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Abstract 

Background:  Soluble suppression of tumorigenesis-2 (sST2) and galectin (Gal)-3 are two biomarkers related to 
inflammation, metabolic disturbances and to myocardial fibrosis that characterize several cardiac pathological condi-
tions. Increased circulating levels of these molecules have been associated with risk of cardiovascular death. Treat-
ment with liraglutide, a glucagon-like peptide 1 analog, is associated with weight loss, improved glycemic control, 
and reduced cardiovascular risk. We wanted to assess (I) potential differences between subjects with prediabetes or 
type 2 diabetes mellitus (T2DM) and healthy controls in sST2 and Gal-3 circulating levels, and their relationship with 
glycemic control and markers of beta cell function and myocardial injury; (II) whether liraglutide treatment modulates 
these markers in subjects with prediabetes or early T2DM independently of weight loss; (III) whether baseline levels of 
any of these two molecules may predict the response to liraglutide treatment.

Methods:  Forty metformin-treated obese subjects (BMI ≥ 30) with prediabetes [impaired fasting glucose (IFG) or 
impaired glucose tolerance (IGT) or both (n = 23)] or newly diagnosed T2DM (n = 17), were randomized to liraglutide 
or lifestyle counseling until achieving a comparable weight loss (7% of initial body weight). Thirteen subjects were 
enrolled as healthy controls for baseline sST2 and Gal-3 levels.

Results:  Baseline sST2 levels were comparable between controls and obese patients (p = 0.79) whereas Gal-3 levels 
were significantly higher in patients as compared to controls (p < 0.001). Liraglutide treatment, but not weight loss 
achieved by lifestyle counseling, decreased plasma sST2 levels (− 9%, beta = − 14.9, standard deviation 6.9, p = 0.037) 
while Gal-3 levels did not change. A reduction in serum hs-Troponin I was observed after intervention, due to a 
19% (p = 0.29) increase in the lifestyle arm, and a 25% decrease (p = 0.033) in the liraglutide arm (between-group 
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Background
Cardiac fibrosis is characterized by the accumulation of 
extracellular matrix (ECM) proteins in the cardiac inter-
stitium and is associated with many cardiac pathophysio-
logic conditions. Both experimental and clinical evidence 
suggests that cardiac fibrotic alterations may be revers-
ible [1].

Soluble suppression of tumorigenesis-2 (sST2) and 
galectin-3 (Gal-3) are two biomarkers of fibrogenesis and 
inflammation, as well as of their interactions, thought 
to reflect myocardial fibrosis [2]. Multiple cohort stud-
ies support the use of plasma levels of these molecules 
to track the disease state giving rise to heart failure and 
to obtain important prognostic information [3–5]. Addi-
tionally, these markers of ECM remodelling may also help 
identify subsets of patients who are most likely to benefit 
from various therapies [6].

The soluble form sST2, an interleukin-1 (IL-1) receptor 
family member, is secreted into the circulation and func-
tions as a “decoy” receptor for IL-33, inhibiting the cardi-
oprotective IL-33/ST2 signaling. It was first classified as 
an indicator of myocyte stress, but it is mainly produced 
in extracardiac tissues in response to inflammatory and 
fibrotic stimuli [7, 8]. In patients with chronic heart fail-
ure (HF) of ischemic etiology, an inverse association was 
shown between sST2 levels and flow-mediated dilation, 
reflecting endothelial function in vivo [9]. Higher level of 
sST2 has also been reported as an independent predic-
tor of major adverse cardiovascular events and all-cause 
death in patients with coronary artery disease with and 
without T2DM [10] and of cardiovascular death and HF-
related hospitalizations in patients with chronic HF [11], 
independent of ejection fraction [12].

Gal-3, a β-galactoside-binding lectin with carbohy-
drate-recognition domain, is another molecule with 
important role in ECM remodelling and inflammation 
and has also be related to angiogenesis, inflammation or 
fibrosis [13] and myocardial failure [2].

Liraglutide, an analogue of glucagon-like peptide-1 
(GLP-1), is indicated for the treatment of type 2 dia-
betes mellitus (T2DM). A double-blind trial revealed 
that in diabetic patients at high cardiovascular risk, the 
occurrence of a composite endpoint including rate of 

death from cardiovascular causes, nonfatal myocardial 
infarction, or nonfatal stroke was lower with liraglutide 
than with placebo [14]. Improvement of cardiac fibro-
sis, as suggested by in vitro and in vivo evidence [15, 16], 
might be among the possible mechanisms beyond this 
finding. Along these lines, a randomized, placebo-con-
trolled study reported histological improvement of non-
alcoholic steatohepatitis with liraglutide [17]. However, 
although inflammation and fibrogenesis and their inter-
action are important features of T2DM, data on sST2 and 
in particular in diabetes are scarce.

Methods
Aim of this work was to understand the effect of liraglu-
tide vs. lifestyle changes-induced weight loss (7% of ini-
tial body weight) on markers involved in cardiovascular 
stress/tissue fibrosis in obese subjects with prediabetes 
or early T2DM. To reach this purpose we evaluated the 
circulating levels sST2, Gal-3 and serum high-sensitivity 
troponin I (hs-TnI), before and after comparable weight 
loss in the two treatment arms. Soluble ST2 and Gal-3 
have been related to metabolic disturbances and we 
therefore also examined the relationship between these 
molecules and diabetes control and markers of beta cell 
function, and their potential role as predictors of treat-
ment response.

This was a post hoc analysis conducted using stored 
serum and plasma samples from a randomized, double-
blind, controlled, parallel-arm study designed to assess, 
in obese subjects with impaired glucose tolerance (IGT) 
and/or impaired fasting glucose (IFG) or early T2DM, 
the effects of an equal degree of weight loss, achieved by 
either lifestyle changes or liraglutide, on cardiometabolic 
variables [18]. The protocol and patient characteristics 
have been previously described in detail [18].

Forty obese patients with prediabetes (IFG and IGT) 
or early T2DM [15] were enrolled at the Obesity and 
Diabetes Clinics of Chieti University Hospital (Fig.  1). 
In addition, 13 subjects, without obesity, diabetes mel-
litus or prediabetes and not on pharmacological treat-
ment, were also enrolled as controls. All study visits and 
procedures took place at the Clinical Research Center 
within Department of Medicine and Aging, Center for 

difference p = 0.083). Lower baseline Gal-3 levels predicted a better improvement in beta cell function after liraglutide 
treatment.

Conclusions:  Liraglutide-induced reduction in sST2 and possibly hs-TnI suggests that in obese patients with predia-
betes or early T2DM this drug may have a positive effect on (cardiac) fibrosis, whereas plasma level of Gal-3 before 
liraglutide initiation may predict response to the drug in terms of beta cell function improvement.

Trial registration Eudract: 2013-001356-36

Keywords:  Liraglutide, Diabetes, sST2, Gal-3, Markers, Cardiac fibrosis
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Advanced Studies and Technology (CAST), University 
of Chieti, Italy. Each patient provided written informed 
consent to participate, and the Protocol was approved by 
the Ethics Committee of the University of Chieti, and the 
Regional Ethical Committee in South-Eastern Norway 
approved the import of blood for laboratory assessments 
in Norway.

This study was performed under the Good Clinical 
Practice regulations (Good Clinical Practice for Trial on 
Medicinal Product—CPMP/European Commission-July 
1990; Decreto Ministeriale 27.4.1992—Ministero della 
Sanità) and the Declaration of Helsinki (Hong Kong 
1989). In addition, by signing the present protocol, par-
ticipants in the study committed themselves to adhere to 
local legal requirements.

