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CHAPTER 3
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Abstract: 

to possess potent cardioprotective properties. This chapter provides a review 

myocardial lipotoxicity.

INTRODUCTION

1 who 
,25-dihydroxyvitamin D3 on HL-60 cell 
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ceramide-1-phosphate, sphingosine and sphingosine-1-phosphate (S1P) (Fig. 1). 
Intensive studies conducted over the next two decades revealed that sphingolipids 

apoptosis as well as responses to cytokines and stress.2 Ceramide has also emerged as 

including cardiomyocytes.3

recently attracted much attention.

Figure 1.
SM-sphingomyelin, SMase-sphingomyelinase, CDase-ceramidase, SPHK-sphingosine kinase, 
S1P-sphingosine-1-phosphate.
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CHARACTERIZATION OF MYOCARDIAL SPHINGOLIPID METABOLISM

myocardial and skeletal muscle sphingolipid metabolism. As shown on Table 1, the rat 

sphingoid bases also between human cardiac and skeletal muscle (see Table 1).

metabolism. As compared to rat myocardium, human heart is characterized by similar level 

4

5 

Table 1.
in heart vs skeletal muscle

     Rat Human

Soleus Heart Vastus Lateralis Heart

(pmol/mg)
Sphingosine 1.0 2.2 0.33 1.3
Sphinganine 0.38 0.55 0.06 0.14
Sphingosine-1P 0.25 0.49 0.06 0.14
Ceramide 25 23 16 17
Sphingomyelin 316 645

SPT 0.59 0.94
al-CDase 1.5 6.0
n-CDase 1.2 8.0
a-CDase not detected 2.7
n-SMase 16.5 6.6
a-SMase 23 125

a-CDase-acid ceramidase, n-SMase-neutral sphingomyelinase, a-SMase-acid sphingomyelinase. 
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human but not murine heart.6,7

5 Our data indicate that sphingosine kinase (SPHK) 1 
is the dominant subtype in the human myocardium, whereas the rodent heart expresses 
predominantly SPHK2.8

metabolism in the human heart.5

sphinganine and S1P as compared to the right atrial appendage. On the other hand, expression 

degradation (ceramidases, sphingosine kinases) was markedly higher in the papillary 
muscle which suggests higher ceramide turnover in the ventricular tissue. However, 

PPARs AS REGULATORS OF SPHINGOLIPID METABOLISM 
IN THE HEART

,  and 
9 

Finck et al10

observed in wild type animals which suggests that PPAR  may be involved in regulation 

 agonist) on sphingolipid metabolism 
in the rat heart.11

action on SPT activity is unclear. PPAR  stimulation was shown to upregulate expression 
12

regulation. However, it remains obscure whether PPAR
or via changes in cellular lipid metabolism. The latter hypothesis is supported by the 

palmitate upon PPAR  activation, WY-14643 did not increase either ceramide content 
or SPT activity.11 We also observed a modest increase in ceramide content in the heart 

 agonist (GW0742) (M. Baranowski, unpublished 

pathway was augmented upon PPAR  activation.
 in cardiomyocytes is very low and it is the least investigated 

9 Several studies demonstrated that thiazolidinediones, 
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which are selective PPAR
and increase basal and insulin-stimulated glucose uptake in cultured rat cardiomyocytes 

13-17 18

 activation on 
myocardial sphingolipid metabolism. To our surprise, pioglitazone administration 

thiazolidinediones lower cardiac ceramide level only in chronically obese and diabetic 

 agonist did not produce evident 

 

19 However, our data do not exclude a possibility that 

cells due to its augmented synthesis de novo.3 However, in vitro studies on rat astrocytes 
and pancreatic islets showed that incubation with palmitate also increases activity and 

20,21

 agonist. Collectively, the results 

EXERCISE MODULATES MYOCARDIAL CERAMIDE METABOLISM

4

bouts reduced ceramide level in the murine heart to a similar extent as observed in 
our study.22

revealed that the initial reduction in its content observed in our experiment was likely 
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occurred during prolonged exercise. As already mentioned in the previous section, in 

It should be mentioned that exercise until exhaustion increased not only SPT activity 

23 We showed previously that exercise until exhaustion 
24 We observed a 

4 There are many reports 
showing that sphingosine and to a lesser extent also sphinganine, reduce contractility 

Table 2.
myocardial sphingolipid metabolism

PPAR PPAR PPAR

Standard 
Chow

High-Fat 
Diet

Standard 
Chow

High-Fat 
Diet

Standard 
Chow

High-Fat 
Diet

sphingolipids

Sphingosine
Sphinganine
Sphingosine-1P
Ceramide
Sphingomyelin

Enzyme activity

SPT
al-CDase
n-CDase
a-CDase
n-SMase
a-SMase

ceramidase; n-CDase, neutral ceramidase; a-CDase, acid ceramidase; n-SMase, neutral sphingomy-
elinase; a-SMase, acid sphingomyelinase; , increase; , decrease. Created 
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ryanodine receptor.25,26

27

SPHINGOLIPIDS IN ISCHEMIA/REPERFUSION INJURY OF THE HEART

Krown et al28
2-ceramide induces 

29 

the rabbit myocardium in vivo.30-33 However, the mechanism underlying ischemia/

32

31 In line with the 

not acid) sphingomyelinase in neonatal rat cardiomyocytes.34 Interestingly, pretreatment 

30

33 In our experiment, IPC resulted 

32 who showed that 
IPC prevented elevation in ceramide content in ischemic rabbit myocardium.

and rodent plasma.35 Interestingly, this mediator acts also in an autocrine and/or paracrine 

