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Summary 

Calcium cycling is a major determinant of cardiac function. 

S100A1 is the most abundant member of the calcium-binding 

S100 protein family in myocardial tissue. S100A1 interacts with 

a variety of calcium regulatory proteins such as SERCA2a, 

ryanodine receptors, L-type calcium channels and Na+/Ca2+ 

exchangers, thus enhancing calcium cycling. Aside from this 

major function, S100A1 has an important role in energy balance, 

myofilament sliding, myofilament calcium sensibility, titin-actin 

interaction, apoptosis and cardiac remodeling. Apart from its 

properties regarding cardiomyocytes, S100A1 is also important in 

vessel relaxation and angiogenesis. S100A1 potentiates cardiac 

function thus increasing the cardiomyocytes’ functional reserve; 

this is an important feature in heart failure. In fact, S100A1 

seems to normalize cardiac function after myocardial infarction. 

Also, S100A1 is essential in the acute response to adrenergic 

stimulation. Gene therapy experiments show promising results, 

although further studies are still needed to reach clinical practice. 

In this review, we aim to describe the molecular basis and 

regulatory function of S100A1, exploring its interactions with 

a myriad of target proteins. We also explore its functional effects 

on systolic and diastolic function as well as its acute actions. 

Finally, we discuss S100A1 gene therapy and its progression so 

far. 
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Introduction 

S100A1 is a protein of the S100 family that 

normally exists as a homodimer. S100 proteins are 

calcium-binding proteins which use calcium influx to 

control a variety of cellular processes such as contraction, 

apoptosis and gene expression (Wright et al. 2005). This 

protein was first isolated from bovine brain and called 

S100 due to its solubility in 100 % saturated ammonium 

sulfate solution (Moore 1965). S100 genes are located in 

the 1q21 chromosome and were named with Arabic 

numbers (S100A1 to S100A16). Also, some gene 

products which are very similar to S100A7 were named 

S100A7L (S100 calcium binding protein A7-like). Other 

S100 genes located outside this locus were named with 

letters (S100B, S100G, S100P and S100Z). There are 

also S100 proteins which are the result of pseudogene 

products (Marenholz et al. 2004, Wright et al. 2009).  

In response to calcium binding, S100 proteins 

change their conformation. A specific hydrophobic 

pocket is exposed in response to calcium binding (Drohat 

et al. 1998, Smith et al. 1998, Otterbein et al. 2002). This 

conformational change is known to activate most of the 

S100-target protein interactions (Drohat et al. 1998, 

Smith et al. 1998). The binding site of target proteins 

consists of residues from the hinge region, the helix 3 

and the helix 4. These residues have the highest 

heterogeneity, which explains the very specific action of 

the proteins of the S100 family (Wright et al. 2009).  
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Calcium binding is of crucial importance to 

S100A1 activity. Post-transcriptional modifications can 

alter S100A1 affinity to calcium substantially. A remark 

should be made on the post-translational S-nitrosylation 

at the C-terminal Cys85 which appears to substantially 

increase S100A1’s affinity to calcium. S-nitrosylation at 

the C-terminal Cys85 modifies the conformation of 

several portions of the S100A1 protein, including the 

hydrophobic core and the helices 2 and 3. S-nitrosylation 

may regulate S100A1’s function by increasing its affinity 

to both calcium and target proteins. Nevertheless, the 

functional importance of S-nitrosylation is still unknown 

(Lenarcic Zivkovic et al. 2012). 

 

S100A1: interaction with target proteins and 
functional importance 
 
S100A1 in normal and dysfunctional myocardium 

Heart failure (HF) is defined as a condition in 

which the heart muscle is unable to pump enough blood 

to meet the body's needs for nutrients and oxygen, or 

does so at increased ventricular filling pressures 

(Ventura-Clapier et al. 2004). This condition is still 

a major cause of both mortality and morbidity, alerting to 

the need of finding new treatment options (Roger et al. 

2012).  

S100A1 is abundantly present in myocardial 

tissue (Haimoto et al. 1988, Remppis et al. 1996) and has 

been shown to be distributed unevenly according to 

compartmental workload, with highest expression in the 

left ventricle (Remppis et al. 1996). Combined with the 

evidence that S100A1 mRNA and protein levels are 

diminished in failing cardiomyocytes (Remppis et al. 

1996), this gave the first clues about its functional 

significance. Also, an inverse relationship between 

S100A1 levels and the severity of heart failure has been 

reported (Most et al. 2006). In fact, it appears that more 

than 50 % of normal S100A1 protein levels are required 

to achieve normal cardiac function (Volkers et al. 2010, 

Rohde et al. 2011). S100A1 overexpression prevents the 

development of postischemic heart failure in mice 

cardiomyocytes and reduces mortality after myocardial 

infarction. Indeed, S100A1 has been shown to play 

a major role in improving cardiac function, mainly under 

hemodynamic stress (Du et al. 2002, Most et al. 2006) 

(Fig. 1). Impaired calcium cycling is one of the major 

causes underlying the pathophysiological development of 

heart failure (Lompre et al. 2010, Rohde et al. 2011). As 

will be discussed later, S100A1 is likely to have a pivotal 

role in calcium handling. 