Outcome and study visits
After signing the informed consent, subjects were evalu-
ated. Both visits included: clinical evaluation; abdominal 
MRI for adipose tissue quantification with visceral adi-
pose tissue (VAT) and subcutaneous adipose tissue (SAT) 
assessment. A frequent sampling oral glucose tolerance 
test (OGTT) was performed for assessment of insulin 
sensitivity (Matsuda index, HOMA-IR), and beta cell 
function (OGTT beta index).

Randomization
After a baseline evaluation, patients were randomized 
in a 1:1 ratio to receive liraglutide or lifestyle counsel-
ling. Study medication was supplied to the research 
pharmacy by Novo Nordisk as liraglutide 6.0  mg/mL 
in 3-mL prefilled pen injectors. Liraglutide treatment 
was administered by daily subcutaneous injection at 
bedtime and initiated with 0.6 mg per day (first week) 
and titrated over a 3-week period to 1.2 mg daily (sec-
ond week) to 1.8  mg daily (third week), based on the 
clinical response and side effects. The non-attainment 
of the 1.8 mg dose level did not constitute a withdrawal 
criterion.

The computer-generated random allocation sequence 
was prepared by the trial statistician in blocks of four 
participants. Based on the order of inclusion in the study, 
subjects were assigned a consecutive random number, 
and then allocated to one of the two treatment groups.

The weight loss goal for all the participants was to 
lose 7% of initial body weight (calculated since the 
baseline visit, at the time of randomization).

Analytical measurements
Biological material collection
At inclusion in the study and after the achievement of 
the weight loss goal, venous blood samples were col-
lected and frozen at − 80 °C for subsequent biochemi-
cal measurements.

OGTT with frequent sampling
On a subset of patients, (11 randomized to lifestyle and 
15 randomized to liraglutide) we evaluated circulat-
ing sST2 and Gal-3 levels before (T0), and 60, 90 and 
120 min after a 75 g glucose load. The analysis was per-
formed both at baseline and after achieving the weight 
loss.

Biochemical measurements
Plasma and serum levels of sST2 and Gal-3 were meas-
ured by enzyme-linked immunosorbent assays from R&D 
Systems (Stillwater, MN) according to the Manufacturer’s 
instructions and with intra- and inter-assay coefficients 
of variation < 10%. Serum levels of hs-TnI were measured 
by ARCHITECT STAT immunoassay by Abbott, accord-
ing to International Federation of Clinical Chemistry and 
Laboratory Medicine (IFCC) requirements for hs-TnI 
analytical characteristics with assay coefficients of varia-
tion < 10% (according to the Manufacturer’s instructions).

Statistical analysis
We planned a study with 20 experimental subjects and 
20 control subjects. With this sample, we are able to 

Enrollment

132 pa nts were evaluated

Excluded (n=70)
Not presented inclusion criteria
(n=50)
Declined to par cipate (n=10)
Other problems (n=10)

132 pa nts were evaluated

Excluded (n=70)
Not presented inclusion criteria
(n=50)
Declined to par cipate (n=10)
Other problems (n=10)

62 pa nts were enrolled

31 randomized to 
Liraglu de

31 randomized to 
Lifestyle interven on

10 pa nts dropped out
-1 pregnancy

-1 severe anemia
-8 lost to follow-up

11 lost to follow-up

20 pa nts con nued
Liraglu de treatment
20 pa nts achieved

weight loss

20 pa nts con nued
Lifestyle program

20 pa nts achieved
weight loss

Alloca on

Follow-up

Analysis

Fig. 1  Flow chart. Flow chart of enrolment of participants in the 
study
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detect a true difference in the mean response of experi-
mental and control subjects of −  27% or + 27% of the 
standard deviation of a specific outcome/biomarker 
with probability (power) 0.9. The Type I error probabil-
ity associated with this test of the null hypothesis that 
the population means of the experimental and control 
groups are equal is 0.01; this value has been established 
for taking into account in some way the multiple com-
parisons problem.

Comparisons of variables between groups (prediabetic 
plus diabetic patients vs. controls) and between arms 
(liraglutide vs. lifestyle counseling) were performed by χ2 
tests or Mann–Whitney U tests. Spearman rank correla-
tion test was used to assess relationships among continu-
ous variables. The primary continuous outcomes were 
compared between arms by ANCOVA. The dependent 
variables were deltas of sST2 and Gal-3 relative to base-
line value. All the variables significantly different between 
the two arms despite randomization were included in the 
analysis (sST2 basal levels, triglycerides, waist circumfer-
ence, VAT).

Longitudinal changes over time of sST2 and Gal-3 in 
OGTT test were assessed with a general linear model on 
repeated measurements. Dependent variable was percent 
change. The effect of both treatment group and time were 
evaluated.

Association of baseline Gal-3 levels and improvement 
in beta cell function was evaluated by Spearman’s Corre-
lation. The difference of effect (liraglutide vs. lifestyle) on 
beta cell improvement (Delta beta-index) was evaluated 
in two groups according to baseline Gal-3 levels (above 
or under the median). Two-tailed probabilities were used 
for testing statistical significance, and p < 0.05 was con-
sidered statistically significant. For multiple comparisons 
we used Bonferroni correction, for 5% statistical signifi-
cance we considered p < 0.017. All calculations were car-
ried out using SPSS (SPSS, Chicago, IL, USA).

Results
Baseline characteristics
The clinical and biochemical baseline characteris-
tics of controls and patients before liraglutide or life-
style induced weight-loss intervention are described in 
Table 1.

Baseline sST2 levels were comparable between patients 
and controls randomized in the study (p = 0.786) whereas 
Gal-3 levels were significantly higher in patients as com-
pared to controls (p < 0.001) (Fig. 2). Similarly, compared 
to controls, patients with overt diabetes had compa-
rable ST2 levels (p = 0.179) and higher Gal-3 levels 
(p = 0.0002).

In a subset of patients (N = 26), we compared the lev-
els of sST2 and Gal-3 in plasma vs. serum and we found 

higher levels in serum (p = 0.002 for both molecules; 
median values: sST2, 12.65 vs. 13.88  ng/mL; Gal-3 2.98 
vs. 3.49 ng/mL], with a good correlation between values 
in the two sample types (sST2, rho = 0.912, p < 0.001; Gal-
3, rho = 0.713, p < 0.001) (Additional file 1: Fig. S1).

Patients randomized to liraglutide or lifestyle coun-
selling were comparable for most of the clinical and 
biochemical characteristics. The only significant 
between-arm differences despite randomization were 
triglyceride levels (p = 0.026), waist circumference 
(p = 0.040), VAT (p = 0.046) and sST2 (p = 0.008), all 
higher in the liraglutide arm (Table 1).

Baseline sST2 and Gal‑3 levels in relation to baseline 
metabolic variables
Baseline sST2 plasma levels were correlated directly 
with fasting insulin (rho = 0.391, p = 0.014) and VAT 
(rho = 0.376, p = 0.018) (Additional file 1: Table S1).

Baseline Gal-3 plasma levels correlated inversely with 
waist to hip ratio (WHR) (rho = − 0.455, p = 0.004) and 
directly with IL-6 (rho = 0.40, p = 0.023) (Additional 
file 1: Table S1).

