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Abstract: Circulating levels of soluble interleukin 1 receptor-like 1 (sST2) are increased in heart 

failure and associated with poor outcome, likely because of the activation of inflammation and 

fibrosis. We investigated the pathogenic role of sST2 as an inductor of cardiac fibroblasts activation 

and collagen synthesis. The effects of sST2 on human cardiac fibroblasts was assessed using 

proteomics and immunodetection approaches to evidence the upregulation of neuropilin-1 (NRP-

1), a regulator of the profibrotic transforming growth factor (TGF)-β1. In parallel, sST2 increased 

fibroblast activation, collagen and fibrosis mediators. Pharmacological inhibition of nuclear factor-

kappa B (NF-κB) restored NRP-1 levels and blocked profibrotic effects induced by sST2. In NRP-1 

knockdown cells, sST2 failed to induce fibroblast activation and collagen synthesis. Exogenous 

NRP-1 enhanced cardiac fibroblast activation and collagen synthesis via NF-κB. In a pressure 

overload rat model, sST2 was elevated in association with cardiac fibrosis and was positively 

correlated with NRP-1 expression. Our study shows that sST2 induces human cardiac fibroblasts 

activation, as well as the synthesis of collagen and profibrotic molecules. These effects are mediated 

by NRP-1. The blockade of NF-κB restored NRP-1 expression, improving the profibrotic status 

induced by sST2. These results show a new pathogenic role for sST2 and its mediator, NRP-1, as 

cardiac fibroblast activators contributing to cardiac fibrosis. 

Keywords: sST2; neuropilin-1; collagen; fibroblast activation; NF-κB 

 

1. Introduction 

The interleukin 1 receptor-like 1 (IL1RL1) gene belongs to the IL-1 receptor family and encodes 

the protein ST2. The alternative splicing of IL1RL1 results in multiple transcript variants, including 
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the membrane-bound ST2L receptor for IL-33 and a soluble inhibitory decoy receptor, sST2. Briefly, 

the IL-33/ST2L system is cardioprotective in both physiological and pathological conditions, 

promoting cell survival and blocking profibrotic intracellular signaling [1,2]. An imbalance of sST2 

levels is one key contributor to cardiac fibrosis, which, finally, may lead to the development of heart 

failure (HF). Indeed, sST2 is produced by both cardiac fibroblasts and cardiomyocytes in response to 

injury or stress [3]. In cardiovascular cells, data concerning sST2 effects are scarce. Most of the studies 

have shown sST2 only as a decoy receptor that prevents IL-33/ST2L signaling. Thus, sST2 blocks the 

antihypertrophic effects of IL-33 in angiotensin II or phenylephrine-treated cardiomyocytes [3]. In 

endothelial cells, sST2 abolishes the increase in adhesion molecules and proinflammatory cytokines 

induced by IL-33 [4]. Noteworthy, sST2 can signal independently of IL-33 sequestration. In-line with 

this, in vascular smooth muscle cells, recombinant sST2 increases collagen, fibronectin, transforming 

growth factor (TGF)-β  and connective tissue growth factor (CTGF) [5]. Moreover, sST2 promotes 

mitochondrial fusion in human cardiac fibroblasts (HCF), increasing oxidative stress and the 

secretion of inflammatory markers via NF-κB [6]. In clinical populations, higher levels of circulating 

sST2 are associated with increased myocardial fibrosis, adverse cardiac remodeling and worse 

cardiovascular outcomes [7]. However, the specific role of sST2 as a direct inductor of cardiac 

fibroblast activation and the synthesis of profibrotic molecules, to our knowledge, has never been 

investigated. 

Cardiac fibroblasts are the major cells responsible for tissue fibrosis. Fibroblasts can be activated 

by a wide range of stimuli, TGF-β being one of the most-studied [8]. The conversion of quiescent 

fibroblasts into activated myofibroblasts promotes enhanced extracellular matrix production, a key 

event in cardiac fibrosis [9]. Furthermore, activated fibroblasts promote cardiomyocyte hypertrophy 

and dysfunction via the release of profibrotic factors, such as TGF-β1, generating a vicious circle [10]. 

However, the cell biology and molecular mechanisms of fibroblast activation remain poorly studied. 

The aim of this study was to provide a mechanistic assessment of sST2 on human cardiac 

fibroblast activation into profibrotic myofibroblasts, using a proteomic approach, and to unravel the 

resulting in vitro effects in a pressure overload rat model.  

2. Methods 

2.1. Cell Culture 

HCF were obtained from Promocell (Heidelberg, Germany) and maintained in medium 

Fibroblasts Media 3 supplemented with 10% FBS, 1-ng/mL FGF2 and 5-μg/mL rh-insulin according 

to the manufacturer’s instructions. At least 4 different HCF batches, corresponding to different 

donors (biological replicates), were used between passages 4–6. Cells were stimulated with human 

recombinant sST2 (2 μg/mL, R&D Systems, Abingdon, UK) for 24 h or with human recombinant 

NRP-1 (10−10–10−8 M, R&D Systems, Abingdon, UK) for 5, 10, 15, 30 and 60 min or 24 h. The NF-κB 

inhibitor BAY-11-7082 (Santa Cruz Biotechnology, Heidelberg, Germany) was added at 10−6 M for 30 

min before stimulating with sST2 or NRP-1. Each biological replicate was assayed at least in triplicate 

for intra-assay variability and reproducibility. Technical replicates were averaged to provide a single 

value per each biological replicate.  

