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The pro-inflammatory marker soluble suppression of tumorigenicity-2 (ST2) is reduced especially in diabetic morbidly obese patients undergoing bariatric surgery
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Abstract
Background
High soluble suppression of tumorigenicity-2 (sST2) is a marker of poor prognosis in chronic inflammatory conditions. ST2 and its ligand interleukin (IL)-33 are elevated in adipose tissue of obese individuals. We aimed to evaluate circulating sST2 and IL-33 as possible markers of metabolic benefit in morbidly overweight patients after Roux-en-Y gastric bypass (RYGB) bariatric surgery.

Methods
sST2, IL-33, high sensitive IL-6, high sensitive C-reactive protein (hsCRP), leptin, cholesterol metabolism and liver parameters were measured in 80 morbidly obese individuals before and 1 year after bariatric surgery.

Results
sST2 was higher (P = 0.03) in diabetics as compared to individuals without diabetes. Baseline sST2 was also higher in males than in females (P= 0.0002). One year after bariatric surgery, sST2 levels were decreased (median 120, IQR 59–176 pg/mL) as compared to sST2 before surgery (median 141, IQR 111–181, P = 0.0024), and the diabetic group showed most pronounced reduction in sST2 (P = 0.0016). An association was found between sST2 and liver function parameters before and after bariatric surgery, and between baseline sST2 and total cholesterol, triglyceride, total low density lipoprotein (LDL), small dense LDL, Apolipoprotein B as well as with small dense high density lipoproteins (HDL). In the subgroup of diabetic patients positive correlation between IL-33 and sST2 (r = 0.44, P = 0.05) was noticed.

Conclusions
Circulating sST2 is associated with markers of liver functions and lipid metabolism in severely obese patients and a reduction of sST2 was shown after successful bariatric surgery, most prominently in diabetic patients.
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Background
Obesity became a global health-threatening problem, leading to the development of associated complications such as insulin resistance, type 2 diabetes, cardiovascular disease, and liver disease. Obesity is accompanied by chronic low-grade inflammation that plays an etiological role in the development of metabolic dysregulation [1–3].
Transmembrane suppression of tumorigenicity-2 (ST2L) is the receptor for interleukin (IL)-33, a cytokine that belongs to the IL-1 family [4–6]. Both ST2L and soluble ST2 (sST2) as well as IL-33 are expressed in many tissues including adipose tissue and are increased in obesity [7–9]. In murine models in the setting of obesity, IL-33 exerts protective effects by reducing adiposity and improving glucose and insulin tolerance [8, 10, 11]. sST2 is a decoy receptor for free IL-33, which prevents action of IL-33 by its binding and neutralization [12]. Circulating levels of sST2 are an established marker for prognosis in patients with coronary artery disease, heart failure, and even in critically ill patients [13–17].
Data on circulating sST2 in the setting of human obesity and diabetes are rare. Levels of sST2 were increased in severely obese individuals [9] and higher sST2 levels were also associated with the presence of diabetes mellitus in different study cohorts [18–21].
Bariatric surgery is an optional treatment for severe obesity [22], which was shown to be associated with reduced long term mortality especially in diabetic patients [23]. Weight loss due to bariatric surgery is associated with increased insulin sensitivity and reduced markers of inflammation such as high-sensitive C-reactive protein (hsCRP) and IL-6 [24, 25], reduced markers of vascular dysfunction such as thrombomodulin and E-selectin [26] as well as reduced pro-inflammatory senescence-associated secretory proteins and extracellular vesicles from the liver as was shown by us recently [27, 28].
However, data on the dynamic of sST2 levels before and after bariatric surgery are not available. The IL-33/sST2 axis seems to play a role in metabolic disorders, but this is mostly based on in vitro studies and on in vivo studies performed in animals [8, 10, 11]. Therefore, we aimed to investigate the effect of bariatric surgery on sST2 serum levels in morbidly obese patients. In addition, we compared serum levels of sST2 in individuals with normal glucose tolerance (NGT), prediabetes and diabetes and its relations to other metabolic parameters.

Methods
Design, sampling and ethical approval
80 study participants were consecutively enrolled after they were selected to undergo gastric bypass surgery fulfilling suggested criteria [29]. This included a body mass index (BMI) > 40 kg/m2 or a BMI > 35 kg/m2 with secondary disease, a minimum age of 18 years and the failure or futility of a structured conservative program. Exclusion criteria were other bariatric surgery procedures than  Roux-en-Y gastric bypass (RYGB) surgery, acute infection, cancer, or any other consuming disease.
The study protocol was approved by the ethics committee of Burgenland and by the ethics committee of the Medical University of Vienna. We hereby confirm that all methods were performed according to the guidelines and regulations approved by the local ethics committee and to the guidelines of the Declaration of Helsinki. Written informed consent was obtained from each participant in the study. Participation in the study was voluntary and patients could withdraw their consent at any time.
Subjects were divided as having NGT, prediabetes or diabetes according to the guidelines of the American Diabetes Association [30]. Baseline characteristics of the cohort are presented in Table 1. Follow up visits for physical examination and blood collection were arranged 12 months after surgery in 62 individuals. Before surgery and at follow up visit a venous blood drawing was performed. After centrifugation (2800 r.p.m., 20 min), plasma and serum samples were aliquoted and stored at − 80 ℃.Table 1Characteristics of the subjects at baseline examination


