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bUniversity Hospital Heidelberg, Internal Medicine III, Heidelberg, Germany
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Abstract

Background—Myocardial infarction is followed by cardiac dysfunction, cellular death, and 

ventricular remodeling, including tissue fibrosis. S100A4 protein plays multiple roles in cellular 

survival, and tissue fibrosis, but the relative role of the S100A4 in the myocardium after 

myocardial infarction is unknown. This study aims to investigate the role of S100A4 in myocardial 

remodeling and cardiac function following infarct damage.

Methods and results—S100A4 expression is low in the adult myocardium, but significantly 

increased following myocardial infarction. Deletion of S100A4 increased cardiac damage after 

myocardial infarction, whereas cardiac myocyte-specific overexpression of S100A4 protected the 

infarcted myocardium. Decreased cardiac function in S100A4 Knockout mice was accompanied 

with increased cardiac remodeling, fibrosis, and diminished capillary density in the remote 

myocardium. Loss of S100A4 caused increased apoptotic cell death both in vitro and in vivo in 

part mediated by decreased VEGF expression. Conversely, S100A4 overexpression protected cells 

against apoptosis in vitro and in vivo. Increased pro-survival AKT-signaling explained reduced 

apoptosis in S100A4 overexpressing cells.

Conclusion—S100A4 expression protects cardiac myocytes against myocardial ischemia and is 

required for stabilization of cardiac function after MI.

*Corresponding author at: University Hospital Heidelberg, Department of Internal Medicine III, Im Neuenheimer Feld 669, 69120 
Heidelberg, Germany. Mirko.voelkers@med.uni-heidelberg.de (M. Völkers). 
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1. Introduction

The progressive nature of ischemic cardiomyopathy appears to be dictated partly by the 

continuous loss of cardiac myocytes and the inability of the myocardium to regenerate [1]. 

New treatments that target the disease mechanism at the cellular and whole-organ level are 

needed to halt and reverse the devastating consequences of this disease. S100A4 is a 

calcium-binding cardiac protein shown to protect cardiac myocytes from cell death [1,2]. 

S100 proteins constitute of EF-hand calcium-binding proteins that regulates biological 

processes, such as cardiac contractility, proliferation, migration, and cell differentiation [3]. 

S100A4 was first described as a factor promoting metastasis and angiogenesis [4,5]. The 

mechanisms of these effects are not fully elucidated, but it is well known that the protein has 

both intracellular and extracellular functions, and that the molecular pathways and 

mechanism are mediated, at least partly, by activation of the pro-survival kinase AKT [6,7]. 

Importantly, in the last years S100A4 was related to multiple functions including 

cardiomyogenesis, growth and also survival promoting activity on cardiac myocytes [1,2,8]. 

Moreover, S100A4-Cre-recombinase reporter mice have been used for fibroblast lineage 

tracing in the myocardium, although specificity of S100A4 for cardiac fibroblasts has been 

recently questioned [2,9,10]. More recently it has been shown that S100A4 knockout mice 

showed reduced interstitial fibrosis, decreased myofibroblasts, suppressed expressions of 

collagens and pro-fibrotic cytokines in the left ventricle after pressure overload [3,11]. 

However, no studies have examined the effects of increased S100A4 protein levels in the 

ischemic myocardium. Therefore, acute myocardial infarction (MI) was used as the setting 

to assess the impact of S100A4 on pathologic injury using knockout and overexpression 

models, with implications for S100A4 as a novel therapeutic target for cardiac ischemia.

2. Methods

2.1. Animal procedures, echocardiography and invasive hemodynamics assessment

Generation of S100A4 null mice was previously reported [4,5,12]. Eight-ten week-old male 

S100A4 KO and wild-type (WT) mice of an A/Sn genetic background were used for the 

present study. The mice were housed 8–10 animals/cage with a 12-hour light and dark cycle 

and were fed standard laboratory chow and water ad libitum. Myocardial infarction was 

produced by ligating the left anterior descending (LAD) branch of the coronary artery using 

a 8-0 suture (Ethicon). Control mice underwent a sham operation. Echocardiography was 

performed under mild isoflurane sedation (0.5%–1.5%) using a Vevo 770 high-resolution 

system. Cardiac function was analyzed in the parasternal long axis view by tracking the 

endocardium with the supplied analysis software to obtain end systolic volume, end diastolic 

volume, ejection fraction, and heart rate. Consecutive noninvasive assessment of cardiac 

function in the parasternal long axis view has been performed 1, 2, 4, and 6 weeks after 

surgery. Closed chest hemodynamic assessment was performed on mice anesthetized with 

3% chloral hydrate (10 µL per 1mg body weight) before insertion of microtip pressure 
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transducer (FT111B, Scisense) into the right carotid artery and advancement into left 

ventricle. The catheter was connected to an A/D converter (FV892A, Scisense) for data 

collection. After hemodynamic measurements, hearts were arrested in diastole using high 

potassium solution and perfused with phosphate-buffered formalin for 15 min (Sigma-Al-

drich) via retrograde cannulation of the abdominal aorta. Retroperfused hearts were removed 

from the chest cavity and placed in formalin for at least another 24 h. Alternatively, after 

hemodynamic assessment hearts were removed directly and frozen down in liquid nitrogen 

until further processing.