Baseline sST2 and Gal‑3 levels in relation to baseline hs‑TnI 
as a marker of myocardial involvement
Baseline serum hs-TnI levels were correlated directly 
with sST2 (rho = 0.399, p = 0.012) (Fig. 3A), but not with 
Gal-3 (rho = 0.058 p = 0.722) plasma levels (Fig. 3B).

Effects of intervention
At the end of the intervention period (i.e. after achieve-
ment of the weight loss target), we observed a significant 
reduction in sST2 levels in the liraglutide arm (− 8.99%, 
95%CI − 15.8% to − 0.1%; p = 0.048) but not in the life-
style arm (4.42%, 95%CI − 6.6% to 13.2%; p = 0.49) with a 
significant between-group difference in ∆%sST2 adjusted 
for basal triglycerides, basal VAT and basal waist cir-
cumference (beta = −  14.95, standard deviation 6.86, 
p = 0.037) (Fig.  4A). In contrast, Gal-3 levels were not 
affected by intervention in any of the two arms (Fig. 4B).

Moreover, overall (n = 40), a 3% (95%CI − 29% to 23%, 
p  = 0.81) reduction in serum hs-TnI was observed after 
intervention, due to a 19% (95%CI − 27% to 66%; p = 0.29) 
increase in the lifestyle arm, and a significant 25% 
decrease (95%CI − 48% to − 2%; p = 0.033) in the liraglu-
tide arm, with a between-group difference in ∆%hs-TnI at 
the limits of significance, both unadjusted (p = 0.080) and 
adjusted for age, sex, basal triglycerides, basal VAT and 
basal waist circumference (beta = − 0.53, standard devia-
tion 0.30, p = 0.083) (Fig. 4C). We also found a direct cor-
relation between baseline sST2 (rho = 0.399, p = 0.012) 
but not Gal-3 (rho = 0.058 p = 0.722) plasma levels and 
changes in serum high-sensitivity troponin I (data not 
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Table 1  Clinical baseline characteristics of controls and patients randomized to liraglutide or lifestyle induced weight-loss intervention

Variable Controls (n = 13) Pre-liraglutide (n = 20) Pre-lifestyle (n = 20) Pre-liraglutide 
vs. pre-lifestyle
p-value

Controls 
vs. pre-
liraglutide

Controls vs. 
pre-lifestyle

Age (years) 66.0 (58–69) 55 (48–63) 52 (50–57) 0.481 0.010 0.005

Gender (male), n (%) 7 (53) 11 (55) 10 (50) 1.00 1.00 1.00

BMI (kg/m2) 22.8 (21.5–26.6) 36.7 (34.7–40.9) 35.0 (31.3–40.3) 0.244  < 0.001  < 0.001

Weight (kg) 78.0 (61.5–86.0) 109 (95–115) 96 (86–106) 0.056  < 0.001 0.001

Type 2 diabetes, n (%) 0 (0) 10(50) 7(35) 0.523 0.002 0.027

Waist (cm) NA 116.5 (112.0–128.5) 110.0 (100.4–119.2) 0.040 – –

WHR NA 0.97 (0.92–1.04) 0.9 (0.9–1) 0.321 – –

Systolic BP (mmHg) NA 144.5 (130–153) 134.0 (122.2–143.2) 0.144 – –

Diastolic BP (mmHg) NA 83.0 (78.0–87.5) 80.0 (70.0–83.7) 0.315 – –

Hypertension, n (%) NA 17 (85) 12 (60) 0.155 – –

Dyslipidemia, n (%) NA 9 (45) 10 (50) 1.00 – –

CVD, n (%) NA 1 (5) 5 (25) 0.182 – –

Previous MI, or revascularization, 
n (%)

NA 0 (0) 1(5) 1.00 – –

Previous TIA/stroke, or revascu-
larization, n (%)

NA 1 (5) 1 (5) 1.00 – –

PAD, n (%) NA 1 (5) 0(0) 1.00 – –

Carotid stenosis, n (%) NA 0 (0) 4 (20) 0.106 – –

Microvascular disease, n (%) NA 0 (0) 0 (0) – – –

Total cholesterol (mmol/L) 5.2 (4.6–6.3) 4.4 (3.6–5.0) 4.4 (3.8–4.6) 0.337 0.024 0.003

LDL cholesterol (mmol/L) 2.79 (2.56–3.15) 2.45 (1.76–3.26) 2.58 (1.99–3.00) 0.715 0.144 0.187

HDL cholesterol (mmol/L) 1.8 (1.7–2.3) 1.2 (1.0–1.4) 1.1 (1.0–1.4) 0.668 0.001  < 0.001

Triglycerides (mmol/L) 1.00 (0.60–1.38) 1.4 (0.9–2.2) 1.0 (0.8–1.3) 0.026 0.024 0.490

Amylase (U/L) NA 56.5 (53.5–70.75) 62.5 (52.5–77.2) 0.583 – –

Lipase (U/L) NA 105.0 (66.2–117.5) 134.5 (66.5–173.2) 0.149 – –

Fasting plasma glucose (mmol/L) NA 5.2 (4.9–5.9) 5.3 (5.0–5.7) 0.989 – –

HbA1c (%) 5.5 (5.3–5.6) 5.95 (5.62–6.70) 6.1 (5.6–6.5) 0.862  < 0.001  < 0.001

HbA1c (mmol/mol) 37 (34–38) 42 (38–50) 43 (38–48) 0.862  < 0.001  < 0.001

Fasting plasma insulin (uU/ml) – 13.35 (9.62–20.92) 10.7 (7.5–21.7) 0.394 – –

Creatinine (mg/dL) 0.82 (0.71–1.06) 0.70(0.63–0.81) 0.8 (0.7–0.9) 0.089 0.064 0.755

hs-C-reactive protein (mg/dL)a 1.15 (0.81–2.68) 0.45 (0.27–0.86) 0.3 (0.1–0.5) 0.354 – –

AST (U/L) 27.0 (22.8–32.5) 29.0 (24.2–39) 33.0 (27.5–43.5) 0.316 0.302 0.054

ALT (U/L) 24.0 (16.3–27.8) 41.0 (36.2–46.5) 50.0 (33.2–66.5) 0.394  < 0.001  < 0.001

Metformin, n (%) NA 20(100) 20 (100) 1.00 – –

ACE-I, n (%) NA 4 (20) 3 (15) 1.00 – –

ARBs, n (%) NA 7 (35) 6 (30) 1.00 – –

Diuretics, n (%) NA 7 (35) 5 (25) 0.731 – –

B-block, n (%) NA 7(35) 4 (20) 0.480 – –

CCA, n (%) NA 0 (0) 1 (5) 1.00 – –

Statins, n (%) NA 2 (10) 5 (25) 0.407 – –

Fibrates, n (%) NA 0 (0) 0 (0) – – –

Omega 3, n (%) NA 1 (5) 0 (0) 1.00 – –

Proton pump inhibitors, n (%) NA 3 (15) 3 (15) 1.00 – –

ASA, n (%) NA 1 (5) 3 (15) 0.605 – –

SAT (cm2) NA 434.1 (317.9–527.2) 374.9 (254.2–455.3) 0.311 – –

VAT (cm2) NA 324.2 (257.0–386.9) 254.5 (180.2–318.9) 0.046 – –

sST2 (ng/mL) 11.5 (9.3–16.1) 15.01 (10.46–16.73) 10.62 (9.20–12.76) 0.008 0.161 0.347

Gal-3 (ng/mL) 1.69 (1.35–2.27) 2.97 (1.88–3.98) 3.15 (2.66–4.43) 0.461 0.004  < 0.001
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shown). Thus, the higher ST2 at baseline, the lower the 
reduction in serum hs-TnI after intervention.