	Variable
	All subjects N = 80

	Age, years, mean (SD)
	40.8 (12.7)

	Sex, male, n (%)
	24 (30.0%)

	Weight, kg, mean (SD)
	128.7 (18.3)

	Body-mass index, kg/m2, mean (SD)
	44.2 (3.9)

	Waist circumference, cm, mean (SD)
	134.1 (10.1)

	Cardiovascular risk factors, n (%)

	 Preexisting cardiovascular disease
	1 (1.3%)

	 Hypertension
	37 (46.3%)

	 Type 2 diabetes mellitus
	25 (31.3%)

	 Prediabetes (IGT or IFG)
	14 (17.5%)

	 Current cigarette use
	33 (41.3%)

	 Hyperlipidemia
	20 (25.0%)

	Current therapy, n (%)

	 Statins
	18 (22.5%)

	 Oral glucose lowering agents
	18 (22.5%)

	 Insulin
	5 (6.3%)

	 Blood pressure lowering agents
	37 (46.3%)

	 Angiotensin converting enzyme-inhibitors
	32 (40.0%)

	 Beta-blockers
	19 (23.8%)


IGT impaired glucose tolerance, IFG impaired fasting glucose




Measurements of sST2, IL-33, hsIL-6 and leptin
Serum concentration of sST2 and IL-33 was assessed by specific commercially available enzyme-linked immunosorbent assays (ELISA) as described by us previously [14, 15, 31]. sST2 was quantified using human ST2/IL-1 R4 DuoSet® ELISA Kit and IL-33 was measured using human IL-33 DuoSet ELISA (both R&D Systems, Minneapolis, MN, USA). Serum leptin and hsIL-6 concentrations were measured by specific ELISAs (Mercodia Leptin ELISA (Mercodia Inc., Uppsala, Sweden) and hsIL-6 ELISA (R&D Systems), respectively).

Laboratory parameters
Glucose, hsCRP, aspartat-aminotransferase (ASAT, GOT), alanin-aminotransferase (ALAT, GPT), and gamma-glutamyl-transferase (GGT) were measured under standardized conditions in an ISO 15189 accredited medical laboratory on Cobas 8000 analyzer (Roche Diagnostics, Mannheim, Germany). N-terminal pro-brain natriuretic peptide (NT-proBNP) was analyzed in the same laboratory on Cobas e 411 analyzer (Roche Diagnostics). Glycated haemoglobin A1(HbA1c) was determined by high-performance liquid chromatography (HPLC) separation of hemoglobin fractions.
Lipoprotein spectrum with lipoprotein subpopulations were analyzed and quantitatively evaluated by Quantimetrix Lipoprint LDL system (Quantimetrix Corporation, Redondo Beach, CA, USA), an electrophoresis method on polyacrylamide gel (PAG) [32, 33]. Total cholesterol and triglycerides in serum were analyzed by an enzymatic method CHOD PAP (Roche Diagnostics).

Statistical analysis
Median values (and interquartile ranges (IQR)) are given to describe the continuous variables. Variables with right-skewed distributions were log-transformed prior to statistical analyses. The Pearson correlation coefficient was calculated to describe the association between laboratory parameters and sST2 levels, and the Spearman correlation coefficient was used to evaluate the associations with serum IL-33 concentrations. Correlation coefficients (r) lower than − 0.3 or higher than 0.3 were considered as clinically relevant. The paired t-test was calculated to analyze the change in sST2 in the first year after bariatric surgery within the individual patients. Since log-transformed sST2 values were considered for statistical analyses, the size of the changes is depicted by the geometric mean ratio (GMR), resulting from retransforming the mean difference of the logarithmic scale. Analysis of variance (ANOVA) models were performed to test for statistically significant differences between groups of patients with respect to sST2 levels at two time points (baseline and 1 year after surgery). An interaction term was included in the ANOVA models to evaluate whether changes in the sST2 levels due to bariatric surgery differ between the patient groups. An analysis of covariance (ANCOVA) model was performed to assess the influence of age and sex on the sST2 values at the two different time points, and an interaction term was included to test for an age-dependent gender difference. Two-sided P-values less than 0.05 were considered statistically significant. The software SAS (version 9.4, SAS Institute Inc. (2016); Cary, NC, USA) was used for all statistical analyses.