Endothelin-1 (ET-1) and phenylephrine through 

protein kinase C (PKC) regulation have been shown to 

diminish S100A1 mRNA levels. Therefore, increased 

levels of ET-1 and phenylephrine may contribute to the 

decrease in S100A1 levels observed in heart failure (Most 

et al. 2006). 

S100A1 effects have been shown to be protein 

kinase A (PKA)-independent (Most et al. 2001, Lohse et 

al. 2003), so, theoretically, it should rule out most of the 

detrimental effects of long-term β-adrenergic action 

(Lohse et al. 2003). Indeed, there is no current 

information reporting maladaptive responses to increased 

levels of S100A1 protein.  
 
 

 
 

Fig. 1. Calcium+ and energy homeostasis and titin determined 
passive tension in S100A1 overexpressing cardiomyocytes. 
S100A1 overexpression leads to increased SR calcium load by 
increasing SERCA2a activity and diminishing diastolic SR calcium 
leak through RyR2 receptor. S100A1 also diminishes NCX activity 
indirectly by increasing SERCA2a activity, it diminishes cytosolic 
diastolic calcium levels, thus decreasing calcium extrusion 
through NCX. Diminished NCX activity decreases intracellular Na+ 
levels. Also, S100A1 overexpressing cardiomyocytes display lower 
systolic motility inhibition due to S100A1 effects on titin-actin 
interaction. Increased SR calcium load combined with increased 
systolic RyR2 activity increases SR calcium release and EC 
coupling gain. S100A1 overexpression increases ATP production 
thus increasing both systolic and diastolic function. 

 
 

S100A1 effects depend on subcellular localization 

It has been demonstrated that S100A1 has 

different effects on calcium handling according to its 

subcellular location (Fig. 2) (Most et al. 2005). 
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Fig. 2. Differential effects of overexpressing and endocytosed S100A1. Left panel – Simplified scheme of intracellular calcium cycling 
in normal ventricular cardiomyocyte: A – Electrical depolarization of the T-tubule activates inward calcium flux through L-type calcium-
channels. B – Consequently it triggers the release of calcium from SR stores via RyR2. As a result, contraction occurs. C – SERCA2a 
resequesters cytosolic calcium, lowering its levels and promoting relaxation. D – Sarcolemmal Na+/Ca2+ exchanger promotes calcium 
extrusion from the cell. Middle panel – Extracellular S100A1 is targeted to the endosomal compartment, acting through the PLC-PKC 
pathway enhancing Na+ extrusion via NCX. Enhanced calcium extrusion promotes SR calcium depletion. Also, through increased PKA 
activity, extracellular S100A1 increases L-type calcium channel activity. Right panel – Overexpressed S100A1 localizes to the SR 
compartment, where it modulates SERCA2a and RyR2 activity. SR calcium cycling is enhanced promoting increase in SR calcium load. 
This promotes increased calcium induced calcium release (CICR). Adapted with permission from Journal of Cell Science (Most et al. 
2005). 
 

S100A1 expressed endogenously or 

overexpressed by gene therapy, acts predominantly on 

sarcoplasmic reticulum calcium regulatory proteins 

(sarcoplasmic reticulum calcium ATPase and ryanodine 

receptors), mitochondria (F1-ATPase) and myofilaments 

(titin). 

Experiments with neonatal and embryonic 

murine cardiomyocytes incubated with S100A1 

demonstrate that extracellular S100A1 is endocytosed by 

clathrin coated vesicles and its effects are most prominent 

in sarcolemmal calcium regulatory proteins (Na+/Ca2+ 

exchanger, L-type calcium channels) (Most et al. 2005).  

Throughout this review we address endogenous 

S100A1 as S100A1. In contrast, extracellularly added 

S100A1 is explicitly referred as extracellular S100A1. 

 

S100A1 interacts with SERCA2a in a calcium-dependent 

manner 

Decreased levels of sarcoplasmic reticulum 

calcium ATPase, SERCA2a, mRNA expression and 

enhanced levels of nitration are characteristic of heart 

failure (Lokuta et al. 2005). Increased nitration of the 

protein SERCA2a causes its inactivation (Lokuta et al. 

2005) which leads to diminished SR calcium uptake 

during diastole, increased relaxation time and diminished 

SR calcium release (Lokuta et al. 2005, Lompre et al. 

2010). Gq-protein coupled receptor agonists, like 

endothelin-1(ET-1) and phenylephrine, seem to 

upregulate atrial natriuretic peptide (ANP) and 

downregulate SERCA2a mRNA levels (Most et al. 

2006). This may explain, at least in part, why SERCA2a 

levels are reduced in HF. Decreased SERCA2a-mediated 

calcium reuptake may contribute to the increase in 

diastolic calcium levels found in HF given that SERCA2a 

is a major part of the calcium reabsorption mechanism 

during relaxation (Birkeland et al. 2005).  

S100A1 has been reported to interact with 

(SERCA2a) and phospholamban (PLB) in a calcium-

dependent manner (Kiewitz et al. 2003, Pleger et al. 

2008). S100A1-based gene therapy demonstrated a nearly 

2-fold increase in SERCA2a activity (Brinks et al. 2011). 