36

(S1PR1-5). Cardiomyocytes express S1PR1, S1PR2 and S1PR3
37
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Karliner et al38

39,40 The early 
study by Jin et al40

S1P (generated in response to GM-1) required PKC
S1P did not. However, it was recently reported that pertussis toxin (preventing G proteins 

1/3 antagonist 
abolished GM-1 mediated cardioprotection.41 These data indicate that intracellulary 

 seems to mediate GM-1 induced SPHK activation 

42 Consistently, deletion 

43

44 It was also suggested that 

plasma S1P is contained within HDL.45

involves cyclic nucleotide-dependent pathways.46

There is a controversy as to which S1PR subtype mediates the cardioprotective action 
1. They 

1

S1PR1

as exogenous S1P.47 In addition, the S1PR1 antagonist VPC23019 blocked protection 

glycogen synthase kinase-3 . However, reports by other groups indicate that S1PR2 and/or 
S1PR3 rather than S1PR1

48

that S1PR2/3 double knockout mice are characterized by markedly increased myocardial 

2 nor S1PR3 deletion alone augmented ischemia/

Theilmeier et al49 reported that S1P-mediated cardioprotection was completely absent 
in S1PR3

1

37 The 
discrepancy between the results by Karliner’s group and those by other investigators 

1 was 
demonstrated on isolated cardiomyocytes, whereas S1PR2/3-mediated cardioprotection 
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et al50 who demonstrated that selective S1PR1

1 
51

to the plasma membrane in response to IPC52 which to a large extent prevents decrease in 
42 Consistently, 

in the murine heart.43,52 A recent report by Vessey et al53 suggests that the mechanism 

1 and/or S1PR3

postconditioning, similarly to IPC, protected isolated mouse hearts against ischemia/
54

to healthy controls.55

and erythrocytes.35

recent report showing that exogenous S1P is cardioprotective also in human myocardial 
tissue.50

CERAMIDE AS A MEDIATOR OF LIPOTOXICITY IN THE HEART

56

56,57 In recent years a hypothesis suggesting that lipotoxicity may contribute 
58,59 Direct evidence supporting this 

acyl coenzyme A synthetase 1 (MHC-ACS1),60 61 and the cell 
62 All these transgenic animal 

It is still unclear how lipid overload leads to cardiomyopathy, however, there is 

, ACS1 and 



51HEART SPHINGOLIPIDS IN HEALTH AND DISEASE

Table 3. Relationship between myocardial ceramide, cardiomyocyte apoptosis 

cardiomyopathy

Experimental Model

 
Ceramide 

Level
 

Apoptosis

 
Heart  

Function

diet, rats
Baranowski et al. 
J Physiol Pharmacol 
2007

 75% Rennison et al. Am 
J Physiol Heart Circ 
Physiol 2007
Morgan et al. Am J 
Physiol Heart Circ 
Physiol 2005

rats
Okere et al. Am J 
Physiol Heart Circ 
Physiol 2006

diet, rats
– 39%

wild type mice
Finck et al. Proc Natl 
Acad Sci USA 2003

MHC-PPAR  mice
 31%

rats
 65% Torre-Villalvazo 

et al. J Nutr 2009
ob/ob mice  166%
Streptozotocin-diabetes, 
rats

 14% M. Baranowski, 
unpublished 
 observation

Streptozotocin-diabetes, 
rats Sci 2001
Akita Ins2(WT/C96Y) 

Type 1 diabetes)

 69% Basu et al. Am J 
Physiol Heart Circ 
Physiol 2009

 164%
Acad Sci USA 2000

MHC-PPAR  mice  40% Son et al. J Clin 
Invest 2007

MHC-ACS1 mice  230% Chiu et al. J Clin 
Invest 2001

LpL(GPI) mice + 45% Park et al. J Lipid 
Res 2008

; MHC-PPAR
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LpL(GPI).60,63,64 18

Type 1 diabetes).65

respectively) was associated with decreased myocardial ceramide level.18,22,65 However, 

by Park et al64

66,67

 or ACS118,60,63 (see Table 3). In addition, 
interventions leading to a decrease in heart ceramide simultaneously reduced 

18,22 Moreover, in 

68,69

It should be noted, however, that a recent report by Park et al64 indicates that 

ceramide was observed as well, however, it was not accompanied by cardiomyocyte 
apoptosis. Interestingly, pharmacological (with myriocin) or genetic (heterozygous 

also corrected the mismatch between myocardial glucose uptake and oxidation, which 

kinase 4, atrial natriuretic peptide and brain natriuretic peptide gene expression. These 
changes were consistent with those observed in LpL(GPI) mice that show elevated 
myocardial ceramide level. The above data strongly suggest that ceramide is able to 
modulate cardiomyocyte energetic substrate metabolism via transcriptional regulation 
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70

remains unknown whether similar relationship is present also in the human heart. We 

5

enzymes included neutral sphingomyelinase, SPT subunits, ceramidases and SPHK1. 

concomitant diabetes was present, however, their expression was still higher than in 

was regulated in concert. Our results suggest, that in contrast to rodents, obesity and 
Type 2 diabetes do not induce ceramide accumulation in the human heart, or at least in 

Figure 3.

a-CDase-acid ceramidase, n-SMase-neutral sphingomyelinase, a-SMase-acid sphingomyelinase. 

J Lipid Res 2010; 51:74-80.5
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CONCLUSION AND FUTURE PROSPECTS

date, it remains an open question whether a similar relationship is present also in the human 

diabetes and obesity. In contrast to ceramide, S1P plays a critical role in maintaining 
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