg/ml) as a cut-off value
(p ¼ 0.861). The numbers of patients at risk for cardiovascular events are shown at 0, 1,
2 and 3 years after endarterectomy.
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analysis correcting for age and gender, sST2 was no longer pre-
dictive (p ¼ 0.134)

3.5. Plasma sST2 levels and plaque characteristics

As depicted in Table 2, sST2 levels were not associated with
plaque phenotype categorised in three groups: fibrous, fibroa-
theromatous, atheromatous (88.2 [48.9e126], 85.5 [53.3e130.9],
92 [67.1e139.8] pg/ml respectively; p ¼ 0.242). There was no as-
sociation between sST2 levels and any of the following plaque
characteristics: calcification, collagen, smooth muscle cells, mac-
rophages, neutrophils or mast cells (Tables 2 and 3). In addition,
sST2 levels were not related to the plaque protein levels of the anti-
or pro- inflammatory cytokines (Table 3). Although no association
was found between sST2 levels and microvessel density, an in-
crease of sST2 level was observed in patients with plaques that
scored positive for intraplaque hemorrhage (92.6 [61.9e144.9]
versus 80.3 [49.4e107.5] pg/ml, p ¼ 0.004).

4. Discussion

Soluble ST2 is emerging as a novel biomarker for prediction of
mortality and heart failure in patients with established cardiac
disease. Multiple studies showed that sST2 is a biomarker that adds
value in risk prediction for development of cardiac disease on top of
traditional risk factors and other biomarkers in patients with
ischemic heart disease [11]. Stenosis or rupture of the atheroscle-
rotic plaque is the underlying cause for myocardial infarction or
heart failure of ischemic aetiology. Experimental studies have
shown a possible role for the IL-33/ST2 pathway in progression of
the atherosclerotic plaque [9,12], but studies revealing an associa-
tion between sST2 and atherosclerotic lesion phenotype in humans
is lacking. Therefore, we aimed to investigate whether sST2 levels
would have predictive value for adverse cardiovascular events in a
patient group with clinically manifest cerebral artery disease. In
addition, the dissection of atherosclerotic plaques in this patient
group allowed an association study between sST2 levels and
atherosclerotic plaque phenotype.

Here we show that baseline sST2 levels have no predictive value
for future combined cardiovascular events in a patient group with
severe carotid stenosis that underwent an endarterectomy. Our
results suggest that sST2 is a less potent biomarker for adverse
events in the presence of cerebral ischemic disease compared to
patients suffering from cardiac ischemic disease. There are several
potential explanations for this observation. In the presence of
myocardial infarction and subsequent heart failure, severe tissue
Table 2
Soluble ST2 plasma levels with respect to the histological parameters of the plaque.

sST2 (pg/mL) p-value

Plaque phenotype
Fibrous 125/391 (32%) 88.2 [48.9e126.0] 0.242
Fibroatheromatous 143/391 (37%) 85.5 [53.3e130.9]
Atheromatous 123/391 (31%) 92.2 [67.1e139.8]

Intraplaque haemorrhage
Yes 272/391 (70%) 92.6 [61.9e144.9] 0.004
No 119/391 (30%) 80.3 [49.4e107.5]

Collagen
Minor 76/391 (19%) 106.0 [60.4e142.7] 0.402
Moderate 219/391 (56%) 86.5 [56.2e127.3]
Heavy 96/391 (25%) 88.1 [57.4e132.4]

Calcification
No/minor 168/391 (43%) 86.9 [56.6e143.0] 0.619
Moderate/heavy 223/391 (57%) 89.8 [57.4e127.1]

Data are presented as Spearman’s rank correlation coefficient (r) or median [inter-
quartile ranges].
damage and remodelling takes place in a relatively short time span
whereas in the presence of carotid stenosis tissue damage may be
minimal or temporary. Furthermore, a significant number of
patients suffered from relative minor complications as transient
ischemic attack or amaurosis fugax. Another explanation is that
bloodwas drawnprior to surgerywhich is executedweeks after the
index event whereas in cardiac ischemia the intervention is
executed mostly in the acute phase.