Transgenic mice presented increased expression and 

diminished nitration of SERCA2a protein. Transgenic 

mice also showed unaltered SERCA2a expression up to 

four weeks after myocardial infarction (Kettlewell  

et al. 2005, Most et al. 2006). Also, nitration levels in 

transgenic mice were only slightly increased after MI, 

while S100A1 knockout (SKO) mice showed 

significantly higher levels of SERCA2a nitration (Most  

et al. 2006). S100A1-based gene therapy increased 

SERCA2a-mediated calcium cycling. This is congruent 

with the reports of in vivo, intracoronary S100A1 gene 
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delivery which normalized contractile function of  

failing myocardium, including dP/dtmin, a parameter 

highly dependent on SERCA2a activity (Most et al. 

2004). 

 

RyR2 receptor: its biphasic modulation by S100A1 

Cardiac ryanodine receptors (RyR2) are 

a significant part of the calcium-induced calcium release 

(CICR) that occurs in normal excitation-contraction 

coupling (EC coupling). Calcium enters the cell through 

L-type calcium channels, increases calcium levels near 

the sarcoplasmic reticulum (SR) and triggers the opening 

of RyR2 receptors, leading to an even greater calcium-

release from the SR, necessary for contraction to occur 

(Birkeland et al. 2005). 

S100A1 co-localizes with RyR2 receptors 

improving CICR in S100A1 overexpressing mice (Most 

et al. 2003). S100A1 modulates both systolic and 

diastolic activity of ryanodine receptors in a calcium-

dependent manner (Kettlewell et al. 2005). Indeed, high 

concentrations of the S100A1 protein (1 µM) seem to 

have opposing effects on RyR2 receptors according to 

calcium levels (Kraus et al. 2009). This biphasic response 

was well studied by Most and coworkers. They used 

cardiac SR vesicle preparations, observing that, at 

diastolic free calcium concentrations (150 nM), S100A1 

reduced [3H]-ryanodine binding and RyR2 opening 

probability thus reducing diastolic calcium leaks (Most et 

al. 2004, Pleger et al. 2011). However, at supradiastolic 

free calcium concentrations (above 300 nM), S100A1 

enhanced [3H]-ryanodine binding and RyR2 opening 

probability, which led to increased RyR2 activity and 

thus increasing SR calcium release during systole (Most 

et al. 2004). In contrast, [3H]-ryanodine binding studies 

indicate that lower concentration of S100A1 protein 

(0.1 µM) increase RyR2 activity both at low (100 nM) 

and high (300 nM) calcium concentration (Kettlewell et 

al. 2005). 

This biphasic effect of high concentrations 

(1 µM) of S100A1 protein on RyR2 channels led to the 

hypothesis that RyR2 has more than one binding site for 

S100A1 (Volkers et al. 2010). Indeed, this is the case of 

the ryanodine receptors in skeletal muscle (RyR1) which 

have at least 3 binding sites for S100A1 (Volkers et al. 

2010, Prosser et al. 2011). Further studies are required to 

determine if the cardiac ryanodine receptor (RyR2) 

receptor also has multiple binding sites. At least in RyR1, 

one of the binding sites for S100A1 is the same as the one 

for calcium-calmodulin (calcium-CaM) complex that is 

known to be an antagonist of RyR receptors. This binding 

site is preserved in RyR2 receptor, making it tempting to 

hypothesize that S100A1 may increase RyR calcium 

release by competing with calcium-CaM (Wright et al. 

2008). 

 

S100A1 effect on L-type calcium channels 

Murine embryonic ventricular cardiomyocytes 

and neonatal rat cardiomyocytes incubated with S100A1 

(0.001-10 μM) have demonstrated increased L-type 

calcium channels (cav 1.2) activity. This effect  

occurs with the increased activity of the c-AMP  

dependent protein kinase A (PKA) (Reppel et al. 2005). 

Endogenously expressed S100A1 does not seem to 

interact with L-type calcium channels (Kettlewell et al. 

2005).  

 

S100A1 interacts with NCX 

The Na+/Ca2+ exchanger (NCX) is an active 

mechanism for calcium extrusion of the cell in normal 

circumstances. It exchanges 3 Na+ ions into the cell for 

each calcium ion that leaves the cell (Birkeland et al. 

2005). 

Neonatal ventricular cardiomyocytes (NVCM) 

incubated with rhodamine-conjugated S100A1  

(Rh-S100A1) exhibit increased Na+/Ca2+ exchange 

current (Most et al. 2005). The molecular mechanisms 

are not well known, but both PKA activity (Reppel et al. 

2007) and the phospholipase C (PLC)-PKC pathway 

(Most et al. 2005) have been suggested as effectors. In 

contrast, overexpression of S100A1 by gene therapy was 

reported to diminish NCX mRNA expression in failing 

cardiomyocytes (Most et al. 2004). Also, endogenous 

S100A1 may act indirectly by increasing SERCA2a 

activity which decreases diastolic calcium levels, thus 

reducing NCX activity.  

Increased NCX activity during HF may 

contribute to the increased (Na+
i) observed in failing 

cardiomyocytes. 

