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Abstract 

 

Aim: Activation of both the Survivor Activating Factor Enhancement (SAFE) pathway (including Tumour 

Necrosis Factor-alpha (TNF-α) and Signal Transducer and Activator of Transcription-3 (STAT-3)) and 

the sphingolipid signalling pathway (including sphingosine kinase-1 (SK1) and sphingosine-1 

phosphate (S1P)) play a key role in promoting cardioprotection against ischemia-reperfusion injury 

(IRI). We investigated whether the activation of the SAFE pathway by exogenous S1P is dependent on 

the activation of SK1 for cardioprotection.  

Materials and methods: Isolated cardiomyocytes from TNF-α knockout (KO) mice, cardiomyocyte-

specific STAT-3KO mice and their wild-type (WT) littermates were exposed to simulated ischemia in 

the presence of a trigger of the SAFE pathway (S1P) and SK1 inhibitor (SK1-I). Similarly, isolated 

perfused hearts from adult TNF-αKO, STAT-3KO and WT mice were subjected to IRI with S1P and/or 

SK1-I. Cell viability, infarct size (IS) and SK1 activity were assessed.  

Key findings: In isolated cardiomyocytes and in isolated hearts subjected to simulated ischemia/IRI, 

S1P pretreatment decreased cell death in WT mice, an effect that was abrogated in the presence of 

SK1-I. S1P failed to reduce cell death after simulated ischemia/IRI in both cardiomyocytes or hearts 

isolated from TNF-αKO and STAT-3KO mice. Interestingly, S1P pretreatment increased SK1 activity in 

WT and STAT-3KO mice, with no changes in TNF-αKO mice. 

Significance: Our data strongly suggest SK1 as a key component to activate STAT-3 downstream of 

TNF-α in the SAFE pathway, paving the way for the development of novel cardioprotective strategies 

that may target SK1 to modulate the SAFE pathway and increase cell survival following IRI. 
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Introduction 

 

Ischemic heart disease is the leading cause of death worldwide, and its global prevalence rate 

is on a constant rise, expected to reach more than 1845 per 100,000 population by the year 2030 [1]. 

Although a large number of cardioprotective strategies have been reported to protect against ischemia-

reperfusion injury (IRI) in preclinical studies, very few have been translated into the clinical setting in 

the past 30 years [2]. Multiple factors may explain this lack of translation and a better understanding of 

the cardioprotective signalling pathways that may protect against IRI is likely to enhance the design of 

suitable strategies that could protect the human heart. 

The Survivor Activating Factor Enhancement (SAFE) pathway has been proposed as a major 

cardioprotective pathway activated by multiple putative cardioprotective strategies, such as ischemic 

pre- and post-conditioning, sphingosine-1 phosphate (S1P), and melatonin to protect against IRI [3–6]. 

The activation of this cell survival pathway is triggered by the binding of Tumour Necrosis Factor alpha 

(TNF-α) to its receptor type 2, which activates downstream targets such as Signal Transducer and 

Activator of Transcription 3 (STAT-3), mitochondria and microRNAs (see reviews [7,8]). However, most 

of the cascades of mediators implicated in this pathway remain to be delineated.  

Sphingolipids (such as ceramide, sphingosine, and S1P) have been proposed as downstream targets 

of numerous cardioprotective strategies [9–11]. Indeed, inhibition of the sphingolipid signalling 

attenuates the cardioprotective effect of both ischemic and TNF-α preconditioning in the isolated 

heart [12]. Similarly, the activation of sphingosine kinase 1 (SK1), which is a key enzyme involved in 

the endogenous formation of S1P, is critical for the protection against IRI by ischemic pre- and post-

conditioning [13]. Although both the SAFE pathway and the sphingolipids signalling are critical for the 

cardioprotective effect of various strategies, it is yet unclear as to whether components of the 

sphingolipid signalling, such as SK1, may act as key players in modulating the SAFE pathway in the 

heart.   

In the present study, we therefore used a combination of ex vivo and in vitro IRI models to investigate 

whether the activation of the SAFE pathway is dependent on the activation of SK1.  
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Materials and methods 
 

Animals 

All experimental procedures were performed with the approval of the Faculty of Health Sciences Animal 

Ethics Committee, University of Cape Town. All protocols were performed in compliance with the the 

Care and Use of Laboratory Animals Guide published by the United States National Institutes of Health 

in 2011. Cardiomyocyte specific STAT-3 knockout (STAT-3 KO) mice with a C57BL/6 genetic 

background were created in our facility by crossing homozygous floxed STAT-3 mice with heterozygous 

ventricular myosin light chain 2 (MLC2v)-driven Cre recombinase mice, as previously described [14]. 

TNF-α deficient mice (TNF-α KO) with a C57BL/6 genetic background, were generous gifts from 

Dr Jacobs and Prof Ryffel (Department of Immunology, University of Cape Town) [15]. Male mice aged 

12-14 weeks were used in this study. 

 

 

Perfusion of isolated adult mouse hearts 

Mice were anaesthetized with intraperitoneal (i.p.) sodium pentobarbital (60 mg/kg) and heparinized 

(25 IU, i.p.), and hearts were isolated and perfused on the retrograde Langendorff system as previously 

described [15]. ]. Briefly, hearts were perfused with a modified Krebs–Henseleit buffer (NaCl 118.0 mM; 

NaHCO3 24.0 mM; KCl 4.0 mM; NaH2PO4 1.0 mM; CaCl2 2.5 mM; MgCl2 1.2 mM; di-sodium EDTA 

0.5 mM; glucose 10 mM; gassed with 95% O2 / 5%CO2 at 37ºC) in a retrograde fashion with a constant 

pressure of 110 cmH2O.  Hearts were fastened, via a rigid lightweight lexan coupling rod, to a force 

displacement transducer (Grass FT03C, MA, USA) by means of a 4-0 silk (on a 20-mm curved 

atraumatic needle) placed through the apex of the heart. Diastolic tension was adjusted to 2 g and 

hearts were paced at 600 bpm. A minimum of 1.5 ml/min and maximum of 5.0 ml/min of coronary flow 

rate, heart rate between 460 and 600 beats/min and developed force ≥ 4 g was deemed acceptable. 

After 20 min of a stabilisation period, the hearts were subjected to 35 min of global ischaemia at 37°C 

followed by 45 min of reperfusion. The experimental protocol is illustrated in Figure 1. S1P (10nM) was 

administered for 7 min followed by a washout period of 10 min before ischemia induction. SKI-178 (15 

µM), a specific SK1 inhibitor (SK1-I) [16] was administered for 15 min with a washout period of 5 min 

prior to ischemia. At the end of the experimental protocol, infarct size was assessed by triphenyl-

tetrazolium chloride staining and analysed using computerized planimetry (Planimetry+, Boreal 

Software, Norway)  [15]. In a separate group of experiments, hearts were freeze clamped in liquid 

nitrogen at the end of the reperfusion period and stored at -80°C for SK1 activity analysis. 
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Isolation of adult mouse cardiomyocytes 

 

TNF-α KO (n=8), STAT-3 KO (n=6), and their respective littermate control mice (n=25) were 

anesthetized via an intraperitoneal injection (i.p.) of sodium pentobarbital (60 mg/kg) and 

heparinized (25 IU). The heart was rapidly excised and cannulated on the Langendorff perfusion 

system, and the cardiomyocytes were isolated as previously described [17]. Isolated cardiomyocytes 

were plated onto 6 well plates precoated with laminin in minimum essential medium containing penicillin, 

streptomycin and 5% foetal calf serum and incubated for 1 h at 37°C prior to experiments, as previously 

described [17]. 

 

Experimental protocol in isolated adult mouse cardiomyocytes 
 

The experimental protocol conducted in isolated adult cardiomyocytes is shown in Figure 1.  Normoxic 

control cells were maintained under normoxic conditions throughout the protocol (20% O2, 5% CO2 and 

balance N2). Simulated ischemia control cardiomyocytes were subjected to 2 h of simulated ischemia 

using a simulated ischemic buffer (MgCl2.6H2O 1.2 mM, KCl 16 mM, KH2PO4 1 mM, NaCl 74 mM, CaCl2 

1.2 mM, NaHCO3 10 mM, sodium lactate 20 mM, HEPES 25 mM, pH 6.7) with cells kept in a humidified 

hypoxic environment (1% O2, 5% CO2 and balance N2) at 37°C. The treated cardiomyocytes were 

exposed to S1P (10nM) for 30 min followed by a washout period of 30 min before the simulated ischemic 

insult. The SK1 inhibitor (SKI-178, 15 µM) was given for 1 h, starting 30 min before S1P treatment. 

 

Culture of H9c2 cardiomyocytes  
 

H9c2 cardiomyocyte cell lines were purchased commercially from the European Collection of Cell 

Cultures (Centre for Applied Microbiology and Research, UK). The cells were stored in cryovials 

at 1x106 cells/mL in liquid nitrogen (-196˚C). To seed the cells, the cryovial was thawed at room 

temperature. T25 (25 cm3) tissue culture flasks were supplemented with 4 - 6 mL Dulbecco’s modified 

Eagle’s medium (DMEM) and the contents of the cryovials were transferred into tissue culture flasks. 