No difference in sST2 levels was observed between asymp-
tomatic and symptomatic patients at the moment of admission for
surgery. Previous studies have shown that sST2 rises to extreme
levels within 24 h after myocardial infarction or cardiovascular
interventions after which they return to baseline levels within a
few days [20e22]. This indicates that the time of blood withdrawal
is of great importance since the delay following a cardiovascular
event strongly influences sST2 levels. Therefore, we examined
whether the delay between operation and the presentation of
symptoms was associated with sST2 levels. We showed that the
delay did not alter the sST2 levels. However, it merits careful
consideration that patients were often scheduled about 10 weeks
after presenting clinical symptoms, which might explain the nor-
malisation of sST2 levels. Current guidelines have resulted in much
shorter delays between the cerebrovascular event and surgery
which is relevant before extrapolating results to current practice. In
the current follow-up study we could not select sufficient numbers
of patients presenting with stroke who were operated within 1e2
weeks to investigate whether sST2 levels were increased within
this few day time frame.

Interestingly, higher sST2 levels were observed in patients with
previous cardiac events or coronary interventions, but not in
patients with history of peripheral interventions. However, after
adjusting for confounders in a logistic regression model, other risk
factors were found to be responsible for this effect. Unfortunately,
we were underpowered for analysing risk prediction in the sub-
group of patients suffering from adverse cardiac events during
follow-up. Nevertheless, in line with previous research, a positive
correlation between all-cause mortality and sST2 levels was
observed [23e28]. We confirmed the previously reported positive
association between CRP and sST2 levels [3,24,28e30]. Further-
more, our data concord with previous studies associating sST2
levels with, age, gender and diabetes mellitus [23,26,30e33]. In
addition, in our cohort a positive correlation between sST2 and CKD
was observed confirming previous observations [34]. This is of
interest as CKD has previously been shown one of the most
important determinants for future cardiovascular events [17].

Another research question we addressed was whether sST2
levels associated with plaque phenotype. Previously, sST2 admin-
istration in ApoE�/� mice resulted in the development of larger
atherosclerotic plaques, although collagen content and inflamma-
tory and smooth muscle cell numbers were not altered [9].
We studied advanced atherosclerotic disease and therefore our
study cannot address the question if sST2 plasma levels are asso-
ciated with plaque size in humans. However, we could investigate
whether sST2 levels were associated with histological markers of
plaque vulnerability. In line with the previously reported mouse
data, we showed that sST2 plasma levels in patients with carotid
artery disease are not related to most of the established charac-
teristics of the rupture-prone atherosclerotic plaques. Nevertheless,
we observed an association with intraplaque bleeding which war-
rants further research since plaque hemorrhage is considered an
emerging determinant of plaque destabilisation.

Signalling of IL-33 trough ST2L has been found to stimulate Th2
associated cytokine production [35], which is abolished by sST2
acting as a decoy receptor for IL-33 [10]. We therefore investigated
whether high levels of sST2 would prevent Th2 associated cytokine



Table 3
Soluble ST2 plasma levels with respect to inflammatory markers in the plaque.

Q1 Q2 Q3 Q4 p-value Spearman (r) p-value

sST2 pg/ml [<57.4] [57.4e89.4] [98.5e130.3] [>130.3]
Plaque histology
Patient numbers (n) 98 99 97 97
Microvessel density 8.3 [5.7e11.3] 8.3 [5.2e11.7] 7.7 [5.0e11.1] 7.7 [4.8e11.9] 0.489 �0.028 0.624
Smooth muscle cells 2.01 [0.74e3.83] 2.65 [0.96e4.12] 1.55 [0.52e3.14] 1.69 [0.55e4.02] 0.088 �0.085 0.094
Macrophages 0.72 [0.18e1.50] 0.75 [0.22e2.08] 0.68 [0.17e1.35] 0.65 [0.18e1.54] 0.376 �0.035 0.491
Plaque protein
Patient numbers (n) 49 62 51 49
IL-2 pg/ml 184 [0e357] 229 [104e533] 153 [4e335] 190 [0e364] 0.104 0.004 0.950
IL-4 pg/ml 144 [0e351] 180 [70e372] 126 [0e283] 168 [0e316] 0.329 0.016 0.819
IL-5 pg/ml 126 [22e324] 153 [65e358] 116 [56e231] 123 [0e304] 0.609 �0.037 0.594
IL-6 pg/ml 53 [16e125] 50 [12e139] 38 [18e81] 31 [14e75] 0.667 �0.098 0.158
IL-8 pg/ml 41 [8e164] 48 [7e230] 60 [6e153] 43 [1e151] 0.888 �0.047 0.497
IL-10 pg/ml 18 [0e64] 22 [8e78] 14 [0e40] 20 [0e51] 0.280 �0.011 0.868
TNF-a pg/ml 12 [0e28] 12 [4e39] 8 [0e22] 15 [0e33] 0.621 �0.030 0.662
IFN-y pg/ml 53 [3e248] 90 [29e318] 78 [14e177] 91 [8e235] 0.473 0.023 0.740