 

S100A1 improves energy homeostasis  

Cardiac function depends not only on calcium 

homeostasis but also on energy balance. In order to 

sustain proper cardiac function, cardiomyocyte energy 

production must strictly correlate with energy 

expenditure. Calcium has been shown to play a major 

role in mitochondrial adaptation to energy expenses. It 

has been reported that F1F0-ATPase-dependent ATP 

synthesis correlates with calcium levels in heart cells 
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(Boerries et al. 2007). In HF, there are several  

indicators of energy starvation such as decreased 

phosphocreatine/ATP ratio, increased ADP levels and 

decreased ATP/ADP ratio (Ingwall et al. 2004, Ventura-

Clapier et al. 2004).  

Cells treated with adenoviral S100A1 

(adS100A1) were found to have higher levels of ATP 

when compared to control cells expressing only 

endogenous S100A1 (Wright et al. 2005, Boerries et al. 

2007, Brinks et al. 2011). In response to electrical 

stimulation, adS100A1 cells had an even greater increase 

in ATP levels compared to control cells.  

Pull down assays showed interaction between 

S100A1 and five mitochondrial proteins: hydroxyl-

coenzyme A dehydrogenase, α and β-chain of F1-ATPase, 

isocitrate dehydrogenase 2, annexin V and adenine 

nucleotide translocase.  

Western-Blotting analyses revealed that in the 

presence of EDTA (a calcium chelate) there was no 

interaction between S100A1 and F1-ATPase. The same 

was observed in pull-down assays when pH was lower 

than 6.8 (interaction was verified at a pH of 7.4). Thus, it 

is possible to conclude that S100A1 interaction with  

F1-ATPase is dependent on calcium and physiological pH 

levels (Boerries et al. 2007). It was also shown that this 

interaction led to increased ATP synthesis and higher 

ATP levels. In fact, S100A1 deficient cardiomyocytes 

displayed reduced ATP levels, whereas S100A1 

overexpressing cells had higher ATP levels. Furthermore, 

S100A1 deficient cells did not increase ATP levels as 

effectively as controls when stimulated (Boerries et al. 

2007). 

Cardiomyocyte relaxation also seems to depend 

on ATP levels (Volkers et al. 2010). ATP-dependent 

SERCA2a activity is of major importance to diminish 

calcium concentration during diastole (Bers 2002). Thus, 

reduced ATP levels in S100A1 deficiency may help 

explain the impaired diastolic function in HF (Volkers et 

al. 2010). 

 

S100A1: a modulator of titin-actin interaction 

Titin is the largest protein found in the human 

body. It is expressed in different isoforms with molecular 

weights between 2970 and 3700 kD. There are two 

isoforms of titin in cardiomyocytes, N2B and N2BA, 

which are obtained by alternative splicing (Castro-

Ferreira et al. 2011). S100A1 protein has been reported to 

interact with this giant protein at several sites, including 

the portion of its I-band rich in proline (P), glutamate (E), 

valine (V) and lysine (K): the PEVK segment (Yamasaki 

et al. 2001, Castro-Ferreira et al. 2011). 

Titin-dependent cardiomyocyte passive tension 

is determined by both titin’s intrinsic elasticity and titin-

actin interactions. Passive tension, determined by titin 

intrinsic properties, may be modulated by the N2BA/N2B 

ratio and titin phosphorylation (Borbely et al. 2009, 

Castro-Ferreira et al. 2011). There is no evidence 

indicating that S100A1 modulates these intrinsic 

properties. However, S100A1 appears to modulate titin-

actin interactions. 

Titin-actin interaction occurs in a particular 

portion of the titin molecule, the PEVK domain. This 

interaction seems to delay filament sliding, a mechanism 

known as viscous break. This effect is important during 

diastole, providing resistance to stretch. However, during 

systole, this effect opposes filament sliding, delaying 

ejection (Fukushima et al. 2010). It is tempting to 

hypothesize that a physiological mechanism modulates 

titin-actin interaction. S100A1 may contribute to such 

modulation. 

As mentioned earlier, the PEVK domain is also 

a binding site for S100A1, which is consistent with the 

hypothesis that S100A1 modulates titin-actin interaction. 

In fact, in PEVK fragments incubated with S100A1, this 

modulation occurs in a calcium-dependent manner. It has 

been reported that at higher calcium levels, S100A1 frees 

the actin from titin, reducing the viscous break imposed 

by the titin-actin interaction. At lower calcium levels, this 

mechanism is reduced and titin-actin interactions lead to 

increased passive tension (Yamasaki et al. 2001). 

It is hypothesized that this calcium-dependent 

modulation is important under physiological conditions. 

The elevated calcium levels observed during systole, 

would lead to increased S100A1/PEVK interaction which 

would diminish PEVK-actin dependent motility 

inhibition, facilitating myocardial contraction (Yamasaki 

et al. 2001, Fukushima et al. 2010). It can also be 

hypothesized that decreased levels of S100A1 observed 

in HF can promote an increase in titin-actin interaction, 

which contributes to the increased myocardial stiffness 

observed in a great proportion of HF patients. 

 

S100A1 as a promoter of cardiomyocyte survival 

During ischemic myocardial lesion, S100A1 

protein is released into the extracellular space via 

unknown mechanisms (Kiewitz et al. 2000). This led to 

the research of cardioprotective effects of extracellular 

S100A1 (Most et al. 2003). In NVCM, incubation with 
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Rh-S100A1 appears to promote cardiomyocyte survival. 