Predictive role of Gal‑3 and sST2 on metabolic variables
In the liraglutide arm, but not in the lifestyle arm, we 
found that baseline levels of Gal-3 correlated inversely 
with the ∆beta-index (rho = −  0.485, p = 0.030; 
rho = 0.320, p = 0.181 respectively) (Fig. 5A, B).

Change in beta-index was similar in patients rand-
omized to liraglutide compared with lifestyle (p = 0.11). 
However, by dividing patients in two groups according 

to baseline Gal-3 levels (above or under the median) we 
found that in patients with lower-than median Gal-3 
levels there was a significant elevation of beta-index 
in those randomized to liraglutide compared with life-
style, whereas such effect was not manifest in patients 
with higher-than median Gal-3 levels (p for difference of 
effect = 0.008) (Fig. 5C).

As for sST2, we also found a negative correlation 
between Gal 3 and delta beta-index (rho = −  0.481, 
p = 0.032). However, in the case of ST2, change in 
beta-index in the two arms was independent of ST2 

Table 1  (continued)
BMI body mass index, BP blood pressure, IGT impaired glucose tolerance, IFG impaired fasting glucose, WHR waist-hip ratio, CVD cardiovascular disease, MI myocardial 
infarction, TIA transient ischemic attack, PAD peripheral artery disease, ACE-I ACE-inhibitors, ARBs angiotensin receptor blockers, B-block beta-blockers, CCA​ calcium 
channel antagonists, ASA acetylsalicylic acid, SAT subcutaneous-adipose-tissue, VAT visceral-adipose-tissue, hs-CRP high sensitivity-CRP

Data are median (25th–75th percentile)
a Creactive protein referred to high sensitivity-CRP (hs-CRP) only in patients

CTRL IGT/IFG T2DM
0

10

20

30

sS
T2

 (n
g/

m
l)

0.9884 0.0718

0.1792

CTR IGT/IFG T2DM
0

2

4

6

G
al

-3
 n

g/
m

l

0.0004 0.8280

0.0002

A B

Fig. 2  Baseline plasma sST2 and Gal-3 levels. Comparison of baseline levels of sST2 (A) and Gal-3 (B) between controls and patients randomized in 
the study
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levels above or below the median (p for difference of 
effect = 0.093).

OGTT with frequent sampling
Before intervention, a 75  g oral glucose load led to an 
increase in sST2 levels over a period of 120 min (11.1%, 
p < 0.001). As expected, patients randomized to the two 
arms of treatment experienced a comparable increase in 
sST2 levels (12.2% lifestyle, 10.3% liraglutide p = 0.82) 
(Fig. 6A).

After intervention we still observed an increase of sST2 
after the glucose load over time (14.1%, p < 0.001) in both 
arms, but this effect was less pronounced in patients ran-
domized to liraglutide (21.4% lifestyle, 8.4% liraglutide, 
between-group p = 0.035) (Fig. 6B). Either before or after 
weight loss, the glucose load did not induce any change 
in Gal-3 levels in either arm (Fig. 6C, D).

Discussion
In this sub-study of a previous randomized trial we evalu-
ated the effect of liraglutide per se, regardless of the con-
current weight loss effect, on circulating sST2 and Gal-3, 
two validated markers of cardiac fibrosis and inflamma-
tion, as suggested by in  vitro and in  vivo experimental 
evidence [15, 16]. The main findings of this work were 
that (I) liraglutide treatment was associated with a signif-
icant 9% reduction in sST2 levels, and notably, no effect 

was observed in subjects achieving the same weight loss 
through lifestyle intervention; (II) an attenuated sST2 
response during OGTT was also observed at the end 
of liraglutide-, but not lifestyle-induce weight loss; (III) 
Gal-3 levels were elevated in T2DM as compared with 
controls and may be used as a prognostic marker to pre-
dict the improvement of beta cell function induced by 
liraglutide and thus to identify patients which may ben-
efit most from such therapy.

We analytically evaluated the two biomarkers and 
observed a good correlation between plasma and serum 
levels for both sST2 and Gal-3. However, the absolute 
levels were higher in serum vs. plasma and the major dif-
ference was observed for Gal-3. The additional Gal-3 in 
serum may be released by platelets which do express this 
molecule [19], and ideally, platelet-poor plasma should 
be used when analyzing this marker.

Previously, Yilmaz et  al. reported that Gal-3 could be 
an independent predictor of diabetes [20] and Li et  al. 
reported elevated Gal-3 levels in obese versus lean indi-
viduals, positively correlated with insulin resistance as 
assessed by HOMA score [17]. However, to this end, 
data on Gal-3 in diabetes are scarce or lacking. Herein 
we showed higher Gal-3 levels in patients with predia-
betes and T2DM compared to control. In an experimen-
tal study in gene-modified mice it was shown that Gal-3 
can bind directly to the insulin receptor and inhibit 
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downstream insulin receptor signaling, contributing to 
decreased insulin signaling and insulin resistance and, at 
the same time, promote adipose tissue inflammation [21]. 
In addition, Gal-3 can interact with lipopolysaccharides 
(LPS) in settings characterized by low-grade endotox-
emia, as reported in patients with prediabetes [21, 22], 
and trigger neutrophil activation [23] and possibly plate-
let activation.

On the contrary, we did not find any differences in 
sST2 levels between controls and patients with diabetes. 
Older age of our controls vs. patients can hardly explain 
this finding, since sST2 has been shown to be poorly 
influenced by age, and to predict outcome regardless of 
age [24].

In a previous study sST2 was increased in patients with 
diabetes vs. normal subjects [25], but our patients were in 
an early stage of the disease (< 12 months since diagnosis) 
and differences in sST2 levels may appear later. Indeed, 
sST2 is mainly elevated in patients with symptomatic 
CVD, reflecting myocardial wall stress and activation of 
fibrotic and inflammatory pathways [26, 27]. However, 
high levels are associated with poor prognosis also in the 
general population [28] and a reduction in sST2 may be 
beneficial despite levels being in the normal range.

Interestingly, we found an association between sST2 
levels and metabolic features such as fasting insulin and 
VAT. These data are in line with the hypothesis that sST2 
may be one link between obesity and diabetes develop-
ment [29]. Adipose tissue has been identified as a source 
of sST2 and the induction of sST2 in a mouse model led 
to higher insulin secretion and exacerbated adipose tis-
sue inflammation and insulin resistance [29].

In addition, we found that circulating ST2 significantly 
increased after 2-h glucose tolerance test, an increase 
mitigated at the end of the intervention period after lira-
glutide- but not lifestyle changes-induced weight loss. 
Thus, although our study showed no elevation of sST2 
levels in T2DM, our findings relate this molecule to met-
abolic disturbances of relevance for diabetes.

Obesity is associated with cardiac dysfunction and 
activation of pro-fibrotic  signaling pathways may lead 
to cardiac fibrosis. It has been demonstrated that these 
mechanisms may be reversible [30]. However, in the cur-
rent study we showed that whereas 7% of weight loss 
achieved by lifestyle did not affect the levels of the profi-
brotic marker sST2, the same degree of weight loss in 
patients treated with liraglutide reduced sST2 levels, sug-
gesting that this is a specific effect of this drug, at least in 
our patient population.