2.2. Animal Model 

Adult male Wistar rats (weight = 250–300 g) were obtained from Harlan Ibérica (Barcelona, 

Spain). Rats were randomly distributed into two different groups: control rats (control; n = 10) and 

rats subjected to pressure overload (PO) by placing a 0.58-mm (internal diameter) tantalum clip 

banding the ascending and supravalvular aorta, as previously described (n = 7) [11–14]. The occlusion 

of the aorta continued for six weeks. Then, the animals were finally euthanized [11]. Body weight 

was measured once a week. Systolic blood pressure was basally estimated as well after 3 weeks and 

at the end of the study by using tail-cuff plethysmographin unrestrained animals. The Animal Care 

and Use Committee of Universidad Complutense de Madrid approved all experimental procedures, 
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according to the guidelines for ethical care of experimental animals of the European Community 

(approval ID: CEA-UCM 77/2012).  

2.3. Mass Spectrometry Based-Quantitative Proteomics 

Untreated cardiac fibroblasts and sST2-stimulated cardiac fibroblasts were compared by a 

shotgun comparative proteomic analysis using iTRAQ (isobaric Tags for Relative and Absolute 

Quantitation). Global experiments were carried out with whole cell lysates from four biological 

replicates (n = 4) in each experimental condition. Peptide labeling, peptide fractionation and mass 

spectrometry analysis were performed as previously described [15,16]. After MS/MS analysis, protein 

identification and relative quantification were performed with the ProteinPilot™ software (version 

4.5; AB Sciex Spain S.L., Madrid, Spain) using the Paragon™ algorithm as the search engine. 

Although relative quantification and statistical analysis were provided by the ProteinPilot software, 

an additional 1.3-fold change cutoff for all iTRAQ ratios (ratio <0.77 or >1.3) and a p-value lower than 

0.05 were selected to classify proteins as up- or downregulated (at least in two of three biological 

replicates). Proteins with iTRAQ ratios below the low range (0.77) were considered to be under-

expressed, whereas those above the high range (1.3) were considered to be overexpressed. Proteomics 

validation was assayed in the same samples used for proteomics, and 5 additional biological 

replicates were included (n = 5). In addition, we assessed the expression of soluble NRP-1 in 

conditioned media randomly selected from different biological replicates. Each biological replicate 

was assayed at least in triplicate. Using a higher number of samples (at least 2 more HCF batches) 

was justified to avoid endowing statistical error type I, as no additional methods were used to assess 

sNRP-1.  

2.4. CRISPR/Cas9 Genome Editing Mediated Deletion of NRP-1 

NRP-1 expression was knocked down by CRISPR/Cas9 (clustered regularly interspaced short 

palindrome repeats) guided genome editing. Cells were seeded into 6-well plates at 70% confluence 

and transfected with a pool of three plasmids, each encoding the Cas9 nuclease and a target-specific 

20-nt guide RNA (gRNA) designed for maximum gene editing efficiency according to the 

manufacturer’s instructions (Santa Cruz Biotechnology, Heidelberg, Germany). Scramble gRNA 

CRISPR/Cas9 plasmid was used as a control. 

Once NRP-1 knockout was generated, cells were treated with sST2 for 24 h. Then, cell extracts 

and supernatants were collected to evaluate fibroblast-to-myofibroblast transformations and the 

expression of fibrotic markers.  

2.5. Western Blot Analysis 

Aliquots of 20 µg of total proteins were prepared from cells and electrophoresed on SDS 

polyacrylamide gels and transferred to Hybond-c Extra nitrocellulose membranes (Bio-Rad, 

Hercules, CA, USA). Membranes were incubated with primary antibodies for: NRP-1 (Santa Cruz, 

Heidelberg, Germany), alpha smooth muscle actin (α-SMA) (Sigma/Merck Life Sciences S.L.U., 

Madrid, Spain), vimentin (Santa Cruz, Heidelberg, Germany), collagen-3 (Santa Cruz, Heidelberg, 

Germany), connective tissue growth factor CTGF (Abcam, Cambridge, UK), ST2 (Abcam, Cambridge, 

UK), NF-κB and phospho (Cell Signaling Technology, Leiden, The Netherlands), p42/44 MAPK and 

phospho (Cell Signaling Technology, Leiden, The Netherlands), IRAK 1/4 (Cell Signaling 

Technology, Leiden, The Netherlands), p38 MAPK and phospho (Cell Signaling Technology, Leiden, 

The Netherlands), IL-33 (Santa Cruz, Heidelberg, Germany), MyD88 (Santa Cruz, Heidelberg, 

Germany), AP-1 (Santa Cruz, Heidelberg, Germany) and TRAF-6 (Santa Cruz, Heidelberg, 

Germany). After washing, detection was made through incubation with peroxidase-conjugated 

secondary antibody and developed using an electrochemiluminescence (ECL) kit (GE healthcare, 

Thermo Fisher Scientific, UK). After densitometry analyses, optical density values were expressed as 

arbitrary units. All Western blots were performed at least in triplicate for each experimental 

condition. Stain-free detection was used as a loading control for ulterior normalizations.  

https://www.google.com.hk/search?newwindow=1&safe=active&biw=1274&bih=593&q=Santa+Cruz,+California&stick=H4sIAAAAAAAAAOPgE-LSz9U3KEjJy8kyUeIAsXMMcrO1NDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq_TEoqLMYqBwRuEiVrHgxLySRAXnotIqHQXnxJzMtPyivMzEHayMAEbS5S5eAAAA&sa=X&ved=2ahUKEwi8jaCd77rqAhVayIsBHfikC9cQmxMoATAtegQIChAD
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3. ELISA 

Soluble NRP-1 (sNRP-1), fibronectin, collagen type I, galectin-3 (Gal-3), TGF-β, matrix 

metalloproteinase-1 (MMP)-1, MMP-2, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 

levels were quantified in cell supernatants following the manufacturer’s instructions (R&D Systems, 

Abingdon, UK). The results were normalized to the control condition. Data were expressed as a fold 

change relative to the control conditions. 