2.2. Tissue collection

We sacrificed mice at various time points after MI or sham operation and removed the 

hearts. For later isolation of RNA and protein in the MI study, left ventricles were divided 

into the infarcted area (apex, distal to the ligation site) and the non-infarcted remote 

myocardium (basal part of the interventricular septum) and stored in in liquid N2.

2.3. Immunohistochemistry

Please find a detailed protocol in the online-only Data supplement.

2.4. Infarct size measurements

Paraffin sections were stained with tropomyosin to visualize live myocardium and TO-

PRO-3 iodide to determine nuclei distribution and area of infarction. Area of live 

myocardium was measured using an outlining tool supplied by the Leica Imaging software 

and normalized to the total area of the left ventricular free wall and converted to a 

percentage.

2.5. Myocyte size measurements

Paraffin sections were stained for tropomyosin to visualize live myocardium wheat germ 

agglutinin-488 (Carlsbad, Invitrogen) to outline cardiomyocyte membrane and TO-PRO-3 to 

visualize nuclei. Myocytes were measured using a ImageJ to measure area as µm3. An n = 4 

per group was measured.

2.6. Cardiomyocyte cell culture and treatment

Neonatal Ventricular cardiomyocytes from 1- to 2 d-old rat neonatal hearts (NRCMs) were 

prepared by trypsin digestion using standard procedures. Cell suspensions were pre-plated 

for 2 h in M199 medium (Cell-Gro) supplemented with 15% fetal bovine serum (FBS) to 

reduce non-myocyte cell contamination. Myocytes were plated in gelatin (Sigma) precoated 

10 cm dishes or in laminin (Sigma) precoated glass slides using the preplating media.

2.7. Conditioned media studies and apoptosis assays

Fibroblast cultures from Wildtype and S100A4 KO mice were washed thoroughly with 

phosphate-buffered saline and allowed to condition fresh serum-free (control) media for 24 

h. The resultant fibroblast conditioned media were filtered through a 0.22 µm filter to 

remove any cellular debris and added to NRCMs previously cultured in control media. After 

3 h, conditioned cell death was induced by challenge with H2O2 (50 µM for 3 h).
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For isolation of adult myocytes, following chloral hydrate anesthesia (400 mg/kg body 

weight, i.p.), the heart was excised and left ventricular (LV) myocytes were enzymatically 

dissociated 11. The myocardium was perfused retrogradely through the aorta at 37°C with a 

Ca2+ free solution. At completion of digestion, the LV was cut in small pieces and 

resuspended in Ca2+ 0.1 mM solution. Cells were maintained in M199 for 24 h at 37 °C, 

95%O2, 5%CO2 and used for further analysis after medium exchange.

2.8. Invasion assay

Fibroblast invasion was quantified using a modified two-chamber invasion assay (membrane 

coated with a layer of Matrigel extracellular matrix proteins) according to the 

manufacturer’s instructions (BD Bio-science). The bottom chamber was filled with 750 µL 

M199 medium (Cell-Gro) supplemented with 15% fetal bovine serum (FBS), and the insert 

was placed into the media. Cells suspended in serum free culture media was seeded in the 

top insert. The cells were allowed to invade for 24 h at 37 °C. Cells attaching to the lower 

surface of the membrane were fixed and stained. Quantification was performed by counting 

the stained cells under light microscopy.

2.9. siRNA transfection

NRCM were transfected with small interfering RNAs (siRNAs, 100 nM) by using HiPerfect 

transfection reagent (Qiagen) as per the manufacturer’s recommendations. After incubation 

for 5–10 min, transfection complexes were added to the cells for 48 h. The following siRNA 

sequences were used: rat S100A4 siRNA:

Sense: 5′ U.G.A.A.C.A.A.C.U.U.G.G.A.C.A.G.C.A.A.U.U 3′.

Antisense: 5′ U.U.G.C.U.G.U.C.C.A.A.G.U.U.G.U.U.C.A.U.U 3′. The control 

siRNA was obtained from Ambion.

2.9.1. Adeno-associated virus serotype 9 generation and systemic in vivo 
AAV9 cardiac- targeted gene transfer protocol—In vivo cardiac-targeted S100A4 

expression in normal mouse hearts was obtained by using tail vein injection of an adeno-

associated virus serotype 9 (AAV9) harboring the S100A4 gene driven by a cardiomyocyte-

specific CMV-MLC2v0.8 promoter. Recombinant AAV9 vector carrying the same promoters 

without a downstream encoded transgene product served as control. Adult male C57BL/6 

mice were anesthetized with isoflurane (2%) and 100 µL of 37 °C heated Ringer Lactate 

containing 1 × 1011 total viral particles of either AAV9-control, AAV9-S100A4 as 

previously described [6,7,13].