Data are presented as Spearman’s rank correlation coefficient (r) or median [interquartile ranges].
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production and redirected the balance to the Th1 associated cyto-
kines. In this study we did not find an association between sST2
levels and any of the cytokines related to a Th1 or Th2 inflammatory
response in the plaque. Taken together, these data suggest that
serum sST2 levels do not influence atherosclerotic plaque pro-
gression nor their inflammatory profile. Keeping in mind that sST2
levels increase fast and to extreme levels after trauma or surgical
procedures, this might indicate that sST2 is just a plain marker for
systemic inflammation.

5. Conclusions

The associations found between sST2 and traditional risk fac-
tors, other biomarkers and all-cause mortality are in line with
previous studies. Soluble ST2 levels have not been found associated
with any of the histopathological characteristics of a rupture-prone
plaque. Together with the observation that sST2 levels are not
elevated in patients that develop secondary cardiovascular events,
this study suggests that sST2 levels are not related to progression of
atherosclerotic disease following cerebrovascular ischemia. This
implies that sST2 levels may have added value in risk prediction for
cardiac disease in patients with acute manifestations of myocardial
ischemia or severe chronic heart failure, but not in a subgroup of
patients with cerebrovascular disease.

Conflict of interest

None declared.

Author contributions

Patient inclusionwas performed byG.J.d.B., J-P.P.M.d.V. and F.L.M.;
S.W. andG.P. interpreted the data andwrote the paper; P.H.A.Q., I.E.H.
and D.P.V.d.K. participated in the analysis, discussion and interpre-
tation of the data; Figures were created by S.W. All authors were
involved in finalising the manuscript and approved the final version.

Acknowledgements

This research forms part of the Project P1.03 PENT of the
research program of the BioMedical Materials Institute, co-funded
by the Dutch Ministry of Economic Affairs, Agriculture and Inno-
vation. The financial contribution of the Dutch Heart Foundation is
gratefully acknowledged.
References

[1] Bergers G, Reikerstorfer A, Braselmann S, Graninger P, Busslinger M. Alter-
native promoter usage of the Fos-responsive gene Fit-1 generates mRNA
isoforms coding for either secreted or membrane-bound proteins related to
the IL-1 receptor. EMBO J 1994;13:1176e88.

[2] Weinberg EO, Shimpo M, Hurwitz S, et al. Identification of serum soluble ST2
receptor as a novel heart failure biomarker. Circulation 2003;107:721e6.

[3] Bartunek J, Delrue L, Van Durme F, et al. Nonmyocardial production of ST2
protein in human hypertrophy and failure is related to diastolic load. J Am Coll
Cardiol 2008;52:2166e74.

[4] Miller AM, Liew FY. The IL-33/ST2 pathwayea new therapeutic target in
cardiovascular disease. Pharmacol Ther 2011;131:179e86.

[5] Schmitz J, Owyang A, Oldham E, et al. IL-33, an interleukin-1-like cytokine
that signals via the IL-1 receptor-related protein ST2 and induces T helper
type 2-associated cytokines. Immunity 2005;23:479e90.

[6] Sanada S, Hakuno D, Higgins L, et al. IL-33 and ST2 comprise a critical
biomechanically induced and cardioprotective signaling system. J Clin Invest
2007;117:1538e49.

[7] Seki K, Sanada S, Kudinova AY, et al. Interleukin-33 prevents apoptosis and
improves survival after experimental myocardial infarction through ST2
signaling. Circ Heart Fail 2009;2:684e91.

[8] Turnquist HR, Zhao Z, Rosborough BR, et al. IL-33 expands suppressive
CD11bþ Gr-1int and regulatory T cells, including ST2Lþ Foxp3þ cells, and
mediates regulatory T cell-dependent promotion of cardiac allograft survival.
J Immunol 2011;187:4598e610.

[9] Miller AM, Xu D, Asquith DL, et al. IL-33 reduces the development of
atherosclerosis. J Exp Med 2008;205:339e46.