Results
sST2 is decreased after bariatric surgery
One year after bariatric surgery obese individuals drastically lost weight (P < 0.0001, Fig. 1a). sST2 levels also significantly decreased one year after surgery (median 120, IQR 59–176 pg/mL, n = 62) as compared to sST2 levels before bariatric surgery (median 141, IQR 111–181 pg/mL, P = 0.0024, n = 80, Fig. 1b). Overall, the serum level of sST2 was reduced by 27% in the entire cohort (GMR 0.73; 95% confidence interval (CI) 0.60–0.89). When sST2 levels were determined before and after bariatric surgery in diabetics, in prediabetic individuals and in individuals with NGT, only in the group of diabetics the decrease of sST2 by 43% reached significance (baseline: median 153, IQR 136–201 pg/mL; 1 year after surgery: median 123, IQR 53–163 pg/mL, P = 0.0016) with a GMR 0.57 (95%CI 0.42–0.78). In individuals with prediabetes (baseline: median 135, IQR 112–177 pg/mL; 1 year after surgery: median 141, IQR 74–207 pg/mL, P = 0.63) or with NGT (baseline: median 132, IQR 103–172 pg/mL; 1 year after surgery: median 90, IQR 57–175 pg/mL, P = 0.12, Fig. 1c) no significant changes in sST2 levels could be observed. The individual longitudinal changes in sST2 in the entire cohort of obese individuals and in the subgroup of diabetic patients are shown in Additional file 1: Fig. S1A and B, respectively. Serum levels of IL-33 1 year after surgery (median 335, IQR 8–1574 pg/mL) tended to be higher compared with baseline levels (median 226, IQR 10–1369 pg/mL) without reaching significance (P ≥ 0.05, Additional file 1: Fig. S2). In both, males (baseline: median 173, IQR 141–237 pg/mL; 1 year after surgery: median 147, IQR 81–187 pg/mL, P = 0.037, Fig. 1d) and females (baseline: median 131, IQR 106–162 pg/mL; 1 year after surgery: median 92, IQR 52–156 pg/mL, P = 0.016, Fig. 1e), sST2 levels significantly decreased 1 year after bariatric surgery with no evidence that one sex profits more than the other from the surgery (P = 0.78).[image: A12933_2020_1001_Fig1_HTML.png]
Fig. 1Weight and sST2 concentrations are decreased after bariatric surgery. Box-whisker plot showing BMI (a) and serum sST2 concentrations (pg/mL) before and 1 year after bariatric surgery (b–e) and stratified according to the presence of diabetes (c) and gender (d, males and e, females). sST2 was determined in samples obtained before and 1 year after bariatric surgery as indicated in Methods. NGT: normal glucose tolerance





Relation of baseline sST2 to the metabolic profile
When patients were divided in two groups with diabetes (median 153, IQR 136–201 pg/mL, N = 25) and without diabetes (median 132, IQR 107–175 pg/mL, N = 55), latter included subjects with NGT and prediabetes, sST2 levels were significant higher in diabetics (P = 0.03, Fig. 2).[image: A12933_2020_1001_Fig2_HTML.png]
Fig. 2Levels of sST2 are higher in obese individuals with diabetes. Box-whisker plot showing basal serum sST2 concentrations (pg/mL) stratified according to the presence of diabetes. sST2 was determined in samples obtained before bariatric surgery as indicated in Methods




Basal sST2 showed moderate positive associations with liver function parameters ALAT (r = 0.41, P = 0.0002), GOT (r = 0.33, P = 0.003), and GGT (r = 0.38, P = 0.0006) (Table 2, Additional file 1: Figs. 3A–C). Diabetic patients showed strong positive correlation between basal sST2 and GPT (r = 0.60, P = 0.002), ASAT (r = 0.52, P = 0.008), and GGT (r = 0.63, P = 0.0008), respectively. In subjects with NGT only GPT remained significantly associated with sST2 (r = 0.36, P = 0.02), and liver parameters showed no relevant correlation with sST2 in prediabetes individuals. Therefore, correlations between sST2 and liver function parameters seen in the entire cohort at baseline seem to be mainly attributed to the diabetic patients.Table 2Correlation of sST2 with metabolic parameters before and after surgery in the entire cohort


	 	sST2 before surgery
	sST2 after surgery

	r value
	P value
	r value
	P value

	Total cholesterol
	0.44
	< 0.0001
	< 0.3
	n.s.

	Triglyceride
	0.42
	< 0.0001
	< 0.3
	n.s.

	Total LDL
	0.36
	0.001
	< 0.3
	n.s.

	Small dense LDL
	0.38
	0.0006
	< 0.3
	n.s.

	Apolipoprotein B
	0.44
	< 0.0001
	< 0.3
	n.s.

	Small dense HDL
	0.35
	0.002
	< 0.3
	n.s.

	Total HDL
	< 0.3
	n.s.
	< 0.3
	n.s.

	Apolipoprotein A1
	< 0.3
	n.s.
	< 0.3
	n.s.

	GPT
	0.41
	0.0002
	0.42
	0.0008

	GOT
	0.33
	0.003
	0.44
	0.0005

	GGT
	0.38
	0.0006
	0.47
	0.0001

	Leptin
	− 0.31
	0.006
	− 0.34
	0.006

	Glucose
	< 0.3
	n.s.
	< 0.3
	n.s.

	HbA1c
	< 0.3
	n.s.
	 	 
	BMI
	< 0.3
	n.s.
	< 0.3
	n.s.

	Weight
	< 0.3
	n.s.
	< 0.3
	n.s.