2.10. Real-time RT-PCR

Total RNA was isolated from frozen heart or cultured cells by using Quick-RNA™ 

MiniPrep (Zymo Research) and reverse-transcribed into complementary DNA (cDNA) by 

using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCR 

was performed on all samples in triplicate using QuantiTect™ SYBR Green PCR Kit 

(Qiagen) according to the manufacturer’s instructions. All primer sequences are shown in 

Supplemental Table 1 of the Online Data Supplement.
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2.11. Immunoblotting

Immunoblotting was performed using standard procedures. Protein lysates from ventricles or 

cultured cardiomyocytes were loaded onto a 4–12% NuPAGE Novex Bis-Tris Gel 

(Invitrogen) for electrophoresis. Separated proteins were then transferred onto a 

polyvinylidene fluoride (PVDF) membrane, blocked with 5% skim milk in Tris-Buffered 

Saline Tween-20 (TBST) for 1 h at room temperature, and exposed to primary antibodies. 

Alkaline phosphatase (AP), horseradish peroxidase (HRP) or Cy5-conjugated IgG (Jackson 

ImmunoResearch, West Grove, PA) were used as secondary antibodies. Fluorescence signal 

was detected and quantified by using a Typhoon 9400 fluorescence scanner together with 

ImageQuant 5.0 software (Amersham Biosciences).

2.12. Flow cytometry

NRCM were stained with AnnexinV (BD Biosciences) and Sytox blue (Invitrogen) 

according to the manufacturer’s instructions. Cell pellet was collected by trypsinization and 

centrifugation, then incubated with Annexin V (1:50) and Sytox blue (1:1000) for 15 min. 

Annexin V has a high affinity for the membrane phospholipid phosphatidylserine which is 

exposed to the external environment during early apoptosis. Sytox Blue is a high-affinity 

nucleic acid stain that easily penetrates cells with compromised plasma membranes but will 

not cross intact membranes in viable cells. Flow cytometry was performed by using a BD 

FACSAria Flow Cytometer (BD Biosciences).

2.13. Cell proliferation

Cell proliferation was determined using the CyQuant proliferation assay from Invitrogen 

according the manufacturer’s instruction. Briefly, 1000 Fibroblasts in 100 µL per well were 

seeded in a 96-well flat bottom plate. Assay was initiated by addition of 100 µL of 

CyQUANT direct (Invitrogen) green fluorescent nucleic acid stain in each well and 

incubated for 30 min. Green fluorescence intensity was measured at 495 nm using a plate 

reader and represented as fold change to the fluorescence intensity measured on the day of 

plating (day 0, ≥8 h after plating). Subsequent measurements were determined at the 

indicated days.

2.14. Statistical analysis

Statistical analysis was performed with GraphPad Prism 5.0 (GraphPad Software Inc.; 

www.graphpad.com). Values of p < 0.05 were considered significant. All the data sets were 

tested for normality of distribution with the Shapiro-Wilk test. To compare 2 groups with 

normal distribution, the Student t-test was applied; otherwise, a non-parametric test was 

used. Nonparametric tests were used when n < 5 per group. For comparison of >2 groups, 1-

way ANOVA was applied; for the echocardiographic time course analysis, repeated 

measures ANOVA was used. Bonferroni post hoc tests were included in both cases.
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3. Results

3.1. S100A4 expression in the myocardium

Previously, it has been reported that S100A4 protein expression is upregulated in cardiac 

myocytes under ischemic conditions, and this increased expression of S100A4 has been 

linked to improved survival and growth of myocytes [2]. S100A4 expression was first 

confirmed by confocal immunocytofluorescent microscopy. S100A4 is highly expressed in 

embryonic and postnatal cardiac myocytes, but absent in adult cardiac myocytes (Fig. 1A) 

and only few S100A4-positive cells were present in the myocardium. Similarly, S100A4 

expression is high in isolated neonatal rat cardiac myocytes (NRCM) and neonatal rat 

cardiac fibroblast (FB), whereas adult rat cardiac myocytes (ARCM) are negative for 

S100A4 immunostaining (Fig. 1B). Numbers of S100A4 positive cells increased following 

permanent occlusion of the left anterior descending (LAD) coronary artery at two days post-

myocardial infarction (MI) (Fig. 1C). S100A4 expression was measured by RT-PCR and 

immunohistochemistry at different time points. S100A4 peaked at day 4 after myocardial 

infarctions (Fig. 1C). Immunohistochemistry confirmed expression of S100A4 in 

cardiomyocytes 4 days after myocardial infarction and cardiac myocytes showed strong 

S100A4 staining in the infarct border zone at six weeks post myocardial infarction. S100A4 

expression in the myocardium was confirmed by immunoblots (Fig. 1D). Similar to the 

immunohistochemistry, S100A4 expression increased (6-fold) in the infarcted myocardium. 

The increased expression of S100A4 prompted to test the hypothesis that increased S100A4 

protein expression protects cardiac myocytes, and that cardiac-specific overexpression of 

S100A4 is beneficial to the myocardium after myocardial infarction.