The DMEM contained 4.5 g/L glucose, 0.110 g/L sodium pyruvate and L-glutamine and was 

supplemented with 10% fetal calf serum (FCS) and 1% (weight/volume) penicillin/streptomycin. When 

the cells (with a passage number between 15 and 18) reached 80% confluency, they were used for 

treatment and follow up experiments.  
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Experimental protocol in H9c2 cardiomyocytes 

 

To further assess the role of SK1 in cardioprotection, H9c2 cells were subjected to simulated ischemia 

and exposed to melatonin used as an activator of the SAFE pathway, with or without SKI-I (n=5 

independent experiments). Briefly, H9c2 cells were pretreated with melatonin (75 ng/L) for 40 minutes 

prior to 8 h of simulated ischemia with simulated ischemic buffer adjusted at pH 6.4 and hypoxic 

conditions (5% CO2, 94% N2 and 1% O2), as previously described [18] . SKI-I (15 µM) was given (with 

or without melatonin) for 55 minutes prior to simulated ischemia. The control group (CTRL) was 

exposed to simulated ischemia only. The cell viability was measured at the end of the simulated 

ischemic insult.  

Western blotting was used to further explore the role of SK1 in STAT-3 activation with exogenous S1P. 

Briefly, H9c2 cells were exposed to S1P (10 nM) for 7 min with or without pretreatment with 

SK1-I (15 µM) for 30 min. Cell lysates were electrophoresed and the levels of phosphorylated (tyr705) 

and total STAT-3 (Cell Signaling Technology, Inc., Danvers, MA, USA) were quantified, as previously 

described [19].  Equal loading was verified using β-actin. Densitometric analysis was performed using 

the ImageJ software. STAT-3 activation was measured as ratio of phosphorylated STAT-3 to total 

STAT-3. 

 

Measurement of cell viability 
 

To assess cell viability in isolated cardiomyocytes or H9c2 cardiomyocytes, the cells were loaded with 

0.04% trypan blue and analysed using a light microscope at 40x magnification. The number of viable 

(unstained) and nonviable (blue stained) cardiomyocytes in four random microscopic fields was 

recorded, with at least 100 cells counted in each well.  

 

Analysis of mitochondrial permeability transition  

 

To assess the mitochondrial permeability transition pore (mPTP) opening at the end of 2 h of simulated 

ischemia, isolated cardiomyocytes were incubated with 20nM dye tetra-methyl-rhodamine-methyl ester 

(TMRM) for 10 min followed by a 10 min washout period [20]. Cardiomyocytes were then lifted from the 

wells using a cell scraper and analysed by flow cytometry (FACSCalibur, BD Biosciences, MD, USA) 

as previously described [21]. The fluorescence intensity was measured and analysed using the FlowJo 
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software (FlowJo LLC, Ashland, OR, USA) and expressed as arbitrary fluorescence units (AFU). Data 

were normalized to the normoxic control group. 

Measure of SK1 activity 
 

Frozen hearts were pulverized before protein extraction as previously described [15]. SK1 activity was 

measured using a specific biochemical fluorescence-based assay kit (Gyrasol Technologies, KS, USA) 

following the manufacturer’s instructions. The SK1 activity was normalized to that of the control group. 

 

Chemicals 

Unless specified, all chemicals were obtained from Sigma-Aldrich, South Africa.  

 

Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism 10.0 (GraphPad Software, La Jolla, 

California, USA). Data are expressed as mean ± standard error of the mean (SEM). Comparisons 

between two groups were performed using the Student’s t-test. For comparisons of three or more 

groups, one-way ANOVA followed by the Holm-Sidak test for multiple comparisons or Kruskal-Wallis 

test followed by Dunn’s test for multiple comparisons were used, depending on the distribution of data. 

The Shapiro-Wilk test was used to test the normality of the data. Statistical significance was set at 

p<0.05. 
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Results 

 

Exogenous S1P improves cell survival via the SAFE pathway. 

To determinate the role of the SAFE pathway in S1P induced cardioprotection, isolated adult 

cardiomyocytes from TNF-α KO, STAT-3 KO, and their wildtype (WT) littermates were exposed to 

simulated ischemia with or without S1P pretreatment (Figure 2). Cardiomyocyte cell death under 

normoxic conditions in WT littermates (TNF-α WT and STAT-3 WT) and knockout mice (TNF-α KO and 

STAT-3 KO) was 21.4±1.2%, 15.7±1.3%, 19.3±1.5% and 21.3±3.3% respectively, indicating that 

approximately 20% of cardiomyocytes did not survive the isolation and the plating process. Exposure 

to 2 h of simulated ischemia increased cardiomyocyte cell death to 45.4±2.1% (TNF-α WT) and 

39.6±2.1% (STAT-3 WT) (p<0.05 vs normoxic group), with comparable effects in TNF-α KO 

(45.0±1.4%) and STAT-3 KO (39.8±4.8%) (p<0.05 vs normoxic group). S1P pretreatment decreased 

cell death to 25.1±1.6% and 19.6±2.8% in TNF-α WT and STAT-3 WT, respectively (p<0.01 vs CTRL). 

However, S1P pretreatment did not protect cardiomyocytes against simulated ischemia in TNF-α KO 

(49.2±1.1%) or STAT-3 KO (41.7±3.8%) mice. 

Exogenous S1P confers protection by inhibiting mPTP opening via the SAFE pathway. 

To delineate the role of mPTP opening in the beneficial effect of S1P, isolated adult cardiomyocytes 

from TNF-α KO, STAT-3 KO, and their WT littermates were exposed to simulated ischemia with or 

without S1P pretreatment and TMRM fluorescence, reflecting mPTP opening, was measured (Figure 

2). TMRM fluorescence intensity after exposure of the cells to 2 h of simulated ischemia decreased 

from 100% to 71.3±2.8% and 74.7±6.5% in TNF-α WT and STAT-3 WT, respectively (p<0.01 vs 

normoxic controls), indicative of mPTP opening. The same effect was observed in TNF-α KO and 

STAT-3 KO cardiomyocytes (77.7±2.0% and 68.1±3.0% respectively, (p<0.01 vs normoxic controls). 

S1P pretreatment restored the TMRM fluorescence intensity to 93.4±2.7% and 95.5±4.3% in TNF-α 

WT and STAT-3 WT cardiomyocytes, respectively (p<0.05 vs simulated ischemic groups). In contrast, 

S1P pretreatment failed to restore the TMRM fluorescence intensity after simulated ischemia in TNF-α 

KO (80.3±1.9%) and STAT-3 KO cardiomyocytes (68.4±3.7%). 

 

 



 10 

SK1 is required for exogenous S1P-induced cardioprotection.  

To evaluate whether the cardioprotective effect of exogenous S1P is dependent on SK1, isolated adult 

cardiomyocytes from WT mice were exposed to simulated ischemia in the presence of S1P with or 

without a specific SK1 inhibitor and cell viability was assessed (Figure 3A). Exposure to 2 h of simulated 

ischemia increased cardiomyocyte cell death from 23.9±0.5% to 48.4±0.7% (p<0.0001 vs normoxic 

control). S1P pretreatment decreased cell death to 25.4±1.0% (p<0.0001 vs simulated ischemia only). 

However, the beneficial effect of S1P was inhibited in the presence of SK1-I (46.4±2.0%) (p<0.05 vs 

S1P group). Similar findings were observed with exogenous melatonin as a cardioprotective agent 

known to activate the SAFE pathway (Figure 3B). In H9c2 cells subjected to simulated ischemia, a 

pretreatment with melatonin decreased cell death from 40.4±1.0% to 15.2±2.6 (p<0.05) but this 

cardioprotective effect was inhibited in the presence of SK1-I (39.8±6.1%).  

Similar findings were also reported in an ex vivo model (Figure 4).  In WT isolated hearts (figure 4A), 

S1P pretreatment reduced infarct size following IRI from 49.8±1.4% to 30.6±2.1% (p<0.05 vs CTRL). 

This effect was associated with an increase in SK1 activity (2.4±0.5 folds vs CTRL). The addition of 

SK1-I abolished both the infarct sparing and the increase in SK1 activity observed with S1P treatment 

(Figure 4A). In WT isolated hearts, the developed tension was decreased following an IRI in the CTRL 

group (p<0.001 reperfusion vs baseline), an effect that was lost when hearts were pretreated with S1P 

prior to IRI (n.s. reperfusion vs baseline in S1P group) (supplementary table 1). Interestingly, perfusion 

of SK1-I given together with S1P partially abolished the effect of S1P on the developed tension following 

IRI (p<0.05, reperfusion vs baseline in S1P+SK1-I group).  At baseline or at the end of reperfusion, 

there was no difference in the coronary flow between the different experimental groups and IRI didn’t 

alter the coronary flow at the end of reperfusion (supplementary table 1).  

 

SK1 interacts with the SAFE pathway for cardioprotection 

To better understand how SK1 interacts with the SAFE pathway, SK1 activity was measured in isolated 

hearts of both TNF-α KO and STAT-3 KO mice exposed to IRI with/without S1P pretreatment. In TNF-

α KO mice, exogenous S1P failed to increase the activity of SK1 and reduce infarct size. Despite the 

increase in SK1 activity (3.1±0.9 fold) with S1P, no infarct size reduction was observed in STAT-3 KO 

mice. In addition, an increase in STAT-3 activation (1.7±0.1 fold) was observed after S1P stimulation 

(Figure 5), an effect that was prevented in the presence of SK1-I. 
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Discussion 

 

The present findings highlight an interplay between the SAFE pathway and the sphingolipid 

pathway, where SK1 acts as a key element to activate STAT-3 downstream of TNF-α for 

cardioprotection. First, S1P-induced cardioprotection in isolated WT cardiomyocytes was associated 

with an increase in SK1 activity. Second, the presence of a specific SK1 inhibitor abolished STAT-3 

activation and the cytoprotective effects of S1P. Third, the absence of S1P-induced cardioprotection in 

TNF-α or STAT-3 KO isolated hearts was associated with an increase in SK1 activity in STAT-3 KO 

hearts only, suggesting that SK1 functions as an intermediate component between TNF-α and STAT-3 

to activate the SAFE pathway.  