In contrast to the modest weight loss achieved in our 
study in either arm, a drastic body weight reduction 
associated with bariatric surgery led to a significant 
reduction in sST2 especially in diabetic patients [31]. 

This is probably related to the profound cardiometa-
bolic reprogramming induced by bariatric surgery [32].

Interestingly, a large, randomized study reported 
no effect of canagliflozin, an antihyperglycemic drug 
belonging to a different class (sGLT2 inhibitors), on 
either sST2 or Gal-3, despite improvement in glycemic 
control [33]. Thus, liraglutide may act by modulating 
different pathophysiological mechanisms, indepen-
dently, at least in part, of anti-hyperglycemic effects, 
potentially also exerting beneficial effects on myocar-
dial fibrosis/injury [34].

In this regard, we found a direct correlation between 
serum hs-TnI levels and sST2; and a significant reduc-
tion in serum hs-TnI in the liraglutide arm. Troponins 
are specific biomarkers of myocardial injury. However, 
they also rise in other acute and chronic situations and 
even in apparently healthy populations, and high cardiac 
troponin concentrations within the normal range are 
independent predictors of vascular events and death [35–
38]. sST2 expression occurs mostly in endothelial cells 
in response to tissue damage and inflammation [7], and 
exerts deleterious effects on the heart, where it abolishes 
the cardioprotective effects of the IL-33/ST2 interaction 
[39]. Thus, it is not surprising that sST2 and hs-TnI are 
inversely correlated and ST2 reduction translates into 
reduced hs-TnI.

While the molecular mechanisms underlying the 
effects of liraglutide on sST2 remain uncharacterized, 
we can speculate that it may involve pathways related to 
inflammation, oxidative stress and/or endothelial dys-
function [40]. GLP-1 receptor is expressed in cardio-
myocytes, although to date it is uncertain what its exact 
function in humans is [41].

At variance, experimental evidence suggests that 
endothelial GLP-1 receptor may mediate cardiovascular 
protection by liraglutide in mice with arterial hyperten-
sion [42]. In  vivo data in the setting of obesity clearly 
show that GLP-1RA signaling inhibits allergen-induced 
IL-33 release in the airway [43]. Thus, the IL-33/ST2 
signaling may be favorably affected by this class of drugs, 
but further studies are needed to verify this hypothesis.

Gal-3 levels were not affected by weight loss achieved 
by lifestyle change or liraglutide treatment. However, low 
basal Gal-3 levels were predictive for the efficacy of lira-
glutide to improve beta-cell function. A possible role of 
Gal-3 as a predictor of successful therapy in patients with 
T2DM has been previously discussed [44]. Since lira-
glutide seems most effective in patients with the highest 
remaining β‐cell function [45, 46] our hypothesis is that 
low basal Gal-3 levels may serve as biomarkers to iden-
tify this subset of patients. This is supported by a recent 
experimental model of obesity-induced diabetogen-
esis, showing that Gal-3 overexpression facilitates β-cell 
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damage, enhances oxidative stress and beta-cell apopto-
sis [47].

Limitations of this study include lack of imaging cardiac 
function markers, such as MRI and echocardiography 
and soluble markers of cardiac function (i.e., natriuretic 
peptides) as well as clinical cardiovascular endpoints. 
The number of patients were also relatively low which 
may weaken our conclusions. We also lack data on IL-33 
which is related to sST2 function. Strengths include the 
randomized designed of the study, excluding the con-
founding effect of weight loss on the markers in study, 
and the state-of-the-art method to detect beta-cell func-
tion in vivo. Moreover, the effect of the acute increase of 
blood glucose after OGTT allows making assumptions 
about the role of acute hyperglycemia on the circulating 
levels of both molecules in study.

Conclusions
This randomized study on obese patients with pre-
diabetes or early T2DM, suggests that the reduced CV 
risk observed with liraglutide treatment may be at least 
partially due to the prevention/improvement of car-
diac fibrosis as revealed by the reduction of sST2 levels. 
Although further clinical studies are necessary to fully 
elucidate the underlying mechanisms, this finding adds a 
piece of the puzzle justifying the cardiovascular benefit 
of liraglutide. Importantly, however, such studies should 
also include directly measurements of cardiac function 
and the degree of fibrosis. Moreover, Gal-3 levels may 
be used as a prognostic marker to identify the patient 
that will benefit most from liraglutide therapy, in terms 
of improvement in beta cell function. Thus, circulating 
galectin-3 may be feasible as a biomarker-guided therapy 
in patients with T2DM.

Abbreviations
sST2: Soluble suppression of tumorigenesis-2; Gal-3: Galectin-3; T2DM: Type 2 
diabetes mellitus; IFG: Impaired fasting glucose; IGT: Impaired glucose toler-
ance; ELISA: Enzyme-linked immunosorbent assays; IL-1: Interleukin-1; GLP-1: 
Glucagon-like peptide-1; VAT: Visceral adipose tissue; SAT: Subcutaneous 
adipose tissue; OGTT​: Oral glucose tolerance test; BMI: Body mass index.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12933-​022-​01469-w.

 Additional file 1. 1. Methods 1.1 Eligibility criteria 2. Supplemental 
Table 1 3. Supplemental Figure 1.

Acknowledgements
The authors thank Dr. Raffaella Auciello for her assistance in hs-Troponin evalu-
ation and analysis.

Authors’ contributions
Concept and design: FS, PA, BH. Acquisition, analysis, or interpretation of data: 
PS, RT, AM, RL, SC. Drafting of the manuscript: FS, RT, PS. Critical revision of 
the manuscript for important intellectual content: TU, KIB, HLG, FC, BH, AC, PA. 
Statistical analysis: ADC, RT. Obtained funding: FS. Supervision: FS, PA, BH, AC. 
All authors read and approved the final manuscript.

Funding
This study was supported by a grant from the Italian Ministry of University and 
Research (PRIN no. 2010JS3PMZ to F.S.).

Availability of data and materials
The datasets analysed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
The trial was approved by the Ethics Committee of the University of Chieti, 
and the Norwegian ethical committee approved the import of blood for 
laboratory assessments in Norway. Each patient provided written informed 
consent.

Consent for publication
All the authors gave their consent to publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Medicine and Aging, and Center for Advanced Studies 
and Technology (CAST), “G. D’Annunzio” University Foundation, Via Luigi 
Polacchi, 66013 Chieti, Italy. 2 Research Institute of Internal Medicine, Oslo Uni-
versity Hospital Rikshospitalet, University of Oslo, Oslo, Norway. 3 Department 
of Transplantation Medicine, Institute of Clinical Medicine, University of Oslo 
and Oslo University Hospital, Oslo, Norway. 4 Department of Endocrinology, 
Morbid Obesity and Preventive Medicine, Oslo University Hospital, Oslo, 
Norway. 5 Department of Chronic Diseases and Ageing, Norwegian Institute 
of Public Health, Oslo, Norway. 6 Mediterranea Cardiocentro, Naples, Italy. 7 Sec-
tion of Clinical Immunology and Infectious Diseases, Oslo University Hospital, 
Oslo, Norway. 

Received: 8 December 2021   Accepted: 18 February 2022

References
	1.	 Kong P, Christia P, Frangogiannis NG. The pathogenesis of cardiac 

fibrosis. Cell Mol Life Sci. 2014;71:549–74. https://​doi.​org/​10.​1007/​
s00018-​013-​1349-6.