3.2. S100A4 depletion results in cardiac dysfunction

To further understand the relevance of S100A4, in vivo, S100A4 Knockout (S100A4 KO) 

mice were obtained and characterized [12]. S100A4 KOmice do not show any obvious 

phenotype at birth and develop normally. S100A4 KOmice have no cardiac abnormalities for 

the first 3 months after birth, as cardiac function and morphology was unchanged in 10 

week-old male S100A4 KO mice compared to wildtype (WT) mice assessed by 

echocardiography (Table 1), but develop dilated cardiomyopathy at one year of age 

(Supplemental Fig. 1). Since S100A4 is not present in adult healthy cardiomyocytes, we 

explored phenotypic alterations after S100A4 loss in isolated cardiac fibroblasts.

First, the invasive phenotype of fibroblasts was assessed using a Matrigel based invasion 

assay. Fibroblasts isolated from S100A4 KO mice were compared to WT fibroblasts. 

S100A4 KO fibroblast showed a decreased invasive capacity compared to WT control 

fibroblasts, which was associated with decreased expression of Matrix metalloproteinases 

(MMPs), and extracellular matrix proteins like Tenascin C. In line with previous reports, 

S100A4 deletion caused decreased expression of vascular endothelial growth factor (VEGF) 

both in vitro and in vivo (Supplemental Fig. 1). Adenoviral expression of S100A4 in 

S100A4 KO cells rescued this phenotype (Supplemental Fig. 2). Overall proliferation of 

fibroblast was unaffected by S100A4 KO but increased after S100A4 overexpression 

(Supplemental Fig. 2), which was associated with an increased expression of Matrix 

metalloproteinases (MMPs) and VEGF.

Doroudgar et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Next, at the age of 10 weeks, both S100A4 KO and control mice underwent sham or MI 

surgery. Cardiac function in control and KO mice declined after MI. However, by 2 weeks 

after MI, heart function in KO mice exacerbated compared with control mice, as evidenced 

by ejection fraction values measuring 21% versus 29% at 2 weeks after MI (Fig. 2A). End 

diastolic volume was higher in KO mice at 6 weeks post MI, indicating pronounced cardiac 

dilatation. Heart rates were not different between groups after MI (Table 2). Invasive 

hemodynamic assessment at the end of the follow-up period confirmed these data, as 

positive and negative developed pressures were significantly impaired in the KO animals 

(Fig. 2B). Also, end diastolic pressure, was higher in KO animals compared with controls 6 

weeks after MI (Fig. 2B). Increased cell death after myocardial infarction might be 

contributing to the decreased cardiac function in S100A4 KOmice. While 10% of the cardiac 

myocytes in the border zone were TUNEL positive in control mice, S100A4KO increased 

apoptotic cells to 15% (Fig. 2C). Missing S100A4 expression in S100A4KO mice was 

confirmed by immunoblots (Fig. 2C). In line with previous published data, S100A4 KO 

decreased AKT phosphorylation, in vivo (Fig. 2C). Cardiac remodeling was exacerbated in 

S100A4 knockout animals compared to control animals as assessed by increased 

hypertrophic gene signature (Fig. 2D). In addition, cardiomyocyte cross-sectional area was 

increased in KO animals (Fig. 2E). Fibrotic remodeling was exacerbated in S100A4 

knockout animals compared to control animals as assessed by increased collagen expression 

(Fig. 2F). Collectively, these data show that deletion of S100A4 increases ischemic injury 

and adverse remodeling following myocardial infarction.

3.3. Loss of S100A4 attenuates capillary density

Molecular mechanisms for S100A4-mediated increase in ischemic injury were analyzed in 

the early phase after MI. S100A4 is known for its role in angiogenesis, and VEGF was 

recently found as the most upregulated gene among chemokines by S100A4-positive cells 

during metastasis [5]. VEGF1 expression increased 3-fold 2 days after MI in control mice. 

In contrast, increase in VEGF expression was blunted in S100A4 KO mice (Fig. 3A). 

Increased VEGF expression in control mice compared to knockout animals was confirmed 

by immunofluorescence (Fig. 3B). The VEGF positive cell population after myocardial 

infarction was located close to the epicardium, whereas many S100A4 positive, but VEGF 

negative cells, localized in the midventricular area. However, many VEGF positive cells in 

the epicardial area are also S100A4 positive. Consistently, capillary density was significantly 

lower in knockout animals following myocardial infarction, as assessed by staining for 

isolectinB4 (IB4-endothelial cells) (Fig. 3C). Next, cardiac fibroblasts form S100A4 

knockout animals were isolated. VEGF expression was reduced in knock out fibroblast 

compared to control cells, in line with the in vivo data (Fig. 3D). Adult cardiomyocytes are 

negative for S100A4 expression. Therefore, the effect of S100A4 depletion in cardiac 

fibroblasts on myocyte viability was first tested with conditioned media from knockout and 

control cardiac fibroblasts. Neonatal rat cardiac myocyte (NRCM) cultures were incubated 

in the conditioned medium for 3 h in serum-depleted conditions. Cultures of NRCMs in 

conditioned medium from S100A4 knockout cells showed a significant increase in the 

percentage of dead cells after challenge with H2O2,based on flow cytometric analysis of 

apoptotic and necrotic markers (Fig. 3D). To test whether S100A4 has direct functional 

impact on cardiac myocyte viability, NRCMs were depleted from S100A4 using siRNAs. 