	Waist circumference
	< 0.3
	n.s.
	< 0.3
	n.s.

	hsCRP
	< 0.3
	n.s.
	< 0.3
	n.s.

	hsIL-6
	< 0.3
	n.s.
	0.32
	0.01


LDL low density lipoproteins, HDL high density lipoproteins, GPT alanin-aminotransferase, GOT aspartat-aminotransferase, GGT gamma-glutamyl-transferase, HbA1c glycated hemoglobin, BMI body mass index, hsCRP high-sensitive C-reactive protein, hsIL-6 high-sensitive interleukin-6



Basal sST2 was associated with lipid parameters such as total cholesterol (r = 0.44, P < 0.0001), triglyceride (r = 0.42, P < 0.0001), total low density lipoprotein (LDL) (r = 0.36, P = 0.001), small dense LDL (r = 0.38, P = 0.0006), Apolipoprotein B (r = 0.44, P < 0.0001) as well as with small dense high density lipoproteins (HDL) (r = 0.35, P = 0.002, Additional file 1: Figs. 3D–I) but not with total HDL or Apolipoprotein A1 (both |r| < 0.3, P > 0.05) (Table 2).
No correlations were noticed between basal sST2 and glucose, HbA1c, BMI, weight, waist circumference, NT-proBNP, hsCRP or hsIL-6 (all |r| < 0.3, P > 0.05). However, sST2 showed a weak negative correlation with leptin levels (r = − 0.31, P = 0.006, Table 2).
Only diabetic patients demonstrated positive correlation between sST2 and IL-33 (r = 0.44, P = 0.05), although such correlation was not evident in the entire cohort or in individuals with NGT or prediabetes. Serum IL-33 showed no correlation with liver function parameters (all |r| < 0.3, P > 0.05).

Relation of sST2 to the metabolic profile 1 year after bariatric surgery
1 year after surgery associations between sST2 and liver function parameters GPT (r = 0.42, P = 0.0008), GOT (r = 0.44, P = 0.0005), and GGT (r = 0.47, P = 0.0001) remained relevant in the entire cohort (Table 2). These associations were strongest in the NGT group (sST2 and GPT: r = 0.53, P = 0.002; sST2 and GOT: r = 0.54, P = 0.002; sST2 and GGT: r = 0.59, P = 0.0007), weaker in the diabetes group (sST2 and GPT: r = 0.39, P > 0.05; sST2 and GOT: r = 0.39, P > 0.05; sST2 and GGT: r = 0.36, P > 0.05), and almost not evident in the prediabetes group (sST2 and GPT: |r| < 0.3, P > 0.05; sST2 and GOT: |r| < 0.3, P > 0.05; sST2 and GGT: r = 0.39, P > 0.05).
Concerning the associations of sST2 with different lipid parameters, 1 year after surgery, no associations of sST2 with total cholesterol, triglyceride, total LDL, small LDL or Apolipoprotein B were observed (all |r| < 0.3, P > 0.05, Table 2).
Similarly to baseline, one year after surgery sST2 was not associated with BMI, weight, waist circumference or serum hsCRP (all |r| < 0.3, P > 0.05) but showed similar weak negative correlation with leptin levels (r = − 0.34, P = 0.006, Table 2). Moreover, sST2 did not correlate with glucose levels in the entire cohort nor in the study subgroups (all |r| < 0.3, P > 0.05). Only 12 months sST2 values correlated weakly positive with hsIL-6 (r = 0.32, P = 0.01, Table 2), which was not the case in the basal blood samples, as described above. The positive association between hsIL-6 and sST2 was seen only in NGT group (r = 0.49, P = 0.006), but not in the diabetes group (|r| < 0.3, P > 0.05) and in contrast to a weak negative correlation in the prediabetes group (r = − 0.33, P > 0.05).
No correlation was noticed between sST2 and IL-33 in the entire cohort nor in the study subgroups 1 year after bariatric surgery.

Relation of sST2 to gender and age
In our cohort, baseline sST2 concentrations were higher in males (N = 24, median 173, IQR 141–237 pg/mL) than in females (N = 56; median 131, IQR 106–162 pg/mL, P = 0.0002, Fig. 3). This difference remained significant after adjusting for age (P = 0.0002). The trend in gender sST2 difference was observed also 1 year after surgery (males: median 147, IQR 81–187 pg/mL vs females: median 92, IQR 52–156 pg/mL, P = 0.076). The trend in gender difference remained after age-adjustment (P = 0.076).[image: A12933_2020_1001_Fig3_HTML.png]
Fig. 3Baseline sST2 concentrations are higher in male obese individuals. Box-whisker plot showing basal serum sST2 concentrations (pg/mL) stratified according to age and gender. sST2 was determined in samples obtained before bariatric surgery as indicated in Methods