	2.	 Biasucci LM, Maino A, Grimaldi MC, Cappannoli L, Aspromonte N. Novel 
biomarkers in heart failure: new insight in pathophysiology and clinical 
perspective. J Clin Med. 2021;10:2771.

	3.	 Emdin M, Aimo A, Vergaro G, Bayes-Genis A, Lupón J, Latini R, Meessen 
J, Anand IS, Cohn JN, Gravning J, et al. SST2 predicts outcome in chronic 
heart failure beyond NT−proBNP and high-sensitivity troponin T. J Am 
Coll Cardiol. 2018;72:2309–20. https://​doi.​org/​10.​1016/j.​jacc.​2018.​08.​2165.

	4.	 Bayes-Genis A, De Antonio M, Vila J, Peñafiel J, Galán A, Barallat J, Zamora 
E, Urrutia A, Lupón J. Head-to-head comparison of 2 myocardial fibrosis 
biomarkers for long-term heart failure risk stratification: ST2 versus galec-
tin-3. J Am Coll Cardiol. 2014;63:158–66. https://​doi.​org/​10.​1016/j.​jacc.​
2013.​07.​087.

	5.	 Martínez-Martínez E, Brugnolaro C, Ibarrola J, Ravassa S, Buonafine 
M, López B, Fernández-Celis A, Querejeta R, Santamaria E, Fernández-
Irigoyen J, et al. CT-1 (cardiotrophin-1)-Gal-3 (galectin-3) axis in cardiac 
fibrosis and inflammation: mechanistic insights and clinical implications. 
Hypertension. 2019;73:602–11. https://​doi.​org/​10.​1161/​HYPER​TENSI​
ONAHA.​118.​11874.

https://doi.org/10.1186/s12933-022-01469-w
https://doi.org/10.1186/s12933-022-01469-w
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.1016/j.jacc.2018.08.2165
https://doi.org/10.1016/j.jacc.2013.07.087
https://doi.org/10.1016/j.jacc.2013.07.087
https://doi.org/10.1161/HYPERTENSIONAHA.118.11874
https://doi.org/10.1161/HYPERTENSIONAHA.118.11874


Page 11 of 12Simeone et al. Cardiovascular Diabetology           (2022) 21:36 	

	6.	 Sharim J, Daniels LB. Soluble ST2 and soluble markers of fibrosis: emerg-
ing roles for prognosis and guiding therapy. Curr Cardiol Rep. 2020;22:41. 
https://​doi.​org/​10.​1007/​s11886-​020-​01288-z.

	7.	 Kakkar R, Lee RT. The IL-33/ST2 pathway: therapeutic target and novel 
biomarker. Nat Rev Drug Discov. 2008;7:827–40. https://​doi.​org/​10.​1038/​
nrd26​60.

	8.	 Aimo A, Januzzi JL, Bayes-Genis A, Vergaro G, Sciarrone P, Passino C, 
Emdin M. Clinical and prognostic significance of SST2 in heart failure: 
JACC review topic of the week. J Am Coll Cardiol. 2019;74:2193–203. 
https://​doi.​org/​10.​1016/j.​jacc.​2019.​08.​1039.

	9.	 Dimitropoulos S, Mystakidi VC, Oikonomou E, Siasos G, Tsigkou V, 
Athanasiou D, Gouliopoulos N, Bletsa E, Kalampogias A, Charalambous 
G, et al. Association of soluble suppression of tumorigenesis-2 (ST2) 
with endothelial function in patients with ischemic heart failure. IJMS. 
2020;21:9385. https://​doi.​org/​10.​3390/​ijms2​12493​85.

	10.	 Li M, Duan L, Cai Y, Hao B, Chen J, Li H, Liu H. Prognostic value of soluble 
suppression of tumorigenesis-2 (SST2) for cardiovascular events in coro-
nary artery disease patients with and without diabetes mellitus. Cardio-
vasc Diabetol. 2021;20:49. https://​doi.​org/​10.​1186/​s12933-​021-​01244-3.

	11.	 Traxler D, Zimmermann M, Simader E, Veraar CM, Moser B, Mueller T, Mild-
ner M, Dannenberg V, Lainscak M, Jug B, et al. The inflammatory markers 
SST2, HSP27 and HsCRP as a prognostic biomarker panel in chronic heart 
failure patients. Clin Chim Acta. 2020;510:507–14. https://​doi.​org/​10.​
1016/j.​cca.​2020.​07.​050.

	12.	 Song Y, Li F, Xu Y, Liu Y, Wang Y, Han X, Fan Y, Cao J, Luo J, Sun A, et al. 
Prognostic value of SST2 in patients with heart failure with reduced, 
mid-range and preserved ejection fraction. Int J Cardiol. 2020;304:95–100. 
https://​doi.​org/​10.​1016/j.​ijcard.​2020.​01.​039.

	13.	 Dong R, Zhang M, Hu Q, Zheng S, Soh A, Zheng Y, Yuan H. Galectin-3 as 
a novel biomarker for disease diagnosis and a target for therapy (review). 
Int J Mol Med. 2018;41:599–614. https://​doi.​org/​10.​3892/​ijmm.​2017.​3311.

	14.	 Marso SP, Daniels GH, Frandsen KB, Kristensen P, Mann JFE, Nauck MA, Nis-
sen SE, Pocock S, Poulter NR, Ravn LS, et al. Liraglutide and cardiovascular 
outcomes in type 2 diabetes. Drug Ther Bull. 2016;54:101. https://​doi.​org/​
10.​1056/​nejmo​a1603​827.

	15.	 Huang DD, Huang HF, Yang Q, Chen XQ. Liraglutide improves myocardial 
fibrosis after myocardial infarction through inhibition of CTGF by activat-
ing CAMP in mice. Eur Rev Med Pharmacol Sci. 2018;22:4648–56. https://​
doi.​org/​10.​26355/​eurrev_​201807_​15524.

	16.	 Zhao T, Chen H, Xu F, Wang J, Liu Y, Xing X, Guo L, Zhang M, Lu Q. Lira-
glutide alleviates cardiac fibrosis through inhibiting P4hα-1 expression 
in STZ-induced diabetic cardiomyopathy. Acta Biochim Biophys Sin. 
2019;51:293–300. https://​doi.​org/​10.​1093/​abbs/​gmy177.

	17.	 Armstrong MJ, Gaunt P, Aithal GP, Barton D, Hull D, Parker R, Hazlehurst 
JM, Guo K, Abouda G, Aldersley MA, et al. Liraglutide safety and efficacy 
in patients with non-alcoholic steatohepatitis (LEAN): a multicentre, 
double-blind, randomised, placebo-controlled phase 2 study. Lancet. 
2016;387:679–90. https://​doi.​org/​10.​1016/​S0140-​6736(15)​00803-X.

	18.	 Santilli F, Simeone PG, Guagnano MT, Leo M, Maccarone MT, Di Castel-
nuovo A, Sborgia C, Bonadonna RC, Angelucci E, Federico V, et al. Effects 
of liraglutide on weight loss, fat distribution, and b-cell function in 
obese subjects with prediabetes or early type 2 diabetes. Diabetes Care. 
2017;40:1556–64. https://​doi.​org/​10.​2337/​dc17-​0589.

	19.	 Chen PW, Hsu LW, Chang HY, Huang TC, Yu JR, Liao HY, Lee CH, Liu PY. 
Elevated platelet galectin-3 and rho-associated protein kinase activity are 
associated with hemodialysis arteriovenous shunt dysfunction among 
subjects with diabetes mellitus. BioMed Res Int. 2019. https://​doi.​org/​10.​
1155/​2019/​89524​14.