3.1. Real-Time Reverse Transcription PCR 

Total RNA was extracted with Trizol Reagent (Qiagen, Hilden, Germany) and was reverse-

transcribed into single-stranded cDNA using a random hexamers master mix from Bio-Rad. 

Quantitative PCR (qPCR) analysis was performed using SYBR green PCR technology (Bio-Rad, 

Hercules, CA, USA) (Supplemental Table S1). Relative quantification was achieved with MyiQ 

software. HPRT, GADPH and β-actin were used as housekeeping genes for normalization. The 

relative expression (DDCT) of each selected gene product was calculated using the efficiency 

corrected calculation model and are shown as fold changes of the mRNA expression. All qPCRs were 

performed at least in triplicate for each experimental condition. 

3.2. Statistical Analyses 

Data are presented as scatter dot plots where horizontal line denotes a median value, and vertical 

lines denote the interquartile range (IQR). Normality of distributions was verified by means of the 

Kolmogorov–Smirnov test. The unpaired Student’s t-test or the Mann Whitney U test were used to 

assess statistical differences between two experimental conditions as appropriate. Data were 

analyzed using a one-way analysis of variance, followed by Tukey’s post hoc test analysis to assess 

specific differences among groups or conditions using GraphPad Software Inc (GraphPad, La Jolla, 

CA, USA). Pearson’s coefficients were calculated to determine correlations. The predetermined 

significance level was p < 0.05.  

4. Results 

4.1. sST2 Promotes Adult HCF Activations into Profibrotic Myofiboblasts 

sST2 treatment (2μg/mL) increased the expression of the myofibroblast activation markers α-

SMA (p = 0.0010) and vimentin (p = 0.0007) (Figure 1A), as well as fibronectin secretion (p = 0.0088) 

(Figure 1B), at 24 h. Moreover, treatment with sST2 enhanced collagen type I secretion (p = 0.0001) 

(Figure 1C) without modifying collagen type III levels (Figure 1D). Additional profibrotic markers 

that were assessed, including Gal-3, CTGF and TGF-β , were significantly upregulated (p = 0.0295, p 

= 0.0056 and p = 0.0015, respectively) (Figure 1E,F). However, secreted levels of MMP-1, MMP-2 or 

TIMP-1 showed no differences among the experimental conditions, whereas TIMP-2 was greater 

secreted in sST2-treated cells than the control counterparts (p = 0.0368) (Figure 1G). See original 

Western blot images in Supplemental Figures 1 and 2. 
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Figure 1. Soluble interleukin 1 receptor-like 1 (sST2) effects on fibroblast activation markers, collagens 

and profibrotic molecules in adult human cardiac fibroblasts (HCFs). The 24-h sST2 treatment 

(2μg/mL) effect on α-SMA, vimentin (A), fibronectin levels (B), Col-1 (C) and Col-3 expression (D) in 

HCF. Effects of sST2 on the profibrotic markers Gal-3 and TGF-β (E) and CTGF (F). Effects of sST2 

on MMP-1, MMP-2, TIMP-1 and TIMP-2 release (G). All conditions were performed at least in 

triplicate. Scatter dot plots represent the median and minimum to a maximum range of N = 7-20 

replicates per condition. For Western blot experiments, protein densitometry was expressed in 

arbitrary units (AU) once normalized to stain-free for proteins. Representative blots have been 

displayed when appropriate. *p < 0.05 vs. control. α-SMA, smooth muscle actin; Col-1, collagen type 

I; Col-3, collagen type III; CTGF, connective tissue growth factor; TGF-β transforming growth factor 

beta; Gal-3, galectin-3; MMP, metalloproteinase and TIMP, tissue inhibitor of metalloproteinase. 

4.2. sST2 Upregulates NRP-1 in Adult Human Cardiac Fibroblasts 

A proteome-wide analysis of total cell extracts using isobaric tags (iTRAQ) coupled to 2D nano-

liquid chromatography tandem mass spectrometry was performed in HCF treated with sST2 as 
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previously reported [6]. NRP-1 was identified as an upregulated protein upon 24 h of stimulation 

(Supplemental Table S2). Complementary analyses validated the increase of NRP-1 protein levels 

induced by sST2 (p = 0.0079) (Figure 2A). Moreover, the stimulation with sST2 enhanced (p = 0.0125) 

the secretion of sNRP-1 (Figure 2B). See the original Western blot images in Supplemental Figure 3. 

 

Figure 2. NRP-1 expression in HCFs treated with sST2. sST2 effect on intracellular NRP-1 expression 

(A) and sNRP-1 (B) in HCF. All conditions were performed at least in triplicate. Scatter dot plots 

represent the median and minimum to a maximum range of N = 8-16 replicates per condition. For 

Western blot experiments, protein densitometry was expressed in arbitrary units (AU) once 

normalized to stain-free for proteins. Representative blots have been displayed when appropriate. *p 

< 0.05 vs. control. NRP-1: neuropilin 1 and sNRP-1, soluble/secreted NRP-1 isoform. 