This protein enters the cell by endocytosis increasing its 

concentration in the endosomal compartment. This 

endocytic process has been confirmed to be calcium-

dependent and caveolin-mediated. The endocytic event is 

essential to S100A1’s cardiac rescuing properties (Most 

et al. 2003). 

In NVCM, incubation with Rh-S100A1 was 

reported to increase extracellular signal-regulated kinases 

(ERK) 1/2 phosphorylation leading to their activation. 

This phosphorylation is not mediated neither by PKA nor 

calcium. Instead ERK 1/2 phosphorylation is the result of 

the PLC-PKC-MEK1 pathway activity, confirmed by the 

fact that S100A1 anti-apoptotic effects were abolished by 

the use of a MEK1 inhibitor (Most et al. 2003, 2005). As 

discussed earlier, endogenous S100A1 is co-localized 

with the SR calcium-regulatory proteins, and it does not 

seem to have any effect on ERK 1/2 pathway and 

apoptosis.  

It is tempting to conclude that S100A1 

deficiency in HF not only diminishes cardiomyocytes’ 

contractility, but also increases the susceptibility of 

injured cardiomyocytes to apoptosis (Most et al. 2003). 

S100A1 also promotes cardiomyocyte survival indirectly 

by reducing the increased wall stress characteristic of HF, 

which is known to be a potent stimulus for apoptosis 

(Most et al. 2006).  

 

S100A1 antihypertrophic effects 

S100A1 has been proposed as an 

antihypertrophic protein. In fact, S100A1 expression 

shows an inverse relation with cardiomyocyte diameter 

(Ehlermann et al. 2000).  

Abnormal gene expression has been shown to be 

characteristic of myocardium hypertrophy. In fact, it has 

been proposed that S100A1 maintains normal adult gene 

expression in myocardial tissue thus halting hypertrophy. 

S100A1 downregulation in HF may unblock a fetal 

genetic program, leading to a hypertrophic response in 

damaged cardiomyocytes (Tsoporis et al. 2003). 

S100A1 has been shown to inhibit PKC 

phosphorylation of the target protein. Since PKC pathway 

seems to be involved in cardiac hypertrophy, PKC 

inhibition may help explain S100A1 antihypertrophic 

actions (Ehlermann et al. 2000). S100A1 has also been 

shown to inhibit microtubule polymerization which may 

delay hypertrophy (Bianchi et al. 1993, Ehlermann et al. 

2000). Atrial natriuretic factor (ANF) and α-skeletal 

actin, which are markers of hypertrophy, seem to be 

normalized by S100A1 overexpression (Most et al. 2003, 

Pleger et al. 2005). 

α1-adrenergic agents, angiotensin II (ANGII), 

peptide growth factor and mechanical stress have been 

reported to act as hypertrophy stimulators (Tsoporis et al. 

2003). S100A1’s protective action may also be an 

indirect consequence of the increased contractile function 

of S100A1-expressing cells. Normal systolic and 

diastolic functions are likely to protect cardiomyocytes 

from signaling of biomechanical overload and 

maladaptive adrenergic activation, eliminating the most 

important triggers of cardiac remodeling (Most et al. 

2006). 

 

S100A1 increases both systolic and diastolic cardiac 

function  

As mentioned earlier, S100A1 has differential 

effects according to calcium levels.  

During diastole, S100A1 increases SERCA2a 

activity (Most et al. 2006) by increasing calcium 

reabsorption in the SR (Most et al. 2001, 2006). In 

addition, S100A1 reduces RyR2 activity under low 

calcium conditions, diminishing SR calcium leak (Most 

et al. 2004). Throughout diastole, S100A1 interacts with 

both transporters, leading to increased SR calcium load 

and diminished cytosolic calcium levels (Lompre et al. 

2010). S100A1 has also been shown to decrease the 

sensitivity of myofilaments to calcium (Most et al. 2001). 

Both diminished diastolic calcium levels and decreased 

sensitivity of myofilaments to calcium accelerate 

diastolic relaxation.  

During systole, S100A1 increases RyR2 activity 

(Most et al. 2004). Combined with increased SR calcium 

load, increased RyR2 activity leads to a greater SR 

calcium release during systole, thus promoting  

EC-coupling gain. S100A1 also interacts with titin during 

systole. Under high calcium levels, S100A1 diminishes 

titin-actin interaction thus promoting actin motility, 

improving systolic function (Yamasaki et al. 2001, 

Fukushima et al. 2010). Moreover, without baseline 

S100A1 levels, the heart would function at increased 

passive tension due to an increased titin-actin interaction.  

In conclusion, S100A1 modulates SR calcium 

homeostasis and titin-actin interactions, leading to 

increased relaxation during diastole and increased 

contraction during systole. This, along with other factors 

such as energy homeostasis, cardiomyocyte survival and 

vessel relaxation, explains, at least in part, the increase in 

cardiac function observed when S100A1 is overexpressed 
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(Most et al. 2003). Although S100A1 modulates calcium 

homeostasis, S100A1 overexpression in the myocardial 

muscle does not seem to increase cardiac arrhythmia 

frequency or have detrimental effects on cardiac 

conduction systems in vivo (Weber et al. 2014).  

 

Vascular relaxation modulation by S100A1 

Several evidences suggest that S100A1 may 

have a role on vascular function. In fact, mean arterial 

pressure is increased in S100A1 KO (SKO) mice 

compared to wild type (WT) and these mice show 

increased mortality after MI (Desjardins et al. 2009). 