	20.	 Yilmaz H, Cakmak M, Inan O, Darcin T, Akcay A. Increased levels of 
galectin-3 were associated with prediabetes and diabetes: new risk 
factor? J Endocrinol Investig. 2015;38:527–33. https://​doi.​org/​10.​1007/​
s40618-​014-​0222-2.

	21.	 Li P, Liu S, Lu M, Bandyopadhyay G, Oh D, Imamura T, Johnson AMF, Sears 
D, Shen Z, Cui B, et al. Hematopoietic-derived galectin-3 causes cellular 
and systemic insulin resistance. Cell. 2016;167:973-984.e12. https://​doi.​
org/​10.​1016/j.​cell.​2016.​10.​025.

	22.	 Carnevale R, Pastori D, Nocella C, Cammisotto V, Baratta F, Del Ben M, 
Angelico F, Sciarretta S, Bartimoccia S, Novo M, et al. Low-grade endotox-
emia, gut permeability and platelet activation in patients with impaired 
fasting glucose. Nutr Metab Cardiovasc Dis. 2017;27:890–5. https://​doi.​
org/​10.​1016/j.​numecd.​2017.​06.​007.

	23.	 Fermino ML, Polli CD, Toledo KA, Liu F-T, Hsu DK, Roque-Barreira MC, 
Pereira-da-Silva G, Bernardes ES, Halbwachs-Mecarelli L. LPS-induced 
galectin-3 oligomerization results in enhancement of neutrophil activa-
tion. PLoS ONE. 2011;6:e26004. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00260​04.

	24.	 Aimo A, Januzzi JL, Vergaro G, Richards AM, Lam CSP, Latini R, Anand IS, 
Cohn JN, Ueland T, Gullestad L, et al. Circulating levels and prognostic 
value of soluble ST2 in heart failure are less influenced by age than 
N-terminal pro-B-type natriuretic peptide and high-sensitivity troponin T. 
Eur J Heart Fail. 2020;22:2078–88. https://​doi.​org/​10.​1002/​ejhf.​1701.

	25.	 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. https://​doi.​org/​10.​1016/j.​diabr​es.​2016.​06.​006.

	26.	 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:e95055. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00950​55.

	27.	 McCarthy CP, Januzzi JL. Soluble ST2 in heart failure. Heart Fail Clin. 
2018;14:41–8. https://​doi.​org/​10.​1016/j.​hfc.​2017.​08.​005.

	28.	 Chen LQ, De Lemos JA, Das SR, Ayers CR, Rohatgi A. Soluble ST2 is associ-
ated with all-cause and cardiovascular mortality in a population-based 
cohort: the Dallas heart study. Clin Chem. 2013;59:536–46. https://​doi.​
org/​10.​1373/​clinc​hem.​2012.​191106.

	29.	 Zhao XY, Zhou L, Chen Z, Ji Y, Peng X, Qi L, Li S, Lin JD. The obesity-
induced adipokine SST2 exacerbates adipose Treg and ILC2 depletion 
and promotes insulin resistance. Sci Adv. 2020;6:eaay6191. https://​doi.​
org/​10.​1126/​sciadv.​aay61​91.

	30.	 Mahajan R, Lau DH, Sanders P. Impact of obesity on cardiac metabolism, 
fibrosis, and function. Trends Cardiovasc Med. 2015;25:119–26. https://​
doi.​org/​10.​1016/j.​tcm.​2014.​09.​005.

	31.	 Demyanets S, Kaun C, Kaider A, Speidl W, Prager M, Oravec S, Hohensin-
ner P, Wojta J, Rega-Kaun G. The pro-inflammatory marker soluble 
suppression of tumorigenicity-2 (ST2) is reduced especially in diabetic 
morbidly obese patients undergoing bariatric surgery. Cardiovasc Diabe-
tol. 2020;19:26. https://​doi.​org/​10.​1186/​s12933-​020-​01001-y.

	32.	 Ezzaty Mirhashemi M, Shah RV, Kitchen RR, Rong J, Spahillari A, Pico AR, 
Vitseva O, Levy D, Demarco D, Shah S, et al. The dynamic platelet tran-
scriptome in obesity and weight loss. ATVB. 2021;41:854–64. https://​doi.​
org/​10.​1161/​ATVBA​HA.​120.​315186.

	33.	 Januzzi JL, Butler J, Jarolim P, Sattar N, Vijapurkar U, Desai M, Davies MJ. 
Effects of canagliflozin on cardiovascular biomarkers in older adults with 
type 2 diabetes. J Am Coll Cardiol. 2017;70:704–12. https://​doi.​org/​10.​
1016/j.​jacc.​2017.​06.​016.

	34.	 Bizino MB, Jazet IM, Westenberg JJM, van Eyk HJ, Paiman EHM, Smit JWA, 
Lamb HJ. Effect of liraglutide on cardiac function in patients with type 
2 diabetes mellitus: randomized placebo-controlled trial. Cardiovasc 
Diabetol. 2019;18:55. https://​doi.​org/​10.​1186/​s12933-​019-​0857-6.

	35.	 Martín Raymondi D, Garcia H, Álvarez I, Hernández L, Molinero JP, Villa-
mandos V. TUSARC: prognostic value of high-sensitivity cardiac troponin 
T assay in asymptomatic patients with high cardiovascular risk. Am J Med. 
2019;132:631–8. https://​doi.​org/​10.​1016/j.​amjmed.​2018.​11.​035.

	36.	 de Lemos JA, Drazner MH, Omland T, Ayers CR, Khera A, Rohatgi A, 
Hashim I, Berry JD, Das SR, Morrow DA, et al. Association of troponin T 
detected with a highly sensitive assay and cardiac structure and mortality 
risk in the general population. JAMA. 2010;304:2503. https://​doi.​org/​10.​
1001/​jama.​2010.​1768.

	37.	 Saunders JT, Nambi V, de Lemos JA, Chambless LE, Virani SS, Boerwinkle 
E, Hoogeveen RC, Liu X, Astor BC, Mosley TH, et al. Cardiac troponin T 
measured by a highly sensitive assay predicts coronary heart disease, 
heart failure, and mortality in the atherosclerosis risk in communities 
study. Circulation. 2011;123:1367–76. https://​doi.​org/​10.​1161/​CIRCU​LATIO​
NAHA.​110.​005264.

	38.	 Omland T, de Lemos JA, Sabatine MS, Christophi CA, Rice MM, Jablonski 
KA, Tjora S, Domanski MJ, Gersh BJ, Rouleau JL, et al. A sensitive cardiac 
troponin T assay in stable coronary artery disease. N Engl J Med. 
2009;361:2538–47. https://​doi.​org/​10.​1056/​NEJMo​a0805​299.