4.3. NF-κB Mediates sST2-Induced NRP-1 Expression and the Activation of Adult HCFs into  

Profibrotic Myofibroblasts 

We have previously described that sST2 promotes NF-κB phosphorylation after 30 and 60 min 

of stimulation in HCF [6]. The specific inhibitor of NF-ᴋB, BAY 11-7082, was able to prevent the 

increase in sNRP-1 protein levels (p = 0.0022) (Figure 3A). Moreover, the pretreatment with the 

specific inhibitor of NF-ᴋB blocked sST2 effects on the expression of myofibroblast markers α-SMA 

(p = 0.00331) and vimentin (p = 0.0311) (Figure 3B), while no effects were reported for fibronectin 

expression (data not shown). Interestingly, the blockade of the NF-ᴋB pathway also abolished the 

sST2-induced secretion of collagen type 1 (p = 0.017), as well as the expression of the profibrotic 

markers CTGF (p = 0.0003) and TGF-β (p = 0.0311) (Figure 3C–E). See original Western blot images in 

Supplemental Figure 4. 
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Figure 3. Intracellular pathways regulated by sST2 to promote its profibrotic effects. Nuclear factor-

kappa B (NF-κB) mediates sST2 effects on NRP-1 expression (A), myofibroblast activation markers α-

SMA and vimentin (B), profibrotic molecules Col-1 (C), CTGF (D) and TGF-β (E). Expression of NRP-

1 at transcript (F) and protein (G) levels in NRP-1 knockdown HCFs. Induction of activation markers 

α-SMA and vimentin (H), Col-1 secretion (I) and the profibrotic molecules Gal-3 (J) and CTGF (K) by 

ST2 in NRP-1 knockdown HCFs. Scatter dot blots represent median and minimum to a maximum 

range of N = 5-18 replicates per condition. For Western blot experiments, protein densitometry was 

expressed in arbitrary units (AU) once normalized to stain-free for proteins. Relative mRNA 

expression is expressed in arbitrary units (AU) of the fold change after normalization to HPRT, β-
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actin and GADPH housekeeping genes. Representative blots have been displayed when appropriate. 

*p < 0.05 vs. control. $p < 0.05 vs. sST2. Statistical significance was studied by a one-way ANOVA 

analysis. NRP-1, neuropilin 1; α-SMA, alpha smooth muscle actin; Col-1, collagen type I; CTGF, 

connective tissue growth factor; TGF- β transforming growth factor beta and Gal-3, galectin-3. 

4.4. sST2-Dependent Activation of Adult HCF into Profibrotic Myofibroblasts is Partially Mediated  

by NRP-1 

NRP-1 knockdown HCFs were generated using CRISPR/Cas9 technology. Expression of NRP-1 

was successfully downregulated by up to 80% compared to scramble at the transcript and protein 

levels (Figures 3F,G), in NRP-1 knockdown HCFs. sST2 was not able to elicit a myofibroblastic 

response in adult HCFs knocked down for NRP-1, as shown in Figure 3H. Accordingly, NRP-1 

knockdown HCFs expressed significantly lower levels of α-SMA (p = 0.0001) and vimentin (p = 

0.0069), despite sST2 stimulation, when compared to HCFs. These expression levels were comparable 

to those seen in control HCFs (Figure 3H). Moreover, sST2 failed to enhance collagen synthesis (p = 

0.0011) in NRP-1 knockdown cells (Figure 3I). Whereas the NRP-1 knockdown blocked sST2-induced 

Gal-3 secretion (p = 0.0053) (Figure 3J), the treatment with sST2 increased CTGF in both the scramble 

and NRP-1 downregulated HCF (Figure 3K). See original Western blot images in Supplemental 

Figure 5. 

4.5. Exogenous NRP-1 Increased the Expression of the Activation and Fibrosis Markers in Adult HCFs 

In order to understand the contribution of sST2-induced sNRP-1 to the activation of profibrotic 

myofibroblast phenotypes, adult HCFs were treated with a soluble human recombinant NRP-1. 

Exogenous sNRP-1 was supplemented at different concentrations (10−8 M, 10−9 M and 10−10 M) during 

24 h to evidence the lowest concentration inducing myofibroblast activation. Exogenous recombinant 

NRP-1 increased the expression of the myofibroblast activation markers α-SMA and vimentin in a 

dose-dependent manner, reaching the statistical significance only for 10−8 M (p = 0.0011 and p = 0.0288, 

respectively), with no effect on fibronectin secretion (Figure 4A,B). Thereby, the 10−8 M NRP-1 dose 

was subsequently used to explore the downstream signaling elicited by sNRP-1 on myofibroblast 

differentiation. Moreover, the treatment with NRP-1 enhanced collagen type I secretion also in a 

dose-dependent manner (p = 0.0379 for 10−8 M) (Figure 4C). Regarding other profibrotic markers, Gal-

3 expression was increased with a dose-dependent pattern (p = 0.0006 for 10−8 M) by sNRP-1 treatment 

(Figure 4D), whereas CTGF expression was not modified (Figure 4E). NRP-1-treated cells secreted 

similar levels of MMP-1, MMP-2, TIMP-1 or TIMP-2 as control cells (Figure 4F). See original Western 

blot images in Supplemental Figures 6 and 7. 

In order to investigate the intracellular pathways early activated by exogenous NRP-1 in HCF, 

cells were treated for 5, 10, 15, 30 and 60 min with 10−8 M NRP-1. Stimulation with NRP-1 induced 

NF-κB phosphorylation after 60 min of stimulation (p = 0.0420) (Figure 5A) without affecting the 

phosphorylation levels of p42/44 MAPK (Figure 5B), IRAK1/4 (Figure 5C) and p38 MAPK (Figure 5D).  

The specific inhibitor of NF-ᴋB, BAY 11-7082, was able to blunt the effects of exogenously added 

NRP-1 on the expression of myofibroblast markers α-SMA (p = 0.0028) and vimentin (p = 0.028) 

(Figure 5E). Interestingly, the blockade of the NF-ᴋB pathway also abolished the sNRP-1-induced 

secretion of collagen (p = 0.0028) (Figure 5F) and the expression of the profibrotic molecule Gal-3 (p = 

0.0040) (Figure 5G). See original Western blot images in Supplemental Figures 8–10. 
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Figure 4. Effect of exogenous NRP-1 on fibroblast activation and profibrotic marker expressions in 

adult HCFs. Dose-dependent effects of exogenous NRP-1 were studied at a 24-h time point on 

myofibroblast activation markers α-SMA and vimentin (A); fibronectin (B); Col-1 secretion (C); 

profibrotic markers Gal-3 (D) and CTGF (E) and MMP-1, MMP-2, TIMP-1 and TIMP-2 (F). Scatter dot 

blot represents the median and minimum to a maximum range of N = 5-11 replicates per condition. 