Moreover, SKO mice were found to respond significantly 

less to the vasodilatory effect of acetylcholine (Ach) 

(Pleger et al. 2008, Desjardins et al. 2009) and 

vasodilation was almost abolished in response to 

bradykinin (BK) (Pleger et al. 2008). Ach and bradykinin 

are known to act through endothelial NO synthase 

(eNOS) activation, increasing NO generation, which has 

a major role on endothelial smooth muscle cell relaxation. 

Also, indirect immunofluorescence staining showed 

S100A1 expression in endothelial cells (Pleger et al. 

2008).  

eNOS activation by Ach and BK is dependent on 

intracellular calcium increase. The fact that calcium plays 

an important role on eNOS activation makes it tempting 

to assume that S100A1, which has been shown to 

improve calcium cycling in cardiomyocytes, may have an 

important role in NO synthesis and therefore, vascular 

relaxation (Fig. 3) (Fleming et al. 1999). 

In a very interesting and elegant study, Pleger et 

al. (2008) were the first to demonstrate the importance of 

S100A1 on eNOS activity. Endothelial vasorelaxation 

induced by acetylcholine was reduced in SKO mice 

compared with WT. To assess whether this effect was 

caused by diminished NO synthesis or by reduced 

sensibility of vascular smooth muscle cells to NO, 

sodium nitroprusside (SNP), an NO donor, was 

administered. No significant difference was observed in 

SNP-induced vasorelaxation between SKO and WT 

leading to the conclusion that SKO mice have impaired 

NO generation by eNOS (Pleger et al. 2008). In fact, 

eNOS expression is unaltered in the normal tissue of 

SKO mice (Pleger et al. 2008) and may even be increased 

under ischemic conditions (Most et al. 2013). In fact, in 

vitro trials demonstrated that S100A1 overexpression 

increased acetylcholine-induced NO synthesis, suggesting 

that normalizing S100A1 may promote vasodilation and 

reduce blood pressure (Pleger et al. 2008). 

 
 

Fig. 3. S100A1 pathway in vessel relaxation. S100A1 increases 
endothelial SR calcium load, enhancing SR calcium release in 
response to IP3. Increased endothelial calcium levels increase 
bradikinin/acetylcholine-induced eNOS activation, increasing NO 
production. NO, in vascular smooth muscle cells, acts through 
PKG. NO dephosphorylates the regulatory myosin light chain thus 
promoting smooth muscle relaxation. Angiotensin II and 
endothelin-1 have been reported to diminish S100A1 expression, 
this may be an important mechanism in reducing S100A1 in HF. 
S100A1 is also an important inhibitor of PKC activity.  
PKC-mediated phosphorylation of eNOS diminishes its activity. 
S100A1-induced PKC inhibition may also be important on 
increasing eNOS activity. 

 
 
S100A1 KO mice exhibited a significant 

increase in both systolic and diastolic blood pressure, as 

well as in mean arterial pressure that may be explained by 

diminished basal NO release in SKO mice. S100A1 loss 

has been associated with hypertension in vivo (Pleger et 

al. 2008), which may partially explain the reduced 

survival of SKO mice after MI, unveiling the importance 

of S100A1 in normal endothelial function (Desjardins et 

al. 2009). 

Interestingly, there is evidence that this increase 

in mean arterial pressure (MAP) in SKO mice was 

significantly higher in male subjects rather than female 

subjects. In SKO mice, a higher mortality rate was also 

observed amongst male subjects (Desjardins et al. 2009). 

Both angiotensin II and ET-1 have been shown 

to decrease S100A1 mRNA expression in endothelial 

cells (Desjardins et al. 2009). It is tempting to theorize 

that, in HF, increased levels of ANGII and ET-1 may lead 

to decreased levels of S100A1 mRNA expression. 
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Most et al. (2013) studied the interaction 

between S100A1 and eNOS in hypoxic endothelial cells. 

Based on evidence of reduced S100A1 expression in the 

tissue of patients with critical limb ischemia, the authors 

studied the potential role of S100A1 on angiogenesis. 

They compared the vascular regenerative capacity of 

SKO and WT mice, after femoral artery resection (FAR). 

SKO mice had compromised reperfusion and 

neovascularization leading to reduced collateral blood 

flow after FAR. Insufficient NO production, in response 

to hypoxia or VEGF, seems to be the pathophysiological 

basis of this regenerative insufficiency. In fact, NO 

administration normalized in vivo angiogenesis in SKO 

mice (Most et al. 2013). By reducing O2 concentration to 

2 %, the authors demonstrated that mice endothelial cells 

present reduced levels of S100A1 expression after  

24-48 h exposure to hypoxia. In contrast, shorter (2 h) 

exposure to hypoxia demonstrated increased S100A1-

eNOS interaction. This may represent a short-term 

adaptive response to hypoxic stress (Most et al. 2013). 

PKC phosphorylation of Thr(495) of eNOS is 

established as an inhibitory mechanism of eNOS activity 

(Fleming et al. 2001). Indeed PKC hyperactivation seems 

to be important in halting eNOS response to VEGF and 

hypoxia in SKO mice (Most et al. 2013). As mentioned 

above, S100A1 inhibits PKC activity. So, it is tempting to 

conclude that S100A1 improves eNOS function not only 

by increasing intracellular calcium levels but also by 

inhibiting PKC. 