	39.	 Pascual-Figal DA, Januzzi JL. The biology of ST2: the international ST2 
consensus panel. Am J Cardiol. 2015;115:3B-7B. https://​doi.​org/​10.​1016/j.​
amjca​rd.​2015.​01.​034.

https://doi.org/10.1007/s11886-020-01288-z
https://doi.org/10.1038/nrd2660
https://doi.org/10.1038/nrd2660
https://doi.org/10.1016/j.jacc.2019.08.1039
https://doi.org/10.3390/ijms21249385
https://doi.org/10.1186/s12933-021-01244-3
https://doi.org/10.1016/j.cca.2020.07.050
https://doi.org/10.1016/j.cca.2020.07.050
https://doi.org/10.1016/j.ijcard.2020.01.039
https://doi.org/10.3892/ijmm.2017.3311
https://doi.org/10.1056/nejmoa1603827
https://doi.org/10.1056/nejmoa1603827
https://doi.org/10.26355/eurrev_201807_15524
https://doi.org/10.26355/eurrev_201807_15524
https://doi.org/10.1093/abbs/gmy177
https://doi.org/10.1016/S0140-6736(15)00803-X
https://doi.org/10.2337/dc17-0589
https://doi.org/10.1155/2019/8952414
https://doi.org/10.1155/2019/8952414
https://doi.org/10.1007/s40618-014-0222-2
https://doi.org/10.1007/s40618-014-0222-2
https://doi.org/10.1016/j.cell.2016.10.025
https://doi.org/10.1016/j.cell.2016.10.025
https://doi.org/10.1016/j.numecd.2017.06.007
https://doi.org/10.1016/j.numecd.2017.06.007
https://doi.org/10.1371/journal.pone.0026004
https://doi.org/10.1371/journal.pone.0026004
https://doi.org/10.1002/ejhf.1701
https://doi.org/10.1016/j.diabres.2016.06.006
https://doi.org/10.1371/journal.pone.0095055
https://doi.org/10.1371/journal.pone.0095055
https://doi.org/10.1016/j.hfc.2017.08.005
https://doi.org/10.1373/clinchem.2012.191106
https://doi.org/10.1373/clinchem.2012.191106
https://doi.org/10.1126/sciadv.aay6191
https://doi.org/10.1126/sciadv.aay6191
https://doi.org/10.1016/j.tcm.2014.09.005
https://doi.org/10.1016/j.tcm.2014.09.005
https://doi.org/10.1186/s12933-020-01001-y
https://doi.org/10.1161/ATVBAHA.120.315186
https://doi.org/10.1161/ATVBAHA.120.315186
https://doi.org/10.1016/j.jacc.2017.06.016
https://doi.org/10.1016/j.jacc.2017.06.016
https://doi.org/10.1186/s12933-019-0857-6
https://doi.org/10.1016/j.amjmed.2018.11.035
https://doi.org/10.1001/jama.2010.1768
https://doi.org/10.1001/jama.2010.1768
https://doi.org/10.1161/CIRCULATIONAHA.110.005264
https://doi.org/10.1161/CIRCULATIONAHA.110.005264
https://doi.org/10.1056/NEJMoa0805299
https://doi.org/10.1016/j.amjcard.2015.01.034
https://doi.org/10.1016/j.amjcard.2015.01.034


Page 12 of 12Simeone et al. Cardiovascular Diabetology           (2022) 21:36 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	40.	 Lambadiari V, Pavlidis G, Kousathana F, Varoudi M, Vlastos D, Maratou 
E, Georgiou D, Andreadou I, Parissis J, Triantafyllidi H, et al. Effects of 
6-month treatment with the glucagon like peptide-1 analogue liraglutide 
on arterial stiffness, left ventricular myocardial deformation and oxidative 
stress in subjects with newly diagnosed type 2 diabetes. Cardiovasc 
Diabetol. 2018;17:8. https://​doi.​org/​10.​1186/​s12933-​017-​0646-z.

	41.	 Baggio LL, Yusta B, Mulvihill EE, Cao X, Streutker CJ, Butany J, Cappola TP, 
Margulies KB, Drucker DJ. GLP-1 receptor expression within the human 
heart. Endocrinology. 2018;159:1570–84. https://​doi.​org/​10.​1210/​en.​
2018-​00004.

	42.	 Helmstädter J, Frenis K, Filippou K, Grill A, Dib M, Kalinovic S, Pawelke F, 
Kus K, Kröller-Schön S, Oelze M, et al. Endothelial GLP-1 (glucagon-like 
peptide-1) receptor mediates cardiovascular protection by liraglutide 
in mice with experimental arterial hypertension. ATVB. 2020;40:145–58. 
https://​doi.​org/​10.​1161/​atv.​00006​15456.​97862.​30.

	43.	 Toki S, Newcomb DC, Printz RL, Cahill KN, Boyd KL, Niswender KD, Peebles 
RS. Glucagon-like peptide-1 receptor agonist inhibits aeroallergen-
induced activation of ILC2 and neutrophilic airway inflammation in obese 
mice. Allergy. 2021;76:3433–45. https://​doi.​org/​10.​1111/​all.​14879.

	44.	 Berezin A. The rationality to use of galectin-3 as target in biomarker-
guided therapy of type 2 diabetes mellitus. Endocrinol Metab Syndr. 
2016. https://​doi.​org/​10.​4172/​2161-​1017.​10002​17.

	45.	 Wilbrink FJ, Mudde AH, Mulder AH, Bhansing KJ. Disease duration as an 
indicator of the efficacy of liraglutide in patients with type 2 diabetes 
mellitus. J Diabetes Investig. 2018;9:979–80. https://​doi.​org/​10.​1111/​jdi.​
12857.

	46.	 Usui R, Sakuramachi Y, Seino Y, Murotani K, Kuwata H, Tatsuoka H, Hama-
moto Y, Kurose T, Seino Y, Yabe D. Retrospective analysis of liraglutide and 
basal insulin combination therapy in japanese type 2 diabetes patients: 
the association between remaining β-cell function and the achievement 
of the glycated hemoglobin target 1 year after initiation. J Diabetes 
Investig. 2018;9:822–30. https://​doi.​org/​10.​1111/​jdi.​12773.

	47.	 Petrovic I, Pejnovic N, Ljujic B, Pavlovic S, MileticKovacevic M, Jeftic I, Dju-
kic A, Draginic N, Andjic M, Arsenijevic N, et al. Overexpression of galectin 
3 in pancreatic β cells amplifies β-cell apoptosis and islet inflammation in 
type-2 diabetes in mice. Front Endocrinol. 2020;11:30. https://​doi.​org/​10.​
3389/​fendo.​2020.​00030.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s12933-017-0646-z
https://doi.org/10.1210/en.2018-00004
https://doi.org/10.1210/en.2018-00004
https://doi.org/10.1161/atv.0000615456.97862.30
https://doi.org/10.1111/all.14879
https://doi.org/10.4172/2161-1017.1000217
https://doi.org/10.1111/jdi.12857
https://doi.org/10.1111/jdi.12857
https://doi.org/10.1111/jdi.12773
https://doi.org/10.3389/fendo.2020.00030
https://doi.org/10.3389/fendo.2020.00030

	Effects of liraglutide vs. lifestyle changes on soluble suppression of tumorigenesis-2 (sST2) and galectin-3 in obese subjects with prediabetes or type 2 diabetes after comparable weight loss
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Outcome and study visits
	Randomization
	Analytical measurements
	Biological material collection
	OGTT with frequent sampling
	Biochemical measurements

	Statistical analysis

	Results
	Baseline characteristics
	Baseline sST2 and Gal-3 levels in relation to baseline metabolic variables
	Baseline sST2 and Gal-3 levels in relation to baseline hs-TnI as a marker of myocardial involvement
	Effects of intervention
	Predictive role of Gal-3 and sST2 on metabolic variables
	OGTT with frequent sampling

	Discussion
	Conclusions
	Acknowledgements
	References