For Western blot experiments, protein densitometry was expressed in arbitrary units (AU) once 

normalized to stain-free for proteins. Representative blots have been displayed when appropriate. *p 

< 0.05 vs. control group. α-SMA, alpha smooth muscle actin; Col-1, collagen type I; Gal-3, galectin-3; 

CTGF, connective tissue growth factor; MMP, metalloproteinase and TIMP, tissue inhibitor of 

metalloproteinase. 
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Figure 5. NRP-1 signaling pathways involved in its profibrotic effects in HCFs. Effect of 10−8 M NRP-

1 on NF-κB (A), p42/44 MAPK (B), IRAK 1/4 (C) and p38 MAPK (D) phosphorylation. Effect of NRP-

1 inhibition on fibroblast activation markers α-SMA and vimentin (E) and profibrotic markers Col-1 

(F) and Gal-3 (G). Scatter dot blot represents the median and minimum to a maximum range of N = 

4-10 replicates per condition. Protein phosphorylated upper and total protein expression lower. For 

Western blot experiments, protein densitometry was expressed in arbitrary units (AU) once 

normalized to stain-free for proteins. Representative blots have been displayed when appropriate. *p 

< 0.05 vs. control group. $p < 0.05 vs. NRP-1. α-SMA, alpha smooth muscle actin; Col-1, collagen type 

I and Gal-3, galectin 3. 
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4.6. Cardiac Expression of sST2 and NRP-1 is Induced in a Pressure Overload Model 

The expression of sST2 and sNRP-1 has been measured in myocardial tissues from a PO animal 

model. Briefly, PO rats presented increased cardiac fibrosis characterized by enhanced levels of α-

SMA (1.6-fold), fibronectin (2.0-fold), collagen type I (2.3-fold), TGF-β (1.9-fold) and CTGF (1.7-fold) 

protein expressions (for further information, please refer to citation [11]). Perivascular myocardial 

fibrosis was also enhanced in PO rats. Moreover, α-SMA, vimentin and fibronectin immunostainings 

were increased in PO rats, as compared to the controls (Supplemental Figure S12). Interestingly, rats 

subjected to PO exhibited a greater expression of total ST2 and NRP-1 ((p = 0.0027 and p = 0.0068, 

respectively) (Figure 6A,B). A specific transcript analysis suggests that ST2 elevation results from 

sST2 over-expression (Figure 6C), while ST2L levels were not significantly different (Figure 6D). 

Interestingly, ST2 was positively correlated with the cardiac expression of NRP-1 (r = 0.633, p = 0.02, 

Figure 6E). It is worth to note that the IL-33 expression was unaffected by the experimental condition 

both at the transcript (Figure 6D) and protein levels (Figure 6F). Intracellular pathways activated by 

the IL-33/ST2L pathway showed similar MyD88 levels and lower TRAF-6 and AP-1 expressions in 

PO rats, as compared to the controls (Figure 6G). See original Western blot images in Supplemental 

Figure 11. 

 

Figure 6. Cardiac expression of ST2 and NRP-1 in a pressure overload (PO) rodent model. Cardiac 

protein ST2 (A), NPR-1 protein expression (B) and sST2 mRNA (C) in myocardium samples of 

controls and PO rats. Gene expression of ST2L and IL-33 (D). Correlation between ST2 and NRP-1 
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expression (r = 0.633, p = 0.02) (E). Effects of PO on IL-33 protein (F) and MyD88, TRAF-6 and AP-1 

protein expressions (G). Scatter dot blot represents the median and minimum to a maximum range 

of N = 5-10 animals per group. For Western blot experiments, protein densitometry was expressed in 

arbitrary units (AU) once normalized to stain-free for proteins. Relative mRNA expression was 

expressed in arbitrary units (AU) of fold change after normalization to HPRT, β-actin and GADPH 

housekeeping genes. Representative blots have been displayed when appropriate. *p < 0.05 vs. control 

group. ST2, interleukin 1 receptor-like 1; NRP-1, neuropilin-1; IL-33, interleukin 33; MyD88, Myeloid 

differentiation primary response 88; TRAF-6, tumor necrosis factor receptor associated factor 6 and 

AP-1, activator protein 1. 

5. Discussion 

The purpose of this study was to investigate the effect of sST2 on fibroblast activation, collagen 

secretion and profibrotic marker productions in HCFs. sST2 enhanced the profibrotic myofibroblast 

differentiation, as demonstrated by the enhanced expression of fibrotic mediators and collagen type 

I secretion. Using a proteomic approach, NRP-1 has been identified as an upregulated protein by 

sST2. Our study shows that sST2 profibrotic effects are partly mediated by NRP-1, which emerges as 

a new inductor of fibroblast activations and a profibrotic phenotype in HCFs. In addition, we 

identified NF-κB as a central signaling pathway in the profibrotic effects of sST2 via NRP-1, and that 

was further validated in vivo. 

Most of the sST2 previously defined effects suggest its function as a decoy receptor, inhibiting 

IL-33 effects [3,17,18]. However, sST2 could exert other effects independently of the sequestration of 

IL-33 [19]. In-line with this evidence, we previously described for the first time the deleterious effects 

triggered by sST2 on HCFs, by increasing the production of reactive oxygen species and 

inflammatory molecules [6]. In the present study, we expand our previous findings to show that sST2 

also increased the myofibroblast activation markers, as well as collagen and other profibrotic 

markers, such as Gal-3, CTGF or TGF-β. Fibrosis is a fundamental component of the adverse 

structural remodeling of the myocardium present in a failing heart [20]. In HF patients, the sST2 

measurement provides a strong serologic overview of the cumulative myocardial fibrotic process 

[21]. Our data reinforce the role of sST2 as a biomarker and, also, emerges as a biotarget of the fibrotic 

process, describing the mechanisms by which elevated sST2 could contribute to myofibroblast 

activation and collagen accumulation. 