Doroudgar et al. Page 7

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NRCMs were stressed by H2O2 treatment, and resultant cell death was quantified using 

nuclear staining with 7-amino-actinomycin D and annexin, followed by fluorescence-

activated cell sorter analysis. H2O2 stress resulted in increased cell death in S100A4 

knockdown cells, compared with control siRNA-treated cultures (Fig. 3E). This data further 

suggest that S100A4 mediates pro-survival signaling in response to ischemia.

3.4. S100A4 prevents cell death

To understand the mechanism of S100A4-mediated protection in cardiac myocytes, in vitro 

experiments were performed. It has been previously reported that S100A4 can influence 

AKT signaling [14,15]. Furthermore, recent studies showed a neuroprotective role of 

S100A4, which was in part dependent on increased AKT signaling [16,17]. To mimic 

enhanced S100A4 expression the role of intracellular S100A4 in apoptotic signaling were 

examined using adenoviral vector carrying FLAG-tagged cDNA encoding wild-type 

S100A4,or a control empty vector (Fig. 4A). Cultures of NRCM overexpressing S100A4 

showed a significant reduction in the percentage of dead cells after challenge with H2O2 

(Fig. 4B). In line with the previous results, H2O2 challenge increased AKT phosphorylation 

and AKT targets such as PRAS40 in control myocytes (Fig. 4C). This phosphorylation was 

further increased in S100A4-overexpressing NRCMs. Consistent with these results, 

myocytes incubated with an AKT inhibitor (AKT Inhibitor V) lose the protective effect of 

S100A4 against oxidative stress (Fig. 4D). In contrast, phosphorylation of the MAP kinase, 

ERK, was unchanged in S100A4 myocytes (Fig. 4C).

3.5. S100A4 protects against infarction injury

A cardio-protective role for S100A4 was examined, in vivo, using mice injected with either 

control or S100A4 adeno-associated virus serotype 9 (AAV9). Expression of other S100 

proteins were not affected after S100A4 overexpression (Supplemental Fig. 2). Control and 

S100A4 expressing mice were subjected to permanent ligation of the left coronary artery. 

Infarct size was reduced in S100A4 mice compared to control mice (Fig. 5A – B). 

Decreased cell death in the border zone might be contributing to the decreased infarct size in 

S100A4 mice. Only cells that were both TUNEL positive and α-sarcomeric actin positive 

were counted. While 16% of the cardiac myocytes in the border zone were TUNEL positive 

in control mice and S100A4 treatment reduced apoptotic cells to 6% (Fig. 5C). Increased 

S100A4 expression in AAV9-S100A4 treated mice was confirmed by immunofluorescence 

(Fig. 5D). In line with the in vitro data, S100A4 increased AKT phosphorylation, in vivo 

(Fig. 5E). VEGF Expression was increased in the AAV9-S100A4 treated mice, along with 

an increased capillary density in treated animals following myocardial infarction, as assessed 

by staining for isolectinB4 (IB4-endothelial cells) (Fig. 5F).

Collectively, this data confirms that selective S100A4 expression in cardiac myocytes 

protects against ischemic injury, in vivo.

3.6. S100A4 improves cardiac function after infarction injury

Consequences of ischemic injury on cardiac function were assessed with serial 

echocardiography. AAV9-S100A4 animals showed significant improvement of ejection 

fraction. End diastolic dimensions were greater in the control mice compared to S100A4 
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mice, reflecting accelerated remodeling (Fig. 6A). LV remodeling and dysfunction were 

exacerbated in the control mice subjected to MI throughout the length of the study (6 

weeks). Importantly, heart rate was similar between the groups. Hemodynamic performance 

was impaired after MI in control animals, but improved in AAV9-S100A4 mice (Fig. 6B). 

Collectively, this data confirms that selective S100A4 expression in cardiac myocytes 

protects against ischemic injury and adverse remodeling. Heart weight / body weight ratio 

increased after MI 1.5-fold both in control mice and S100A4 animals (Fig. 6C). Cross-

sectional area was significantly increased in control myocytes subjected to MI, and further 

significantly increased in AAV9-S100A4 mice, especially in the remote area after 

myocardial infarction (Fig. 6D), whereas the induction of the hypertrophic gene program 

was induced similarly in both groups after myocardial infarction (Fig. 6E). Increased 

hypertrophic response after increased S100A4 expression was also found in isolated 

cardiomyocytes, where adenoviral overexpression resulted in increased cellular size 

(Supplemental Fig. 2). This data further suggest that S100A4 improves cardiac function in 

response to myocardial infarction.

4. Discussion

Prior to this study, no information existed on the functional consequences of increased or 

decreased S100A4 protein levels in infarcted myocardium. A cardio-protective role for 

S100A4 in the myocardium following myocardial infarction is supported by findings 

presented in this study as cardiac myocyte-specific overexpression of S100A4 protects the 

myocardium after infarction and improves cardiac function. In contrast, global deletion of 

S100A4 in S100A4 KO mice resulted in decreased cardiac function after myocardial 

infarction compared to control mice.