S1P is a well-known pharmacological conditioning agent that confers protection against IRI. Multiple 

signaling cascades have been proposed, including the Reperfusion Injury Salvage Kinase (RISK) 

pathway, the endogenous sphingolipid pathway and the activation of the SAFE pathway, with possible 

cross-talk among these various pathways [22]. Although mPTP is known as a key end-target of the 

RISK and Sphingolipid pathways to promote cell survival, its role downstream of the SAFE pathway 

remains poorly studied [23–25]. Using TNF-α and STAT-3 KO animals, we demonstrated that 

S1P-induced protection against IRI was dependent on a decrease in susceptibility to mPTP opening 

downstream of the SAFE pathway (TNF-α/STAT-3). The fact that mPTP is a common downstream 

effector of the Reperfusion Injury Salvage Kinase (RISK), sphingolipid and SAFE pathways to limit cell 

death raises the question of whether these different pathways interact with each other. Previous 

research has provided some insights into the interaction between the RISK and the SAFE pathways, 

demonstrating that Akt, a major kinase of the RISK pathway, modulates the activation of STAT-3, and 

vice versa [5,8]. However, there is little information on the possible interplay between components of 

the sphingolipid network, such as SK1, and the SAFE pathway for cardioprotection.   

SK1 is an enzyme present in cells that converts sphingosine into S1P [22]. As such, it is an essential 

component of the sphingolipid pathway. SK1 activity decreases following IRI, an effect that can be 

mitigated by cardioprotective strategies such as ischemic conditioning [26]. Our findings demonstrate 

that SK1 is required to limit cell death caused by IRI in both isolated cardiomyocytes and isolated hearts. 

Given that S1P is a product of SK1, one could speculate that providing exogenous S1P, might 

compensate the absence of production of cardioprotective intracellular S1P formation by SK1 inhibitors. 
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However, this hypothesis was not supported by our experiments, as the cardioprotective effect of 

exogenous S1P was lost in the presence of an SK1 inhibitor. Furthermore, we confirmed that the 

cardioprotective effect of exogenous melatonin, another cardioprotective agent that does not belong to 

the sphingolipid pathway, was also lost in the presence of the SK1 inhibitor. Given that both melatonin 

and exogenous S1P provide cardioprotection through activation of the SAFE pathway [5–7], it can be 

inferred that SK1 activation may be linked to the activation of the SAFE pathway. 

Upon stimulation with exogenous S1P, TNF-α binds to its receptor 2, triggering the phosphorylation of 

Janus kinase (JAK), which in turn, phosphorylates cytosolic STAT-3 [7]. Once phosphorylated, STAT-3 

can translocate to the nucleus and mitochondria to promote cell survival [7,8]. In the present study, the 

absence of both cardioprotection and SK1 activation with exogenous S1P stimulation in TNF-α KO mice 

suggests that SK1 activation is dependent on TNF-α. This conclusion aligns with previous research that 

documented a rapid increase in SK1 activity following TNF-α stimulation of human endothelial cells [27]. 

It is also supported by experimental data demonstrating that TNF-α can bind to TNF receptor 2, 

activating TNF receptor-associated factor 2 (TRAF2), which subsequently enables the binding (and 

activation) of SK1 to its TRAF2-binding motif [28,29]. Even though exogenous S1P also failed to limit 

infarct size in STAT-3 KO hearts subjected to IRI, it induced an increase in SK1 activity that was 

comparable to that observed in WT hearts. This finding aligns with previous research that concluded 

that STAT-3 activation is required to provide an S1P-induced reduction in infarct size [5]. More 

interestingly, this suggests that not only SK1 activation is not dependent on STAT-3 activation (contrary 

to what has been proposed in colorectal cancer [30]) but also that SK1 activation cannot provide 

cytoprotection against IRI in the absence of STAT-3, which may thus act as a downstream mediator of 

cardioprotection. It would be of interest to explore whether TRAF2 is the sole activator of SK1 in our 

model. Indeed, other stimuli known to activate SK1 include extracellular regulated kinase (ERK) which 

can be activated after binding of S1P to S1P receptors may possibly also contribute to activate SK1 in 

our setting [31,32].  Additionally, our results in H9c2 cells indicate that inhibition of SK1 prevents 

S1P-induced STAT-3 activation, further suggesting a role for SK1 in modulating STAT-3 activation, and 

thus, the SAFE pathway. This raises the question of how SK1 can activate STAT-3. A potential 

explanation may come from a previous study in cancerous lymphocytes reporting that the specific SK1 

inhibitor SKI-178 can prevent phosphorylation (i.e., activation) of both JAK and STAT-3, leading to 
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massive cell death [16]. Although the cellular behaviors and mechanisms of cancer cells and 

cardiomyocytes may differ, our data also suggest that SK1 activates JAK/STAT3 for cardioprotection.  

This study has some limitations. The primary role of SK1 is the formation of S1P from sphingosine, and 

it is possible that some mechanisms of the cardioprotective effect of SK1 involve further formation of 

endogenous S1P and the possible binding of S1P to its receptors. Indeed, exogenous S1P fails to 

protect in S1P-Receptor-2 and S1P-Receptor-3 KO mice [33] and activation of S1P Receptors can lead 

to STAT-3 phosphorylation [19,34]. Therefore, it would be important to further study the cellular dynamic 

of S1P and the possible interaction of S1P receptors/other sphingolipid components with the SAFE 

pathway in future studies. Another limitation is that we focused our investigations on S1P-induced 

cardioprotection only. It would also be interesting to also assess the role of ceramide (a precursor to 

sphingolipids and S1P) in the interplay between the SAFE and the sphingolipid pathways in IRI. Indeed, 

previous studies have suggested that TNF-induced cardioprotection is mediated by ceramide [35]. In 

our experimental model, we explored the role of SK1 on the activation of the SAFE pathway to improve 

cell survival. It would also be of interest to explore in detail the role of the modulation of these signalling 

events on the haemodynamic parameters of the heart following an ischemia-reperfusion insult. In 

addition, no in vivo models were used in any of our investigations, which means that the potential role 

of plasma high-density lipoprotein content was not considered. High-density lipoproteins contain a 

considerable amount of sphingolipids (including S1P), which may affect the response to the 

interventions [10,36]. However, several models have been employed, including isolated hearts from KO 

animals, which have been extensively validated to evaluate signalling pathways, particularly because 

they enable the use of inhibitors without causing toxicity [3,5,12,19,37]. Finally, It would be interesting 

to assess whether  
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Conclusion 

 

This study suggests that the interplay between the SAFE and sphingolipid pathways is essential 

for effective cardioprotection with S1P. SK1 emerges as a crucial factor in activating STAT-3 through 

TNF-α in the SAFE pathway (see Figure 6). Our findings provide a basis for innovative cardioprotective 

approaches that could target SK1 to regulate the activation of the SAFE pathway and enhance cell 

survival after IRI. 
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Abbreviations 

 

 

AFU Arbitrary fluorescence units 

CTRL Control group 

DMEM Dulbecco’s Modified Eagle Serum 

IRI Ischemia reperfusion injury 

KO knockout  

MLC2v  ventricular myosin light chain 2 

mPTP Mitochondrial permeability transition pore 

SAFE Survivor Activating Factor Enhancement  

SEM Standard error of the mean 

SK1 Sphingosine kinase 1 

SK1-I Sphingosine kinase 1 inhibitor 

S1P Sphingosine 1 phosphate 

STAT-3 Signal Transducer and Activator of Transcription 3 

TMRM Tetra-methyl-rhodamine-methyl ester 

TNF-α Tumor necrosis factor alpha 

TRAF2 TNF receptor-associated factor 2 

WT Wild type 
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Figures Legends 

 

Figure 1 - Experimental protocol in isolated hearts and cardiomyocytes 

WT: wild type; KO: knockout; TNF-α: Tumor Necrosis Factor α; STAT-3: Signal Transducer and 

Activator of Transcription 3; CTRL: Control; S1P: Sphingosine 1 phosphate; SK1: Sphingosine kinase 1, 

SK1-I: SK1 inhibitor. 

 

Figure 2 - Cytoprotective effect of S1P in TNF-α KO and STAT-3 KO isolated 

cardiomyocytes following simulated ischemia 

Cell death (left panels) and mitochondrial permeability transition pore (mPTP) opening (right panels) 

were assessed in cardiomyocytes isolated from wild-type (WT) TNF-α mice (panel A; n=4 -9/group), 

TNF-α knockout (KO) mice (panel B; n=4-8/group), WT STAT-3 mice (panel C; n=4-15/group), and 

STAT-3 KO mice (panel D; n=4-6/group). Cardiomyocytes were exposed to simulated ischemia 

(CTRL) with or without pretreatment with sphingosine 1 phosphate (S1P). Cell death was assessed 

by microscopy after staining with tryptan blue, and mPTP opening was assessed by fluorescence 

intensity using tetra-methyl-rhodamine-methyl (expressed as arbitrary fluorescence units, AFU). 