NRP-1 is a 130-kDa transmembrane protein identified as a coreceptor for multiple growth 

factors, including TGF-β1, where it could enhance responses to both the active and latent forms of 

this cytokine [22]. It is of special interest that the alternative splicing of mRNA encoding NRP-1 gives 

rise to several sNRP-1 (soluble NRP-1) isoforms [23]. sST2 enhanced both the membrane-bound and 

sNRP-1 in HCFs. This result was reinforced in the myocardium of PO rats, where increased ST2 levels 

correlated positively with the expression of NRP-1. Moreover, NRP-1 partly mediated the profibrotic 

sST2 effects in HCFs. Our data is in-line with other observations showing that NRP-1 could play a 

regulatory role in TGF-β1-induced fibrosis [24]. Interestingly, exogenous sNRP-1 induced 

myofibroblast activation, as well as collagen synthesis and the expression of profibrotic mediators. 

Although this is, to our knowledge, the first time that NRP-1 has been studied in HCFs, it has been 

previously suggested that NRP-1 promotes liver cirrhosis progression and its aggravation [25]. 

Moreover, the over-expression of NRP-1 promotes the endothelial-to-mesenchymal transition 

(EndMT) and associated fibrosis [26]. A positive correlation between NRP-1 levels, EndMT markers 

and profibrotic gene expressions has been reported in pancreatic ductal adenocarcinoma tissues [26]. 

In addition, the endothelial-specific loss of NRP-1 downregulates and inactivates TGF-β1 signaling, 

culminating in reduced CTGF and collagen type I [26]. Other results indicate that the NRP-1 antibody 

reduces fibrogenesis markers and inhibits fibrosis in hepatic stellate cells [22,25]. Thus, NRP-1 

emerges as an attractive target in the context of fibrotic diseases. 

NF-κB directly regulates the expression of fibrosis-related genes, including fibronectin and 

MMPs [27]. Moreover, NF-κB phosphorylation leads to the transformation of cardiac fibroblasts into 

myofibroblasts [28]. NF-κB phosphorylation also mediates the angiotensin II-stimulated profibrotic 

https://www.sciencedirect.com/topics/nursing-and-health-professions/fibrosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/myocardium
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process [29] and regulates the levels of several profibrotic cytokines, leukocyte adhesion molecules 

and inflammatory molecules [30]. NF-κB has been previously described to contribute to the sST2 

proinflammatory effects [6]. Our results, showing that NF-κB mediated the profibrotic effects 

induced by sST2, are not in agreement with a previous report showing that sST2 blocked IL-6 

production by suppressing NF-κB activation in monocytic cells [31]. However, in the present study, 

both sST2 and NRP-1, a potential mediator of sST2 effects, did promote NF-κB phosphorylation in 

HCFs. Therefore, NF-κB seems to be a key regulator in controlling myofibroblast activation and 

collagen secretion elicited by both sST2 and NRP-1. 

6. Conclusions 

In summary, the present study shows that sST2 could affect myofibroblast activation, leading to 

an increase in collagen synthesis and profibrotic molecules in HCFs. Moreover, NRP-1, a molecule 

upregulated by sST2, emerges as a new, interesting target in cardiac fibrosis. Proinflammatory [6] 

and profibrotic effects triggered by sST2 via NF-KB certainly highlight the key role of the latter on 

cardiac fibrosis. New studies focusing on the interactions between sST2 and NRP-1 in experimental 

models are warranted. 
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S11: original western blotting images for figure 6; Figure S12: perivascular myocardial fibrosis and 

immunostainings in control and PO rats, Table S1: List of primers used for real-time PCR assays in the 

manuscript, Table S2: Proteome alterations induced by sST-2 in human cardiac fibroblasts. 

Authors Contribution: Conceptualization, P.R., F.Z. and N.L.A.; data curation, L.M., V.A., A.F.-C. and N.L.A.; 

formal analysis, L.M., V.A., E.J., E.M.-M., A.F.-C. and N.L.A.; funding acquisition, N.L.A.; investigation, L.M., 

V.A., E.J., E.M.-M., A.F.-C. and N.L.A.; methodology, L.M., V.A., E.J., A.G.-P., E.M.-M., R.S., V.A., A.N., A.F.-C., 

A.G., E.S. and J.F.-I.; project administration, N.L.A.; resources, N.L.A.; software, L.M., V.A., E.J., E.M.-M. and 

A.F.-C.; supervision, N.L.A.; validation, L.M., V.A., A.F.-C. and N.L.A.; visualization, L.M., V.A., A.F.-C. and 

N.L.A.; writing—original draft, L.M., V.A. and N.L.A. and writing—review and editing, L.M., V.A., E.J., A.G.-

P., E.M.-M., R.S., V.A., A.N., A.F.-C., A.G., E.S., J.F.-I., P.R., F.Z. and N.L.A. All authors have read and agreed to 

the published version of the manuscript. 

Funding: This work was supported b: Miguel Servet’s contract CP13/00221 from the “Instituto de Salud Carlos 

III-FEDER”, Fondo de Investigaciones Sanitarias (PI18/01875). The Proteomics Unit of Navarrabiomed is a 

member of ProteoRed and PRB3- ISCIII and is supported by grant PT17/0019 of the PE I + D + i 2013–2016, funded 

by ISCIII and ERDF. P.R. and F.Z. are supported by FIGHT-HF (reference: ANR-15-RHU-0004). Ernesto 

Martínez-Martínez is supported by a contract from CAM (Atracción de talento). L.M. is supported by a PFIS 

(FI19/00302) grant, and E.J. (CD19/00251) is supported by a Sara Borrel grant.  