4.1. Role of S100A4 signaling in the myocardium

Several studies have demonstrated a correlation between increased numbers of S100A4+ 

cells and poor prognosis of patients for a variety of cancer types [18]. The metastatic 

capabilities of S100A4+ cancer cells have been studied, however, S100A4 is also expressed 

by fibroblasts and immune cells, including macrophages in various organs. Little is known 

about the specific role of S100A4 in the cardiac context. Previous studies showed 

highS100A4 expression levels in fibroblasts and hematopoietic cells in the myocardium 

[10,11] and a previous study showed that genetic ablation of S100A4 resulted in suppressed 

fibrosis after pressure-overload or angiotensin infusion [11], which was associated with 

altered p53 function in cardiac fibroblasts.

In accordance with previous reports S100A4 expression is high in the developing heart, 

whereas healthy adult cardiac myocytes were found to express S100A4 at negligible levels 

(Fig. 1). The mechanism of S100A4 transcriptional regulation in the developing heart are 

still unknown. Previous work suggested that S100A4 is secreted by parietal endoderm and 

promotes early differentiation and proliferation of cardiomyocytes [8]. Extracellular S100A4 

specially influences transcription in differentiating cardiomyocytes, which could explain the 

high expression of S100A4 in neonate cardiomyocytes and the absence of expression in fully 

differentiated adult myocytes.
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4.2. S100A4 is in diseased myocardium

Number or S100A4 positive cells increase after myocardial infarction, which explains 

increased expression after injury. Secretion of S100A4 after inflammatory stimulation has 

been shown [19] and our data suggest that S100A4 is uptaken in cardiac myocytes in infarct 

border zone. S100A4 peaks at day 4 after myocardial infarctions and cardiomyocytes 

become S100A4 positive in the border zone, but are negative at the time of the ischemic 

results. Although active S100A4 transcription and translation in cardiac myocytes after 

myocardial infarction cannot be excluded, a previous study showed that myocytes are 

negative for S100A4 mRNA by in situ hybridization analysis targeting S100A4 mRNA [2]. 

These findings prompt speculation towards a paracrine protective activity of S100A4 on 

adult cardiac myocytes. Missing S100A4 or altered secretion of protective factors might 

explain the increased apoptotic cell death in the S100A4KO mice. Data in this study suggest 

that altered VEGF signaling may be involved in S100A4-dependent protective effects. 

Mechanistically, VEGF produced from S100A4-positive cells has been shown to play an 

important role in the angiogenic environment in metastatic cancers [5]. In line, S100A4 KO 

mice showed reduced VEGF expression and capillary density after myocardial infarction 

(Fig. 3),which could contribute to the worsened cardiac function after myocardial infarction 

as reduced VEGF expression exacerbated cardiac function after myocardial infarction 

[20,21]. However, many S100A4 positive, but VEGF negative cells, localized also in the 

midventricular area after myocardial infarction. In this study, we cannot provide detailed 

information about the cellular identity of these population, but a recent study showed, that 

after myocardial infarction 50% of S100A4 positive cells are hematopoietic cells and many 

endothelial cells are also S100A4 positive [10]. This could explain why some S100A4 

positive cells co-localize with VEGF expression and some not. Clearly, future studies are 

needed to fully address this point and to identify the cellular identity of the cells.

Consistent with the in vivo data, cardiac myocyte death in response to oxidative stress was 

increased either when incubated in conditioned media from S100A4 KO fibroblasts or after 

siRNA-mediated knockdown of S100A4 in NRCMs. These data further suggest that 

paracrine factors (i.e. VEGF) from S100A4 positive cells (fibroblast, hematopoietic cells) or 

up-taken S100A4 itself regulate cellular survival in cardiac myocytes in response to stress. 

Multiple studies have shown that paracrine S100A4 can function via more than one cell 

surface receptor, possibly explaining its many and diverse effects. However, the nature of a 

cardiac S100A4 receptor is still unknown and remains a challenging direction for future 

studies. The healing process after ischemic injury involves complex and tight control of 

several signaling pathways. This response is necessary for healing and scar formation. 

Perturbations of this balance can lead to fatal complications including cardiac rupture in 

patients with myocardial infarction. Results presented in this study suggest that expression 

of S100A4 is necessary for this process, as genetic deletion of S100A4 increased cardiac 

damage. Molecularly, this could be mediated by an impaired angiogenesis response, which 

is important for proper healing [20,22]. In a previous study, loss of S100A4 led to decreased 

remodeling in response to pressure-overload, but in the present study, loss of S100A4 was 

not beneficial. Duration, intensity, and cell type-specific expression of S100A4 are 

potentially important for the effects of S100A4, and require further studies.
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S100A4 is cardioprotective via increased AKT signaling.

S100A4 reduced ischemic injury in myocytes in part via increased AKT signaling (Fig. 4). 