* p<0.05; ** p<0.01; **** p<0.001 

 

Figure 3 - Effect of SK1 inhibitor on the cytoprotective effect of S1P or melatonin in 

cardiomyocytes exposed to simulated ischemia 

Cell death was assessed in A) isolated cardiomyocytes (n=6-20/group) exposed to simulated ischemia 

(CTRL) with sphingosine 1 phosphate (S1P) and/or sphingosine kinase 1 inhibitor (SK1-I), and B) H9c2 

cells (n=5/group) exposed to simulated ischemia (CTRL) with melatonin (Mel) and/or SK1-I.  

* p<0.05; **** p<0.0001 
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Figure 4 - Interplay between the SAFE pathway and SK1 in S1P-induced 

cardioprotection in isolated hearts subjected to ischemia-reperfusion injury. 

Infarct size and sphingosine kinase 1 (SK1) activity were assessed in isolated hearts of wildtype 

(panel A; n=6-15/group), TNF-α knockout (KO) (panel B; n=4-7/group) and STAT-3 KO (panel C; 

n=4-6/group) mice subjected to ischemia-reperfusion injury (CTRL) and treated with sphingosine 1 

phosphate (S1P). SK1-I: sphingosine kinase inhibitor. 

* p<0.05; ** p<0.01; *** p<0.001 

 

Figure 5 - Effect of SK1 on S1P-induced STAT-3 activation in H9c2 cells 

H9c2 cells were exposed to sphingosine 1 phosphate (S1P) in the presence or absence of sphingosine 

kinase 1 inhibitor (SK1-I). Phosphorylated STAT-3 (Phospho-STAT-3) and total STAT-3 and were 

assessed by western blotting (panel B). Phospho-STAT-3/STAT-3 in S1P and S1P+SK1-I groups 

(n=6/group) were compared to the control (CTRL) group (expressed as fold increase).  

 * p<0.05 

 

Figure 6 - Proposed interplay between Sphingosine Kinase 1 and the SAFE pathway for 

cardioprotection. 

Abbreviations: JAK: Janus Kinase; mPTP: Mitochondrial Permeability Transition Pore; 

SK1: Sphingosine Kinase 1; STAT-3: Signal Transducer and Activator of Transcription 3; 

TNF-α: Tumour Necrosis Factor alpha; TNFR2: TNF receptor 2; TRAF2: TNF receptor-associated 

factor 2. 
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Abstract 

 

Aim: Activation of both the Survivor Activating Factor Enhancement (SAFE) pathway (including Tumour 

Necrosis Factor-alpha (TNF-α) and Signal Transducer and Activator of Transcription-3 (STAT-3)) and 

the sphingolipid signalling pathway (including sphingosine kinase-1 (SK1) and sphingosine-1 

phosphate (S1P)) play a key role in promoting cardioprotection against ischemia-reperfusion injury 

(IRI). We investigated whether the activation of the SAFE pathway by exogenous S1P is dependent on 

the activation of SK1 for cardioprotection.  

Materials and methods: Isolated cardiomyocytes from TNF-α knockout (KO) mice, cardiomyocyte-

specific STAT-3KO mice and their wild-type (WT) littermates were exposed to simulated ischemia in 

the presence of a trigger of the SAFE pathway (S1P) and SK1 inhibitor (SK1-I). Similarly, isolated 

perfused hearts from adult TNF-αKO, STAT-3KO and WT mice were subjected to IRI with S1P and/or 

SK1-I. Cell viability, infarct size (IS) and SK1 activity were assessed.  

Key findings: In isolated cardiomyocytes and in isolated hearts subjected to simulated ischemia/IRI, 

S1P pretreatment decreased cell death in WT mice, an effect that was abrogated in the presence of 

SK1-I. S1P failed to reduce cell death after simulated ischemia/IRI in both cardiomyocytes or hearts 

isolated from TNF-αKO and STAT-3KO mice. Interestingly, S1P pretreatment increased SK1 activity in 

WT and STAT-3KO mice, with no changes in TNF-αKO mice. 

Significance: Our data strongly suggest SK1 as a key component to activate STAT-3 downstream of 

TNF-α in the SAFE pathway, paving the way for the development of novel cardioprotective strategies 

that may target SK1 to modulate the SAFE pathway and increase cell survival following IRI. 
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Introduction 

 

Ischemic heart disease is the leading cause of death worldwide, and its global prevalence rate 

is on a constant rise, expected to reach more than 1845 per 100,000 population by the year 2030 [1]. 

Although a large number of cardioprotective strategies have been reported to protect against ischemia-

reperfusion injury (IRI) in preclinical studies, very few have been translated into the clinical setting in 

the past 30 years [2]. Multiple factors may explain this lack of translation and a better understanding of 

the cardioprotective signalling pathways that may protect against IRI is likely to enhance the design of 

suitable strategies that could protect the human heart. 

The Survivor Activating Factor Enhancement (SAFE) pathway has been proposed as a major 

cardioprotective pathway activated by multiple putative cardioprotective strategies, such as ischemic 

pre- and post-conditioning, sphingosine-1 phosphate (S1P), and melatonin to protect against IRI [3–6]. 

The activation of this cell survival pathway is triggered by the binding of Tumour Necrosis Factor alpha 

(TNF-α) to its receptor type 2, which activates downstream targets such as Signal Transducer and 

Activator of Transcription 3 (STAT-3), mitochondria and microRNAs (see reviews [7,8]). However, most 

of the cascades of mediators implicated in this pathway remain to be delineated.  

Sphingolipids (such as ceramide, sphingosine, and S1P) have been proposed as downstream targets 

of numerous cardioprotective strategies [9–11]. Indeed, inhibition of the sphingolipid signalling 

attenuates the cardioprotective effect of both ischemic and TNF-α preconditioning in the isolated 

heart [12]. Similarly, the activation of sphingosine kinase 1 (SK1), which is a key enzyme involved in 

the endogenous formation of S1P, is critical for the protection against IRI by ischemic pre- and post-

conditioning [13]. Although both the SAFE pathway and the sphingolipids signalling are critical for the 

cardioprotective effect of various strategies, it is yet unclear as to whether components of the 

sphingolipid signalling, such as SK1, may act as key players in modulating the SAFE pathway in the 

heart.   

In the present study, we therefore used a combination of ex vivo and in vitro IRI models to investigate 

whether the activation of the SAFE pathway is dependent on the activation of SK1.  
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Materials and methods 
 

Animals 

All experimental procedures were performed with the approval of the Faculty of Health Sciences Animal 

Ethics Committee, University of Cape Town. All protocols were performed in compliance with the the 

Care and Use of Laboratory Animals Guide published by the United States National Institutes of Health 

in 2011. Cardiomyocyte specific STAT-3 knockout (STAT-3 KO) mice with a C57BL/6 genetic 

background were created in our facility by crossing homozygous floxed STAT-3 mice with heterozygous 

ventricular myosin light chain 2 (MLC2v)-driven Cre recombinase mice, as previously described [14]. 

TNF-α deficient mice (TNF-α KO) with a C57BL/6 genetic background, were generous gifts from 

Dr Jacobs and Prof Ryffel (Department of Immunology, University of Cape Town) [15]. Male mice aged 

12-14 weeks were used in this study. 

 

 

Perfusion of isolated adult mouse hearts 

Mice were anaesthetized with intraperitoneal (i.p.) sodium pentobarbital (60 mg/kg) and heparinized 

(25 IU, i.p.), and hearts were isolated and perfused on the retrograde Langendorff system as previously 

described [15]. ]. Briefly, hearts were perfused with a modified Krebs–Henseleit buffer (NaCl 118.0 mM; 

NaHCO3 24.0 mM; KCl 4.0 mM; NaH2PO4 1.0 mM; CaCl2 2.5 mM; MgCl2 1.2 mM; di-sodium EDTA 

0.5 mM; glucose 10 mM; gassed with 95% O2 / 5%CO2 at 37ºC) in a retrograde fashion with a constant 

pressure of 110 cmH2O.  Hearts were fastened, via a rigid lightweight lexan coupling rod, to a force 

displacement transducer (Grass FT03C, MA, USA) by means of a 4-0 silk (on a 20-mm curved 

atraumatic needle) placed through the apex of the heart. Diastolic tension was adjusted to 2 g and 

hearts were paced at 600 bpm. A minimum of 1.5 ml/min and maximum of 5.0 ml/min of coronary flow 

rate, heart rate between 460 and 600 beats/min and developed force ≥ 4 g was deemed acceptable. 

After 20 min of a stabilisation period, the hearts were subjected to 35 min of global ischaemia at 37°C 

followed by 45 min of reperfusion. The experimental protocol is illustrated in Figure 1. S1P (10nM) was 

administered for 7 min followed by a washout period of 10 min before ischemia induction. SKI-178 (15 

µM), a specific SK1 inhibitor (SK1-I) [16] was administered for 15 min with a washout period of 5 min 

prior to ischemia. At the end of the experimental protocol, infarct size was assessed by triphenyl-

tetrazolium chloride staining and analysed using computerized planimetry (Planimetry+, Boreal 

Software, Norway)  [15]. In a separate group of experiments, hearts were freeze clamped in liquid 

nitrogen at the end of the reperfusion period and stored at -80°C for SK1 activity analysis. 
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Isolation of adult mouse cardiomyocytes 

 

TNF-α KO (n=8), STAT-3 KO (n=6), and their respective littermate control mice (n=25) were 

anesthetized via an intraperitoneal injection (i.p.) of sodium pentobarbital (60 mg/kg) and 

heparinized (25 IU). The heart was rapidly excised and cannulated on the Langendorff perfusion 

system, and the cardiomyocytes were isolated as previously described [17]. Isolated cardiomyocytes 

were plated onto 6 well plates precoated with laminin in minimum essential medium containing penicillin, 

streptomycin and 5% foetal calf serum and incubated for 1 h at 37°C prior to experiments, as previously 

described [17]. 