Discussion
We provide direct comparison of circulating levels of sST2, which is a decoy receptor for IL-33, in obese patients with different metabolic states before and 1 year after bariatric surgery. Overall, sST2 levels are decreased in morbidly obese patients after bariatric surgery. Interestingly, sST2 decrease was more pronounced in the group of diabetic patients. Furthermore, basal sST2 levels were higher in diabetics compared to obese individuals without diabetes. In line with previous results [20], male obese individuals demonstrated higher sST2 levels as female obese individuals. Moreover, we showed that before surgery sST2 is associated with liver enzymes and lipid profile mostly in diabetic obese patients. In contrast, 1 year after bariatric surgery the association between sST2 and liver function parameters was seen only in NGT group and the association between sST2 and lipid parameters was not evident anymore.
Bariatric surgery, recently also referred to as metabolic surgery [34], is in general associated not only with weight loss but also with improved metabolic health and down-regulation of pro-inflammatory mediators [22, 27, 35]. Interestingly, absence of diabetes led to a greater decrease in total cholesterol, LDL-C, and non-HDL-C [36]. On the other hand, however, weight gain after diabetes diagnosis was associated with higher mortality [37].
Zeyda et al. found elevated ST2 and IL-33 expression in omental and subcutaneous adipose tissue as well as increased plasma sST2 in severely obese subjects as compared to lean controls [9]. Gleimer et al. also revealed higher sST2 in obese patients than in normal weight patients among children and adults undergoing hematopoietic cell transplantation [38]. However, the dynamic of circulating sST2 as well as its correlation with clinical and laboratory parameters before and after bariatric surgery was not studied before.
Our results showing that obese individuals with diabetes exhibit higher sST2 levels than obese persons without diabetes correspond to the previous reports in other cohorts, which, however, included mostly non-obese individuals. Association of sST2 with diabetes was demonstrated in individuals largely without vascular disease, including Framingham Heart Study [19] and pSoBid cohort [20], patients with left ventricular diastolic dysfunction [18], and heart failure [39]. Circulating levels of sST2 were associated with diabetic markers such as hepatic function, triglycerides, and plasma glucose [18, 20]. Moreover, higher levels of sST2 were associated with complications of diabetes such as development of diabetic nephropathy [40] or critical limb ischemia, where its levels predict mortality [41].
It could be speculated that different organs including heart and adipose tissue are responsible for sST2 levels, measured in the circulation in humans. The proportion of sST2 produced by each single organ or tissue would most probably depend on the presence or absence of a particular pathological condition. E.g. hypertrophic stimuli were shown previously to stimulate sST2 secretion [42].
Obesity and type 2 diabetes are the leading risk factors for the development of nonalcoholic steatohepatitis (NASH) [43]. The IL-33/ST2 pathway was shown to have a profibrotic role in an experimental model of diet-induced NASH [44]. Similar to Miller et al. [20], we found a clear association between sST2 and liver enzymes GPT, GOT, and GGT in our cohort. Strictly, although before surgery this association was driven by the correlation in the subgroup of diabetics, 12 months after surgery such associations were seen only in the individuals with normal glucose tolerance.
Dyslipidemia is a hallmark of obesity and type 2 diabetes [45]. Previous reports showed an association between sST2 and total cholesterol and HDL-cholesterol [21] as well as triglycerides [20] in non-obese patients even if the role of IL-33/ST2 system in the regulation of lipid homeostasis is still not well determined [46]. Our study here is the first to investigate the relationship between sST2 and different lipid subtypes before and after bariatric surgery. We found a significant association between basal sST2 and total cholesterol, triglyceride, total LDL, small dense LDL, Apolipoprotein B and small dense HDL.
Previous publications consistently showed higher sST2 levels in male than in female participants [19, 20, 39, 47]. We observed that also in morbidly obese individuals, sST2 levels were higher in males than in females. Although, the underlying mechanisms for gender-specific differences in sST2 levels are still unknown [48], our results support the importance to adjust sST2 levels for sex and probably to apply different reference values if studying this biomarker.
The following limitations of our study have to be considered. Even if our study population included a well-characterized population of morbidly obese patients, deviation in the number of individuals in the subgroups before and after bariatric surgery due to loss of follow-up could influence our results. A thorough validation of the sST2 dynamics at different time pointes, also at longer follow up, after bariatric surgery in individuals with healthy and unhealthy obesity and different co-morbidities has to be performed to confirm and complement our results. Moreover, the correlations of sST2 levels with established metabolic-related blood parameters are weak to moderate in our study cohort. Furthermore, an analysis of IL-33/ST2 expression in different fat depots would be desirable but could not be performed in our study. Therefore, it is too early to propose sST2 as a complimentary routine blood marker in morbidly obese individuals. However, despite these limitations, our finding strengthens the potential for the use of the pro-inflammatory marker sST2 in morbidly obese especially diabetic patients to determine the metabolic state as well as to monitor the success of bariatric surgery.

Conclusion
We demonstrated tight relationships of sST2 with diabetes, liver function parameters and lipid profile in obese individuals and showed that bariatric surgery may have an impact on these associations.

Supplementary information
Supplementary information accompanies this paper at https://​doi.​org/​10.​1186/​s12933-020-01001-y.

Acknowledgements
Not applicable.

Authors’ contributions
SD, CK, PH, JW, and GRK designed the research and wrote the manuscript; SD, CK, and SO performed experiments; SD, CK, AK, WS, MP, PH, and GRK analyzed results. All authors read and approved the final manuscript.