Overall, our findings concur with previous reports of Akt-dependent cell survival and 

apoptosis [23]. The importance of S100A4 in tissue protection is also supported by recent 

reports that S100A4 protects neurons from cell death [16]. Furthermore, findings presented 

herein demonstrate that clinically relevant AAV-gene therapy with S100A4 is protective in 

response to infarction injury (Fig. 5). Importantly, S100A4 overexpression reduced 

infarction injury and improved cardiac function (Fig. 6). Recent advancements in the 

development of AAV vectors have enabled the first clinical trial with AAV based cardiac 

specific gene transfer [24,25]. Thus, cardio-protection by S100A4 could represent a future 

therapeutic option for treatment of myocardial injury.

Due to the focus of our study on early events after myocardial damage, several limitations 

are noteworthy. Detailed investigation of S100A4 potential impact on chronic myocardial 

remodeling and survival is clearly needed, but was beyond the aim of the current study. 

Modulation of immune system activation by extracellular S100A4 will also be the subject of 

a future study, as S100A4 is highly expressed in hematopoietic cells. In addition, the effect 

on released pro-inflammatory and pro-fibrotic chemokines and cytokines awaits 

clarification. Overall, our study is the first linking S100A4 to cardio-protection in response 

to myocardial infarction.

5. Conclusions

Loss of viable myocardium after myocardial infarction is the leading cause of cardiac 

dysfunction resulting in chronic heart failure. Consequence of global deletion of S100A4 

mice resulted in decreased cardiac function after myocardial infarction compared to control 

mice, whereas cardiac myocyte-specific overexpression of S100A4 protects the myocardium 

after infarction and improves cardiac function. Correctly-timed S100A4 therapy could be a 

potent combinatorial approach to blunt cellular losses and ameliorate progression of 

degenerative changes accompanying ischemic damage.
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AAV adeno associated Virus

ACM adult cardiac myocytes

EF ejection fraction

FB fibroblasts

FS fractional shortening

KO knockout

LVEDP left ventricular end diastolic pressure

LV left ventricle

MI myocardial infarction

NRCM neonatal rat cardiac myocytes

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

VEGF vascular endothelial growth factor
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Fig. 1. 
S100A4 in development and after myocardial infarction. (A) Confocal microscopy of 

paraffin-embedded sections from wild-type mouse hearts at 11 dpc, 2 days and 3 months 

stained for S100A4 (red), Actin (green), Vimentin (white) and nuclei (blue) at different 

developmental stage. S100A4 is highly expressed in embryonic hearts, but only expressed in 

interstitial cells in adult myocardium. Scale bar 25 µM. (B) Immunofluorescence in neonatal 

cardiomyocytes (CM) (left panel) show robust expression of S100A4 whereas adult 

myocytes (middle panel) are negative for S100A4. Strong S100A4 expression is observed in 
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cardiac Fibroblast (FB - right panel). Scale bar 25 µM. (C) Confocal microscopy of paraffin-

embedded sections from wild-type mouse hearts at sham operated, 2 days, 4 days and 6 

weeks post MI stained for S100A4 (red), Actin (green), Scale bar 25 µM. Right: S100A4 

transcription in hearts of mice of the indicated group after surgery. *p < 0.01 versus Sham. n 

= 4 per group. Scale bar 25 µM. (D) Immunoblot and quantification for S100A4 in infarcted 

myocardium (6 weeks after Infarction). *p < 0.01 versus Sham. n = 3 per group.
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Fig. 2. 
Impact of S100A4 deletion on cardiac function after infarction. (A) Mice were infarcted at 

8–10 weeks of age where cardiac function was unchanged between WT and S100A4 KO 

mice. Echocardiographic assessment of WT and S100A4 KO hearts for EF and left 

ventricular end-diastolic volume (LVEDV). *p < 0.05 versus WT MI. n = 6 per group. (B) In 

vivo hemodynamic measurements of ±dP/dT and left ventricular enddiastolic pressure 6-

weeks post-surgery. *p < 0.05 versus WT MI. n = 6 per group. (C) Percentage of TUNEL-

labeled myocytes in the left ventricle in the border zone area 1 d after MI. n = 4 per group, 
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*p ≤ 0.05 vs Control MI. Error bars indicate means ± sem. n = 4 per group. Right Panel: 

Immunoblots for indicated proteins in control and S100A4 KO mice. (D) ANP and BNP 

transcription in hearts of mice of the indicated group 6 weeks after surgery. *p < 0.01 versus 

WT, # < 0.05 vs WT Co MI. n = 6 per group. (E) Myocyte cross sectional area (CSA) in 

control and S100A4 KO mice 6 weeks after surgery. *p < 0.01 versus WT sham; #p < 0.05 

versus WT remote. Error bars indicate means ± sem. n = 4 per group. (F) Collagen 1 and 

Collagen3 transcription in hearts of mice of the indicated group 6 weeks after surgery. *p < 

0.01 versus Control. Error bars indicate means ± sem. n = 6 per group.
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Fig. 3. 
Impact of S100A4 deletion on angiogenic response and cell death. (A) VEGF transcription 

in mice 6 week after surgery. *p < 0.01 versus control sham; #p < 0.05 versus control MI). 