 

Experimental protocol in isolated adult mouse cardiomyocytes 
 

The experimental protocol conducted in isolated adult cardiomyocytes is shown in Figure 1.  Normoxic 

control cells were maintained under normoxic conditions throughout the protocol (20% O2, 5% CO2 and 

balance N2). Simulated ischemia control cardiomyocytes were subjected to 2 h of simulated ischemia 

using a simulated ischemic buffer (MgCl2.6H2O 1.2 mM, KCl 16 mM, KH2PO4 1 mM, NaCl 74 mM, CaCl2 

1.2 mM, NaHCO3 10 mM, sodium lactate 20 mM, HEPES 25 mM, pH 6.7) with cells kept in a humidified 

hypoxic environment (1% O2, 5% CO2 and balance N2) at 37°C. The treated cardiomyocytes were 

exposed to S1P (10nM) for 30 min followed by a washout period of 30 min before the simulated ischemic 

insult. The SK1 inhibitor (SKI-178, 15 µM) was given for 1 h, starting 30 min before S1P treatment. 

 

Culture of H9c2 cardiomyocytes  
 

H9c2 cardiomyocyte cell lines were purchased commercially from the European Collection of Cell 

Cultures (Centre for Applied Microbiology and Research, UK). The cells were stored in cryovials 

at 1x106 cells/mL in liquid nitrogen (-196˚C). To seed the cells, the cryovial was thawed at room 

temperature. T25 (25 cm3) tissue culture flasks were supplemented with 4 - 6 mL Dulbecco’s modified 

Eagle’s medium (DMEM) and the contents of the cryovials were transferred into tissue culture flasks. 

The DMEM contained 4.5 g/L glucose, 0.110 g/L sodium pyruvate and L-glutamine and was 

supplemented with 10% fetal calf serum (FCS) and 1% (weight/volume) penicillin/streptomycin. When 

the cells (with a passage number between 15 and 18) reached 80% confluency, they were used for 

treatment and follow up experiments.  
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Experimental protocol in H9c2 cardiomyocytes 

 

To further assess the role of SK1 in cardioprotection, H9c2 cells were subjected to simulated ischemia 

and exposed to melatonin used as an activator of the SAFE pathway, with or without SKI-I (n=5 

independent experiments). Briefly, H9c2 cells were pretreated with melatonin (75 ng/L) for 40 minutes 

prior to 8 h of simulated ischemia with simulated ischemic buffer adjusted at pH 6.4 and hypoxic 

conditions (5% CO2, 94% N2 and 1% O2), as previously described [18] . SKI-I (15 µM) was given (with 

or without melatonin) for 55 minutes prior to simulated ischemia. The control group (CTRL) was 

exposed to simulated ischemia only. The cell viability was measured at the end of the simulated 

ischemic insult.  

Western blotting was used to further explore the role of SK1 in STAT-3 activation with exogenous S1P. 

Briefly, H9c2 cells were exposed to S1P (10 nM) for 7 min with or without pretreatment with 

SK1-I (15 µM) for 30 min. Cell lysates were electrophoresed and the levels of phosphorylated (tyr705) 

and total STAT-3 (Cell Signaling Technology, Inc., Danvers, MA, USA) were quantified, as previously 

described [19].  Equal loading was verified using β-actin. Densitometric analysis was performed using 

the ImageJ software. STAT-3 activation was measured as ratio of phosphorylated STAT-3 to total 

STAT-3. 

 

Measurement of cell viability 
 

To assess cell viability in isolated cardiomyocytes or H9c2 cardiomyocytes, the cells were loaded with 

0.04% trypan blue and analysed using a light microscope at 40x magnification. The number of viable 

(unstained) and nonviable (blue stained) cardiomyocytes in four random microscopic fields was 

recorded, with at least 100 cells counted in each well.  

 

Analysis of mitochondrial permeability transition  

 

To assess the mitochondrial permeability transition pore (mPTP) opening at the end of 2 h of simulated 

ischemia, isolated cardiomyocytes were incubated with 20nM dye tetra-methyl-rhodamine-methyl ester 

(TMRM) for 10 min followed by a 10 min washout period [20]. Cardiomyocytes were then lifted from the 

wells using a cell scraper and analysed by flow cytometry (FACSCalibur, BD Biosciences, MD, USA) 

as previously described [21]. The fluorescence intensity was measured and analysed using the FlowJo 
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software (FlowJo LLC, Ashland, OR, USA) and expressed as arbitrary fluorescence units (AFU). Data 

were normalized to the normoxic control group. 

Measure of SK1 activity 
 

Frozen hearts were pulverized before protein extraction as previously described [15]. SK1 activity was 

measured using a specific biochemical fluorescence-based assay kit (Gyrasol Technologies, KS, USA) 

following the manufacturer’s instructions. The SK1 activity was normalized to that of the control group. 

 

Chemicals 

Unless specified, all chemicals were obtained from Sigma-Aldrich, South Africa.  

 

Statistical analysis 

 

Statistical analyses were performed using GraphPad Prism 10.0 (GraphPad Software, La Jolla, 

California, USA). Data are expressed as mean ± standard error of the mean (SEM). Comparisons 

between two groups were performed using the Student’s t-test. For comparisons of three or more 

groups, one-way ANOVA followed by the Holm-Sidak test for multiple comparisons or Kruskal-Wallis 

test followed by Dunn’s test for multiple comparisons were used, depending on the distribution of data. 

The Shapiro-Wilk test was used to test the normality of the data. Statistical significance was set at 

p<0.05. 
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Results 

 

Exogenous S1P improves cell survival via the SAFE pathway. 

To determinate the role of the SAFE pathway in S1P induced cardioprotection, isolated adult 

cardiomyocytes from TNF-α KO, STAT-3 KO, and their wildtype (WT) littermates were exposed to 

simulated ischemia with or without S1P pretreatment (Figure 2). Cardiomyocyte cell death under 

normoxic conditions in WT littermates (TNF-α WT and STAT-3 WT) and knockout mice (TNF-α KO and 

STAT-3 KO) was 21.4±1.2%, 15.7±1.3%, 19.3±1.5% and 21.3±3.3% respectively, indicating that 

approximately 20% of cardiomyocytes did not survive the isolation and the plating process. Exposure 

to 2 h of simulated ischemia increased cardiomyocyte cell death to 45.4±2.1% (TNF-α WT) and 

39.6±2.1% (STAT-3 WT) (p<0.05 vs normoxic group), with comparable effects in TNF-α KO 

(45.0±1.4%) and STAT-3 KO (39.8±4.8%) (p<0.05 vs normoxic group). S1P pretreatment decreased 

cell death to 25.1±1.6% and 19.6±2.8% in TNF-α WT and STAT-3 WT, respectively (p<0.01 vs CTRL). 

However, S1P pretreatment did not protect cardiomyocytes against simulated ischemia in TNF-α KO 

(49.2±1.1%) or STAT-3 KO (41.7±3.8%) mice. 

Exogenous S1P confers protection by inhibiting mPTP opening via the SAFE pathway. 

To delineate the role of mPTP opening in the beneficial effect of S1P, isolated adult cardiomyocytes 

from TNF-α KO, STAT-3 KO, and their WT littermates were exposed to simulated ischemia with or 

without S1P pretreatment and TMRM fluorescence, reflecting mPTP opening, was measured (Figure 

2). TMRM fluorescence intensity after exposure of the cells to 2 h of simulated ischemia decreased 

from 100% to 71.3±2.8% and 74.7±6.5% in TNF-α WT and STAT-3 WT, respectively (p<0.01 vs 

normoxic controls), indicative of mPTP opening. The same effect was observed in TNF-α KO and 

STAT-3 KO cardiomyocytes (77.7±2.0% and 68.1±3.0% respectively, (p<0.01 vs normoxic controls). 

S1P pretreatment restored the TMRM fluorescence intensity to 93.4±2.7% and 95.5±4.3% in TNF-α 

WT and STAT-3 WT cardiomyocytes, respectively (p<0.05 vs simulated ischemic groups). In contrast, 

S1P pretreatment failed to restore the TMRM fluorescence intensity after simulated ischemia in TNF-α 

KO (80.3±1.9%) and STAT-3 KO cardiomyocytes (68.4±3.7%). 
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SK1 is required for exogenous S1P-induced cardioprotection.  

To evaluate whether the cardioprotective effect of exogenous S1P is dependent on SK1, isolated adult 

cardiomyocytes from WT mice were exposed to simulated ischemia in the presence of S1P with or 

without a specific SK1 inhibitor and cell viability was assessed (Figure 3A). Exposure to 2 h of simulated 

ischemia increased cardiomyocyte cell death from 23.9±0.5% to 48.4±0.7% (p<0.0001 vs normoxic 

control). S1P pretreatment decreased cell death to 25.4±1.0% (p<0.0001 vs simulated ischemia only). 

However, the beneficial effect of S1P was inhibited in the presence of SK1-I (46.4±2.0%) (p<0.05 vs 

S1P group). Similar findings were observed with exogenous melatonin as a cardioprotective agent 

known to activate the SAFE pathway (Figure 3B). In H9c2 cells subjected to simulated ischemia, a 

pretreatment with melatonin decreased cell death from 40.4±1.0% to 15.2±2.6 (p<0.05) but this 

cardioprotective effect was inhibited in the presence of SK1-I (39.8±6.1%).  