Funding
This work was financed by a grant from the Austrian National Bank (Jubilaeumsfondsprojekt No. 16377) to GRK.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Ethics approval and consent to participate
The study protocol was approved by the ethics committee of Burgenland and by the ethics committee of the Medical University of Vienna. We hereby confirm that all methods were performed according to the guidelines and regulations approved by the local ethics committee and to the guidelines of the Declaration of Helsinki. Written informed consent was obtained from each participant in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

References
1.
Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic disease. J Clin Invest. 2017;127(1):1–4.PubMedPubMedCentral

2.
Rega-Kaun G, Kaun C, Wojta J. More than a simple storage organ: adipose tissue as a source of adipokines involved in cardiovascular disease. Thromb Haemost. 2013;110(4):641–50.PubMed

3.
Ormazabal V, Nair S, Elfeky O, Aguayo C, Salomon C, Zuniga FA. Association between insulin resistance and the development of cardiovascular disease. Cardiovasc Diabetol. 2018;17(1):122.PubMedPubMedCentral

4.
Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, Zurawski G, Moshrefi M, Qin J, Li X, 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(5):479–90.PubMed

5.
Demyanets S, Konya V, Kastl SP, Kaun C, Rauscher S, Niessner A, Pentz R, Pfaffenberger S, Rychli K, Lemberger CE, et al. Interleukin-33 induces expression of adhesion molecules and inflammatory activation in human endothelial cells and in human atherosclerotic plaques. Arterioscler Thromb Vasc Biol. 2011;31(9):2080–9.PubMed

6.
Stojkovic S, Kaun C, Basilio J, Rauscher S, Hell L, Krychtiuk KA, Bonstingl C, de Martin R, Groger M, Ay C, et al. Tissue factor is induced by interleukin-33 in human endothelial cells: a new link between coagulation and inflammation. Sci Rep. 2016;6:25171.PubMedPubMedCentral

7.
Wood IS, Wang B, Trayhurn P. IL-33, a recently identified interleukin-1 gene family member, is expressed in human adipocytes. Biochem Biophys Res Commun. 2009;384(1):105–9.PubMed

8.
Miller AM, Asquith DL, Hueber AJ, Anderson LA, Holmes WM, McKenzie AN, Xu D, Sattar N, McInnes IB, Liew FY. Interleukin-33 induces protective effects in adipose tissue inflammation during obesity in mice. Circ Res. 2010;107(5):650–8.PubMedPubMedCentral

9.
Zeyda M, Wernly B, Demyanets S, Kaun C, Hammerle M, Hantusch B, Schranz M, Neuhofer A, Itariu BK, Keck M, et al. Severe obesity increases adipose tissue expression of interleukin-33 and its receptor ST2, both predominantly detectable in endothelial cells of human adipose tissue. Int J Obes (Lond). 2013;37(5):658–65.

10.
Molofsky AB, Nussbaum JC, Liang HE, Van Dyken SJ, Cheng LE, Mohapatra A, Chawla A, Locksley RM. Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and alternatively activated macrophages. J Exp Med. 2013;210(3):535–49.PubMedPubMedCentral

11.
Brestoff JR, Kim BS, Saenz SA, Stine RR, Monticelli LA, Sonnenberg GF, Thome JJ, Farber DL, Lutfy K, Seale P, et al. Group 2 innate lymphoid cells promote beiging of white adipose tissue and limit obesity. Nature. 2015;519(7542):242–6.PubMed

12.
Cayrol C, Girard JP. Interleukin-33 (IL-33): a nuclear cytokine from the IL-1 family. Immunol Rev. 2018;281(1):154–68.PubMed

13.
Januzzi JL, Pascual-Figal D, Daniels LB. ST2 testing for chronic heart failure therapy monitoring: the International ST2 Consensus Panel. Am J Cardiol. 2015;115(7 Suppl):70B–5B.PubMed

14.
Demyanets S, Speidl WS, Tentzeris I, Jarai R, Katsaros KM, Farhan S, Krychtiuk KA, Wonnerth A, Weiss TW, Huber K, et al. Soluble ST2 and interleukin-33 levels in coronary artery disease: relation to disease activity and adverse outcome. PLoS ONE. 2014;9(4):e95055.PubMedPubMedCentral

15.
Stojkovic S, Kaider A, Koller L, Brekalo M, Wojta J, Diedrich A, Demyanets S, Pezawas T. GDF-15 is a better complimentary marker for risk stratification of arrhythmic death in non-ischaemic, dilated cardiomyopathy than soluble ST2. J Cell Mol Med. 2018;22(4):2422–9.PubMedPubMedCentral

16.
Hauser JA, Demyanets S, Rusai K, Goritschan C, Weber M, Panesar D, Rindler L, Taylor AM, Marculescu R, Burch M, et al. Diagnostic performance and reference values of novel biomarkers of paediatric heart failure. Heart. 2016;102(20):1633–9.PubMed

17.
Krychtiuk KA, Stojkovic S, Lenz M, Brekalo M, Huber K, Wojta J, Heinz G, Demyanets S, Speidl WS. Predictive value of low interleukin-33 in critically ill patients. Cytokine. 2018;103:109–13.PubMed

18.
Fousteris E, Melidonis A, Panoutsopoulos G, Tzirogiannis K, Foussas S, Theodosis-Georgilas A, Tzerefos S, Matsagos S, Boutati E, Economopoulos T, 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.PubMedPubMedCentral