[10] Hayakawa H, Hayakawa M, Kume A, Tominaga S. Soluble ST2 blocks
interleukin-33 signaling in allergic airway inflammation. J Biol Chem
2007;282:26369e80.

[11] Willems S, Hoefer I, Pasterkamp G. The role of the interleukin 1 receptor-like 1
(ST2) and Interleukin-33 pathway in cardiovascular disease and cardiovas-
cular risk assessment. Minerva Med 2012;103:513e24.

[12] McLaren JE, Michael DR, Salter RC, et al. IL-33 reduces macrophage foam cell
formation. J Immunol 2010;185:1222e9.

[13] Verhoeven BAN, Velema E, Schoneveld AH, et al. Athero-express: differential
atherosclerotic plaque expression of mRNA and protein in relation to car-
diovascular events and patient characteristics. Rationale and design. Eur J
Epidemiol 2004;19:1127e33.

[14] Endarterectomy for asymptomatic carotid artery stenosis. Executive com-
mittee for the asymptomatic carotid atherosclerosis study. JAMA 1995;273:
1421e8.

[15] Rothwell P, Eliasziw M, Gutnikov S, et al. Analysis of pooled data from the
randomised controlled trials of endarterectomy for symptomatic carotid
stenosis. Lancet 2003;361:107e16.

[16] Halliday A, Mansfield A, Marro J, et al. Prevention of disabling and fatal strokes
by successful carotid endarterectomy in patients without recent neurological
symptoms. Randomised controlled trial. Lancet 2004;363:1491e502.

[17] Van Lammeren GW, Moll FL, Blankestijn PJ, et al. Decreased kidney function:
an unrecognized and often untreated risk factor for secondary cardiovascular
events after carotid surgery. Stroke 2012;42:307e12.

[18] Hellings WE, Peeters W, Moll FL, et al. Composition of carotid atherosclerotic
plaque is associated with cardiovascular outcome: a prognostic study.
Circulation 2010;121:1941e50.

[19] Derksen WJM, Peeters W, Van Lammeren GW, et al. Different stages of
intraplaque hemorrhage are associated with different plaque phenotypes: a
large histopathological study in 794 carotid and 276 femoral endarterectomy
specimens. Atherosclerosis 2011;218:369e77.

http://refhub.elsevier.com/S0021-9150(13)00500-5/sref1
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref1
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref1
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref1
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref1
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref2
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref2
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref2
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref3
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref3
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref3
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref3
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref4
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref4
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref4
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref4
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref5
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref5
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref5
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref5
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref6
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref6
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref6
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref6
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref7
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref7
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref7
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref7
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref8
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref9
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref9
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref9
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref10
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref10
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref10
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref10
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref11
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref11
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref11
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref11
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref12
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref12
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref12
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref13
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref13
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref13
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref13
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref13
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref14
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref14
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref14
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref14
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref15
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref15
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref15
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref15
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref16
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref16
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref16
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref16
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref17
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref17
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref17
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref17
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref18
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref18
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref18
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref18
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref19
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref19
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref19
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref19
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref19


S. Willems et al. / Atherosclerosis 231 (2013) 48e53 53
[20] Weinberg EO, Schimpo M, De Keulenaer GW, et al. Expression and regulation
of ST2, an interleukin-1 receptor family member, in cardiomyocytes and
myocardial infarction. Circulation 2002;106:2961e6.

[21] Szerafin T, Niederpold T, Mangold A, et al. Secretion of soluble ST2-possible
explanation for systemic immunosuppression after heart surgery. Thorac
Cardiovasc Surg 2009;57:25e9.

[22] Willems S, Sels JW, Flier S, et al. Temporal changes of soluble ST2 after car-
diovascular interventions. Eur J Clin Invest 2012;43:113e20.

[23] Mueller T, Dieplinger B, Gegenhuber A, et al. Increased plasma concentrations
of soluble ST2 are predictive for 1-year mortality in patients with acute
destabilized heart failure. Clin Chem 2008;54:752e6.

[24] Rehman SU, Mueller T, Januzzi JL. Characteristics of the novel interleukin
family biomarker ST2 in patients with acute heart failure. J Am Coll Cardiol
2008;52:1458e65.