Endothelial dysfunction and impaired 

vasodilation might therefore contribute to the reduced 

arterial blood flow recovery in SKO mice since newly 

formed vessels may be insufficient to provide the 

necessary blood flow (Most et al. 2013). 

 

Acute versus chronic effects of S100A1 

Under baseline conditions, both S100A1 KO and 

wild-type mice demonstrated similar heart rates, left 

ventricular systolic pressures and contraction (dP/dtmax) 

and relaxation rates (dP/dtmin). Under adrenergic 

stimulation, S100A1 KO mice were found to have 

diminished maximal contraction rates, relaxation rates 

and LV fractional shortening. Also, adrenergic 

stimulation showed no effect in increasing chronotropism 

in S100A1 knockout mice. Thus S100A1 seems to be 

more important in acute stress response than at baseline 

conditions (Du et al. 2002). 

Heterozygous mice also presented diminished 

inotropism and lusitropism upon adrenergic stimulation, 

indicating that high levels of S100A1 are required in 

hemodynamic stress response. They also demonstrated 

diminished acute response with normal response to 

chronic pressure overload, which may be explained by 

compensatory S100A1 upregulation. Heterozygous 

insufficiency for acute-stress may reflect low-affinity 

interactions with its target proteins or high levels of 

effectors (Du et al. 2002). 

100A1 seems to increase cardiomyocyte 

contractile function, improving cardiac function after 

myocardial infarction (Most et al. 2004). After adenoviral 

S100A1 gene delivery cardiomyocytes showed both 

increased baseline function and increased functional 

reserve in response to acute hemodynamic stress  

(Pleger et al. 2005). Interestingly S100A1 is released 

extracellularly a few hours (2.8±2.3 h) after myocardial 

damage (Kiewitz et al. 2000). As explained above, 

extracellular S100A1 has antiapoptotic actions. So it can 

be hypothesized that S100A1 may also have acute anti-

apoptotic actions, promoting survival after myocardial 

injury. 

 

S100A1 gene therapy and clinical perspectives 

S100A1 genetically targeted therapy has been 

experimented in several studies throughout the last 

decade. Both human and rabbit isolated cardiomyocytes 

(Kettlewell et al. 2005, Brinks et al. 2011) and rat (Most 

et al. 2004, Pleger et al. 2005, Brinks et al. 2011) and pig 

(Pleger et al. 2011) in vivo experiments showed increased 

S100A1 levels in response to genetic therapy. The 

methodology of S100A1 gene transfer was widely 

reviewed by Most et al. (2013). 

This treatment demonstrated improvement in 

contractile function in failing cardiomyocytes (FC) when 

compared to non-treated rats FC (Most et al. 2004, Pleger 

et al. 2005, Brinks et al. 2011). Increased cardiomyocyte 

contractility was also observed in vivo, with S100A1-

treated hearts presenting an increase in dP/dtmax, dP/dtmin 

and endsystolic pressures and a decrease in enddiastolic 

pressures (Pleger et al. 2005, 2007). Also, an adrenergic 

challenge was better supported by S100A1 treated 

cardiomyocytes, demonstrating that S100A1 treated cells 

not only had increased contractility under basal 

conditions, but also had higher cardiac reserve (Pleger et 

al. 2005).  

Several therapeutic options have been attempted 

to correct SR calcium cycling in HF. Overexpression of 

SERCA2a by genetic therapy, phospholamban inhibition 

or RyR2 activity modulation have been experimented 
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(Lompre et al. 2010). Promising results were also 

obtained by S100A1-based gene therapy in calcium 

handling. Treated animals displayed increased SERCA2a 

activity and thus accelerated decay of calcium transients, 

shown by the reduction of the time constant τ (tau). As 

discussed earlier, S100A1 has a biphasic effect on RyR2. 

S100A1 may contribute to improved calcium transients in 

S100A1 treated cardiomyocytes by diminishing SR 

calcium leak during diastole and increasing SR calcium 

release during systole (Most et al. 2004, Brinks et al. 

2011, Pleger et al. 2011). Also, S100A1 treated rat cells 

showed decreased levels of ANF and NCX mRNA 

expression when compared to control animals (Most et al. 

2004). Intracellular Na+ concentrations, which are high in 

failing cardiomyocytes, have been reported to normalize 

in S100A1 treated cells (Most et al. 2004, Brinks et al. 

2011). 

ATP production, which is lower in failing 

cardiomyocytes, is normalized by adenoviral-S100A1 

treatment (Most et al. 2004, Brinks et al. 2011, Pleger et 

al. 2011). AdS100A1 seems to increase myocardial 

function by increasing the activity of the remaining 

cardiomyocytes rather than increasing the number of 

cardiomyocytes (Pleger et al. 2005). S100A1 promoted 

regression of the fetal gene expression and diminished 

LV chamber dilation, ANF levels and the heart weight to 

body weight ratio (Most et al. 2004, Pleger et al. 2007, 

Brinks et al. 2011). 