Conflicts of Interest: The authors state no conflicts of interest. 

References 

1. Millar, N.L.; O’Donnell, C.; McInnes, I.B.; Brint, E. Wounds that heal and wounds that don’t−The role of 

the IL-33/ST2 pathway in tissue repair and tumorigenesis. Semin. Cell Dev. Biol. 2016, 16, 41–50, 

doi:10.1016/j.semcdb.2016.08.007. 

2. Ghali, R.; Altara, R.; Louch, W.E.; Cataliotti, A.; Mallat, Z.; Kaplan, A.; Zouein, F.A.; Booz, G.W. IL-33 

(interleukin 33)/SST2 (soluble suppression of tumorigenicity 2) axis in hypertension and heart failure. 

Hypertension 2018, 72, 818–828, doi:10.1161/HYPERTENSIONAHA.118.11157. 

3. Sanada, S.; Hakuno, D.; Higgins, L.J.; Schreiter, E.R.; McKenzie, A.N.J.; Lee, R.T. IL-33 and ST2 comprise a 

critical biomechanically induced and cardioprotective signaling system. J. Clin. Investig. 2007, 117, 1538–

1549, doi:10.1172/JCI30634. 

4. Demyanets, S.; Konya, V.; Kastl, S.P.; Kaun, C.; Rauscher, S.; Niessner, A.; Pentz, R.; Pfaffenberger, S.; 

Rychli, K.; Lemberger, D.E.; et al. Interleukin-33 induces expression of adhesion molecules and 



Cells 2020, 9, 1667 14 of 15 

 

inflammatory activation in human endothelial cells and in human atherosclerotic plaques. Arterioscler. 

Thromb. Vasc. Biol. 2011, 31, 2080–2089, doi:10.1161/ATVBAHA.111.231431. 

5. Martínez-Martínez, E.; Miana, M.; Jurado-López, R.; Rousseau, E.; Rossignol, P.; Zannad, F.; Cachofeiro, 

V.; López-Andrés, N. A role for soluble ST2 in vascular remodeling associated with obesity in rats. PLoS 

ONE 2013, 8, e79176, doi:10.1371/journal.pone.0079176. 

6. Matilla, L.; Ibarrola, J.; Arrieta, V.; Garcia-Peña, A.; Martinez-Martinez, E.; Sádaba, R.; Alvarez, V.; Navarro. 

A.; Fernández-Celis, A.; Gainza, A.; et al. Soluble ST2 promotes oxidative stress and inflammation in 

cardiac fibroblasts: An in vitro and in vivo study in aortic stenosis. Clin. Sci. 2019, 133, 1537–1548, 

doi:10.1042/CS20190475. 

7. Bayés-Genís, A.; Núñez, J.; Lupón, J. Soluble ST2 for Prognosis and Monitoring in Heart Failure: The New 

Gold Standard? J. Am. Coll. Cardiol. 2017, 70, 2389–2392, doi:10.1016/j.jacc.2017.09.031. 

8. Shinde, A.V.; Frangogiannis, N.G. Mechanisms of Fibroblast Activation in the Remodeling Myocardium. 

Curr. Pathobiol. Rep. 2017, 5, 139–148, doi:10.1016/j.physbeh.2017.03.040. 

9. Travers, J.G.; Kamal, F.A.; Robbins, J.; Yutzey, K.E.; Blaxall, B.C. Cardiac fibrosis: The fibroblast awakens. 

Circ. Res. 2016, 118, 1021–1040, doi:10.1161/CIRCRESAHA.115.306565. 

10. Bang, C.; Antoniades, C.; Antonopoulos, A.S.; Eriksson, U.; Franssen, C.; Hamdani, N.; Lehmann, L.; 

Moessinger, C.; Mongillo, M.; Muhl, L.; et al. Intercellular communication lessons in heart failure. Eur. J. 

Heart Fail. 2015, 17, 1091–1103, doi:10.1002/ejhf.399. 

11. Arrieta, V.; Martinez-Martinez, E.; Ibarrola, J.; Alvarez, V.; Sádaba, R.; Garcia-Peña, A.; Fernández-Celis, 

A.; Cachofeiro, V.; Rossignol, P.; López-Andrés, N. A role for galectin-3 in the development of early 

molecular alterations in short-term aortic stenosis. Clin. Sci. 2017, 131, 935–949, doi:10.1042/CS20170145. 

12. Ibarrola, J.; Martínez-Martínez, E.; Sádaba, J.R.; Arrieta, V.; García-Peña, A.; Álvarez, V.; Fernández-Celis, 

A.; Gainza, A.; Rossignol, P.; Ramos, V.C.; et al. Beneficial Effects of Galectin-3 Blockade in Vascular and 

Aortic Valve Alterations in an Experimental Pressure Overload Model. Int. J. Mol. Sci. 2017, 18, 1664, 

doi:10.3390/ijms18081664. 

13. Hampton, C.; Rosa, R.; Campbell, B.; Kennan, R.; Gichuru, L.; Ping, X.; Shen, X.; Small, X.; Madwed, J.; 

Lynch, J.J. Early echocardiographic predictors of outcomes in the mouse transverse aortic constriction heart 

failure model. J. Pharmacol. Toxicol. Methods 2017, 84, 93–101, doi:10.1016/j.vascn.2016.12.001. 

14. Feldman, A.; Weinberg, E.; Ray, P.; Lorell, B. Selective changes in cardiac gene expression during 

compensated hypertrophy and the transition to cardiac decompensation in rats with chronic aortic 

banding. Circ. Res. 1993, 73, 184–192, doi:10.1161/01.res.73.1.184. 