Similar findings were also reported in an ex vivo model (Figure 4).  In WT isolated hearts (figure 4A), 

S1P pretreatment reduced infarct size following IRI from 49.8±1.4% to 30.6±2.1% (p<0.05 vs CTRL). 

This effect was associated with an increase in SK1 activity (2.4±0.5 folds vs CTRL). The addition of 

SK1-I abolished both the infarct sparing and the increase in SK1 activity observed with S1P treatment 

(Figure 4A). In WT isolated hearts, the developed tension was decreased following an IRI in the CTRL 

group (p<0.001 reperfusion vs baseline), an effect that was lost when hearts were pretreated with S1P 

prior to IRI (n.s. reperfusion vs baseline in S1P group) (supplementary table 1). Interestingly, perfusion 

of SK1-I given together with S1P partially abolished the effect of S1P on the developed tension following 

IRI (p<0.05, reperfusion vs baseline in S1P+SK1-I group).  At baseline or at the end of reperfusion, 

there was no difference in the coronary flow between the different experimental groups and IRI didn’t 

alter the coronary flow at the end of reperfusion (supplementary table 1).  

 

SK1 interacts with the SAFE pathway for cardioprotection 

To better understand how SK1 interacts with the SAFE pathway, SK1 activity was measured in isolated 

hearts of both TNF-α KO and STAT-3 KO mice exposed to IRI with/without S1P pretreatment. In TNF-

α KO mice, exogenous S1P failed to increase the activity of SK1 and reduce infarct size. Despite the 

increase in SK1 activity (3.1±0.9 fold) with S1P, no infarct size reduction was observed in STAT-3 KO 

mice. In addition, an increase in STAT-3 activation (1.7±0.1 fold) was observed after S1P stimulation 

(Figure 5), an effect that was prevented in the presence of SK1-I. 
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Discussion 

 

The present findings highlight an interplay between the SAFE pathway and the sphingolipid 

pathway, where SK1 acts as a key element to activate STAT-3 downstream of TNF-α for 

cardioprotection. First, S1P-induced cardioprotection in isolated WT cardiomyocytes was associated 

with an increase in SK1 activity. Second, the presence of a specific SK1 inhibitor abolished STAT-3 

activation and the cytoprotective effects of S1P. Third, the absence of S1P-induced cardioprotection in 

TNF-α or STAT-3 KO isolated hearts was associated with an increase in SK1 activity in STAT-3 KO 

hearts only, suggesting that SK1 functions as an intermediate component between TNF-α and STAT-3 

to activate the SAFE pathway.  

S1P is a well-known pharmacological conditioning agent that confers protection against IRI. Multiple 

signaling cascades have been proposed, including the Reperfusion Injury Salvage Kinase (RISK) 

pathway, the endogenous sphingolipid pathway and the activation of the SAFE pathway, with possible 

cross-talk among these various pathways [22]. Although mPTP is known as a key end-target of the 

RISK and Sphingolipid pathways to promote cell survival, its role downstream of the SAFE pathway 

remains poorly studied [23–25]. Using TNF-α and STAT-3 KO animals, we demonstrated that 

S1P-induced protection against IRI was dependent on a decrease in susceptibility to mPTP opening 

downstream of the SAFE pathway (TNF-α/STAT-3). The fact that mPTP is a common downstream 

effector of the Reperfusion Injury Salvage Kinase (RISK), sphingolipid and SAFE pathways to limit cell 

death raises the question of whether these different pathways interact with each other. Previous 

research has provided some insights into the interaction between the RISK and the SAFE pathways, 

demonstrating that Akt, a major kinase of the RISK pathway, modulates the activation of STAT-3, and 

vice versa [5,8]. However, there is little information on the possible interplay between components of 

the sphingolipid network, such as SK1, and the SAFE pathway for cardioprotection.   

SK1 is an enzyme present in cells that converts sphingosine into S1P [22]. As such, it is an essential 

component of the sphingolipid pathway. SK1 activity decreases following IRI, an effect that can be 

mitigated by cardioprotective strategies such as ischemic conditioning [26]. Our findings demonstrate 

that SK1 is required to limit cell death caused by IRI in both isolated cardiomyocytes and isolated hearts. 

Given that S1P is a product of SK1, one could speculate that providing exogenous S1P, might 

compensate the absence of production of cardioprotective intracellular S1P formation by SK1 inhibitors. 



 13 

However, this hypothesis was not supported by our experiments, as the cardioprotective effect of 

exogenous S1P was lost in the presence of an SK1 inhibitor. Furthermore, we confirmed that the 

cardioprotective effect of exogenous melatonin, another cardioprotective agent that does not belong to 

the sphingolipid pathway, was also lost in the presence of the SK1 inhibitor. Given that both melatonin 

and exogenous S1P provide cardioprotection through activation of the SAFE pathway [5–7], it can be 

inferred that SK1 activation may be linked to the activation of the SAFE pathway. 

Upon stimulation with exogenous S1P, TNF-α binds to its receptor 2, triggering the phosphorylation of 

Janus kinase (JAK), which in turn, phosphorylates cytosolic STAT-3 [7]. Once phosphorylated, STAT-3 

can translocate to the nucleus and mitochondria to promote cell survival [7,8]. In the present study, the 

absence of both cardioprotection and SK1 activation with exogenous S1P stimulation in TNF-α KO mice 

suggests that SK1 activation is dependent on TNF-α. This conclusion aligns with previous research that 

documented a rapid increase in SK1 activity following TNF-α stimulation of human endothelial cells [27]. 

It is also supported by experimental data demonstrating that TNF-α can bind to TNF receptor 2, 

activating TNF receptor-associated factor 2 (TRAF2), which subsequently enables the binding (and 

activation) of SK1 to its TRAF2-binding motif [28,29]. Even though exogenous S1P also failed to limit 

infarct size in STAT-3 KO hearts subjected to IRI, it induced an increase in SK1 activity that was 

comparable to that observed in WT hearts. This finding aligns with previous research that concluded 

that STAT-3 activation is required to provide an S1P-induced reduction in infarct size [5]. More 

interestingly, this suggests that not only SK1 activation is not dependent on STAT-3 activation (contrary 

to what has been proposed in colorectal cancer [30]) but also that SK1 activation cannot provide 

cytoprotection against IRI in the absence of STAT-3, which may thus act as a downstream mediator of 

cardioprotection. It would be of interest to explore whether TRAF2 is the sole activator of SK1 in our 

model. Indeed, other stimuli known to activate SK1 include extracellular regulated kinase (ERK) which 

can be activated after binding of S1P to S1P receptors may possibly also contribute to activate SK1 in 

our setting [31,32].  Additionally, our results in H9c2 cells indicate that inhibition of SK1 prevents 

S1P-induced STAT-3 activation, further suggesting a role for SK1 in modulating STAT-3 activation, and 

thus, the SAFE pathway. This raises the question of how SK1 can activate STAT-3. A potential 

explanation may come from a previous study in cancerous lymphocytes reporting that the specific SK1 

inhibitor SKI-178 can prevent phosphorylation (i.e., activation) of both JAK and STAT-3, leading to 
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massive cell death [16]. Although the cellular behaviors and mechanisms of cancer cells and 

cardiomyocytes may differ, our data also suggest that SK1 activates JAK/STAT3 for cardioprotection.  

This study has some limitations. The primary role of SK1 is the formation of S1P from sphingosine, and 

it is possible that some mechanisms of the cardioprotective effect of SK1 involve further formation of 

endogenous S1P and the possible binding of S1P to its receptors. Indeed, exogenous S1P fails to 

protect in S1P-Receptor-2 and S1P-Receptor-3 KO mice [33] and activation of S1P Receptors can lead 

to STAT-3 phosphorylation [19,34]. Therefore, it would be important to further study the cellular dynamic 

of S1P and the possible interaction of S1P receptors/other sphingolipid components with the SAFE 

pathway in future studies. Another limitation is that we focused our investigations on S1P-induced 

cardioprotection only. It would also be interesting to also assess the role of ceramide (a precursor to 

sphingolipids and S1P) in the interplay between the SAFE and the sphingolipid pathways in IRI. Indeed, 

previous studies have suggested that TNF-induced cardioprotection is mediated by ceramide [35]. In 

our experimental model, we explored the role of SK1 on the activation of the SAFE pathway to improve 

cell survival. It would also be of interest to explore in detail the role of the modulation of these signalling 

events on the haemodynamic parameters of the heart following an ischemia-reperfusion insult. In 

addition, no in vivo models were used in any of our investigations, which means that the potential role 

of plasma high-density lipoprotein content was not considered. High-density lipoproteins contain a 

considerable amount of sphingolipids (including S1P), which may affect the response to the 

interventions [10,36]. However, several models have been employed, including isolated hearts from KO 

animals, which have been extensively validated to evaluate signalling pathways, particularly because 

they enable the use of inhibitors without causing toxicity [3,5,12,19,37]. Finally, It would be interesting 

to assess whether  
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Conclusion 

 

This study suggests that the interplay between the SAFE and sphingolipid pathways is essential 

for effective cardioprotection with S1P. SK1 emerges as a crucial factor in activating STAT-3 through 

TNF-α in the SAFE pathway (see Figure 6). Our findings provide a basis for innovative cardioprotective 

approaches that could target SK1 to regulate the activation of the SAFE pathway and enhance cell 

survival after IRI. 
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Abbreviations 

 

 

AFU Arbitrary fluorescence units 

CTRL Control group 

DMEM Dulbecco’s Modified Eagle Serum 

IRI Ischemia reperfusion injury 

KO knockout  

MLC2v  ventricular myosin light chain 2 

mPTP Mitochondrial permeability transition pore 

SAFE Survivor Activating Factor Enhancement  

SEM Standard error of the mean 

SK1 Sphingosine kinase 1 

SK1-I Sphingosine kinase 1 inhibitor 

S1P Sphingosine 1 phosphate 

STAT-3 Signal Transducer and Activator of Transcription 3 

TMRM Tetra-methyl-rhodamine-methyl ester 

TNF-α Tumor necrosis factor alpha 

TRAF2 TNF receptor-associated factor 2 

WT Wild type 

  



 17 

Acknowledgements 

The authors would like to thank Ms Nolize Dietrich for her assistance in data capturing.  