Although S100A1 has shown great potential as 

a treatment for HF, gene therapy requires safe, efficient 

and reproducible vectors (Pleger et al. 2007). Two major 

vector types are used: adenoviruses and adenovirus 

associated vectors. Adenoviruses are vectors with large 

transgene cloning capacity (7-8 kb), easily produced and 

manipulated that show effective myocardial transduction 

in vivo. They have the disadvantage of frequently 

presenting inflammatory response in vivo (Vinge et al. 

2008). Adenoviral associated vectors (AAV) are more 

promising in the treatment of chronic diseases since they 

infect the tissues more rapidly, produce stable, long-term 

effects and are less immunogenic. On the other hand, they 

have less transgene cloning capacity (4-5 kb) (Vinge et 

al. 2008). 

Gene delivery has been limited by the dose of 

vector needed. The doses used in mice and rats are 

relatively high. It is not known whether these doses will 

be sufficient to transfect larger hearts. Also these higher 

doses required for human HF treatment may not be safe 

and achievable (Vinge et al. 2008). Immunogenic 

response is also a problem, the development of low 

immunogenic AAV is required. The diversity in 

immunogenic response in each patient may also be 

a problem (Rohde et al. 2011).  

A recent study by Pleger et al. (2011) used gene 

therapy in HF pigs, which are similar to human hearts in 

many parameters such as heart rate and the dose needed 

for gene therapy. Some of these problems seemed to be 

solved. They demonstrated that, using retrograde 

coronary venous gene delivery, there were successful 

results. Besides, the therapy appeared to be safe by 

several parameters. In porcine experiments, S100A1 gene 

therapy demonstrated high tissue specificity. Aside from 

the heart, only skeletal muscle and liver had modest 

amounts detected. In all other nontarget organs, S100A1 

DNA was not detected (Pleger et al. 2011).  

S100A1-based gene delivery studies present 

several limitations. Most studies were made using animal 

cardiomyocytes. Only one study was made using isolated 

human cardiomyocytes. Even so, the use of isolated cells 

could not predict the effects on the whole organ. In 

addition, the absence of a mechanical load may affect 

signaling pathways and contractile function. So, although 

these studies show promising results, further studies in 

human cardiac tissues are required to better understand 

the potential of S100A1 as a target in clinical practice 

(Brinks et al. 2011, Rohde et al. 2011). 

 

Conclusion 
 

Heart failure constitutes a major health problem 

in the western world. This syndrome displays high 

mortality and morbidity rates, requiring improved 

treatment. The observation that reduced levels of S100A1 

are characteristic of HF (Volkers et al. 2010) triggered an 

extensive research on its molecular interactions and 

functional importance. 

S100A1 improves calcium homeostasis, 

modulating a myriad of calcium regulatory proteins. This 

enhancement in calcium cycling may explain the  

EC-coupling gain and the improvement in both systolic 

and diastolic cardiac function in overexpressing mice. 

Besides, S100A1 has been shown to increase ATP 

production reestablishing normal phosphocreatine 

(PCr)/ATP and ATP/ADP ratios (Boerries et al. 2007). 

S100A1 is an important calcium dependent 

modulator of titin-actin interaction. In systole, S100A1 

diminishes titin-actin interactions, enhancing filament 

sliding and muscle contraction (Yamasaki et al. 2001). 
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During myocardial ischemic lesion, S100A1 is 

released into the extracellular space. Extracellular 

S100A1 has been shown to have anti-apoptotic actions. 

These are mediated by the PLC-PKC-MEK1 pathway, 

that promotes ERK 1/2 phosphorylation and activation. 

Phosphorylated ERK 1/2 has anti-apoptotic actions, 

promoting cell survival (Most et al. 2003, 2005). 

S100A1 is an inhibitor of cardiac remodeling 

and hypertrophy. S100A1 has direct antihypertrophic 

activity, inhibiting the fetal gene program and 

microtubule polymerization (Ehlermann et al. 2000, 

Tsoporis et al. 2003). An indirect mechanism has also 

been proposed: cardiac function improvement promoted 

by S100A1 diminishes biomechanical overload and 

maladaptive adrenergic activation, which are major 

triggers of cardiac remodeling (Most et al. 2006). 

S100A1 effects on endothelial cells have also 

been reported. S100A1 promotes vessel relaxation, 

diminishing mean arterial pressure and improving 

survival in mice. S100A1 probably acts by increasing 

calcium levels, which promotes eNOS activity and 

therefore, NO release and SMC relaxation (Desjardins et 

al. 2009). Increased eNOS activity is also important 

under hypoxic condition to promote angiogenesis and 

increase collateral blood flow (Most et al. 2013). 

Consequently, S100A1 may be a target for future 

treatment of vascular disorders, such as hypertension, 

coronary artery disease or limb ischemia. 

S100A1 is essential in the acute response to 

hemodynamic stress. In fact, heterozygous had 

diminished adrenergic response, compared to wild type. 

This demonstrates the requirement of high levels of 

S100A1 to respond to acute adrenergic stimulation (Du et 

al. 2002, Pleger et al. 2005).  

S100A1 has been shown to act on a variety of 

targets presenting beneficial effects on HF. Some studies 

have explored the potential of S100A1 gene therapy with 

encouraging results. Although there is still a long way 

until this therapy can be used in clinical practice, this is 

a promising treatment that may rescue cardiac function, 

reducing mortality and morbidity in HF. 
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