[25] Daniels LB, Clopton P, Iqbal N, Tran K, Maisel AS. Association of ST2 levels with
cardiac structure and function and mortality in outpatients. Am Heart J
2010;160:721e8.

[26] Pascual-Figal DA, Manzano-Fernández S, Boronat M, et al. Soluble ST2, high-
sensitivity troponin T- and N-terminal pro-B-type natriuretic peptide: com-
plementary role for risk stratification in acutely decompensated heart failure.
Eur J Heart Fail 2011;13:718e25.

[27] Dhillon OS, Narayan HK, Khan SQ, et al. Pre-discharge risk stratification in
unselected STEMI: is there a role for ST2 or its natural ligand IL-33 when
compared with contemporary risk markers? Int J Cardiol 2012. http://
dx.doi.org/10.1016/j.ijcard.2012.05.073.
[28] Wang TJ, Wollert KC, Larson MG, et al. Prognostic utility of novel bio-
markers of cardiovascular stress: the Framingham heart study. Circulation
2012;126:1596e604.

[29] Shimpo M, Morrow DA, Weinberg EO, et al. Serum levels of the interleukin-1
receptor family member ST2 predict mortality and clinical outcome in acute
myocardial infarction. Circulation 2004;109:2186e90.

[30] Broch K, Ueland T, Nymo SH, et al. Soluble ST2 is associated with adverse
outcome in patients with heart failure of ischaemic aetiology. Eur J Heart Fail
2012;14:268e77.

[31] Fousteris E, Melidonis A, Panoutsopoulos G, et al. Toll/interleukin-1 receptor
member ST2 exhibits higher soluble levels in type 2 diabetes, especially when
accompanied with left ventricular diastolic dysfunction. Cardiovasc Diabetol
2011;10:101.

[32] Kohli P, Bonaca MP, Kakkar R, et al. Role of ST2 in NoneST-elevation acute
coronary syndrome in the MERLIN-TIMI 36 trial. Clin Chem 2012;58:257e66.

[33] Santhanakrishnan R, Chong JP, Ng TP, et al. Growth differentiation factor 15,
ST2, high-sensitivity troponin T, and N-terminal pro brain natriuretic peptide
in heart failure with preserved vs. reduced ejection fraction. Eur J Heart Fail
2012;14:1338e47.

[34] Bao YS, Na SP, Zhang P, et al. Characterization of interleukin-33 and soluble
ST2 in serum and their association with disease severity in patients with
chronic kidney disease. J Clin Immunol 2012;32:587e94.

[35] Miller AM. Role of IL-33 in inflammation and disease. J Inflamm (Lond)
2011;8:22.

http://refhub.elsevier.com/S0021-9150(13)00500-5/sref20
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref20
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref20
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref20
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref21
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref21
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref21
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref21
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref22
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref22
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref22
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref23
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref23
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref23
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref23
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref24
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref24
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref24
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref24
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref25
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref25
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref25
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref25
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref26
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref26
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref26
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref26
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref26
http://dx.doi.org/10.1016/j.ijcard.2012.05.073
http://dx.doi.org/10.1016/j.ijcard.2012.05.073
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref28
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref28
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref28
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref28
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref29
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref29
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref29
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref29
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref30
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref30
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref30
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref30
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref31
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref31
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref31
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref31
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref32
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref32
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref32
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref32
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref33
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref33
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref33
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref33
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref33
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref34
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref34
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref34
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref34
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref35
http://refhub.elsevier.com/S0021-9150(13)00500-5/sref35

	Soluble ST2 levels are not associated with secondary cardiovascular events and vulnerable plaque phenotype in patients with ...
	1 Introduction
	2 Materials and methods
	2.1 Study population and design
	2.2 Follow-up
	2.3 Materials
	2.4 Quantification of sST2 levels in patient plasma
	2.5 Plaque protein measurements
	2.6 Kidney function assessment
	2.7 Immunohistochemistry
	2.8 Statistics and data analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Soluble ST2 plasma levels and clinically relevant characteristics
	3.3 Relation of sST2 and other biomarkers
	3.4 Outcome
	3.5 Plasma sST2 levels and plaque characteristics

	4 Discussion
	5 Conclusions
	Conflict of interest
	Author contributions
	Acknowledgements
	References