15. Ibarrola, J.; Arrieta, V.; Sádaba, R.; Martinez-Martinez, E.; Garcia-Peña, A.; Alvarez, V.; Fernández-Celis, 

A.; Gainza, A.; Santamaría, E.; Fernández-Irigoyen, J.; et al. Galectin-3 down-regulates antioxidant 

peroxiredoxin-4 in human cardiac fibroblasts: A new pathway to induce cardiac damage? Clin. Sci. 2018, 

132, 1471–1485, doi:10.1042/CS20171389. 

16. Ibarrola, J.; Sádaba, R.; Garcia-Peña, A.; Arrieta, V.; Martinez-Martinez, E.; Alvarez, V.; Fernández-Celis, 

A.; Gainza, A.; Santamaría, E.; Fernández-Irigoyen, J.; et al. A role for fumarate hydratase in mediating 

oxidative effects of galectin-3 in human cardiac fibroblasts. Int. J. Cardiol. 2018, 258, 217–223, 

doi:10.1016/j.ijcard.2017.12.103. 

17. Altara, R.; Ghali, R.; Mallat, Z.; Cataliotti, A.; Booz, G.W.; Zouein, F.A. Conflicting vascular and metabolic 

impact of the IL-33/sST2 axis. Cardiovasc. Res. 2018, 114, 1578–1594, doi:10.1093/cvr/cvy166. 

18. Kakkar, R.; Lee, R.T. The IL-33/ST2 pathway: Therapeutic target and novel biomarker. Nat. Rev. Drug 

Discov. 2008, 7, 827–840, doi:10.1038/nrd2660. 

19. Nagata, A.; Takezako, N.; Tamemoto, H.; Ohto-Ozaki, H.; Ohta, S.; Tominaga, S.I.; Yanagisawa, K. Soluble 

ST2 protein inhibits LPS stimulation on monocyte-derived dendritic cells. Cell Mol. Immunol. 2012, 9, 399–

409, doi:10.1038/cmi.2012.29. 

20. Mann, D.L. Mechanisms and models in heart failure: A combinatorial approach. Circulation 1999, 100, 999–

1008, doi:10.1161/01.CIR.100.9.999. 

21. 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 galectin-3. J. Am. Coll. Cardiol. 2014, 63, 158–166, doi:10.1016/j.jacc.2013.07.087. 

22. Glinka, Y.; Stoilova, S.; Mohammed, N.; Prud’homme, G.J. Neuropilin-1 exerts co-receptor function for 

TGF-beta-1 on the membrane of cancer cells and enhances responses to both latent and active TGF-beta. 

Carcinogenesis 2011, 32, 613–621, doi:10.1093/carcin/bgq281. 



Cells 2020, 9, 1667 15 of 15 

 

23. Pellet-Many, C.; Frankel, P.; Jia, H.; Zachary, I. Neuropilins: Structure, function and role in disease. Biochem. 

J. 2008, 411, 211–226, doi:10.1042/BJ20071639. 

24. Ding, Z.; Du, W.; Lei, Z.; Zhang, Y.; Zhu, J.; Zeng, Y.; Wang, S.; Zheng, Y.; Liu, Z.; Huang, L-A. Neuropilin 

1 modulates TGF-β1-induced epithelial-mesenchymal transition in non-small cell lung cancer. Int. J. Oncol. 

2020, 56, 531–543, doi:10.3892/ijo.2019.4938. 

25. Cao, S.; Yaqoob, U.; Das, A.; Shergill, U.; Jagavelu, K.; Huebert, R.C.; Routray, C.; Abdelmoneim, S.; Vasdev, 

M.; Leof, E.; et al. Neuropilin-1 promotes cirrhosis of the rodent and human liver by enhancing PDGF/TGF-

β signaling in hepatic stellate cells. J. Clin. Investig. 2010, 120, 2379–2394, doi:10.1172/JCI41203. 

26. Matkar, P.N.; Singh, K.K.; Rudenko, D.; Kim, Y.J.; Kuliszewski, M.A.; Prud’homme, G.J.; Hedley, D.W.; 

Leong-Poi, H. Novel regulatory role of neuropilin-1 in endothelial-to-mesenchymal transition and fibrosis 

in pancreatic ductal adenocarcinoma. Oncotarget 2016, 7, 69489–69506, doi:10.18632/oncotarget.11 060. 

27. Ma, Z.G.; Yuan, Y.P.; Wu, H.M.; Zhang, X.; Tang, Q.Z. Cardiac fibrosis: New insights into the pathogenesis. 

Int. J. Biol. Sci. 2018, 14, 1645–1657, doi:10.7150/ijbs.28103. 

28. Kong, P.; Christia, P.; Frangogiannis, N.G. The pathogenesis of cardiac fibrosis. Cell Mol. Life Sci. 2014, 71, 

549–574, doi:10.1007/s00018-013-1349-6. 

29. Thakur, S.; Li, L.; Gupta, S. NF-κB-mediated integrin-linked kinase regulation in angiotensin II-induced 

pro-fibrotic process in cardiac fibroblasts. Life Sci. 2014, 107, 68–75, doi:10.1016/j.lfs.2014.04.030. 

30. Valen, G.; Yan, Z.Q.; Hansson, G.K. Nuclear factor kappa-B and the heart. J. Am. Coll. Cardiol. 2001, 38, 307–

314, doi:10.1016/S0735-1097(01)01377-8. 

31. Takezako, N.; Hayakawa, M.; Hayakawa, H.; Aoki, S.; Yanagisawa, K.; Endo, H.; Tominaga, S.I. ST2 

suppresses IL-6 production via the inhibition of IκB degradation induced by the LPS signal in THP-1 cells. 

Biochem. Biophys. Res. Commun. 2006, 341, 425–432, doi:10.1016/j.bbrc.2005.12.206. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