 

Declaration of interests 

 

The authors declare that they have no conflict of interest related to the present study. 

 

Author contributions: CRediT 

 

Martin Cour: Conceptualization, data curation, formal analysis, methodology, investigation, 

visualization, writing - original draft 

Sarah Pedretti: Conceptualization, data curation, formal analysis, methodology, investigation, writing 

– original draft 

Damian Hacking: Methodology, investigation, validation, writing - review and editing 

Frederic Nduhirabandi: Methodology, investigation, data curation, formal analysis, validation, writing 

- review and editing 

Miguel A Frias: Validation, writing - review and editing 

Derek J Hausenloy: Conceptualization, supervision, resource, writing - review and editing 

Sandrine Lecour: Conceptualization, data curation, formal analysis, investigation, funding acquisition, 

methodology, project administration, resource, supervision, validation, writing -original draft 

 

Funding sources 

 

Part of the study was funded by the University of Cape Town, the South African Medical Research 

Council and the South African National Research Foundation. Sarah Pedretti and Martin Cour received 

a Fellowship from the University of Cape Town, South Africa. Sandrine Lecour received funding from 

the Oppenheimer Memorial trust. Derek J Hausenloy is supported by the Duke-NUS Signature 

Research Programme funded by the Ministry of Health, Singapore Ministry of Health’s National Medical 

Research Council under its Singapore Translational Research Investigator Award (MOH-STaR21jun-

0003), Centre Grant scheme (NMRC CG21APR1006), and Collaborative Centre Grant scheme 

(NMRC/CG21APRC006).  



 18 

References 

 

[1] M.A. Khan, M.J. Hashim, H. Mustafa, M.Y. Baniyas, S.K.B.M. Al Suwaidi, R. AlKatheeri, 

F.M.K. Alblooshi, M.E.A.H. Almatrooshi, M.E.H. Alzaabi, R.S. Al Darmaki, S.N.A.H. Lootah, Global 

Epidemiology of Ischemic Heart Disease: Results from the Global Burden of Disease Study, 

Cureus 12 (2020) e9349. https://doi.org/10.7759/cureus.9349. 

[2] D.J. Hausenloy, J.A. Barrabes, H.E. Bøtker, S.M. Davidson, F. Di Lisa, J. Downey, T. Engstrom, 

P. Ferdinandy, H.A. Carbrera-Fuentes, G. Heusch, B. Ibanez, E.K. Iliodromitis, J. Inserte, R. 

Jennings, N. Kalia, R. Kharbanda, S. Lecour, M. Marber, T. Miura, M. Ovize, M.A. Perez-Pinzon, 

H.M. Piper, K. Przyklenk, M.R. Schmidt, A. Redington, M. Ruiz-Meana, G. Vilahur, J. Vinten-

Johansen, D.M. Yellon, D. Garcia-Dorado, Ischaemic conditioning and targeting reperfusion injury: 

a 30 year voyage of discovery, Basic Res. Cardiol. 111 (2016) 70. https://doi.org/10.1007/s00395-

016-0588-8. 

[3] L. Lacerda, S. Somers, L.H. Opie, S. Lecour, Ischaemic postconditioning protects against 

reperfusion injury via the SAFE pathway, Cardiovasc. Res. 84 (2009) 201-208. 

https://doi.org/10.1093/cvr/cvp274. 

[4] M.A. Frias, S. Lecour, R.W. James, S. Pedretti, High density lipoprotein/sphingosine-1-phosphate-

induced cardioprotection: Role of STAT3 as part of the SAFE pathway, JAK-STAT 1 (2012) 92-100. 

https://doi.org/10.4161/jkst.19754. 

[5] S.J. Somers, M. Frias, L. Lacerda, L.H. Opie, S. Lecour, Interplay between SAFE and RISK 

pathways in sphingosine-1-phosphate-induced cardioprotection, Cardiovasc. Drugs Ther. 

26 (2012) 227-237. https://doi.org/10.1007/s10557-012-6376-2. 

[6] K.T. Lamont, S. Somers, L. Lacerda, L.H. Opie, S. Lecour, Is red wine a SAFE sip away from 

cardioprotection? Mechanisms involved in resveratrol- and melatonin-induced cardioprotection, 

J. Pineal Res. 50 (2011) 374-380. https://doi.org/10.1111/j.1600-079X.2010.00853.x. 

[7] N. Hadebe, M. Cour, S. Lecour, The SAFE pathway for cardioprotection: is this a promising target? 

Basic Res. Cardiol. 113 (2018) 9. https://doi.org/10.1007/s00395-018-0670-5. 

[8] S. Comità, S. Femmino, C. Thairi, G. Alloatti, K. Boengler, P. Pagliaro, C. Penna, Regulation of 

STAT3 and its role in cardioprotection by conditioning: focus on non-genomic roles targeting 

mitochondrial function, Basic Res. Cardiol. 116 (2021) 56. https://doi.org/10.1007/s00395-021-

00898-0. 

[9] J.S. Karliner, Sphingosine kinase regulation and cardioprotection, Cardiovasc. Res. 82 (2009) 

184-192. https://doi.org/10.1093/cvr/cvn309. 

[10] P. Keul, K. Sattler, B. Levkau, HDL and its sphingosine-1-phosphate content in cardioprotection, 

Heart Fail. Rev. 12 (2007) 301-306. https://doi.org/10.1007/s10741-007-9038-x. 

[11] S. Kennedy, K.A. Kane, N.J. Pyne, S. Pyne, Targeting sphingosine-1-phosphate signalling for 

cardioprotection, Curr. Opin. Pharmacol. 9 (2009) 194-201. 

  https://doi.org/10.1016/j.coph.2008.11.002. 

[12] S. Lecour, R.M. Smith, B. Woodward, L.H. Opie, L. Rochette, M.N. Sack, Identification of a novel 

role for sphingolipid signaling in TNF alpha and ischemic preconditioning mediated 

cardioprotection, J. Mol. Cell. Cardiol. 34 (2002) 509-518. https://doi.org/10.1006/jmcc.2002.1533. 

[13] Z.-Q. Jin, E.J. Goetzl, J.S. Karliner, Sphingosine kinase activation mediates ischemic 

preconditioning in murine heart, Circulation 110 (2004) 1980-1989. 

 https://doi.org/10.1161/01.CIR.0000143632.06471.93. 



 19 

[14] R.M. Smith, N. Suleman, L. Lacerda, L.H. Opie, S. Akira, K.R. Chien, M.N. Sack, Genetic depletion 

of cardiac myocyte STAT-3 abolishes classical preconditioning, Cardiovasc. Res. 63 (2004) 

611-616. https://doi.org/10.1016/j.cardiores.2004.06.019. 

[15] R.M. Smith, N. Suleman, J. McCarthy, M.N. Sack, Classic ischemic but not pharmacologic 

preconditioning is abrogated following genetic ablation of the TNFalpha gene, 

Cardiovasc. Res. 55 (2002) 553-560. https://doi.org/10.1016/s0008-6363(02)00283-3. 

[16] F.R. LeBlanc, X. Liu, J. Hengst, T. Fox, V. Calvert, E.F. Petricoin, J. Yun, D.J. Feith, T.P. 

Loughran, Sphingosine kinase inhibitors decrease viability and induce cell death in natural killer-

large granular lymphocyte leukemia, Cancer Biol. Ther. 16 (2015) 1830-1840. 

  https://doi.org/10.1080/15384047.2015.1078949. 

[17] S.Y. Lim, S.M. Davidson, A.J. Paramanathan, C.C.T. Smith, D.M. Yellon, D.J. Hausenloy, 

The novel adipocytokine visfatin exerts direct cardioprotective effects, J. Cell. Mol. Med. 12 (2008) 

1395-1403. https://doi.org/10.1111/j.1582-4934.2008.00332.x. 

[18] R. Kelly-Laubscher, S. Somers, L. Lacerda, S. Lecour, Role of nuclear factor kappa-B in 

TNF-induced cytoprotection, Cardiovasc. J. Afr. 34 (2023) 74-80. https://doi.org/10.5830/CVJA-

2022-023. 

[19] M.A. Frias, S. Somers, C. Gerber-Wicht, L.H. Opie, S. Lecour, U. Lang, The PGE2-Stat3 

interaction in doxorubicin-induced myocardial apoptosis, Cardiovasc. Res. 80 (2008) 69-77. 

https://doi.org/10.1093/cvr/cvn171. 

[20] D.J. Hausenloy, D.M. Yellon, S. Mani-Babu, M.R. Duchen, Preconditioning protects by inhibiting 

the mitochondrial permeability transition, Am. J. Physiol. Heart Circ. Physiol. 287 (2004) H841-849. 

https://doi.org/10.1152/ajpheart.00678.2003. 