Error bars indicate means ± sem. n = 3 per group. (B) Confocal microscopy of paraffin-

embedded sections from wild-type and S100A4 KO mice hearts at 2 days post MI stained 

for S100A4 (red), VEGF (green) and nuclei (blue). S100A4 is only expressed in control 

hearts. Decreased VEGF expression in S100A4 KO mice. Scale bar 25 µM. (C) 

Immunohistochemistry showing endothelial cells 6 weeks after vessel ligation detected by 
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cell type-specific staining (IsolectinB4-IB4) (left panel). Scale bar 25 µM. Quantification of 

capillaries or the analyzed area (n = 6–7); for each heart 6 fields were counted. *p < 0.01 

versus control. Error bars indicate means ± sem. (D) Left panel: VEGF transcription in 

isolated fibroblasts. *p < 0.05 versus WT. Right panel: Cardiac myocytes were incubated 

with conditioned Media from WT or S100A4 KO fibroblast for 3 h and challenged with 

H2O2. Cell death was quantified by flow cytometric detection of annexin and 7-amino-

actinomycin D (7-AAD) staining. p < 0.05 versus WT; #p < 0.05 versus WT H2O2. Error 

bars indicate means ± sem. n = 4 independent experiments. (E) Small interfering RNA 

(siRNA) knockdown of S100A4 in NRCMs increases cell death in response to H2O2. p < 

0.05 versus Scr; #p < 0.05 versus Scr H2O2. n = 3 independent experiments.
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Fig. 4. 
Impact of S100A4 Overexpression on cell death. (A) Immunofluorescence of myocytes 

stained for FLAG/S100A4 (red), Actin (green) and nuclei (blue). Scale bar 25 µM. (B) 

Overexpression of S100A4 in NRCMs decreases cell death in response to H2O2. p < 0.05 

versus Control; #p < 0.05 versus Control H2O2. n = 3 independent experiments. Error bars 

indicate means ± sem. (C) Immunoblots for indicated proteins in control and S100A4 treated 

myocytes. (D) Cell death quantified by flow cytometric detection on H2O2. treatment. AKT 

Inhibition (Akt inhibitor V 5 µM) blunts the protective effects of S100A4. *p < 0.05 vs 

control H2O2.
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Fig. 5. 
Impact of S100A4 overexpression on cardiac remodeling after infarction. (A) Masson-

Trichrome Staining Control and S100A4 treated hearts 6 weeks after surgery. (B) Infarct size 

measurements 6 weeks after MI. *p < 0.05 versus Control MI. Error bars indicate means ± 

sem. n = 4 per group. (C) Percentage of TUNEL-labeled myocytes in the left ventricle in the 

border zone area 1 d after MI. n = 5 per group, *p < 0.05 vs Control MI. Error bars indicate 

means ± sem. (D) Immunohistochemistry confirmed overexpression of S100A4. Confocal 

microscopy of sections from control hearts and S100A4 treated hearts 6 weeks after MI 
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stained for S100A4 (red), Actin (green) and nuclei (blue). Scale bar 25 µM. (E) 

Immunoblots and quantification in control and S100A4 treated myocytes. (F) VEGF 

transcription in mice 6 week after surgery. *p ≤ 0.01 versus control. Error bars indicate 

means ± sem. n = 3 per group. Quantification of capillaries or the analyzed area. For each 

infarcted heart 4–6 fields were counted. *p ≤ 0.05 versus control. Error bars indicate means 

± sem.
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Fig. 6. 
Impact of S100A4 overexpression on cardiac function after infarction. (A) 

Echocardiographic assessment of Control or S100A4 hearts for EF, LVEDV. *p < 0.05 

versus Control MI. n = 6–7 per group. (B) In vivo hemodynamic measurements of ± dP/dT 

6-weeks post-surgery.*p< 0.01 versus Sham. #< 0.05 vs Cont MI. Error bars indicate means 

± sem. n = 6–8 mice per group.(C) Heart weight to body weight ratios (HW/BW) in Control 

and S100A4 mice 6 weeks after sham and MI surgery. *p <0.01 versus Sham. Error bars 

indicate means ± sem. n = 4 per group. (D) Myocyte cross sectional area in control and 

S100A4 mice 6 weeks after surgery (*p < 0.01 versus Control Sham; #p < 0.05 versus 

Control remote. Error bars indicate means ± sem. n = 4 per group. (E) ANP and BNP 

transcription in hearts of mice of the indicated group 6 weeks after surgery.*p < 0.01 versus 

Control. Error bars indicate means ± sem. n = 6 per group.
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Table 1

Echocardiographic and morphometric characterization of 10 week old mice.

WT S100A4KO

n = 4 n = 4

10 week old LVEDV, µl 49.24 ± 5.817 52.98 ± 9.822

EF,% 53.88 ± 4.859 54.13 ± 27.160

HR, bpm 492 + ±23 497 ±19

HW/BW mg/g 4.54 + ±0.25 4.58 ± 0.27

Characterization of mice after Sham or MI by morphometry and echocardiography.

Abbreviations: n: number of mice analyzed; LVEDV, µl: left ventricular end diastolic volume; EF, %: ejection fraction. HR, bpm: Heart rate; dP/dt: 
first derivative of left ventricular pressure. BW, body weight; HW: heart weight; HW/BW: heart weight/body weight ratio.
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