19.
Coglianese EE, Larson MG, Vasan RS, Ho JE, Ghorbani A, McCabe EL, Cheng S, Fradley MG, Kretschman D, Gao W, et al. Distribution and clinical correlates of the interleukin receptor family member soluble ST2 in the Framingham Heart Study. Clin Chem. 2012;58(12):1673–81.PubMedPubMedCentral

20.
Miller AM, Purves D, McConnachie A, Asquith DL, Batty GD, Burns H, Cavanagh J, Ford I, McLean JS, Packard CJ, et al. Soluble ST2 associates with diabetes but not established cardiovascular risk factors: a new inflammatory pathway of relevance to diabetes? PLoS ONE. 2012;7(10):e47830.PubMedPubMedCentral

21.
Lin YH, Zhang RC, Hou LB, Wang KJ, Ye ZN, Huang T, Zhang J, Chen X, Kang JS. Distribution and clinical association of plasma soluble ST2 during the development of type 2 diabetes. Diabetes Res Clin Pract. 2016;118:140–5.PubMed

22.
Wolfe BM, Kvach E, Eckel RH. Treatment of obesity: weight loss and bariatric surgery. Circ Res. 2016;118(11):1844–55.PubMedPubMedCentral

23.
Pontiroli AE, Zakaria AS, Fanchini M, Osio C, Tagliabue E, Micheletto G, Saibene A, Folli F. A 23-year study of mortality and development of co-morbidities in patients with obesity undergoing bariatric surgery (laparoscopic gastric banding) in comparison with medical treatment of obesity. Cardiovasc Diabetol. 2018;17(1):161.PubMedPubMedCentral

24.
Hafida S, Mirshahi T, Nikolajczyk BS. The impact of bariatric surgery on inflammation: quenching the fire of obesity? Curr Opin Endocrinol Diab Obes. 2016;23(5):373–8.

25.
Rega-Kaun G, Kaun C, Jaegersberger G, Prager M, Hackl M, Demyanets S, Wojta J, Hohensinner PJ. Roux-en-Y-Bariatric surgery reduces markers of metabolic syndrome in morbidly obese patients. Obes Surg. 2020;30(2):391–400.PubMed

26.
Rega-Kaun G, Kaun C, Ebenbauer B, Jaegersberger G, Prager M, Wojta J, Hohensinner PJ. Bariatric surgery in morbidly obese individuals affects plasma levels of protein C and thrombomodulin. J Thromb Thrombolysis. 2019;47(1):51–6.PubMed

27.
Hohensinner PJ, Kaun C, Ebenbauer B, Hackl M, Demyanets S, Richter D, Prager M, Wojta J, Rega-Kaun G. Reduction of premature aging markers after gastric bypass surgery in morbidly obese patients. Obes Surg. 2018;28(9):2804–10.PubMedPubMedCentral

28.
Rega-Kaun G, Ritzel D, Kaun C, Ebenbauer B, Thaler B, Prager M, Demyanets S, Wojta J, Hohensinner PJ. Changes of circulating extracellular vesicles from the liver after Roux-en-Y Bariatric surgery. Int J Mol Sci. 2019;20(9):2153.PubMedCentral

29.
American Diabetes A: 7. Obesity management for the treatment of type 2 diabetes: standards of medical care in diabetes-2018. Diabetes Care. 2018;41(Suppl 1):S65–72.

30.
American Diabetes A: 2. Classification and diagnosis of diabetes: standards of medical care in diabetes-2018. Diab Care. 2018;41(1):13–27.

31.
Demyanets S, Tentzeris I, Jarai R, Katsaros KM, Farhan S, Wonnerth A, Weiss TW, Wojta J, Speidl WS, Huber K. An increase of interleukin-33 serum levels after coronary stent implantation is associated with coronary in-stent restenosis. Cytokine. 2014;67(2):65–70.PubMedPubMedCentral

32.
Hoefner DM, Hodel SD, O’Brien JF, Branum EL, Sun D, Meissner I, McConnell JP. Development of a rapid, quantitative method for LDL subfractionation with use of the quantimetrix lipoprint LDL system. Clin Chem. 2001;47(2):266–74.PubMed

33.
Krychtiuk KA, Kastl SP, Pfaffenberger S, Lenz M, Hofbauer SL, Wonnerth A, Koller L, Katsaros KM, Pongratz T, Goliasch G, et al. Association of small dense LDL serum levels and circulating monocyte subsets in stable coronary artery disease. PLoS ONE. 2015;10(4):e0123367.PubMedPubMedCentral

34.
Rubino F, Nathan DM, Eckel RH, Schauer PR, Alberti KG, Zimmet PZ, Del Prato S, Ji L, Sadikot SM, Herman WH, et al. Metabolic surgery in the treatment algorithm for type 2 diabetes: a joint statement by international diabetes organizations. Obes Surg. 2017;27(1):2–21.PubMed

35.
Hanusch-Enserer U, Zorn G, Wojta J, Kopp CW, Prager R, Koenig W, Schillinger M, Roden M, Huber K. Non-conventional markers of atherosclerosis before and after gastric banding surgery. Eur Heart J. 2009;30(12):1516–24.PubMed