[21] J. Kvetny, T. Bomholt, P. Pedersen, L. Wilms, S. Anthonsen, J. Larsen, Thyroid hormone effect on 

human mitochondria measured by flow cytometry, Scand. J. Clin. Lab. Invest. 69 (2009) 772-776.  

https://doi.org/10.3109/00365510903154752. 

[22] Z. Raza, U. Saleem, Z. Naureen, Sphingosine 1-phosphate signaling in ischemia and reperfusion 

injury, Prostaglandins Other Lipid Mediat. 149 (2020) 106436. 

https://doi.org/10.1016/j.prostaglandins.2020.106436. 

[23] D.M. Yellon, S. Beikoghli Kalkhoran, S.M. Davidson, The RISK pathway leading to mitochondria 

and cardioprotection: how everything started, Basic Res. Cardiol. 118 (2023) 22.  

https://doi.org/10.1007/s00395-023-00992-5. 

[24] L. Gomez, M. Paillard, M. Price, Q. Chen, G. Teixeira, S. Spiegel, E.J. Lesnefsky, 

A novel role for mitochondrial sphingosine-1-phosphate produced by sphingosine kinase-2 in 

PTP-mediated cell survival during cardioprotection, Basic Res. Cardiol. 106 (2011) 1341-1353. 

https://doi.org/10.1007/s00395-011-0223-7. 

[25] P. Kleinbongard, Perspective: mitochondrial STAT3 in cardioprotection, Basic Res. Cardiol. 118 

(2023) 32. https://doi.org/10.1007/s00395-023-01003-3. 

[26] D.A. Vessey, M. Kelley, L. Li, Y. Huang, H.-Z. Zhou, B.Q. Zhu, J.S. Karliner, Role of sphingosine 

kinase activity in protection of heart against ischemia reperfusion injury, Med. Sci. Monit. 12 (2006) 

318-324. 

[27] P. Xia, L. Wang, J.R. Gamble, M.A. Vadas, Activation of sphingosine kinase by tumor necrosis 

factor-alpha inhibits apoptosis in human endothelial cells, J. Biol. Chem. 274 (1999) 34499-34505. 

https://doi.org/10.1074/jbc.274.48.34499. 



 20 

[28] P. Xia, L. Wang, P.A.B. Moretti, N. Albanese, F. Chai, S.M. Pitson, R.J. D’Andrea, J.R. Gamble, 

M.A. Vadas, Sphingosine kinase interacts with TRAF2 and dissects tumor necrosis factor-alpha 

signaling, J. Biol. Chem. 277 (2002) 7996-8003. https://doi.org/10.1074/jbc.M111423200. 

[29] S.E. Alvarez, K.B. Harikumar, N.C. Hait, J. Allegood, G.M. Strub, E.Y. Kim, M. Maceyka, H. Jiang, 

C. Luo, T. Kordula, S. Milstien, S. Spiegel, Sphingosine-1-phosphate is a missing cofactor for the 

E3 ubiquitin ligase TRAF2, Nature 465 (2010) 1084-1088. https://doi.org/10.1038/nature09128. 

[30] A.V. Nguyen, Y.-Y. Wu, E.Y. Lin, STAT3 and sphingosine-1-phosphate in inflammation-associated 

colorectal cancer, World J. Gastroenterol. 20 (2014) 10279-10287. 

https://doi.org/10.3748/wjg.v20.i30.10279. 

[31] M. Osinde, F. Mullershausen, K.K. Dev. Phosphorylated FTY720 stimulates ERK 

phosphorylation  in astrocytes via S1P receptors. Neuropharmacology. 52 (2007) 1210-1218. 

https://doi:10.1016/j.neuropharm.2006.11.010. 

[32] M.J. Pulkoski-Gross, L.M. Obeid. Molecular mechanisms of regulation of 

sphingosine  kinase  1. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids. 1863 (2018) 1413-1422. 

https://doi:10.1016/j.bbalip.2018.08.015 

[33] C.K. Means, C.-Y. Xiao, Z. Li, T. Zhang, J.H. Omens, I. Ishii, J. Chun, J.H. Brown, Sphingosine 1-

phosphate S1P2 and S1P3 receptor-mediated Akt activation protects against in vivo myocardial 

ischemia-reperfusion injury, Am. J. Physiol. Heart Circ. Physiol. 292 (2007) H2944-2951. 

 https://doi.org/10.1152/ajpheart.01331.2006. 

[34] Y. Sekine, K. Suzuki, A.T. Remaley, HDL and sphingosine-1-phosphate activate stat3 in prostate 

cancer DU145 cells via ERK1/2 and S1P receptors, and promote cell migration and invasion, 

Prostate 71 (2011) 690-699. https://doi.org/10.1002/pros.21285. 

[35] S. Lecour, R.W. James, When are pro-inflammatory cytokines SAFE in heart failure? 

Eur. Heart J. 32 (2011) 680-685. https://doi.org/10.1093/eurheartj/ehq484. 

[36] M.-C. Brulhart-Meynet, V. Braunersreuther, J. Brinck, F. Montecucco, J.-C. Prost, A. Thomas, K. 

Galan, G. Pelli, S. Pedretti, N. Vuilleumier, F. Mach, S. Lecour, R.W. James, M.A. Frias, Improving 

reconstituted HDL composition for efficient post-ischemic reduction of ischemia reperfusion injury, 

PloS One 10 (2015) e0119664. https://doi.org/10.1371/journal.pone.0119664. 

[37] M. Shah, Z. He, A. Rauf, S. Beikoghli Kalkhoran, C.M. Heiestad, K.-O. Stensløkken, C.R. Parish, 

O. Soehnlein, S. Arjun, S.M. Davidson, D. Yellon, Extracellular histones are a target in myocardial 

ischaemia-reperfusion injury, Cardiovasc. Res. 118 (2022) 1115-1125. 

https://doi.org/10.1093/cvr/cvab139. 

 

 

  



 21 

Figures Legends 

 

Figure 1 - Experimental protocol in isolated hearts and cardiomyocytes 

WT: wild type; KO: knockout; TNF-α: Tumor Necrosis Factor α; STAT-3: Signal Transducer and 

Activator of Transcription 3; CTRL: Control; S1P: Sphingosine 1 phosphate; SK1: Sphingosine kinase 1, 

SK1-I: SK1 inhibitor. 

 

Figure 2 - Cytoprotective effect of S1P in TNF-α KO and STAT-3 KO isolated 

cardiomyocytes following simulated ischemia 

Cell death (left panels) and mitochondrial permeability transition pore (mPTP) opening (right panels) 

were assessed in cardiomyocytes isolated from wild-type (WT) TNF-α mice (panel A; n=4 -9/group), 

TNF-α knockout (KO) mice (panel B; n=4-8/group), WT STAT-3 mice (panel C; n=4-15/group), and 

STAT-3 KO mice (panel D; n=4-6/group). Cardiomyocytes were exposed to simulated ischemia 

(CTRL) with or without pretreatment with sphingosine 1 phosphate (S1P). Cell death was assessed 

by microscopy after staining with tryptan blue, and mPTP opening was assessed by fluorescence 

intensity using tetra-methyl-rhodamine-methyl (expressed as arbitrary fluorescence units, AFU). 

* p<0.05; ** p<0.01; **** p<0.001 

 

Figure 3 - Effect of SK1 inhibitor on the cytoprotective effect of S1P or melatonin in 

cardiomyocytes exposed to simulated ischemia 

Cell death was assessed in A) isolated cardiomyocytes (n=6-20/group) exposed to simulated ischemia 

(CTRL) with sphingosine 1 phosphate (S1P) and/or sphingosine kinase 1 inhibitor (SK1-I), and B) H9c2 

cells (n=5/group) exposed to simulated ischemia (CTRL) with melatonin (Mel) and/or SK1-I.  

* p<0.05; **** p<0.0001 
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Figure 4 - Interplay between the SAFE pathway and SK1 in S1P-induced 

cardioprotection in isolated hearts subjected to ischemia-reperfusion injury. 

Infarct size and sphingosine kinase 1 (SK1) activity were assessed in isolated hearts of wildtype 

(panel A; n=6-15/group), TNF-α knockout (KO) (panel B; n=4-7/group) and STAT-3 KO (panel C; 

n=4-6/group) mice subjected to ischemia-reperfusion injury (CTRL) and treated with sphingosine 1 

phosphate (S1P). SK1-I: sphingosine kinase inhibitor. 

* p<0.05; ** p<0.01; *** p<0.001 

 

Figure 5 - Effect of SK1 on S1P-induced STAT-3 activation in H9c2 cells 

H9c2 cells were exposed to sphingosine 1 phosphate (S1P) in the presence or absence of sphingosine 

kinase 1 inhibitor (SK1-I). Phosphorylated STAT-3 (Phospho-STAT-3) and total STAT-3 and were 

assessed by western blotting (panel B). Phospho-STAT-3/STAT-3 in S1P and S1P+SK1-I groups 

(n=6/group) were compared to the control (CTRL) group (expressed as fold increase).  

 * p<0.05 

 

Figure 6 - Proposed interplay between Sphingosine Kinase 1 and the SAFE pathway for 

cardioprotection. 

Abbreviations: JAK: Janus Kinase; mPTP: Mitochondrial Permeability Transition Pore; 

SK1: Sphingosine Kinase 1; STAT-3: Signal Transducer and Activator of Transcription 3; 

TNF-α: Tumour Necrosis Factor alpha; TNFR2: TNF receptor 2; TRAF2: TNF receptor-associated 

factor 2. 
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