36.
Yadav R, Hama S, Liu Y, Siahmansur T, Schofield J, Syed AA, France M, Pemberton P, Adam S, Ho JH, et al. Effect of Roux-en-Y Bariatric surgery on lipoproteins, insulin resistance, and systemic and vascular inflammation in obesity and diabetes. Front Immunol. 2017;8:1512.PubMedPubMedCentral

37.
Kim MK, Han K, Koh ES, Kim ES, Lee MK, Nam GE, Kwon HS. Weight change and mortality and cardiovascular outcomes in patients with new-onset diabetes mellitus: a nationwide cohort study. Cardiovasc Diabetol. 2019;18(1):36.PubMedPubMedCentral

38.
Gleimer M, Li Y, Chang L, Paczesny S, Hanauer DA, Frame DG, Byersdorfer CA, Reddy PR, Braun TM, Choi SW. Baseline body mass index among children and adults undergoing allogeneic hematopoietic cell transplantation: clinical characteristics and outcomes. Bone Marrow Transplant. 2015;50(3):402–10.PubMed

39.
AbouEzzeddine OF, McKie PM, Dunlay SM, Stevens SR, Felker GM, Borlaug BA, Chen HH, Tracy RP, Braunwald E, Redfield MM. Suppression of tumorigenicity 2 in heart failure with preserved ejection fraction. J Am Heart Assoc. 2017;6(2):e004382.PubMedPubMedCentral

40.
Samuelsson M, Dereke J, Svensson MK, Landin-Olsson M, Hillman M. on the behalf of the DSg: soluble plasma proteins ST2 and CD163 as early biomarkers of nephropathy in Swedish patients with diabetes, 15-34 years of age: a prospective cohort study. Diabetol Metab Syndr. 2017;9:41.PubMedPubMedCentral

41.
Caporali A, Meloni M, Miller AM, Vierlinger K, Cardinali A, Spinetti G, Nailor A, Faglia E, Losa S, Gotti A, et al. Soluble ST2 is regulated by p75 neurotrophin receptor and predicts mortality in diabetic patients with critical limb ischemia. Arterioscler Thromb Vasc Biol. 2012;32(12):e149–60.PubMedPubMedCentral

42.
Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN, Lee RT. IL-33 and ST2 comprise a critical biomechanically induced and cardioprotective signaling system. J Clin Invest. 2007;117(6):1538–49.PubMedPubMedCentral

43.
Maurice J, Manousou P. Non-alcoholic fatty liver disease. Clin Med (Lond). 2018;18(3):245–50.PubMedPubMedCentral

44.
Pejnovic N, Jeftic I, Jovicic N, Arsenijevic N, Lukic ML. Galectin-3 and IL-33/ST2 axis roles and interplay in diet-induced steatohepatitis. World J Gastroenterol. 2016;22(44):9706–17.PubMedPubMedCentral

45.
Stahel P, Xiao C, Hegele RA, Lewis GF. The atherogenic dyslipidemia complex and novel approaches to cardiovascular disease prevention in diabetes. Can J Cardiol. 2018;34(5):595–604.PubMed

46.
Altara R, Ghali R, Mallat Z, Cataliotti A, Booz GW, Zouein FA. Conflicting vascular and metabolic impact of the IL-33/sST2 axis. Cardiovasc Res. 2018;114(12):1578–94.PubMed

47.
Dieplinger B, Januzzi JL Jr, Steinmair M, Gabriel C, Poelz W, Haltmayer M, Mueller T. Analytical and clinical evaluation of a novel high-sensitivity assay for measurement of soluble ST2 in human plasma—the presage ST2 assay. Clin Chim Acta. 2009;409:33–40.PubMed

48.
Dieplinger B, Egger M, Poelz W, Gabriel C, Haltmayer M, Mueller T. Soluble ST2 is not independently associated with androgen and estrogen status in healthy males and females. Clin Chem Lab Med. 2011;49(9):1515–8.PubMed



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/sidebar.gif





OEBPS/A12933_2020_1001_Fig1_HTML.png
BMI

sST2, pg/mL

sST2, pg/mL

© p<0.0001
50 1
40+
30
>
201 -
T T
Baseline 1 Year
Time
8004 [p=0.12 p=0.0016 p=0.63]
600
o o
400+ o
o
200
0 -
T T T
NGT Diabetes Prediabetes
[Time O Baseline O 1 Year]
Males
o
400
300 T
200 &
<
100 L
T T
Baseline 1 Year

Time

sST2, pg/mL

sST2, pg/mL

800
o
600
o o
400 o
_8_
200
% >
O -
T T
Baseline 1 Year
Time
Females
800
o
600
o
400 o
o
o
200
<&
1
0 -
T T
Baseline 1 Year

Time






OEBPS/cc-by.png
() _®





OEBPS/A12933_2020_1001_Fig3_HTML.png
Basal sST2, pg/ml

400 H
300 o
o
200
100 +
i T L]
<33 Years 33-48 Years >=48 Years
Age

Sex OMOF





OEBPS/contact.gif





OEBPS/A12933_2020_1001_Fig2_HTML.png
Basal sST2, pg/mL

400

300

200

100

T
Non-Diabetics

T
Diabetics






